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Background: This cross-sectional study sought to explore the possible risk factors assessed with magnetic 
resonance (MR) vessel wall imaging for hemodynamic instability (HI) during carotid artery stenting (CAS).
Methods: Patients with carotid stenosis who were referred for CAS from January 2017 to December 
2019 were recruited and underwent carotid MR vessel wall imaging. The vulnerable plaque features, 
including lipid-rich necrotic core (LRNC), intraplaque hemorrhage (IPH), fibrous cap rupture, and plaque 
morphology, were evaluated. The HI was defined as a drop of systolic blood pressure (SBP) of ≥30 mmHg or 
the lowest SBP measurement of <90 mmHg after stent implantation. The carotid plaque characteristics were 
compared between the HI and non-HI groups. The association between carotid plaque characteristics and 
HI was analyzed.
Results: A total of 56 participants (mean age 68.7±8.3 years; 44 males) were recruited. Patients in the 
HI group (n=26, 46%) had a significantly greater wall area [median 43.2 (IQR, 34.9–50.5) vs. 35.9 (IQR,  
32.3–39.4) mm2; P=0.008], total vessel area (79.7±17.2 vs. 69.9±17.3 mm2; P=0.03), prevalence of IPH (62% 
vs. 30%; P=0.02), prevalence of vulnerable plaque (77% vs. 43%; P=0.01), and volume of LRNC [median 
344.7 (IQR, 155.1–665.7) vs. 103.1 (IQR, 53.9–162.9) mm3; P=0.001] in carotid plaque compared to those 
in non-HI group (n=30, 54%). Carotid LRNC volume (OR =1.005, 95% CI: 1.001–1.009; P=0.01) and 
presence of vulnerable plaque (OR =4.038, 95% CI: 0.955–17.070; P=0.06) were significantly and marginally 
associated with HI, respectively.
Conclusions: Carotid plaque burden and vulnerable plaque features, particularly a larger LRNC, might be 
effective predictors for HI during the CAS procedure.
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Introduction

Stroke has become the leading cause of death in Chinese 
population (1). Carotid artery stenotic disease is one of 
the major etiologies of ischemic stroke (2), and carotid 
artery stenting (CAS) is a common treatment strategy 
for this condition (3). However, several studies have 
shown that about 30–70% of the patients who undergo 
CAS treatment experience perioperative transient 
hypotension and bradycardia, defined as hemodynamic 
instability (HI) (4). This phenomenon may lead to cerebral 
infarction and cause a decline in cognitive function and 
subsequent cerebrovascular dementia (5). Although several 
investigators have identified many factors associated with 
HI (4), predicting perioperative HI before CAS surgery 
is still challenging. In previous studies, only computed 
tomography angiography (CTA) or ultrasound was used for 
the qualitative analysis of plaque characteristics, however, 
both are less accurate than is magnetic resonance (MR) 
vessel wall imaging, particularly for evaluating intraplaque 
hemorrhage (IPH).

The HI might be a manifestation of sequela of the sinus 
reflex due to the stenting procedures, and the interaction 
between the stent and atherosclerotic plaques might be 
related to the extent of the sinus reflex (6). Previous studies 
have demonstrated that carotid plaque morphology and 
compositions were associated with perioperative HI. The 
HI-associated plaque morphological and compositional 
features include extensive or eccentric lesions, a distance 
between the carotid bifurcation and maximum stenotic 
lesion <10 mm, and calcified or fibrous lesions (7-9). 
The stiffness of atherosclerotic plaque is associated with 
vulnerability (10). Histological studies indicate that 
vulnerable plaque is characterized by specific compositional 
features, such as a larger lipid-rich necrotic core (LRNC) 
and IPH (11,12). When a stent adds pressure to the 
atherosclerotic plaque, different plaque compositions 
transmit the pressure in different ways. However, it is 
unclear which composition plays the key role in occurrence 
of HI. Among noninvasive imaging modalities, MR vessel 
wall imaging has been shown to be an ideal approach 
to characterize carotid vulnerable plaque compositional 
features (13,14). However, few studies have used MR 

imaging to assess the relationship between carotid 
vulnerable plaque features and perioperative HI.

This study aimed to investigate the association between 
characteristics of carotid atherosclerotic plaques determined 
by MR vessel wall imaging and perioperative HI in patients 
with moderate-to-severe carotid artery atherosclerotic 
stenosis who underwent CAS surgery. We present the 
following article in accordance with the STROBE reporting 
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-865/rc).

