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Abstract
Purpose

The purpose of this study was to identify the vessel wall magnetic resonance imaging (VWI) features
predictive of stroke recurrence in patients with chronic internal carotid artery occlusion (CICAO).

Materials and methods

Data of 188 patients with CICAO examined by HR-MRI from October 2018 to September 2025 were
retrospectively analyzed. The 188 patients were divided into three groups: group 1 (acute recurrent
stroke), group 2 (acute first stroke), and group 3 (chronic stroke). Clinical characteristics and HR-VWI
vessel wall features were compared between the three groups.

Results

Diabetes prevalence, elevated HbA1c, left-sided lesion, and hyperintensity in distal occluded vessel
lumen were significantly more common in group 1 than in group 2 or group 3 (diabetes, P, = 0.029;
HDbATC, Pyroup 1 vs. group 3 = 0-01; left-sided lesion, Pyroin 1 vs. group 2 = 0-012, Pgroup 1 vs. group 3 = 0-003;
hyperintensity in distal occluded vessel lumen, Py 1 vs. group 2 = 0-07; Pgroup 1 vs. group 3 < 0-001).
Ipsilateral posterior communicating (Pcom) score = 4 points was significantly less common in groups 1
and 2 than in group 3 (37.3% vs. 14.3% vs. 55.1%; Pyroup 1 vs. group 2 = 0-014, Pyroup 2 vs. group 3 < 0-001,

Pyroup 1vs. group 3 = 0.027), and was higher in group 1 than in group 2. FLAIR vascular hyperintensity (FVH)
was significantly more common in groups 1 and 2 than in group 3 (60% vs. 61.33% vs. 24%; Pgroip 1 vs.
group 3 < 0:007T, Pyroi0 2 vs. group 3 < 0-001). In multivariate analysis, the independent predictors of stroke

recurrence were left-sided lesion (OR, 2.54; 95% CI: 1.05-6.14, P = 0.04), distal occluded vessel lumen
hyperintensity (OR, 2.86; 95% Cl: 1.16-7.06; P = 0.02), and ipsilateral Pcom score < 4 (OR, 3.48; 95% Cl:
1.15-10.55, P =0.03).

Conclusion

Patients with left-sided lesion, distal occluded vessel lumen hyperintensity, and poor primary collateral
flow have higher risk of CICAO stroke recurrence.

Introduction

Chronic internal carotid artery occlusion (CICAQ) accounts for 6.5% of all ischemic strokes (1). In
patients with symptomatic CICAO, the recurrence rate is 10%—18% per year and the mortality rate
approximately 9.5% (2-4). Repeated ischemic strokes may result in cognitive decline (decreased
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psychomotor speed, executive function, and working memory), disability, and death (5, 6), and hence
prevention of stroke recurrence is extremely important.

Stroke recurrence is associated with vascular risk factors such as hemodynamic disorder,
thromboembolism, occlusion pattern, and collateral reserve status (7, 8). Evaluation of vascular risk
factors requires detailed of knowledge of the anatomy of the occluded vessel and the secondary
changes in the distal vessels. Intraluminal imaging techniques (ultrasound, computed tomography
angiography, magnetic resonance angiography, and digital subtraction angiography) (9—12) are useful
for evaluating the condition of the occluded stump, occlusion length, distal reflux, and collateral
circulation, but provide limited insight into the pathological features of the vessel wall and the lumen of
the occluded segment.

VWI is an effective and repeatable technique for assessment of intracranial and extracranial vascular
disease, allowing direct visualization of the vessel wall and occluded lumen, the composition of the
thrombus or plaque, the length of the occluded segment, the collateral circulation, and the path of the
occluded vessel (11, 12). However, the HR-MRI characteristics of occluded vessels and the secondary
changes in distal vessels in patients with CICAO and ischemic stroke recurrence have not been
sufficiently clarified. The purpose of this study was to identify the VWI features associated with stroke
recurrence in patients with CICAO. The findings of this study could help optimize clinical management of
strokes and prevent future recurrences.

