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Background: The plaque imaging findings associated with the stent expansion rate (SER) of the carotid 
artery are not well known. The purpose of this study was to investigate the imaging findings associated 
with SER.
Methods: It was a retrospective investigation. Based on the kind of carotid stents used, retrospective data 
from 89 patients who had carotid artery stenting (CAS) for atherosclerotic carotid stenosis were gathered 
and divided into two groups: open-cell stents and closed-cell stents. Patients underwent preoperative carotid 
high-resolution magnetic resonance vessel wall imaging (HR-VWI). Use HR-VWI to quantitatively evaluate 
carotid wall thickness and plaque components. Calculate SER using digital subtraction angiography (DSA). 
All patients’ baseline and HR-VWI imaging features were retrospectively analyzed. Simple and multivariable 
linear regression analysis was used to determine the imaging findings associated with SER of open-cell and 
closed-cell stents. 
Results: A total of 89 patients (mean age, 70±8 years; 69 men) were included in the final analysis. Among 
89 patients, 35 patients were treated with open-cell stents. Fifty-four patients were treated with closed-cell 
stents. In the open-cell stents group, the Maximum single-slice calcification circumference score, maximum 
wall thickness (WTmax), and total calcification location score with P<0.10 in the simple linear regression 
analysis were included in the multivariable linear regression analysis. The results of the multivariable linear 
regression revealed that only the Maximum single-slice calcification circumference score (β=−9.35; 95% CI: 
−18.15 to −0.56; P=0.03) was associated with SER of open-cell stents. In the closed-cell stents group, the 
Maximum single-slice calcification circumference score, WTmax, maximum area percentage of calcification, 
calcification volume, and total calcification location score with P<0.10 in the simple linear regression 
analysis were included in the multivariable linear regression analysis. The results of the multivariable 
linear regression revealed that the Maximum area percentage of calcification (β=−0.67; 95% CI: −1.29 to 
−0.05; P=0.03), Maximum single-slice calcification circumference score (β=−8.43; 95% CI: −13.36 to −3.49; 
P=0.001) and total calcification location score (β=−0.37; 95% CI: −1.08 to 0.09; P=0.02) were associated with 
SER of closed-cell stents. 
Conclusions: Calcified plaques are associated with SER of the carotid artery. Calcification circumference 
correlates with SER of open-cell stents. Calcification circumference, calcification area, and calcification 
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Introduction

Carotid stenosis or occlusion is one of the main causes of 
ischemic stroke (1). The previous randomized controlled 
trial has shown that there was no discernible difference 
between the carotid endarterectomy (CEA) group and the 
carotid artery stenting (CAS) group in the estimated 4-year 
rates of the primary endpoint (stroke, myocardial infarction, 
or death) [7.2% and 6.8%, respectively; hazard ratio with 
stenting, 1.11; 95% confidence interval (CI): 0.81–1.51; 
P=0.51], which reveals CAS as a potential alternative to 
CEA (2). Stroke and myocardial infarction are one of 
the major perioperative complications of CEA and CAS. 
However, the incidence of major complications in the 
perioperative period was different between CEA and CAS. 
There was a greater risk of stroke with CAS (CAS vs. CEA: 
4.1% vs. 3.3%, P=0.01) and a higher risk of myocardial 
infarction with CEA (CAS vs. CEA: 1.1% vs. 2.3%, P=0.03) 
during the periprocedural period (2).

Residual stenosis is an independent risk factor for 
restenosis and can affect the long-term outcome after 
stenting (3-5). A recent study showed that the overall 
incidence of residual stenosis was 22.8% (130/570 stents) 
and restenosis occurs in 13% of patients with residual 
stenosis during follow-up (6). The study also noted that 
plaque morphology, calcified plaque, and stent type are 
risk factors for residual stenosis. On the contrary, a high 
stent expansion rate was a protective factor for residual 
stenosis (6). The stent expansion rate (SER) is defined 
as the difference between the preoperative stenosis rate 
of the carotid artery and the residual stenosis rate post-
stenting, reflecting the expansion ability of the stent (6). 
Previous studies found that open- and closed-cell stents 
have different mechanical properties due to differences in 
design and materials (7-9). The radial force of closed-cell 
stents was significantly lower than that of open-cell stents 
(7,8). However, the plaque imaging findings associated with 
SER of open-cell and closed-cell stents are unknown, and 

the clinical significance of the SER is also unclear. 
To assess the carotid plaque, high-resolution magnetic 

resonance vessel wall imaging (HR-VWI) has already been 
used extensively, as it enables the visualization of plaque 
composition in vivo and provides important insight into 
plaque vulnerability rather than the degree of stenosis 
alone (10-12). It is also an excellent method for assessing 
calcification with an accuracy of 98% and a specificity of 
99% (13). The purpose of this study was to quantitatively 
evaluate carotid plaque by HR-VWI and to investigate the 
imaging findings related to SER of open-cell and closed-cell 
stents.