Methods

Study sample

In this retrospective study, patients with carotid stenotic 
disease in the outpatient clinic who were referred for CAS 
treatment and admitted to the Department of Vascular 
Surgery of Beijing Tsinghua Changgung Hospital from 
January 2017 to December 2019 and subsequently 
underwent multicontrast MR vessel wall imaging for carotid 
arteries before CAS surgery were included. The inclusion 
criteria were symptomatic carotid stenosis (stenosis ≥50%, 
with ipsilateral black-out syndrome, transient ischemic 
attacks, or stroke) or asymptomatic carotid stenosis (stenosis 
≥70%). The diagnosis of luminal stenosis was determined by 
ultrasound, according to the North American Symptomatic 
Carotid Endarterectomy Trial (NASCET) criteria. The 
diagnostic criterion for ipsilateral black-out syndrome 
is transient ipsilateral blurred vision lasting for several 
minutes. The diagnostic criterion for transient ischemic 
attacks is an acute loss of contralateral focal cerebral or 
monocular function with symptoms lasting less than  
24 hours. The diagnostic criterion for stroke is ipsilateral 
focal cerebral lesions confirmed by brain MR before CAS 
surgery (15). Participants with the following conditions 
were excluded: (I) conditions affecting perioperative blood 
pressure, such as renal artery stent implantation at the same 
time of CAS surgery or pacemaker placement in advance; (II) 
severe heart, liver, or kidney dysfunction; (III) intracranial 
hemorrhage occurring within 3 months prior to surgery or 
extensive cerebral infarction occurring within 4 weeks prior 
to surgery; (IV) allergies to iodine contrast agent or other 
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angiographic contraindications; and (V) contraindications to 
MR examination. Clinical data, including age, gender, body 
mass index (BMI), history of hypertension, blood pressure 
before surgery, history of smoking, hyperlipidemia, diabetes 
mellitus, stroke, coronary heart disease, left ventricular 
ejection fraction (LVEF) as measured by echocardiography, 
and antihypertensive drug usage, were collected from the 
patients’ medical records. All data were collected from 
January 2020 to April 2020, and postprocessing work was 
completed from May 2020 to October 2020. The study was 
conducted in accordance with the Declaration of Helsinki (as 
revised in 2013) and approved by the ethics board of Beijing 
Tsinghua Changgung Hospital. Individual consent for this 
retrospective analysis was waived.

MR imaging protocol

All patients underwent carotid artery plaque imaging 
on a 3.0T MR scanner (Discovery 750, GE Healthcare, 
Chicago, IL, USA) with a carotid artery 8-channel phased 
array coil. The imaging sequences and parameters were 
as follows: 3-dimensional time-of-flight (3D TOF) with 
spoiled gradient echo, repetition time (TR)/echo time (TE) 
21/3.3 ms, and flip angle 30°; 2-dimensional black-blood 
T1-weighted imaging with fast spin-echo, double inversion 
recovery, and TR/TE 800/10 ms; and 2-dimensional black-
blood T2-weighted imaging with fast spin-echo, double 
inversion recovery, and TR/TE 4,412/103 ms. The carotid 
MR imaging was centered on the index carotid artery, 
which is defined as artery with the most severe stenosis and 
referred for CAS treatment. All sequences were acquired 
with an identical field of view of 14 cm × 14 cm, a slice 
thickness of 2 mm, and a longitudinal coverage of 32 mm.

MR imaging analysis

The MR vessel wall images of carotid arteries were 
interpreted by 2 radiologists with more than 3 years 
of experience in carotid artery MR imaging who were 
blinded to all clinical information. A custom-designed 
software (CASCADE; University of Washington, Seattle, 
WA, USA) was used for image analysis (16). The lumen 
and wall boundaries of the carotid arteries were outlined 
manually to measure lumen area, wall area, total vessel 
area, and wall thickness at each axial location. The 
normalized wall index (NWI) was calculated using the 
following equation: wall area/total vessel area ×100%. 
Calcification, LRNC, IPH, and fibrous cap rupture were 

identified and quantified using the published criteria 
(17,18). Vulnerable plaque was defined as plaque with a 
large LRNC (percent of the area of LRNC occupying 
vessel wall >40%), IPH, or fibrous cap rupture. A previous 
study found good to excellent intrareader and interreader 
reproducibility in measuring wall thickness, calcification 
area, LRNC area, and IPH area (19).