Methods
Study design and population

The data of 412 patients with internal carotid artery occlusion treated at Shaanxi Provincial People’s
Hospital from October 2018 to September 2025 were extracted from the picture archiving and
communication systems database for retrospective analysis. Patients were eligible for inclusion if they
had (13): 1) internal carotid artery occlusion diagnosed by ultrasound, computed tomography
angiography (CTA), magnetic resonance angiography (MRA), or contrast enhanced magnetic resonance
angiography (CEMRA); 2) chronic internal carotid artery occlusion was diagnosed for more than 4 weeks,
confirmed by digital subtraction angiography (DSA); and 3) undergone both routine magnetic resonance
imaging (MRI) and head and neck vascular VWI. The exclusion criteria were 1) ipsilateral middle or
anterior cerebral artery stenosis > 50% or unstable plaque; 2) contralateral internal carotid artery
stenosis > 50%; 3) image quality inadequate for evaluation; 4) nonatherosclerotic occlusion (e.g., due to
dissection or moyamoya disease, with evidence of cardiac embolism); or 5) no ischemic stroke in the
territory of internal carotid artery occlusion. The patients were separated into three groups: group 1
comprised patients with acute recurrent stroke diagnosed by imaging (VWI, routine MRI and DWI ) within
4 weeks of the stroke recurrence after presentation; group 2 comprised patients with first acute stroke
diagnosed by imaging within 4 weeks of stroke onset after presentation; and group 3 comprised patients
with chronic stroke (i.e., imaging performed > 12 weeks of stroke after presentation). Data were
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collected on age, sex, hypertension, diabetes, HbA1c, dyslipidemia, coronary artery disease, smoking as
current smoking, current drinking, uric acid, homocysteine, aspirin use, statin use, interval time
examination and MRI features.

This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics
Committee of Shaanxi Provincial People’s Hospital (NO.2018K-S042), and all patients have signed the
informed consent form.

MRI

MRI was performed using a Philips 3.0T Ingenia MRI scanner, equipped with an 8-channel cervical
vascular wall coil and a 32-channel head coil (Philips Healthcare, The Netherlands). The head scanning
sequences included T1 weighted imaging (TT1WI), T2 weighted imaging (T2WI), fluid attenuated inversion
recovery (FLAIR), and diffusion weighted imaging (DWI); the parameters were as follows: field of view
(FOV) =230 x 180 mm?2, acquisition matrix = 480 x 480, slice thickness =6 mm, and slice gap =1 mm.
HR-VWI sequences included three dimensional T1WI volume isotropic turbo spin-echo acquisition (3D-
T1WI-VISTA), contrast-enhanced 3D-T1WI-VISTA, black blood-T1WI (BB-T1WI), and black blood-T2WiI
(BB-T2WI); the scanning parameters were as follows: FOV = 200 x 200 mm?, repetition time/echo time

(TR/TE) = 1000/16 ms, acquisition matrix = 400 x 400, voxel size = 0.5 x 0.5 x 0.5 mm?, number of
signals averaged (NSA) = 1, acceleration factor = 2. The parameters for BB-T1WI were: FOV =140 x 101
mm?2, TR/ TE = 477/13 ms, acquisition matrix = 312 x 216, voxel size =0.45 x 0.45 x2 mm3, NSA = 2. The
parameters for BB-T2WI were: FOV =140 x 101 mm?, TR / TE = 3000/90 ms, acquisition matrix =312 x
216, voxel size = 0.45 x 0.45 x 2 mm3, NSA = 2. Enhanced scanning was performed after intravenous
administration of gadoterate meglumine 0.1 mmol/kg over 5 minutes. Total scanning time was ~ 35
minutes.

