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ABSTRACT

Background: Recurrent stroke is associated with significant morbidity and disability. With the advent of modern imaging
techniques, focus shifted beyond stenosis to plague characteristics and vulnerability as the major underlying causes. However, the
clinical guidelines still use stenosis as the major criterion. As studies on this topic are scarce, the present systematic review was
conducted to assess the association between plaque characteristics and recurrent stroke.

Method: Seven retrospective and prospective studies published in the last 10 years and meeting the inclusion and exclusion
criteria were included. The studies included a total of 749 patients. The studies were included after a thorough search of various
databases (PubMed, Embase, Cochrane Library, and ScienceDirect).

Results: The majority of the studies included in the review showed a significant association between plaque burden and recurrent
stroke, with three studies showing reduced survival on Kaplan-Meier analysis. Recurrent stroke was also found to be significantly
associated with intraplague hemorrhage and increased enhancement ratio.

Conclusion: The present systematic review highlights the importance of plaque characteristics, especially plaque vulnerability and
inflammation, in the causation of recurrent stroke. It is recommended that further studies be conducted to develop clinical scores
that incorporate plaque characteristics to improve the prediction of recurrence.

Key-words: High-risk plaque, Intracranial atherosclerosis, Magnetic resonance vessel wall imaging, Plaque characteristics,
Recurrent stroke, Systematic review

INTRODUCTION

Stroke accounted for 11.60% of the mortality burden
worldwide in 2019 . Owing to its high associated
morbidity, it is the second leading cause of global death
and disability 2.
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It is estimated that the annual new case burden of stroke
is about 12.20 million, with a 1-year recurrence rate of
11.10% and
amongst the survivors

recurrence rate of 39.70%
[2,3]

a 12-year
Recurrence of stroke is
associated with significantly more damage, leading to a
higher mortality burden along with poor functional
prognosis amongst the survivors as compared to the
first-time stroke. It also places significant strain on scarce
healthcare services 1.

Intracranial atherosclerotic disease is the leading cause
of ischemic stroke. In Asian populations, it may account
for up to 30-50% of the ischemic strokes ®., It also poses
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a greater risk of recurrence of the stroke despite
aggressive medical management. Therefore, disease risk
stratification is crucial for preventing recurrent attacks
7]

Traditionally, stenosis was considered the major
underlying factor for stroke. The degree of stenosis is a
well-recognized predictor of recurrent stroke. Patients
with either more than 50% stenosis or those with less
than 50% stenosis but also having vulnerable plaques are
at particular risk and aggressive medical therapy is
recommended for such cases ®°. With the advent of
high-resolution vessel wall imaging (HR-VWI), in vivo
visualization of plaque characteristics, including
vulnerable features such as intraplague hemorrhage,
outward remodeling, and neurovasculature, has become
possible. This has provided invaluable insight into plaque
vulnerability being a more important underlying cause of
recurrent stroke rather than the degree of stenosis alone
[10]

Using whole-brain HR-VWI, multiple lesions can be

evaluated  simultaneously, reducing time [,
Methodological advances have enabled the routine use
of 3 Tesla magnetic resonance imaging (MRI) for VWI,
due to its superior spatial resolution and signal-to-noise
ratio compared to 1.5 Tesla systems. Optimized
sequences, such as 3D Tl-weighted sequences, have

improved vessel-to-lumen contrast, while consensus

guidelines recommend  standardized  acquisition

protocols and delayed post-contrast imaging (~9
minutes) to improve reproducibility 2.,

However, the precise role of plaque characteristics in the
recurrence of stroke remains understudied, and the
present treatment guidelines rely solely on the degree of
stenosis. Therefore, the present systematic review was
conducted to evaluate the association between various

plaque characteristics and stroke recurrence.

MATERIALS AND METHOD

Research Design- The Preferred Reporting Items for
(PRISMA)

study. An

Institutional Ethics Committee was not required because

PROSPERO

registration was not required as the review did not

Systematic Reviews and Meta-Analyses

statement was followed during the

no human participants were included.

include any intervention.

Search Strategy- An electronic search was performed
across various databases: PubMed, Embase, Cochrane
Library, and ScienceDirect. The Medical Subject Headings
(MeSH)
atherosclerosis,

used for intracranial
MRI,

stroke, disease progression, and temporal evolution. A

keywords were

plaque, vessel wall recurrent
manual selection process was used to select the studies,

as outlined in the flowchart in Fig. 1.
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Fig. 1: PRISMA 2020 flow diagram
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Inclusion criteria

v Studies involving patients aged 18 or older.

v" Prospective or retrospective cohort studies with at
least 6 months of follow-up and comparing findings
of recurrent ischemic stroke with first-time stroke.
Studies with more than 50 patients.

Studies where MRI was performed using 3Tesla MRI.
Studies published in the last 10 years (after 2016).
Studies with full-text publications.

AN NEN

English language studies.

Exclusion criteria

v’ Studies older than 10 years.

v' Studies with a follow-up period of less than 6
months.

v' Case reports, case series, randomized controlled
trials, and reviews.

v Studies with stroke of other or uncertain etiology.

