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Abstract

Background To explore the relationship between Normalized Wall Index (NWI) and Magnetic Resonance Perfusion
Imaging Parameters in Patients with Mild Carotid Artery Stenosis.

Methods Initially, an analysis was conducted on 40 patients from our institution, and we identified through
ultrasonographic examinations conducted between July 2021 and August 2022. These patients exhibited carotid
artery plaques with mild luminal narrowing (with stenosis rates ranging from 20 to 50%, following the criteria of the
North American Symptomatic Carotid Endarterectomy Trial, NASCET). All cases underwent high-resolution magnetic
resonance imaging (MRI) of the carotid arteries and cerebral perfusion assessments using 3.0T MRI during the
specified timeframe. Based on whether the cerebral hemisphere in the carotid artery supply region had experienced
ischemic events, including Transient Ischemic Attacks (TIAs), patients were categorized into symptomatic and
asymptomatic groups. Subsequently, the Normalized Wall Index (NWI) of the carotid arteries and the area of abnormal
perfusion on the same side of the brain were calculated for each group.

Results In the symptomatic group, all patients exhibited perfusion abnormalities in the internal carotid artery supply
region, whereas only some patients in the asymptomatic group showed such abnormalities. The NWI of plaques in
the symptomatic group was significantly higher than that in the asymptomatic group (P <0.05).

Conclusion The range of prolongation in mean transit time (MTT) and time to peak (TTP) in patients with perfusion
abnormalities was positively correlated with NWI and stenosis rates. The association with NWI was more pronounced
and statistically significant (P <0.05).

Keywords High-resolution magnetic resonance vessel wall imaging, Carotid artery plaques, Cerebral perfusion,
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Introduction

Carotid atherosclerotic plaques are closely associated
with ischemic stroke, and unstable plaques are a major
cause of acute ischemic stroke. Based on compositional
features such as intraplaque hemorrhage (IPH), plaque
rupture, neovascularization within the plaque, fibrous
cap thickness, and lipid-rich necrotic core (LRNC), these
imaging characteristics are used for risk stratification
[1]. Utilizing high-field MRI equipment, dedicated head-
neck coils, and multi-sequence scanning techniques not
only allows for the detection of plaque composition but
also facilitates the observation of changes in vascular
wall morphology and wall stress. This approach provides
accurate information regarding plaque size, volume, and
vulnerability. Currently, MRI is recognized as the opti-
mal method for quantitative measurement of carotid
artery plaque burden and non-invasive assessment of
plaque composition [2]. It enables precise measurements
of plaque burden, including vessel area (VA), lumen
area (LA), maximum wall thickness (maxWT), Normal-
ized Wall Index (NWI), and other indicators, with good
interobserver measurement consistency.

In clinical practice, the majority of treatments for cere-
bral ischemic changes are initiated after the occurrence
of ischemic clinical symptoms. Therefore, early radiologi-
cal assessment of carotid artery plaques and their associ-
ated risks, along with corresponding changes in cerebral
perfusion, is particularly crucial for selecting appropriate
treatment strategies and providing preventive education.
This can significantly improve patient outcomes, reduce
mortality, and mitigate disability rates.

This study utilizes 3.0T MRI for high-resolution imag-
ing of carotid artery plaques, aiming to analyze and com-
pare the relationship between ischemic events and plaque
burden based on an understanding of plaque compo-
sition. Additionally, the study explores the correlation
between these factors and cerebral blood flow perfusion
parameters (MTT, Average pass time, TTP, Time to peak,
CBFE, Cerebral blood flow, CBV, Cerebral blood volume).
The findings aim to provide effective reference points
for the clinical formulation of corresponding treatment
plans, preventing adverse cerebrovascular events, and
thereby improving the prognosis of a significant number
of patients with carotid atherosclerosis.