Imaging Analysis

VWI raw data were imported into the Plaque View post-processing software (VP Diagnostics). Two
neuroradiologists, each with 5 years of experience in HR-VWI and blinded to clinical information,
independently analyzed the occluded internal carotid artery stump, proximal plague composition, distal
occluded vessel lumen signal, distal reflux, collateral circulation, and FLAIR vascular hyperintensity
(FVH). Disagreements were resolved by discussion. The collateral circulation was divided into primary
(anterior or posterior communicating artery) and secondary (ophthalmic and meningeal arteries), and
evaluated on 3D-TTWI-VISTA. Primary collateral and ophthalmic arteries were graded as follows: 1,
absent; 2, probably present; 3, wire sample; 4, definitely present; or 5, strong; grades 4—5 were
considered to indicate good collateral flow. Meningeal arteries were graded on a scale of 0 to 3, with
grades 2-3 indicating good collateral flow (14-16). Distal occluded lumen hyperintensity at the end of
the distal lumen was defined as signal intensity of the occluded lumen higher than that of the
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sternocleidomastoid signal at the same level on 3D-TTWI-VISTA (17). The stump was defined as the
proximal end of the occluded segment of the common carotid artery bifurcation to the ICA with contrast
medium filling. VWI criteria were used to identify lipid-rich necrotic core, calcifications, and hemorrhages
within the plaque (18). FVH was defined as striated, punctate, or tubular high signal seen in the
subarachnoid space on FLAIR in the territory of intracranial macrovascular occlusion/stenosis (19).

Statistical Analysis

SPSS 26.0 (IBM Corp., Armonk, NY, USA) was used for data analysis. The normality of distribution of
continuous variables was first tested. Normally distributed variables were summarized as means
standard deviations and non-normally distributed variables as medians (with interquartile ranges [IQR]);
the Mann—Whitney U test for comparison between groups. Categorical variables were expressed as
counts or percentages, and the chi-square test or Fisher exact test was used for comparison between
groups. Bonferroni correction was applied to all of the above for two-way comparisons between groups.
Interobserver agreement was quantified using the kappa coefficient. Variables significantly associated
(at P<0.1) with stroke recurrence in univariate analysis were entered into backward multivariate
regression analysis to identify the independent related indicators of stroke recurrence. Receiver
operating characteristic curves (ROC) were drawn for each independent predictor, and the area under the
curve (AUC) was calculated to assess predictive ability. P < 0.05 was considered statistically significant.

Results

Patient Demographics

Figure 1 shows the patient selection process. The 188 patients were divided into three groups. Group 1
comprised 75/188 (39.9%) patients with mean age of 64.45 + 11.98 years, interval stroke recurrence and
from stroke onset to imaging examination (14.7 £ 6.6, monthes); group 2 comprised 35/188 (18.6%)
patients with mean age of 65.54 + 12.04 years; and group 3 comprised 78/188 (41.5%) patients with
mean age of 69.56 + 11.71 years, interval from stroke onset to imaging examination (16.1 + 4.2,
monthes). Mean age was significantly higher in group 3 than in group 1 (69.56 + 11.71 years vs. 64.45 +
11.98 years, P = 0.024). Diabetes prevalence was significantly higher in group 1 than in the other two
groups (Pyroup 1 vs. group 2 = 0-039, Pyroup 1 vs. group 3, = 0-024). HbA1c was significantly higher in group 1
than in group 3 (6.57 [IQR, 6.14-7.0] vs. 5.68 [IQR, 5.43-5.92], P = 0.01). Other variables were comparable
between the three groups (Table 1).
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Table 1
Comparison of clinical characteristics of CICAO groups