Endovascular procedure

Two experienced surgeons followed the same surgical 
procedure. Antiplatelet treatment (aspirin 100 mg and 
clopidogrel 75 mg per day) was administered for a minimum 
of 7 days prior to the surgical procedure. The CAS was 
performed under local anesthesia via the percutaneous 
transfemoral route. The surgical procedures were 
performed by an experienced vascular surgeon team. An 
embolism protective device (Spider FX, EV3; Medtronic, 
Minneapolis, MN, USA) was released at the distal end of 
the internal carotid artery. Patients with hypotension and/
or bradycardia received 0.5 mg of atropine before balloon 
angioplasty. A predilatation balloon (4–20 mm, Sterling; 
Boston Scientific, Marlborough, MA, USA) was placed 
into the carotid artery to slowly expand the stenosis area at 
the speed of 1 atm/s to the normal balloon pressure. After 
removal of the balloon, 1 or 2 self-expandable nitinol stents 
(8–6 mm ×40 mm or 9–7 mm ×40 mm as determined by 
artery diameter; Protégé, EV3; Medtronic) was placed at 
the most stenotic area and completely covered the plaque 
region. A final angiogram, was performed to confirm the 
stent coverage, residual stenosis (less than 30%, otherwise, 
postdilatation was performed), or distal embolization (20). 
If there was poor expansion of the stenting, a poststent 
dilatation was performed.

Perioperative HI and treatment

Monitoring the upper arm cuff blood pressure was 
performed routinely. Blood pressure was recorded before 
predilatation and every minute after predilatation until  
10 minutes after the stent implantation. The blood pressure 
drop (BPD) was defined as the difference of the systolic 
blood pressure (SBP) before predilatation minus the lowest 
SBP after stent implantation. The BPD was considered to 
be 0 mmHg when BPD <0 mmHg. Patients were divided 
into 2 groups: the HI group (BPD ≥30 mmHg or the lowest 
SBP <90 mmHg) and the non-HI group (BPD <30 mmHg 
and the SBP ≥90 mmHg) (4). Patients in the HI group were 
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immediately injected with 0.5 mg of atropine. If SBP was 
still lower than 90 mmHg, an additional 0.5 mg of atropine 
was injected. In case of severe and prolonged HI (SBP  
<90 mmHg and/or heart rate <50 bpm lasting over  
10 min), an infusion of dopamine 5–15 µg/kg/min was 
administered.

Statistical analysis

The continuous variables are described as the mean ± 
standard deviation (SD) or median and interquartile range 
(IQR) depending on the results of the normal distribution 
test. The lumen area, wall area, total vessel area, maximum 
wall thickness, NWI, volume of calcification, volume 
of LRNC, and volume of IPH were compared between 
the HI group and the non-HI group and between the 
prolonged HI group and the non-prolonged HI group 
using an independent t-test or the Mann-Whitney U test 
as appropriate. The prevalence of calcification, LRNC and 
IPH, fibrous cap rupture, and any vulnerable plaque features 
present between the 2 groups was compared using the Chi-
squared test. Logistic regression was used to determine the 
odds ratio (OR) and corresponding 95% CI of carotid plaque 
features in predicting HI. A P value <0.05 was considered 
statistically significant. All statistical analyses were performed 
using SPSS 24.0 (IBM Corp., Armonk, NY, USA).

Results

A total of 69 patients with carotid artery stenosis were 
scheduled to undergo CAS from January 2017 to December 
2019. Of these patients, 8 were excluded due to the 
exclusion criteria, 5 were excluded due to poor image 
quality of the MR imaging (n=3) and lack of blood pressure 
data in the operation record (n=2). Ultimately, 56 patients 
were included in the statistical analysis. Among these 56 
patients, the mean age was 68.7±8.3 years old, 44 (79%) 
were males, 8 (14%) had a history of ipsilateral stroke, 46 
(82%) had hypertension, 17 (30%) had diabetes, and 20 
(36%) had cardiovascular disease. The patient recruitment 
process is detailed in Figure 1. The detailed clinical 
information is listed in Table 1.