Methods

Study patients

This was a retrospective study. The study was conducted 
in accordance with the Declaration of Helsinki (as revised 
in 2013). The study was approved by the ethics board of 
Beijing Anzhen Hospital, Beijing, China (No. 2022135X), 
and individual consent for this retrospective analysis was 
waived. Patients who underwent HR-VWI in our hospital 
between January 2018 and April 2021 and met the following 
inclusion criteria were enrolled retrospectively: (I) patients 
had symptomatic carotid stenosis of ≥50% or asymptomatic 
carotid artery stenosis of ≥70% according to the North 
American Symptomatic Carotid Endarterectomy Trial 
(NASCET) criteria (14); (II) patients had their first CAS 
treatment; (III) patients underwent HR-VWI within 1 week 
before CAS; (IV) patients had complete clinical data and 
satisfactory HR-VWI imaging quality. Clinical data include 
age, sex, hypertension, hyperlipidemia, diabetes, coronary 
artery disease, history of stroke, smoking, stent type, pre-
dilatation balloon frequency, post-dilatation balloon, and 
preoperative stenosis rate of the carotid artery. According 
to the clarity and contrast between the vascular wall and 
the surrounding cerebrospinal fluid (CSF) or blood by 

location are related to SER of closed-cell stents, which may provide a new consideration for clinicians when 
choosing carotid artery stents.
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eyeballing, the HR-VWI image quality was graded using a 
4-point scale as follows: 1, poor; 2, marginal; 3, good; and 
4, excellent. For subsequent analysis, only the HR-VWI 
images with IQ ≥2 were used (15). The exclusion criteria 
included the following: (I) patients were treated with CEA; 
(II) prior carotid artery procedures (CEA or CAS); (III) 
carotid occlusion; (IV) nonatherosclerotic carotid stenosis; 
(V) incomplete clinical data/insufficient HR-VWI image 
quality. Patients were divided into open-cell stents and 
closed-cell stents groups based on the type of carotid stents 
(Figure 1). A retrospective analysis was done on the clinical 
and HR-VWI imaging data of the patients enrolled.

HR-VWI imaging and analysis

Carotid HR-VWI was performed on a 3.0T MR scanner 
(Ingenia CX, R541 software version, Philips Healthcare, 
Best, Netherlands) with a combination of a 32-channel 
head coil (Philips Healthcare) and an 8-channel neck coil 
(TSImaging Healthcare, Beijing, China). The imaging 
protocol included two-dimensional T1-weighted imaging 
(2D T1WI) (turbo spin echo; repetition time/echo time 

=800/10 ms; flip angle =90°; field of view =16×16 cm2; 
resolution =0.6×0.6 mm2; slice thickness =2 mm; number 
of slices =20), two-dimensional T2-weighted imaging 
(2D T2WI) (turbo spin echo; repetition time/echo time 
=4,800/50 ms; flip angle =90°; field of view =16×16 cm2; 
resolution =0.6×0.6 mm2; slice thickness =2 mm; number 
of slices =20), three-dimensional time of flight-magnetic 
resonance angiography (3D TOF-MRA) (fast-field echo; 
repetition time/echo time =20/4 ms; flip angle =20°; field of 
view =16×16 cm2; resolution =0.6×0.6 mm2; slice thickness 
=2 mm; number of slices =40), and 3D simultaneous 
non-contrast angiography and intraplaque hemorrhage 
(SNAP) sequences (turbo field echo; repetition time/echo 
time =12/6.8 ms; flip angle =5°; field of view =16×16 cm2; 
resolution =0.6×0.6 mm2; slice thickness =2 mm; number of 
slices =40) (16). 