Age, yr Group 1 Group 2 Group 3 P Pgroup  Pgroup  Pgroup
(acute (acute first (chronic
recurrent stroke, n = stroke, Tvs. Tvs. 2vs.
stroke, n 35) n=78) group2  group3  group 3
=75)
64.45 % 65.54 69.56 0.026 0.895 0.024 0.224
11.98 12.04 11.71
Sex, male 61 30 64 0.756 0.605 0.589 0.88
(81.33%) (85.71%) (85.33%)
Hypertension 50 19 45(60%) 0.435 0.211 0411 0.552
(66.67%) (54.29%)
Diabetes 30 (40%) 7 (20%) 18 0.029 0.039 0.024 0.716
(23.1%)
HbA1c, median 6.57 5.85(5.56- 5.68 0.032 0.523 0.01 0.159
(IQR) (6.14- 6.13) (5.43-
7.0) 5.92)
Hyperlipidemia 15 (20%) 6 (17.14%) 8 0.281 0.722 0.17 0.551
(10.67%)
TG, mmol/L 1.344 1.333 ¢ 1.465% 0.516 0.997 0.562 0.648
0.697 0.651 0.79
TC, mmol/L 409+ 4.073 4122+ 0.977 0998 0.986 0.98
1.202 1.391 1.199
LDL, mmol/L 2292+ 2.498 + 2316 0.437 0.428 0.981 0.515
0.822 0.949 0.725
HDL, mmol/L 1.072 + 1.001 + 1.079 + 0.323 0.393 0.985 0.321
0.264 0.298 0.251
Coronary 18 (24%) 11 14 0.33 0.41 0.473 0.154
artery disease (31.43%) (18.67%)
Smoking 29 11 22 0.461 0.462 0.231 0.835
(38.67%) (31.43%) (29.33%)
Drinking 12 (16%) 2 (5.71%) 7 0.221 0.218 0.188 0.718
(9.33%)
Aspirin 51 (68%) 29 53 0.259 0.103 0.87 0.129
(82.86%) (70.67%)
Statin 66 (88%) 32 (91.4%) 67 (87%) 0.795 0.591 0.854  0.499

Data are mean * standard deviation or n (%), unless otherwise stated.

TG: Triglyceride; TC: total cholesterol; LDL: low-density lipoprotein, HDL: high-density lipoprotein; IQR,
interquartile range.
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Age, yr Group 1 Group 2 Group 3 P Pgroup  Pgroup  Pgroup
(acute (acute first (chronic
recurrent stroke, n = stroke, Tvs. Tvs. 2vs.
stroke, n 35) n=78) group2  group3  group 3
=75)
64.45 ¢ 65.54 69.56 0.026 0.895 0.024 0.224
11.98 12.04 11.71

Uric acid 307.72 309.29 + 310.32+ 0984 0996 0.982 0.998
107.15 81.67 72.65

Homocysteine 21.395¢ 23.793 ¢ 24391+ 0424 0.699 0413 0.978
14.067 16.89 13.787

Interval time 14.7+6.6 - 16.1+ 0.118 - - -

examination, 4.2

month

Data are mean * standard deviation or n (%), unless otherwise stated.

TG: Triglyceride; TC: total cholesterol; LDL: low-density lipoprotein, HDL: high-density lipoprotein; IQR,

interquartile range.

VWI Characteristics

Left-sided lesions were significantly more common in group 1 than in group 2 (62.67% vs. 37.14%, P =
0.012) and group 3 (62.67% vs. 38.67%, P = 0.003). Distal occluded vessel lumen hyperintensity was
significantly more common in group 1 than in group 2 (P =0.01) and group 3 (P <0.001). Ipsilateral
posterior communicating artery (PCom) =4 was more common in group 3 than in group 1 (P = 0.027)
and group 2 (P < 0.001)(Table 2); it was significantly more common in group 1 than in group 2 (P=0.014)
(Fig. 2 Upper and Bottom). Ipsilateral meningeal branch = 2 scores was more common in group 1 than in
group 3. Intraplaque hemorrhage for proximal occlusion was significantly more common in group 2 than
in group 1 (P =0.025).(Fig. 2 Middle)
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Table 2