Materials and methods

Sample information

A total of 40 patients diagnosed with carotid artery
plaques through ultrasound examinations conducted at
our hospital between July 2021 and August 2022 were
selected for inclusion in the study. The ultrasound exami-
nations were performed using GE LOGIQ E9 ultrasound
system, which was used to assess the presence of carotid
plaques. All patients included in the study were over

Page 2 of 7

18 years of age and provided informed consent prior to
participation.Patients were categorized into two groups
based on whether the cerebral hemisphere in the carotid
artery supply region had experienced ischemic events,
including Transient Ischemic Attacks (TIAs): a symp-
tomatic group (16 cases) and an asymptomatic group
(20 cases). Basic clinical data were collected for all par-
ticipants, including age, gender, diabetes, hypertension,
hyperlipidemia, coronary heart disease, smoking his-
tory, and a history of prior stroke or transient ischemic
events.Inclusion criteria were as follows: (1) Patients with
good cognitive function who could fully cooperate with
the examination; (2) Patients with images that could be
diagnostically identified; (3) Patients who had a com-
prehensive understanding of the project and signed the
informed consent form. Exclusion criteria included: (1)
Patients with contraindications for magnetic resonance
imaging (MRI) examination; (2) Patients with severe
consciousness disorders or serious heart, liver, kidney
diseases, or tumors; (3) Patients who had previously
undergone carotid endarterectomy or stent placement;
(4) Patients with extensive lesions such as infarction,
softening, deformity, or Fazekas grade 3(Grading of white
matter lesions) white matter hyperintensities ()identi-
fied in head MRI; (5) Patients with atrial fibrillation; (6)
Other conditions deemed unsuitable for participation
in the study by researchers, such as pregnant or lactat-
ing women, alcoholics, or patients with low compliance
due to psychiatric illnesses; (7) Patients with a history of
gadolinium contrast agent allergy.

Method
All patients underwent imaging with a Siemens Skyra
3.0T MRI scanner, utilizing a head-neck combined coil
along with an 8-channel surface coil. The imaging pro-
tocol began with 2D-TOF localization, and MRA images
were reconstructed using the MIP method to visualize
the position of the carotid arteries. Subsequently, 3D T1
imaging of the carotid arteries was performed using the
SPACE sequence (slice thickness: 0.72 mm, TR: 600 ms,
TE: 19 ms), covering the proximal segment of the carotid
arteries to the range of the middle cerebral arteries. This
allowed for precise acquisition of the position, morphol-
ogy, size, extent, and vascular wall information of carotid
artery bifurcation plaques. High-resolution black-blood
imaging within a 2 cm range above and below the bifur-
cation plane was then conducted using T1-weighted
imaging (T1WIL: TR 708 ms, TE 13 ms), T2-weighted
imaging (T2WI: TR 1970 ms, TE 66 ms), and 3D time-
of-flight (3D-TOF: TR 21 ms, TE 3.43 ms) sequences,
with a slice thickness of 2 mm, a gap of 2 mm, a matrix of
256 x 256, and an FOV of 160 mmx160 mm (Fig. 1).
Subsequently, gadoteric acid meglumine (0.1 mmol/kg)
was injected through the cubital vein at a rate of 3.5-4.0
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Fig. 1 (A) TIWI, (B) T2WI, (C) CE-TIWI showing the formation of a plaque at the origin of the left internal carotid artery (white arrow). The plaque has a non-
enhancing lipid-rich necrotic core, and a continuous enhancing fibrous cap is visible. (D) 3D-SPACE curved surface reconstruction displaying the plaque
extent (circle) and the generally slightly thickened vessel wall of the distal internal carotid artery with a patent lumen

mL/s, followed by a saline flush of 20 mL at the same
rate. Whole-brain PWI(MR Perfusion Weighted Imag-
ing) (slice thickness: 5 mm, TR: 1600 ms, TE: 30 ms) and
carotid artery CE-MRI (T1WIL: TR 708 ms, TE 13 ms)
were then performed. During the scans, the patient’s
jaw and head-neck region were immobilized, earplugs
were used for hearing protection, and the patient was
positioned supine with the head entering the scanner
first. Surface coils were snugly placed on both sides of
the carotid arteries. Patients were instructed to maintain
even and steady breathing and to minimize coughing and
swallowing movements.Patients were instructed to main-
tain even and steady breathing, minimize coughing and
swallowing movements, and to keep their eyes closed
during the scan to avoid affecting perfusion of the occipi-
tal lobe.