Two experienced reviewers (WY, and YS, radiologists 
with 20 and 3 years of experience, respectively) who were 
blinded to patients’ clinical characteristics independently 
reviewed all HR-VWI images of carotid arteries. The 
carotid wall thickness, the volume of plaque components, 
and the Maximum area percentage of plaque components 

Open-cell stents
n=35

Closed-cell stents
n=54

9 stenosis rate <50%

Individuals with carotid stenosis underwent HR-VWI
n=380

• 243 given CEA treatment
• 5 previous treatment of the ipsilateral 

carotid artery (CEA or CAS)
• 5 low-quality imaging
• 10 insufficient DSA imaging data or 

clinical information
• 11 subtotal occlusion diagnosis
• 8 non-atherosclerosis carotid stenosis

Individuals receiving CAS/CEA treatment
n=371

Individuals treated with CAS were enrolled
n=89

Figure 1 The flow chart of the study. HR-VWI, high-resolution magnetic resonance vessel wall imaging; CAS, carotid artery stenting; 
CEA, carotid endarterectomy; DSA, digital subtraction angiography.
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Figure 2 The HR-VWI images of heavy circumferential calcification of the carotid artery. Vessel walls are shown by the green lines. Vessel 
lumens are shown by the red lines. The presence of calcification is shown by the blue lines. Calcification shows hypointense areas on the 
HR-VWI images. The calcification circumference involved 4 quadrants. (A) T1-weighted imaging; (B) T2-weighted imaging; (C) post-
contrast T1WI. HR-VWI, high-resolution magnetic resonance vessel wall imaging.

were measured on the cross-sectional slices of HR-
VWI with commercialized software (Vessel Explorer 2, 
TSimaging Healthcare, Beijing, China). Lumen and wall 
boundaries were manually outlined section by section. 
Wall thickness was automatically measured by the software 
as the distance between the lumen and wall boundaries. 
Maximum wall thickness (WTmax) and mean wall thickness 
(WTmean) were automatically by the software measured 
and calculated. The presence or absence of carotid plaque 
components, such as calcification, lipid-rich necrotic core 
(LRNC), and intraplaque hemorrhage (IPH) was evaluated 
based on the published criteria (16). Calcification shows 
hypointense areas on all sequences. Due to methemoglobin’s 
comparatively short T1 throughout the subacute and 
chronic periods, IPH looks bright on T1WI and SNAP. On 
T2WI, LRNC might be seen as a focal hypointense area. 
On contrast-enhanced T1WI, LRNC reveals a localized 
non-enhancing zone within the carotid artery wall. On the 
cross-sectional slices of HR-VWI, the plaque components 
were manually outlined section by section. The volume 
and Maximum area percentage of plaque components were 
also automatically by the software calculated. To investigate 
interobserver and intra-observer repeatability, the HR-VWI 
imaging of 40 chosen random patients was reevaluated 
by 2 reviewers (Y.S. and Y.X) six months after the initial 
evaluation.

A previous study used computer tomography (CT) 
to assess the degree of calcification circumference (17). 
We used the same criteria to assess the calcification 
circumference. A 5-point grading system was used to grade 
the calcification circumference: 0, none; 1, <90° of artery 
circumference; 2, 90° to 180° of artery circumference; 

3, 180° to 270° of artery circumference; and 4, >270° of 
artery circumference (Figure 2). The maximum single-
slice calcification circumference score was calculated. 
Carotid calcification was categorized into four types in 
accordance with the arrangement of calcification location: 
surface, interior calcification, bottom, and non-calcification. 
Surface calcification was defined as calcification located in 
contact with the lumen, bottom calcification was defined as 
calcification located within the plaque and away from the 
lumen, and interior calcification was between the two (17).  
The calcification location was scored on a 4-point 
grading scale: 0, none; 1, bottom calcification; 2, interior 
calcification; 3, superficial calcification. Total calcification 
location scores were calculated. 

CAS implantation and analysis

The procedure was performed according to the previously 
published protocol (9). Aspirin (100 mg), clopidogrel  
(75 mg) ,  or  t ic lopidine (250 mg)  were rout inely 
administered for three days before to CAS. Patients who 
had had anesthesia underwent the procedures. All of the 
patients received either SpiderFx (ev3, Plymouth, MN, 
USA) or Filterwire EZ (Boston Scientific, Natick, MA, 
USA) embolic protection devices (EPDs). The doctors 
selected stents taking into account the geometry of the 
lesion, vascular architecture, plaque characteristics, implant 
features, and operational experience. In the stenotic lesion, 
open cell stents (Protégé, ev3, Plymouth, Minnesota) 
or closed cell stents (Wallstent; Boston Scientific, 
Marlborough, MA) were implanted in all the individuals. 
A suitable balloon (such as Sterling Boston) was selected 
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according to the internal carotid artery (ICA) diameter 
displayed on the digital subtraction angiography (DSA). 
Based on the physician’s judgment, preoperative balloon 
dilation was used when carotid stenosis interfered with the 
passage of EPDs and the stent delivery system; postoperative 
balloon dilation was used when the residual stenosis rate 
after CAS was >50%. The balloon dilatation pressure is 
generally used at its nominal pressure level, about 6–8 atm. 
After the procedure, all patients received aspirin for the 
rest of their lives along with any type of double or treble 
antiplatelet medication for at least 3 months.