Comparison of image characteristics in the three CICAO groups

Left-sided
lesion

Proximal
occlusion

Tapered
stump

Intra-plaque
hemorrhage

Plaque
calcification

Lipid necrosis
core

Distal
occluded
vessel lumen
hyperintensity

FVH

Collateral
circulation

Acom score =
4

Ipsilateral
Pcom score =
4

Contralateral
Pcom score =
4

Ipsilateral OA
score=4

Ipsilateral
meningeal
branch =2

All data are n (%). Acom: Anterior communicating artery; Pcom: posterior cerebral artery; OA:

Group 1
(acute
recurrent
stroke, n
=75)

47
(62.67%)
43 (57.3%)
10 (13.3%)
39 (52%)
26

(34.67%)
39 (52%)

46
(61.33%)

40(53.3%)

28 (37.3%)

22 (29.3%)

6 (6%)

9 (12%)

Group 2
(acute
first
stroke, n
= 35)

13
(37.14%)

26
(74.3%)

11(31.4%)
20
(57.1%)

13
(37.14%)

9 (25.7%)

21 (60%)

24
(68.6%)

5 (14.3%)

11
(31.4%)

3 (8.6%)

5 (14.3%)

Group 3

(chronic
stroke, n

=78)

29

(38.67%)

57
(73.1%)

14
(17.9%)

42
(53.8%)

25

(33.33%)

13
(16.7%)

18 (24%)

56
(71.8%)

43
(55.1%)

32 (41%)

7 (9%)

23
(29.5%)

ophthalmic artery; FVH: FLAIR vascular hyperintensity

Pa

0.005

0.07

0.074

0.88

0.926

0.001

A

0.001

0.048

0.001

0.289

1.00

0.017

Pgroup
1vs.

group 2

0.012

0.087
0.025

0.614

0.01

0.894

0.131

0.014

0.823

1.00

0.764

group
1vs.

group 3

0.003

0.041
0.433
0.819

0.746

<
0.001
<
0.001
0.016
0.027

0.13

0.83

0.008

group
2 vs.

group 3

0.894

0.893
0.11

0.745
0.795

0.261

<
0.001

0.728

<
0.001

0.331

1.00

0.084
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Association between VWI Characteristics and Recurrent Stroke

In univariate analysis, diabetes, occluded proximal intraplaque hemorrhage, left-sided lesion, distal
occluded vessel lumen hyperintensity, and ipsilateral Pcom < 4 were significantly associated with stroke
recurrence (all P < 0.05). In multivariate analysis, the variables independently associated with stroke
recurrence were left-sided lesion (OR, 2.54, 95% CI: 1.05-6.14, P = 0.04), distal occluded vessel lumen
hyperintensity (OR, 2.86; 95% Cl: 1.16-7.06; P = 0.02), and ipsilateral Pcom < 4 (OR, 3.48,95% CI: 1.15-
10.55, P =0.03)(Table 3). The ROC was used to identify the acute stroke recurrence combined with
ipsilateral Pcom scores, distal occluded vessel lumen hyperintensity and left-sided lesion, AUC is 0.838
(95% Cl, 0.782-894), the sensitivity was 0.853, the specificity was 0.707 (Fig. 3). AUC is 0.714 for
ipsilateral Pcom, 0.665 for distal occluded vessel lumen hyperintensity, and 0.616 for left-sided lesion,
respectively.
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Table 3

Results of univariate and multivariate analysis showing association of different factors with stroke

recurrence

Age

Male
Hypertension
Diabetes
HbA1c
Hyperlipidemia
TC

LDL

HDL

Coronary disease
Smoking
Drinking

Aspirin use

Statin use

Uric acid

Homocysteine
Left-sided lesion
Proximal occlusion
Tapered stump
Intra-plaque hemorrhage
Plaque calcification
Lipid necrosis core