Plaque burden and composition statistics

The image data were processed using Siemens post-pro-
cessing workstations. At the location of the maximum
cross-sectional area of the plaque, quantitative measure-
ments of plaque burden were delineated by outlining
the measured areas, including luminal area (LA), wall
area (WA), total vessel area (TVA), and maximum wall
thickness (MaxWT). The normalized wall index (NWT),
calculated as NWI=WA/TVAx100%, was used to assess
plaque burden. Carotid artery luminal stenosis was mea-
sured using the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) method [3]. This well-
established method categorizes stenosis as mild (0-49%),
moderate (50-69%), severe (70-99%), or complete occlu-
sion (100%).

Currently, based on a substantial body of literature and
experimental data [4], vulnerable plaques are primar-
ily defined as those containing intraplaque hemorrhage
(IPH)/neovascularization (AHA VI), lipid-rich necrotic
core (LRNC) (AHA IV-V), and plaques with irregular
fibrous caps or caps that have ruptured. Therefore, in this
study, information on these vulnerable plaque compo-
nents was also concurrently collected and analyzed.

High-resolution magnetic resonance imaging
characteristics of carotid artery plaques

(1) The fibrous cap exhibits a low signal on the TOF
sequence and appears relatively equal or slightly higher
in signal on the T1WI and T2WI sequences. (2) The
lipid-rich necrotic core presents an equal to slightly
higher signal on the TIWI and a low to equal signal on
the T2WI. (3) The signal of hemorrhagic thrombus is
related to the timing of bleeding: recently formed hemor-
rhagic thrombus shows high signals on both TIWI and
T2WI sequences; fresh bleeding thrombus signals high
on T1WI and TOF, with unstable signals on T2WI and
appearing as equal or low signals; chronic hemorrhage
demonstrates low signals on all sequences. (4) Neovas-
cularization within the plaque is markedly enhanced on
contrast-enhanced MRI (CE-MRI, T1WI) [5-7].

Analysis of cerebral perfusion images

Utilizing Siemens post-processing workstations, pseudo-
color maps of cerebral blood flow perfusion (mean transit
time, MTT; time to peak, TTP; cerebral blood flow, CBF;
cerebral blood volume, CBV) were generated. Two expert
vascular physicians jointly assessed the perfusion images,
recording the locations and extents of abnormal perfu-
sion in the brain tissues on the same side as the carotid
artery plaque (measured at the level of maximum per-
fusion abnormality). The following is an analysis of two
cases (Figs. 2, 3 and 4).

Casel

A 67-year-old female presented with weakness in the
right upper limb. There is a plaque at the origin of the left
internal carotid artery, accompanied by a large lipid-rich
necrotic core, NWI=75.6, and a stenosis rate of 34. The
left temporal-parietal lobe shows elongated MTT and
TTP, increased CBYV, and no significant change in CBF.

Case2

66 years old, male, admitted for internal examination.
Plaque formation at the right internal carotid artery ori-
gin, with a large lipid core, NWI =86, stenosis rate of 41.
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Fig. 2 PWI revealing perfusion abnormalities in the left temporal and parietal lobes: (A) Prolonged MTT, (B) Prolonged TTP, (C) No significant change in

CBF, (D) Increased CBV

Fig. 3 (A) TIWI, (B) T2WI, (C) CE-TIWI showing the formation of plaque at the right internal carotid artery origin (white arrow), predominantly with a lipid
necrotic core and localized inflammatory enhancement. (D) 3D-SPACE reconstruction displaying the plaque and carotid artery bifurcation area (circle)

Fig. 4 PWI revealing small patchy perfusion abnormalities in the right parietal lobe: (A) Prolonged MTT, (B) Prolonged TTP, (C) Unremarkable CBF, (D)

Increased CBV

Small patchy prolongation of MTT and TTP in the right
parietal lobe, with no significant changes in CBV and
CBE

Statistical analysis

Statistical analysis was conducted using SPSS 20.0. Con-
tinuous variables are expressed as (mean + standard devi-
ation), and the independent samples t-test was employed
for comparisons between two groups, while one-way
analysis of variance (ANOVA) was used for comparisons
among multiple groups. Non-normally distributed data
were analyzed using non-parametric tests. Categorical
data are presented as percentages and were compared

between groups using the x2 test, with P<0.05 consid-
ered statistically significant.