Two experienced reviewers (LK, and SW, vascular 
surgeons with 25 and 5 years of experience, respectively) who 
were blinded to patients’ clinical characteristics independently 
reviewed the DSA images at a workstation (AW4.7; General 
Electric Healthcare). Carotid artery diameters were manually 
measured by LK and SW at the workstation before and after 
CAS (18). The pre-CAS parameters included the residual 
diameter at the maximal stenosis site and the original carotid 
artery diameter. The post-CAS parameters included the 
inner stent diameter at the same stenosis segment. Carotid 
artery stenosis rates were calculated using DSA with the 
following equation: the preoperative stenosis rate (%) =  
(1 − residual diameter/original diameter) ×100%; the post-
stenting stenosis rate/residual stenosis rate (%) = (1 − inner 
stent diameter/original diameter) ×100%. The SER (%) = 
(preoperative stenosis rate–the residual stenosis rate post 
stenting) ×100% (6).

Statistical analysis

We used the Shapiro-wilk test to define the normality of 
the quantitative data distribution. Quantitative data with 
normal distributions were expressed as means ± standard 
deviation, and quantitative data that did not conform 
to normal distribution were expressed as the median 
[interquartile range (IQR)]. The qualitative data were 
expressed as percentages. SER had a normal distribution 
and was analyzed as a continuous variable. The imaging 
variables with P<0.10 in the simple linear regression analysis 
were included in the following analysis: multivariable linear 
regression analysis was used to determine the imaging 
findings associated with SER of open-cell and closed-cell 
stents. All analyses were considered significant when the 
two-sided P value was less than 0.05. The reproducibility 
of inter-observer and intra-observer results for HR-VWI 
was evaluated using the intraclass correlation coefficient 
(ICC). ICC values between 0.6 and 0.75 suggest good 

reproducibility, above 0.75 imply excellent reproducibility, 
and values below 0.4 show poor reproducibility. All 
statistical analyses were performed using commercial SPSS 
software (IBM SPSS Statistics for Windows, Version 25.0; 
IBM Corp., Armonk, NY). 

Results

Patient baseline and imaging findings

A total of 89 patients (mean age, 70±8 years; 69 men) 
were included in the final analysis. Among 89 patients, 
35 patients were treated with open-cell stents. Fifty-four 
patients were treated with closed-cell stents. Table 1 displays 
the baseline and imaging findings of the study population. 

The imaging findings associated with SER of open-cell 
stents

In simple linear regression analysis, the Maximum single-
slice calcification circumference score was associated with 
a 10.39% lower SER of open-cell stents (95% CI: −19.39 
to −1.33; P=0.02). In addition, WTmax was associated 
with a 3.87% lower SER of open-cell stents (95% CI: 
−7.75 to 0.01; P=0.05), and total calcification location 
score was associated with a 1.16% lower SER (95% CI: 
−2.36 to 0.03; P=0.05), although this was borderline in 
terms of statistical significance. Incorporating maximum 
single-slice calcification circumference score, WTmax, and 
total calcification location score into multivariable linear 
regression. The results of the multivariable linear regression 
revealed that only the maximum single-slice calcification 
circumference score was the imaging findings associated 
with SER of open-cell stents (Table 2, Figure 3). Maximum 
single-slice calcification circumference score was associated 
with a 9.35% lower SER of open-cell stents (95% CI: 
−18.15 to −0.56; P=0.03).