Distal occlusion lumen
hyperintensity

FVH

Univariate Analysis
OR 95% ClI

117 0.52-2.62
1.38 0.45-4.18
1.68 0.74-3.82
2.67 1.03-6.88
2.25 0.90-5.61
1.21 0.42-3.44
210 0.65-6.83
0.52 0.15-1.84
1.15 0.45-2.95
0.69 0.28-1.68
1.38 0.59-3.22

3.14 0.66-
14.88

0.44 0.16-1.20
0.69 0.17-2.71
2.24 0.59-8.42
0.92 0.39-2.17
2.84 1.24-6.52

215 0.89-5.21
0.34 0.13-0.89
0.81 0.36-1.82
0.90 0.39-2.07
3.13 1.29-7.57

1.06 0.47-2.40
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P

0.71
0.57
0.21
0.04
0.08
0.72
0.22
0.31
0.78
0.41
0.46
0.15

0.11
0.59
0.23
0.84
0.01

0.09
0.03
0.61
0.80
0.01

0.89

Multivariate Analysis

OR

1.14
1.37

2.37
1.44

2.54

0.38
0.34

2.86

95% CI

0.40-3.21
0.32-5.83

0.87-6.51
0.83-5.21

0.28-3.38

1.05-6.14

0.13-1.10
0.12-0.99

1.16-
7.061

P

0.81
0.67

0.09
0.41

0.04

0.08
0.05

0.02




Univariate Analysis Multivariate Analysis

OR 95% CI P OR 95% CI P
Collateral circulation
Acom 0.52 0.22-1.22 0.13 - - -
Ipsilateral Pcom 3.57 1.24- 0.02 3.48 1.15- 0.03

10.28 10.55

Contralateral Pcom 0.91 0.38-2.16 0.82 - - -
Ipsilateral ophthalmic artery 0.93 0.22-3.95 0.92 - - -
Ipsilateral meningeal branch 0.82 0.25-2.65 0.74 - - -

Reproducibility

Inter-reader agreement was good for stump, intraplaque hemorrhage, calcification, lipid-rich necrosis
core (for proximal occlusion), distal occluded vessel lumen hyperintensity, Acom score, ipsilateral Pcom
score, contralateral Pcom score, ipsilateral ophthalmic artery score, and ipsilateral meningeal branch
score; the kappa coefficients were 0.969, 0.837,0.813, 0.871, 0.942, 0.905, 0.886, 0.891, 0.807, and
0.924, respectively.

Discussion

This study compared the clinical and VWI characteristics in patients with CICAO presenting with acute
recurrent stroke, acute first stroke, and chronic stroke. Diabetes, intraplaque hemorrhage for proximal
occlusion, distal occluded vessel lumen hyperintensity, poor ipsilateral PCom, and left-sided lesion were
all significantly associated with CICAO stroke recurrence. However, in multivariate analysis, the only
independent predictors of recurrent stroke were distal occluded vessel lumen hyperintensity, poor
ipsilateral PCom, and left-sided lesion.

Symptoms, stroke recurrence risk, and prognosis in CICAO depend on vascular factors such as occluded
vessel distal thrombosis extension, collateral reserve, and cerebral hemodynamic disorders (20).
Intraluminal thrombosis in the distal occluded segment has been previously identified as a potential risk
factor for recurrent stroke in CICAO (21). Chronic internal carotid artery occlusion is associated with
thrombus formation and extension in the lumen distal to the occlusion as the disease progresses. The
histological features of thrombus can reflect the pathological process of CICAQ, so as MRI findings of
intracranial hemorrhage (22, 23). Corti et al [24] obtained MR images using black-blood T1-weighted and
T2-weighted MRI to assess the age of thrombus by assessing different oxygenation states of
erythrocytic hemoglobin in the thrombus and changes in intracellular/matrix content of proteins and red
cell hydration over time. Hyperintensity of thrombus is considered as recent or fresh thrombus (< 3