Baseline characteristics of carotid plaques on MR imaging

Of the 56 patients, 26 (46%) were in the HI group and 30 
(54%) were in the non-HI group. Patients in the HI group 
showed a significantly larger wall area [43.2 (34.9–50.5) vs. 
35.9 (32.3–39.4); P=0.008] and total vessel area (79.7±17.2 
vs. 69.9±17.3 mm2; P=0.03) of the carotid artery compared 
to those in the non-HI group. Significant differences were 
also found in the prevalence of IPH (62% vs. 30%; P=0.02) 
and vulnerable plaque (77% vs. 43%; P=0.01) and in the 
volume of LRNC [344.7 (IQR, 155.1–665.7) vs. 103.1 

Carotid artery stenosis patients

N=69

Included patients

N=61

Analyzed patients

N=56

Excluded due to:

• Renal artery stenting, N=1

• Severe organ dysfunction, N=3

• Allergy to contrast agent, N=1

• Contradiction to MR, N=3

Excluded due to:

• Poor image quality N=3

• Lack of blood pressure record N=2

Figure 1 Flow diagram of the patient recruitment process. MR, magnetic resonance.
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Table 1 Baseline clinical characteristics categorized by HI (n=56)

Clinical characteristics All patients (n=56) HI group (n=26) Non-HI group (n=30) P value

Age, years old 68.7±8.3 70.6±8.4 67.1±7.9 0.12

Sex, male 44 (79.0) 23 (88.0) 21 (70.0) 0.09

BMI, kg/m2 25.5±3.3 25.2±3.2 25.7±3.4 0.57

Hypertension 46 (82.0) 23 (88.0) 23 (76.0) 0.25

SBP, mmHg 132±14 134±14 131±15 0.39

DBP, mmHg 73±8 73±10 72±8 0.52

Smoke 34 (61.0) 17 (65.0) 17 (57.0) 0.51

Hyperlipidemia 33 (59.0) 17 (65.0) 16 (53.0) 0.36

HDL, mmol/L 0.94±0.28 0.91±0.22 0.97±0.33 0.50

LDL, mmol/L 2.31±0.92 2.38±0.93 2.24±0.93 0.61

TC, mmol/L 3.87±1.08 3.96±1.05 3.80±1.11 0.57

TG, mmol/L 1.55±1.04 1.57±1.15 1.53±0.96 0.89

Diabetes 17 (30.0) 10 (43.0) 7 (23.0) 0.22

History of stroke 8 (14.0) 4 (15.0) 4 (13.0) 0.83

History of CHD 20 (36.0) 9 (35.0) 11 (37.0) 0.87

LVEF, % 64.3±3.2 64.7±3.6 63.9±2.9 0.32

ACEI 16 (29.0) 7 (27.0) 9 (30.0) 0.90

β-blocker 18 (32.0) 9 (34.0) 9 (30.0) 0.71

CCB 32 (57.0) 16 (62.0) 16 (53.0) 0.54

Statin 33 (59.0) 13 (50.0) 20 (67.0) 0.21

Side, left 31 (55.0) 13 (50.0) 18 (60.0) 0.45

Symptomatic 29 (52.0) 15 (58.0) 14 (47.0) 0.68

Stenosis rate, % 78±11 79±10 76±12 0.48

Poststent dilatation 10 (18.0) 5 (19.0) 5 (17.0) 0.80

Data are shown as mean ± SD or n (%). HI, hemodynamic instability; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic 
blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; TG, triglyceride; CHD, coronary heart 
disease; LVEF, left ventricular ejection fraction; ACEI angiotensin-converting enzyme inhibitors; CCB, calcium channel blocker; SD, 
standard deviation.

(53.9–62.9) mm3; P=0.001] between the HI group and the 
non-HI group. No significant differences were found in 
other carotid plaque characteristics between the HI group 
and the non-HI group (all P values >0.05). Of the 56 
patients, 23 (41.1%) developed prolonged HI. Patients with 
prolonged HI showed greater plaque length [21.4 (16.5–
26.6) vs. 16.5 (13.5–21.3) mm; P=0.02] compared to those 
non-prolonged HI (Table S1). Detailed information is listed 
in Table 2.