Statistical Analysis- For the present systematic review,
the relevant findings of all the included studies were
extracted and summarized in a standard format. A
narrative review was conducted, focused on the relevant
p<0.05 was

parameters. For all included studies,

considered statistically significant.

RESULTS

In the present systematic review, a total of 1763 studies
were retrieved through the various databases (Fig. 1).
136 records were screened, of which 43 were assessed
for eligibility. Based on inclusion and exclusion criteria,
36 records were excluded and the remaining 7 studies
were included for review (Table 1).

Table 1: Summary of the studies

Study Year Type of study

Study
population

Findings

Lu et al. 13! 2018 Prospective

63

Stroke recurrence was significantly
associated with intraplaque hemorrhage,
fibrous cap rupture and progression of
carotid plaque/change in vessel wall
volume [Hazard ratio: 6.05 (1.44-25.51);
p=0.01, Hazard ratio: 6.72 (1.37-32.95);
p=0.02 and Hazard ratio: 1.19 (1.03-1.37);
p=0.02, respectively]. When assessed
according to plaque progression, they
reported that the Kaplan-Meier curve for
stroke recurrence showed higher event-
free survival among patients with non-
progression of plaqgue compared with
those with plaque progression; p=0.02.

Ran et al. 4 2020 Retrospective

105

Stroke recurrence was significantly
associated with plaque burden [Odds
ratio: 2.26 (1.03-4.96); p=0.04]. Area

under curve was 0.70 for plague burden.

Shi et al. 5] 2021 Prospective

58

Stroke recurrence was significantly
associated with progression of plaque
burden [Hazard ratio: 6.29 (1.62-24.44);
p<0.01]. The Kaplan-Meier curve for
recurrence showed that patients without
progression of plaque burden had
significantly higher event-free survival

than those with progression (p<0.05).
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Shen et al. 18

2022

Retrospective

Stroke recurrence was significantly
associated with change in plaque burden
and progression of plaque burden [Odds

ratio: 1.11 per 1% increase (1.01-1.22);
p=0.03 and Odds ratio: 6.08 (1.51-24.47);
p=0.01, respectively].

67

van Dam-Nolen
et al. 17

2022

Prospective

Stroke recurrence was significantly
associated with intraplaque hemorrhage
[Hazard ratio: 2.12 (1.02-4.44); p<0.05
and Hazard ratio: 1.07 (1.00-1.15);
p<0.05, respectively]. Kaplan-Meier
238 analysis showed that stroke recurrence
was significantly higher in patients with
intraplague hemorrhage as compared to
those without hemorrhage in ipsilateral
carotid plaque (23% and 11%,
respectively; p<0.01).

Lv et al. 118

2024

Prospective

Stroke recurrence was significantly
associated with plaque burden and
enhancement ratio [Hazard ratio: 3.15
(1.34-7.42); p<0.01 and Hazard ratio: 2.17
(1.27-3.70); p<0.01, respectively]. The
areas under the curves for predicting
recurrence were 0.72 (95% confidence
interval: 0.62-0.82) and 0.69 (95%
confidence interval: 0.59-0.79) for plaque
burden and enhancement ratio,

132

respectively.

The Kaplan-Meier curve showed an
increased risk of recurrence at cut-off
values of 89.20% plaque burden and an
enhancement ratio greater than or equal
to 0.50; p<0.01.

Yao et al. ™

2025

Prospective

Stroke recurrence was significantly
associated with progression of plaque
burden and progression of enhancement
ratio [Hazard ratio: 3.82 (1.12-13.05);
p=0.03 and Hazard ratio: 6.14 (1.48-
25.51); p=0.01, respectively].
Additionally, they also reported an

86

association between stroke recurrence
and vessel expansion [Hazard ratio: 5.17
(1.07-24.83); p=0.04].
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Among the seven studies, most were prospective, and
the others were retrospective. A total of 749 patients
were included in 7 studies. All studies assessed features
of plaque as visualized on 3 Tesla MRI. The plaque
characteristics amongst the patients having recurrent
stroke were compared with those of the patients having
non-recurrent stroke in the cohort. Kaplan-Meier
analysis was done in four studies.

It was observed that plaque burden or plaque
progression was the most commonly studied parameter
(six of seven studies). The studies reported a significant
association between plaque burden and recurrent
stroke. Kaplan-Meier analysis showed decreased survival
with increased plaque burden. Intraplague hemorrhage
and increased enhancement ratio were the other
parameters. Studies have reported both characteristics
to be associated with a significant risk of recurrence of
stroke. Kaplan-Meier analysis also showed an association
of increased recurrence of stroke with intraplaque

hemorrhage.