weeks), and the stability of thrombus is poor; The lower the thrombus signal is better, it represents the
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thrombus organization (> 6 weeks), and the more stable the thrombus[22, 24]. Therefore, we believe that
the thrombus is fresh or recent in distal lumen hyperintensity of CICAO accompanied without
enhancement. VWI can also accurately distinguish thrombus between old and fresh thrombus by signal
changes. Fresh thrombus forming in the caudal part of the thrombus has a loose structure, and
dislodgement of thrombus fragments may cause stroke recurrence. The finding of hyperintensity in the
distal occluded vessel lumen in this study supports previous findings that dislodgment of caudal
thrombus is one of the most common mechanisms of stroke recurrence in patients with CICAO (8, 25).
Hyperintensity of distal thrombus in the occluded vessel on VWI is an important predictor of ischemic
stroke recurrence in patients with CICAO. Therefore, VWI monitoring of signal changes in the distal
occluded lumen signal can be helpful for adjusting treatment strategies.

In this study, poor primary collateral circulation (poor ipsilateral PCom) was another VWI imaging feature
predictive of ischemic stroke recurrence in CICAO. Previous studies (26—28) have suggested that
primary collateral insufficiency could lead to hemodynamic disorder and increase risk of stroke. The
present study provides more direct evidence that poor flow in primary collateral vessels—but not
secondary collateral vessels—is independently related to CICAO stroke recurrence. Thus, this study
confirmed that the primary collateral circulation plays an active role in compensatory hemodynamics,
and that the secondary collateral circulation (reverse blood flow in the ophthalmic artery and increased
blood flow within the meningeal collateral) may have limited compensatory capacity and is simply a
cerebrovascular response to hemodynamic impairment (29, 30).

Interestingly, this study found that left-sided lesion was an independent predictor of stroke recurrence.
Some authors believe that the primary compensatory response to carotid artery obstruction is an
increase in contralateral internal carotid artery blood flow, and that the external carotid artery and
vertebral artery only have a secondary compensatory role (31). As the brachiocephalic trunk divides into
the right common carotid artery and the subclavian artery, occlusion of the left internal carotid artery
results in compensatory increased blood flow from the brachiocephalic trunk into the subclavian artery.
Moreover, left predominance of the vertebral artery is more common (32). These factors may together
cause reduced flow to the brain from the right internal carotid artery system when the left internal carotid
artery is occluded. However, this conclusion must be confirmed in a larger study.

Severe stenosis and occlusion of large intracranial vessels will stimulate the formation of cerebral
collateral circulation, and therefore the leptomeningeal collateral circulation may show FVH, indicating
slow anterograde or retrograde flow (14, 33). Studies on ischemic stroke due to internal carotid artery
occlusion have shown microthrombotic signals within meningeal collateral vessels. Reduced perfusion
limits the ability of blood flow to flush emboli and microemboli, and so blood flow in the territory where
the embolus is blocking the blood supply artery is reduced (29, 34, 35). This is consistent with our
results that showed FVH to be significantly more common in patients with acute recurrent stroke and
acute first stroke than in patients with chronic stroke. Thus, FVH may be a sign of internal carotid artery
occlusion stroke.
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This study found that patients with recurrent CICAO stroke were more likely to have diabetes and less
likely to have occlusive proximal plaque hemorrhage. However, multivariate analysis showed that these
factors were not independently related to CICAO stroke recurrence; thus, they might be less important
reasons for CICAO stroke recurrence. A hyperglycemic environment leads to thickening of the capillary
basement membrane, aggregation of red blood cells, increase of blood viscosity, and hypercoagulability,
all of which increase the risk for recurrent ischemic stroke (36).

There are several limitations in this study. First, this was retrospective single-center observational study
with a small sample size, so selection bias is likely. The results of this study need to be confirmed in
large longitudinal studies. Second, VWI can evaluate the degree of formation of primary and secondary
collateral circulation but it cannot clarify the direction of collateral blood flow.