Association between carotid plaque characteristics and HI

The results of the logistic regression analysis are 
summarized in Table 3. Univariate regression analysis 
showed that the carotid wall area (OR =1.098; 95% CI: 
1.022–1.180; P=0.01) and total vessel area (OR =1.035; 95% 
CI: 1.001–1.070; P=0.05) were significantly associated with 
HI. Maximum wall thickness showed marginal association 
with HI (P=0.05). In addition, the presence of IPH (OR 
=3.733; 95% CI: 1.229–11.338; P=0.02), the volume of 

https://cdn.amegroups.cn/static/public/QIMS-22-865-Supplementary.pdf
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Table 2 Carotid atherosclerotic plaque characteristics on MR imaging

Plaque characteristics Patients with HI (n=26) Patients without HI (n=30) P value

Plaque morphology

Lumen area, mm2 33.6 (29.4, 39.5) 29.2 (20.5, 40.4) 0.19

Wall area, mm2 43.2 (34.9, 50.5) 35.9 (32.3, 39.4) 0.008*

Total vessel area, mm2 79.7±17.2 69.9±17.3 0.04*

Maximum wall thickness, mm 4.86 (4.01, 6.25) 4.21 (3.84, 4.87) 0.08

Plaque length, mm 18.7 (15.7, 25.0) 16.8 (13.3, 22.9) 0.20

Distance from carotid bifurcation to 
maximum stenotic lesion*, mm

3.75 (0, 6.82) 3.75 (0, 9.37) 0.77

NWI, % 56.7±6.2 55.6±6.7 0.53

Plaque compositions

Presence of calcification 17 (65.0) 18 (60.0) 0.8

Presence of LRNC 25 (96.0) 29 (97.0) 0.72

Presence of IPH 16 (62.0) 9 (30.0) 0.02*

Volume of calcification, mm3 13.8 (4.8, 56.7) 26.6 (8.7, 65.7) 0.39

Volume of LRNC, mm3 344.7 (155.1, 665.7) 103.1 (53.9, 162.9) 0.001*

Volume of IPH, mm3 124.0 (40.7, 377.5) 54.1 (14.9, 127.0) 0.15

Fibrous cap rupture 13 (50.0) 9 (30.0) 0.13

Vulnerable plaque 20 (77.0) 13 (43.0) 0.01*

Death 0 0 –

Stroke 1 (4.0) 0 0.46

Data are shown as mean ± SD, or n (%), or median (IQR). *, distance was calculated by the absolute value. SD, standard deviation; IQR, 
interquartile range; HI, hemodynamic instability; NWI, normalized wall index; LRNC, lipid-rich necrotic core; IPH, intraplaque hemorrhage. 

Table 3 Association between carotid plaque characteristics and HI

Plaque characteristics 

HI

Univariate regression Multivariate regression (model 1) Multivariate regression (model 2)

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Wall area 1.098 (1.022–1.180) 0.01 1.085 (1.002–1.174) 0.04 – –

Total vessel area 1.035 (1.001–1.070) 0.05 1.024 (0.985–1.064) 0.24 – –

Maximum wall thickness 1.509 (0.994–2.293) 0.05 1.420 (0.919–2.194) 0.11 – –

Presence of IPH 3.733 (1.229–11.338) 0.02 2.934 (0.904–9.518) 0.07 2.592 (0.712–9.440) 0.15

Volume of LRNC 1.004 (1.001–1.007) 0.005 1.004 (1.001–1.006) 0.01 1.005 (1.001–1.009) 0.01

Vulnerable plaque 4.359 (1.362–13.954) 0.01 3.927 (1.171–13.165) 0.03 4.038 (0.955–17.070) 0.06

Model 1: adjusted for age, sex, and BMI; Model 2: adjusted for age, sex, BMI, and NWI. BMI, body mass index; NWI, normalized wall 
index; LRNC, lipid-rich necrotic core; IPH, intraplaque hemorrhage.
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LRNC (OR =1.004; 95% CI: 1.001–1.007; P=0.005), 
and the presence of vulnerable plaque (OR =4.359; 95% 
CI: 1.362–13.954; P=0.01) were found to be significantly 
associated with HI. After adjustments were made for age, 
sex, and BMI (model 1), the wall area (P=0.04), volume of 
LRNC (P=0.01), and presence of vulnerable plaque (P=0.03) 
were still significantly associated with HI. After further 
adjustments were made for the plaque burden of NWI 
(model 2), only the associations of LRNC volume (P=0.01) 
and the presence of vulnerable plaque (P=0.06) with HI 
were statistically and marginally significant, respectively. 
The incidence of perioperative death and stroke was not 
significantly different between the 2 groups. Figure 2 shows 
a typical case of HI. Since the wall area had collinearity with 
NWI, it was not included in the model 2 analysis.