The imaging findings associated with SER of closed-cell stents

Overall, several imaging findings were significantly 
associated with SER of closed-cell stents in simple linear 
regression analysis, including WTmax, maximum area 
percentage of calcification, calcification volume, and 
maximum single-slice calcification circumference score (all 
P<0.05). WTmax was associated with a 3.35% lower SER of 
closed-cell stents (95% CI: −6.02 to −0.68; P=0.01). The 
maximum area percentage of calcification was associated 
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Table 1 Baseline and imaging findings of the study population

Variable Open-cell stents (n=35) Closed-cell stents (n=54)

Age, mean ± standard deviation (years) 67.8±7.6 70.8±8.0

Male, n (%) 24 (68.6) 45 (83.3)

Hypertension, n (%) 27 (77.1) 40 (74.1)

Hyperlipidemia, n (%) 25 (71.4) 44 (81.5)

Diabetes, n (%) 9 (25.7) 25 (46.3)

Coronary artery disease, n (%) 6 (17.1) 23 (42.6)

History of stroke, n (%) 8 (22.9) 19 (35.2)

Smoking, n (%) 20 (57.1) 37 (68.5)

Pre-dilatation balloon frequency, n (%)

1 2 (5.7) 11 (20.4)

2 31 (88.6) 38 (70.4)

3 2 (5.7) 5 (9.3)

Post-dilatation balloon, n (%) 22 (62.9) 35 (64.8)

Preoperative stenosis rate, mean ± standard deviation (%) 69±8.1 68±12.2

WTmax, median (IQR) (mm) 5.9 (4.7–7.7) 6.1 (4.8–7.5)

Mean WT, mean ± standard deviation (mm) 2.1±0.4 2.3±0.3

Maximum area percentage of calcification, median (IQR) (%) 10.7 (3.9–18.4) 13.5 (6.2–19.5)

Maximum area percentage of LRNC, median (IQR) (%) 35.4 (0.9–62.2) 36.9 (15.0–54.5)

Maximum area percentage of IPH, median (IQR) (%) 3.7 (0.6–17.3) 14.6 (4.3–31.7)

Calcification volume, median (IQR) (mm3) 38.2 (13.2–80.1) 53.1 (15.1–102.8)

LRNC volume, median (IQR) (mm3) 199.7 (0.8–419.8) 173.8 (33.7–461.1)

IPH volume, median (IQR) (mm3) 6.0 (2.3–81.2) 49.5 (6.2–141.3)

Maximum single-slice calcification circumference score, median (IQR) 2.0 (1.0–3.0) 2.0 (1.0–3.0)

Total calcification location score, median (IQR) 6.0 (3.0–10.0) 7.5 (4.0–11.0)

WT, wall thickness; LRNC, lipid-rich necrotic core; IPH, intraplaque hemorrhage; IQR, interquartile range.

with an 0.83% lower SER of closed-cell stents (95% 
CI: −1.28 to −0.38; P<0.001). Calcification volume was 
associated with a 0.02% lower SER of closed-cell stents 
(95% CI: −0.05 to 0.01; P=0.04). Maximum single-slice 
calcification circumference score was associated with an 
8.67% lower SER of closed-cell stents (95% CI: −12.38 to 
−4.96; P<0.001). In addition, the total calcification location 
score was associated with a 0.55% lower SER of closed-
cell stents (95% CI: −1.25 to 0.14; P=0.07). Incorporating 
WTmax, maximum area percentage of calcification, 
calcification volume, maximum single-slice calcification 
circumference score, and total calcification location score 
into multivariable linear regression. The results of the 

multivariable linear regression revealed that the Maximum 
area percentage of calcification, Maximum single-slice 
calcification circumference score, and total calcification 
location score were the imaging findings associated with 
SER of closed-cell stents (Table 3, Figure 4). The maximum 
area percentage of calcification was associated with a 0.67% 
lower SER of closed-cell stents (95% CI: −1.29 to −0.05; 
P=0.03). Maximum single-slice calcification circumference 
score was associated with an 8.43% lower SER of closed-
cell stents (95% CI: −13.36 to −3.49; P=0.001). The total 
calcification location score was associated with a 0.37% 
lower SER of closed-cell stents (95% CI: −1.08 to 0.09; 
P=0.02).
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Table 2 Simple and multivariable linear regression analysis of SER in open cell stents