Results

Clinical characteristics data of symptomatic and
asymptomatic groups

The symptomatic group had an average age of around
61 years, while the asymptomatic group had an average
age of around 54 years. The prevalence of hypertension
and smokers in the symptomatic group was significantly
higher than in the asymptomatic group (P<0.05). How-
ever, there were no significant differences in clinical
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Table 1 Comparison of clinical characteristics between the two
groups (x£s, n)
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Table 4 The correlation between blood perfusion parameters
and NWI, stenosis

Group Age (years) Hyper- Dia- Hyper- Smok-
tension betes lipid- ing
(%) (%) emia (%)

(%)

Symptomatic 61.13+£9.65 375 125 125 25

group

(n=16)

Asymptomatic 5488+858 0 0 0 0

group

(n=24)

/%2 2147 7.851 - - 4178

P 0.038 0.005 0.154 0.154 0.041

The total sample size N>40 and the theoretical frequency 1<t<5, the chi-
square test correction formula is used. T<1, the Fisher exact probability
method is employed

Table 2 Comparison of burden between two Groups (Z =+ )

Group maxWT NWI (mm?2) Stenosis rate
(%)

Symptomatic 4.25(3.875~5575)  756(60~855) 35(28.5~39.5)

group

(n=16)

Asymptomatic ~ 2.5(2.5~2.5) 2020 ~20) 10(10~10)

group

(n=24)

Z -4.46 -4.701 -4.465

P 0.000 0.000 0.000

The sample does not follow a normal distribution, so non-parametric tests were
employed, and the results are presented as medians (25-75%)

Table 3 The composition of LRNC and IPH between two groups

Group LRNC (%) IPH (%)
Symptomatic group 56.3 50.0
(n=16)

Asymptomatic group 16.7 12.5
(n=24)

X2 6.857 5.021

P 0.009 0.025

The total sample size N>40 and the expected frequency 5<T, the general
formula is used; The expected frequency T is between 1 and 5, the chi-square
test correction formula is employed

characteristics such as diabetes and hyperlipidemia
between the two groups (P> 0.05). Refer to Table 1.

The burden between symptomatic and asymptomatic
groups

The symptomatic group exhibited significantly higher
values in maxW'T, NWI, and stenosis rate compared to
the asymptomatic group (P <0.05) Table 2.

The composition between the symptomatic and
asymptomatic groups

The incidence rates of LRNC and IPH in the symptomatic
group were significantly higher than those in the control
group (P<0.05) Table 3.

MTT prolon- NWI Ste-

gation area nosis
rate

MTT Pearson Correlation 1 0.653**  0.585*
prolon-  Significance (two-tailed) 0.003 0011
gation 18 18 18
area
NWI Pearson Correlation 0.653** 1 0.664**

Significance (two-tailed) ~ 0.003 0.003

N 18 18 18
Stenosis  Pearson Correlation 0.585* 0.664** 1
rate Significance (two-tailed) ~ 0.011 0.003

N 18 18 18

**P<0.01, *P<0.05

Reveals a significant correlation between MTT prolongation area and NWI
(P=0.003), with a correlation coefficient (r) of 0.653, indicating a significant
positive correlation. Furthermore, there is a correlation between MTT
prolongation area and stenosis rate (P=0.011), with a correlation coefficient (r)
of 0.585, showing a positive correlation. Additionally, NWI and stenosis rate are
also correlated (P=0.003), exhibiting a significantly positive correlation with a
correlation coefficient (r) of 0.664

Correlation between blood perfusion parameters and NWI,
Stenosis

The extent of MTT and TTP prolongation in patients
with perfusion abnormalities showed a positive correla-
tion with NWI and stenosis rate. The relationship with
NWI was more pronounced, and the differences were
statistically significant (P <0.05). Since the MTT and TTP
extension ranges were essentially consistent among the
study subjects, this study uniformly measured the maxi-
mum level of MTT abnormality, as shown in Table 4.