Discussion

This study investigated the association between carotid 
atherosclerotic plaque characteristics assessed by MR 
vessel wall imaging and HI in patients with carotid stenosis 
referred for CAS. We found that patients with a larger 
plaque burden and vulnerable plaque features, particularly 
a larger LRNC, had a higher risk of developing HI during 
the CAS procedure. Our results suggest that patients with 
a larger plaque burden and vulnerable plaque features in 
carotid arteries may need preventive treatment to reduce 
the risk of HI when undergoing CAS.

In the present study, the carotid plaque burden of the 
wall area was found to be the main risk factor for HI. 
The carotid plaque burden can be measured using wall 
thickness, wall area, luminal stenosis, plaque length, and 
plaque volume, which have been found to be associated 
with plaque vulnerability (21) and future vascular events (22). 
Previous studies have demonstrated that plaque burden 
is an independent risk factor for HI (8,23,24). A study by 
Popescu et al. (23) enrolled 120 patients who underwent 
CAS and reported that >90% of stenosis measured with 
digital subtraction angiography (DSA) was a risk factor for 
HI (OR =2.00; 95% CI: 0.95–4.18; P=0.07). Saleh et al. (8) 
investigated 728 patients who underwent CTA and CAS 
and found that patients with greater plaque length were   
more likely to develop HI (OR = 1.043, 95% CI: 1.012–
1.076; P=0.007). Husmann et al. (24) reported that carotid 
plaque volume measured with 3D duplex sonography was 
significantly associated with a drop in heart rate (P=–0.57; 
P=0.01) during the CAS procedure. However, in these 
studies, the methodology of measuring carotid plaque 

burden was not uniform. Using angiographic approaches, 
such as CTA or DSA, will underestimate plaque length 
due to positive remodeling. In the present study, we used 
MR vessel wall imaging to measure plaque morphology, 
including plaque length, maximum wall thickness, and wall 
area, which is more accurate than angiographic approaches. 
We did not find a significant association between plaque 
length and HI in our study population. Our finding of an 
association between carotid wall area and HI indicates that 
carotid plaque size measured by wall area might be a more 
predictive risk factor for HI.

In the present study, carotid vulnerable plaque features, 
including the volume of LRNC and the presence of 
IPH, were found to be significantly associated with 
HI. In related studies, the influence of carotid plaque 
vulnerable characteristics on HI was not examined. 
Rubio et al. (7) enrolled 90 patients and measured the 
degree of calcification with CTA; they found that the 
severity of calcium score was not a significant predictor 
for postoperative HI (P=0.68). On the contrary, Saleh  
et al. (8) found that hyperechoic/calcified plaques (OR 
=2.195; 95% CI: 1.458–3.304; P<0.001) were significant 
predictive factors for the occurrence of HI. Similarly, 
Nonaka et al. (9) investigated 33 patients and found 
that calcification at the carotid bifurcation was a risk 
factor for perioperative HI (P<0.001). MR vessel wall 
imaging is a better method for characterizing noncalcified 
vulnerable plaque features, particularly for LRNC and 
IPH. However, the mechanism underlying the association 
between vulnerable carotid features determined using MR 
vessel wall imaging and HI is unclear (25). Anatomically, 
baroreceptors are located medial or anterior to the surface 
of the internal carotid artery. Nerve terminals have been 
observed to be mainly in contact with elastin at the media-
adventitial border and collagen fibers in the inner part of 
the adventitia (26). According to Pascal’s law, a fluid at rest 
creates pressure at a point that is the same in all directions. 
When a stent adds pressure on the atherosclerotic plaque 
with LRNC, it will transmit the pressure to a wide range of 
intima, which stimulates a large number of neuroreceptors 
and leads to a larger drop in blood pressure. Our findings 
indicate greater attention should be paid to patients with 
vulnerable plaque to prevent HI during CAS treatment.