Variables
Simple linear regression Multivariable linear regression

β 95% CI P β 95% CI P

WTmax −3.87 −7.75 to 0.01 0.05 −3.37 −7.08 to 0.33 0.07

Mean WT −15.34 −34.95 to 4.27 0.12

Maximum area percentage of 
calcification

−0.70 −1.74 to 0.33 0.17

Maximum area percentage of LRNC −0.06 −0.37 to 0.23 0.65

Maximum area percentage of IPH −0.11 −0.70 to 0.48 0.70

Calcification volume −0.06 −0.18 to 0.05 0.26

LRNC volume −0.004 −0.03 to 0.02 0.80

IPH volume −0.01 −0.12 to 0.10 0.85

Maximum single-slice calcification 
circumference score 

−10.39 −19.39 to −1.33 0.02 −9.35 −18.15 to −0.56 0.03

Total calcification location score −1.16 −2.36 to 0.03 0.05 −0.71 −2.26 to −0.83 0.35

WT, wall thickness; LRNC, lipid-rich necrotic core; IPH, intraplaque hemorrhage; SER, stent expansion rate; CI, confidence interval.

A B

Figure 3 The effect of calcification circumference on SER of open-cell stents. A 76-year-old female patient was treated with open-cell 
stents (eV3 Protégé RX). (A,B) The corresponding DSA images before and after carotid stenting. The calcification circumference involved 
4 quadrants. Heavy circumferential calcification affects the expansion of the open-cell stents. SER, stent expansion rate; DSA, digital 
subtraction angiography.

Reproducibility evaluation

The inter-observer reproducibility was excellent for WTmax 
(ICC, 0.87; 95% CI, 0.70 to 0.92), WTmean (ICC, 0.84; 95% 
CI, 0.71 to 0.90), maximum area percentage of calcification 
(ICC, 0.88; 95% CI, 0.72 to 0.91), maximum area 
percentage of LRNC (ICC, 0.89; 95% CI, 0.81 to 0.93), 

maximum area percentage of IPH (ICC, 0.84; 95% CI, 0.71 
to 0.94), calcification volume (ICC, 0.81; 95% CI, 0.71 to 
0.90), LRNC volume (ICC, 0.87; 95% CI, 0.71 to 0.94), 
IPH volume (ICC, 0.85; 95% CI, 0.73 to 0.92), maximum 
single-slice calcification circumference score (ICC, 0.88; 
95% CI, 0.70 to 0.93), and total calcification location score 
(ICC, 0.78; 95% CI, 0.68 to 0.86).
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A B

Figure 4 The effect of calcification circumference on SER of closed-cell stents. A 73-year-old male patient was treated with closed-cell 
stents (Wallstent). (A,B) The corresponding DSA images before and after carotid stenting. The calcification circumference involved 3 
quadrants. In the calcified region, the expansion of the closed-cell stents is significantly limited. SER, stent expansion rate; DSA, digital 
subtraction angiography.

Table 3 Simple and multivariable linear regression analysis of SER in closed cell stents

Variables
Simple linear regression Multivariable linear regression

β 95% CI P β 95% CI P

WTmax −3.35 −6.02 to −0.68 0.01 −2.02 −4.48 to 0.43 0.10

WTmean −7.11 −60.57 to 2.35 0.29

Maximum area percentage of 
calcification

−0.83 −1.28 to −0.38 <0.001 -0.67 −1.29 to −0.05 0.03

Maximum area percentage of LRNC −0.12 −0.33 to −0.07 0.21

Maximum area percentage of IPH −0.11 −0.39 to −0.17 0.43

Calcification volume −0.02 −0.05 to 0.01 0.04 −0.003 −0.04 to 0.03 0.88

LRNC volume −0.01 −0.02 to 0.005 0.18

IPH volume −0.01 −0.04 to 0.01 0.35

Maximum single-slice calcification 
circumference score

−8.67 −12.38 to −4.96 <0.001 −8.43 −13.36 to −3.49 0.001

Total calcification location score −0.55 −1.25 to 0.14 0.07 −0.37 −1.08 to 0.09 0.02

WT, wall thickness; LRNC, lipid-rich necrotic core; IPH, intraplaque hemorrhage; SER, stent expansion rate; CI, confidence interval.

The intra-observer reproducibility was excellent for 
WTmax (ICC, 0.88; 95% CI, 0.71 to 0.92), WTmean (ICC, 
0.85; 95% CI, 0.71 to 0.91), maximum area percentage of 
calcification (ICC, 0.88; 95% CI, 0.73 to 0.90), maximum 
area percentage of LRNC (ICC, 0.89; 95% CI, 0.82 to 

0.94), maximum area percentage of IPH (ICC, 0.85; 95% 
CI, 0.73 to 0.92), calcification volume (ICC, 0.83; 95% CI, 
0.70 to 0.92), LRNC volume (ICC, 0.88; 95% CI, 0.73 
to 0.91), IPH volume (ICC, 0.86; 95% CI, 0.74 to 0.93), 
maximum single-slice calcification circumference score 
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(ICC, 0.89; 95% CI, 0.73 to 0.93), and total calcification 
location score (ICC, 0.79; 95% CI, 0.69 to 0.84).