Discussion

In carotid artery plaques patients, performing high-reso-
lution magnetic resonance imaging of the carotid artery
(HRMRI) along with whole-brain perfusion one-stop
imaging offers a relatively short examination time and
the ability to depict plaque morphology, size, composi-
tion, and vascular wall burden [8, 9]. Simultaneously,
perfusion-weighted imaging (PWI) can provide multiple
parameters related to cerebral perfusion, reflecting the
extent and severity of cerebral ischemia, serving as a tool
for predicting and assessing stroke risk.

Previous studies indicated that hypertension and smok-
ing are risk factors for plaque hemorrhage, while hyper-
lipidemia is a risk factor for lipid-rich necrotic core [10,
11]. Smokers undergoing carotid endarterectomy had an
average age younger by 7 years compared to non-smok-
ers (P=0.001) [12]. In this study, the symptomatic group
showed a higher prevalence of hypertension and smok-
ing compared to the asymptomatic group, aligning with
previous research. Rots et al. discovered that patients
with symptomatic carotid artery stenosis, as evidenced
by preoperative MR-DWI showing cerebral ischemia,
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were more likely to have intraplaque hemorrhage (IPH),
and symptomatic plaques exhibited higher lipid content
[13]. This suggests that increased occurrences of IPH and
lipid content within plaques are potential indicators of
cerebral ischemic risk [14]. In this study, the symptom-
atic group showed a significantly higher proportion of
lipid-rich necrotic core (LRNC) and IPH compared to the
asymptomatic group (P<0.05), consistent with previous
research findings.

Here, the symptomatic group exhibited a significantly
higher Normalized Wall Index (NWI) than the asymp-
tomatic group (P<0.05), and the symptomatic group
showed perfusion abnormalities in the carotid artery
supply region. Additionally, in all patients with perfusion
abnormalities, the range of Mean Transit Time (MTT)
and Time to Peak (TTP) was positively correlated with
NWI and stenosis rate. The association with NWI was
more significant, with statistically significant differences
(P<0.05).1t has indicated that in stroke patients, the
intima-media thickness (IMT) of the carotid artery can
serve as an indicator of the clinical severity of ischemic
stroke in patients with symptomatic carotid artery ste-
nosis [15]. It has shown that compared to stable plaque
groups, the MTT values in the watershed areas of the
cortex are significantly prolonged in vulnerable plaque
groups, and vulnerable plaques are often relatively thick
[16]. In this study, due to the inconsistent degree of dila-
tion at the beginning of the internal carotid artery and
varying degrees of shrinkage in the distal internal carotid
artery in some patients, it was found that compensatory
enlargement of vessel area and lumen area occurred with
the continuous progression of plaques. Therefore, plaque
size cannot represent the degree of lumen stenosis, and
the degree of lumen stenosis cannot reflect the wall bur-
den. NWI can simultaneously represent lumen steno-
sis and wall thickness [17]. Hence, in this study, the use
of NWTI to assess carotid artery plaque burden is more
accurate [18].

This paper found that some asymptomatic patients also
exhibited perfusion abnormalities (prolonged MTT and
TTP). The significance of this discovery lies in the fact
that asymptomatic patients with perfusion abnormalities
may be prevalent in the community. The early cerebral
perfusion changes caused by carotid artery plaques have
not received sufficient attention. Therefore, this study
holds value for community awareness, screening, fol-
low-up, and early prevention of cerebral ischemic events
related to carotid artery plaques.

Conclusions

In conclusion, NWI can serve as an indicator for assess-
ing the risk of stroke, providing a basis for early clinical
intervention. The higher the NWI, the greater the risk of
stroke. The combination of high-resolution carotid vessel
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wall imaging and whole-brain perfusion provides valu-
able references for early clinical intervention.

Limitations

In this study, there are still some limitations. Firstly, it
only involves a relatively small sample size due to the
advanced age of the patients. Secondly, manual delin-
eation of perfusion areas introduces a certain degree of
error, and there was no comparison of perfusion param-
eter values in the abnormal perfusion areas. Therefore,
further research with an increased sample size is needed
in the later stages.
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