DISCUSSION
In the present systematic review, it was observed that
recurrent stroke was significantly associated with
intraplague hemorrhage, plaque burden, and increased
enhancement ratio, indicating a central role of
atherosclerosis and inflammation. Atherosclerosis is the
major underlying factor in the formation of plaques,
which can lead to stroke. The atherosclerotic process is
characterized by elevated plasma low-density lipoprotein
(LDL) levels and inflammation of the vessel wall 2%, Wall
shear stress is the force exerted by the flowing blood on
is an

the vessel wall B |t important factor in

atherosclerosis. Under physiological conditions, parallel
flow is protective from the inflammation cascade 12223,
However, with the deposition of lipids in the subintimal
layer and the formation of plaque, blood flow becomes
turbulent, wall shear stress changes, and the intima's
function is impaired and its integrity compromised 24,
Due to a lack of antioxidants, oxidized LDL (ox-LDL) forms
in the subintimal layer, leading to the migration of
macrophages and smooth muscle cells ?°!. Macrophage-
like vascular smooth muscle cells (VSMCs) are also
involved in phagocytic clearance of ox-LDL 2%, This
results in a necrotic core of the plaque.

The progression of the disease is influenced by plaque
erosion, rupture, neovascularization, hemorrhage, and

increasing thrombosis. Neovascularization is
characterized by immature blood vessels with sparse or
absent VSMCs and a lack of tight junctions between
blood

components from the vessels 2, Hypoxic conditions

endothelial cells, leading to leakage of
within the plaque stimulate the secretion of vascular
endothelial growth factor (VEGF) and promote the
formation of new, leaky blood vessels. These leaky
vessels lead to intraplaque hemorrhage 2%, especially in
the plaque shoulder . Other mechanisms are also
hypothesized to lead to intraplaque hemorrhage. The
undergo induced by
cholesterol crystals, leading to hemorrhage B%3%, The
content of cholesterol crystals is also an independent

predictor of thrombosis BY. Occasionally, a luminal

neovessels may eryptosis

thrombus rich in erythrocytes may integrate with the
plaque, leading to hemorrhage 2. Luminal blood entry
into the plagque is another mechanism leading to
hemorrhage 3. A plaque with an intact fibrous cap has
been observed to have fissures, especially those
associated with intraplaque hemorrhage 34,

Zhao et al. ®* reported that intraplaque hemorrhage was
independently associated with a significant increase in
lipid core volume. It was also observed in the present
systematic suggested that
intraplaque associated with the

development of plaque vulnerability, which can lead to

review. It has been

hemorrhage is

erosion and rupture. The plaque cap is the single most
important component that isolates the thrombogenic
core from the bloodstream. It is mostly composed of
fibrillary collagens (types | and Ill) with low thrombogenic
potential 3%37), Therefore, once the fibrin cap is eroded,
the core is exposed, which is highly thrombogenic and
triggers local thrombus formation, leading to arterial
occlusion and stroke. Thus, the intraplaque hemorrhage
is significantly associated with recurrent stroke.

Plague burden was the most extensively studied
parameter, showing a significant association with stroke
recurrence. Historically, the degree of vessel stenosis
was considered the single most important risk factor for
recurrent stroke. However, with modern imaging
techniques, plaque burden has emerged as an important
risk factor for recurrent stroke. Plaque burden includes
the volume and composition of the plaque. A higher
plague burden means more plaque surface area, which,
in turn, may increase plaque vulnerability. There are

several mechanisms by which increased plaque burden
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may lead to recurrent stroke. Higher plaque burden may
be associated with a greater proportion of fragile plaque
components, particularly in vulnerable plaque, including
lipid debris and a thrombotic cap. These components
may break off easily, leading to embolism in the territory
of the artery and blocking the smaller vessels 38,
Patients with artery-to-artery embolism have also shown
a tendency toward increased platelet reactivity [,
leading to greater plague formation and a greater plaque
burden.

When critical stenosis is reached (occlusion >70%), due
to a high plague burden or thrombus formation, there
may be significant hypoperfusion in the arterial territory,
resulting in impaired clearance of microemboli 13%4%,
These result in watershed infarcts. This indirect effect,
from decreased clearance of microemboli, is in addition
to the direct hypoperfusion caused by arterial stenosis
and occlusion. Since the effect is most pronounced at the
border areas, it results in watershed infarcts ©#-%2. A
higher plaque burden is also an indicator of ongoing
atherosclerosis and may lead to plaques elsewhere in the
body, such as coronary artery disease and aortic arch
plaques. These vulnerable plaques in the various arteries
are also a potential source of microemboli and may
cause recurrent stroke. In patients with stroke, the brain
releases pro-inflammatory cytokines. Inflammation plays
a crucial role in plaque formation and increased plaque
vulnerability 3. This, in turn, results in recurrent stroke,
leading to a vicious cycle. In patients with recurrent

intensified, as
[44]

stroke, inflammatory processes are

evidenced by increased enhancement ratios

CONCLUSIONS

The present systematic review shows a significant
association of recurrent stroke with plaque burden,
intraplaque hemorrhage, and increased enhancement
ratio. Vulnerable plaques are an important predictor of
stroke recurrence. Therefore, multicenter studies may be
conducted to standardize VWI protocols and quantify the
risk of recurrent stroke across different plaque
characteristics. It is also recommended that clinical
scores be devised with VWI biomarkers to predict the

risk of recurrence of stroke.
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