Discussion

According to our research, calcified plaques and SER of 
the carotid artery are related. Calcification circumference 
correlates with SER of open-cell stents. Calcification 
circumference, calcification area, and calcification location 
are related to the SER of closed-cell stents. We quantified 
the carotid plaque imaging findings associated with SER 
by HR-VWI, which may provide a new consideration for 
clinicians when choosing carotid artery stents.

Ca l c i f i c a t ion  ha s  been  cons ide red  a  r e l a t i v e 
contraindication for CAS and was found to be significantly 
associated with residual stenosis and restenosis after CAS 
(6,16,19). Previous studies have shown that the stent 
expansion is mainly attributable to plaque compression and 
stretching of the vessel wall (20). Plaque composition can 
affect stent expansion. The hardness of calcification plaques 
can resist sufficient plaque compression, which prevents 
adequate stent expansion (21,22). Our study shows that 
calcified plaques but not LRNC plaques and IPH plaques 
are associated with SER of open-cell and closed-cell stents.

Low SER of open-cell and closed-cell stents can occur 
when the carotid artery wall contains heavy peripheral 
calcification because the stiff vascular wall generates excessive 
restriction and stops the placed stent from expanding 
adequately. Even with comparable calcification volumes, 
arteries with varied calcification circumferences can sustain 
various stent expansion strengths due to the eccentricity of 
the plaque (17,21). This may explain why the calcification 
volume is not associated with SER of open-cell and closed-
cell stents in the multivariate line regression analysis.

Interestingly, we found that the calcification location 
and the Maximum area percentage of calcification 
correlated with the SER of the closed-cell stents, but not 
with the SER of the open-cell stents. We suspect that this 
is due to open-cell and closed-cell stents having different 
mechanical properties. An ideal stent will demonstrate 
good vessel wall adjustment while also dependably 
covering the plaque. The stent’s flexibility and radial force 
must be sufficient for this purpose (23). However, there 
are differences in flexibility and radial forces between 
open-cell and closed-cell stents due to different stent 
designs and materials (7). Open-cell stents are more 
flexible and more suited for convoluted arteries is one 
possible benefit of these devices. Closed-cell stents, on 

the other hand, have tighter meshes, which could offer 
greater coverage of the atheromatous lesion but are also 
stiffer (7). Previous studies found that the flexibility and 
radial force of closed-cell stents were significantly lower 
than that of open-cell stents (7,8). In addition, due to 
their higher stiffness, the closed-cell stents demonstrated 
poor artery wall adaptation, whereas the open-cell stents 
adapted significantly better. Worse vessel wall adaptation 
accompanied by a significant lumen reduction was 
observed in the closed-cell stents (24). Therefore, we 
guessed that the high radial force, flexibility, and vessel 
wall adaptation of the open cell stents may offset the 
effect of calcification location and calcification area on 
SER. On the contrary, the SER of closed-cell stents is 
more susceptible to calcification area due to its low radial 
force and flexibility. Because the calcifications close to the 
lumen were frequently irregular, the closed-cell stents and 
lumen adhesion were weak, resulting in incomplete stent 
expansion (25). This may explain why the SER of closed-
cell stents is more prone to calcification location.

Study limitations

There are some limitations in our study. Firstly, this 
was a single-center retrospective study and there was a 
relatively small number of cases. Second, the identification 
of calcification by HR-VWI also had several limitations. 
This was because the detection of small surface calcification 
may be limited by flow artifacts, which TOF is prone 
to (26). The calcification measured in this study may be 
underestimated. Third, in this study, we did not further 
explore the correlation between SER and recurrent stroke, 
and our future studies will investigate the relationship 
between the two, which may be more meaningful for the 
choice of clinical procedure and patient prognosis.

Conclusions

Calcified plaques are associated with SER of the carotid 
artery. Calcification circumference correlates with SER of 
open-cell stents. Calcification circumference, calcification 
area, and calcification location are related to SER of closed-
cell stents, which may provide a new consideration for 
clinicians when choosing carotid artery stents.
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