In our study, HI was defined as BPD ≥30 mmHg or 
SBP ≤90 mmHg. The definition of HI varies in the related 
literature. Mylonas et al. (4) performed a meta-analysis of  
27 studies and reported that most (n=13) used SBP  
≤90 mmHg as the definition of hypotension, while the 
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other 13 studies defined it as SBP ≤90 mmHg or BPD  
≥30–50 mmHg, and only 1 study used SBP ≤80 mmHg as 
the definition of hypotension. In a study by Ito et al. (27), 
hypotension was defined as BPD ≥20 mmHg. Our 
definition of HI was relatively strict, which made our 
HI occurrence rate higher than that in other studies. 
However, although most studies tried to use both blood 
pressure and heart rate in the definition of HI, they only 
separately analyzed the relationship between HI and blood 
pressure or between HI and heart rate (7,9). Studies using 
these 2 different definitions usually showed incongruous  

results (23). In our study, we focused on clarifying the 
relationship between HI and blood pressure but did not 
mention heart rate change because blood pressure change 
was the key factor of cerebral perfusion pressure (28).

Our study has several limitations. First, the sample size 
was small, and future studies with larger sample sizes are 
warranted. Second, only blood pressure was analyzed, and 
investigation using more blood pressure and heart rate 
data before and after CAS should be conducted to validate 
the generalizability of our findings. Third, this study 
only focused on the imaging features of carotid plaques 

Figure 2 Representative images of a patient with right carotid artery stenosis. (A-C) Axial images of the most stenotic lesion of the plaque 
on 3D-TOF, T1WI, and T2WI MR images, respectively. Blue and red contour lines refer to the outer wall and inner wall of the artery. This 
lesion was a typical vulnerable plaque with larger LRNC (yellow contour) and IPH (purple contour). (D) Angiograms of the same patient 
before and after stent implantation showed successful dilatation of the carotid arterial lumen (red arrows). This patient experienced HI 
during carotid artery stenting surgery. 3D-TOF, 3-dimensional time-of-flight; T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; 
MR, magnetic resonance; LRNC, lipid-rich necrotic core; IPH, intraplaque hemorrhage; HI, hemodynamic instability.

A B

C D
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determined using MR vessel wall imaging. Other factors, 
such as carotid bifurcation angle and hemodynamics, need 
to be taken into account to clarify other influencing factors 
of HI. Fourth, 2 experienced surgeons performed the 
surgery, and although there was no significant difference in 
the prevalence of HI between these 2 surgeons (P=0.54), 
future studies may be improved by use of a single surgeon.  

Conclusions

Carotid plaque burden and vulnerable plaque features, 
particularly a larger LRNC, are associated with HI during 
the CAS procedure, suggesting that patients with a larger 
plaque burden and vulnerable plaque may have a higher risk 
of developing HI when undergoing CAS treatment.
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Supplementary

Table S1 Comparison of plaque features between patients with and without prolonged HI

Mean ± SD, or n (%), or median (IQR)
P value

Patients with prolonged HI (n=23) Patients without prolonged HI (n=33)

Plaque morphology

Lumen area, mm2 31.8 (27.4, 41.9) 32.1 (24.8, 38.5) 0.521

Wall area, mm2 38.6 (33.1, 47.3) 37.9 (32.7, 44.3) 0.708

Total vessel area, mm2 73.9 (63.6, 87.8) 71.4 (59.1, 86.1) 0.588

Maximum wall thickness, mm 4.20 (3.71, 5.75) 4.64 (4.06, 5.92) 0.377

Plaque length, mm 21.4 (16.5, 26.6) 16.5 (13.5, 21.3) 0.021*

Distance from carotid bifurcation to 
maximum stenotic lesion*, mm

3.0 (0, 8.0) 4.0 (1.0, 8.0) 0.625

NWI, % 56.0 (51.4, 60.5) 56.8 (51.9, 60.2) 0.745

Plaque compositions

Presence of calcification 13 (57) 22 (67) 0.440

Presence of LRNC 23 (100) 31 (94) 0.229

Presence of IPH 10 (43) 15 (45) 0.884

Volume of calcification, mm3 2.32 (0, 13.4) 2.63 (0, 26.3) 0.650

Volume of LRNC, mm3 66.8 (27.8, 134.4) 74.5 (33.0, 212.1) 0.708

Volume of IPH, mm3 66.8 (27.8, 134.4) 54.1 (14.9, 127.0) 0.628

Fibrous cap rupture 7 (30) 15 (45) 0.258

Vulnerable plaque 13 (57) 20 (61) 0.760

Death 0 0 –

Stroke 1 (4) 0 0.704