Conclusions

To conclude, patients with VWI features of distal occluded vessel lumen hyperintensity, poor ipsilateral
primary collateral circulation, and left-sided lesion appear to have increased likelihood of CICAQO stroke
recurrence. VWI can help stratify patients according to risk of recurrence and allow adoption of the
appropriate treatment strategy.

Abbreviations

VWI, Vessel wall imaging; CICAQ, chronic internal carotid artery occlusion; HbA1c, Hemoglobin

Alc; Pcom, posterior communicating; FVH, FLAIR vascular hyperintensity; OR, Odd ratio; Cl, Connfidence
interval; CTA, Computed tomography angiography; MRA, Magnetic resonance angiography; CEMRA,
Contrast enhanced magnetic resonance angiography; DSA, Digital subtraction angiography; MR,
Magnetic resonance imaging; T1WI, T1 weighted imaging; T2WI, T2 weighted imaging; FLAIR, Fluid
attenuated inversion recovery; DWI, Diffusion weighted imaging; FOV, Field of view; 3D-TTWI-VISTA,
Three dimensional TTWI volume isotropic turbo spin-echo acquisition; BB, Black blood; TR, Repetition
time; TE, Echo time; NSA, Number of signals averaged; IQR, Interquartile ranges; ROC, Receiver operating
characteristic curves; AUC, Area under the curve; TG, Triglyceride; TC, total cholesterol; LDL, Low-density
lipoprotein;

HDL, High-density lipoprotein; OA, Ophthalmic artery; FLAIR, Fluid-attenuated inversion recovery; HR-VWI,
High resolution vessel wall imaging.
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Figure 1

Flow chart showing the patient screening process
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Figure 2

HR-VWI Imaging characteristics in acute recurrent stroke group, acute first stroke group, and chronic
stroke group of CICAO. Upper, acute recurrent stroke; CEMRA shows left internal carotid artery occlusion
(arrow)IDWI shows acute recurrent stroke beside the lateral ventricle (arrow)ICPR is curved surface
reconstruction image on T1WI Vista, and thrombus shows iso-hyperintense in the lumen of occluded
segment (arrow); Plaque composition is shown in the proximal occlusion on TTWI and T2WI and CE-
T1WI (blue, calcification; orange, hemorrhage; yellow, lipid-rich/necrotic core; purple, loose matrix)iThe
left posterior communicating artery is 3 scores, right is 1 scores on T1WI-Vista (arrow). Middle, acute
first stroke; CEMRA shows right internal carotid artery occlusion (arrow)dDWI shows acute first stroke in
frontal lobe (arrow)iCPR shows hyperintensity n in the proximal occlusion and low signal y in the distal
occlusion (arrow); Plaque composition is shown in the proximal occlusion on T1WI and T2WI and CE-
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T1WI (blue, calcification; orange, hemorrhage; yellow, lipid-rich/necrotic core; purple, loose matrix)iThe
right posterior communicating artery is 1 scores, left is 2 scores on T1WI-Vista (arrow) . Bottom, chronic
stroke, CEMRA shows right internal carotid artery occlusion (arrow)IDWI shows chronic stroke beside
the lateral ventricle (arrow)ICPR shows hypointensity in the lumen of occluded segment (arrow); Plaque
composition is shown in the proximal occlusion on T1WI and T2WI and CE-T1WI (blue, calcification;
orange, hemorrhage; yellow, lipid-rich/necrotic core; purple, loose matrix)iThe right posterior
communicating artery is 4 scores, left is 2 scores on T1WI-Vista (arrow).
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Figure 3

ROC for predicting CICAO stroke recurrence. The ROC curve analysis showed that the sensitivity (0.853),
specificity (0.707), and area under curve (0.838, 95% Cl, 0.782-894) of combined detection of ipsilateral
Pcom, distal occluded vessel lumen hyperintensity, and left-sided lesion (blue). AUC is 0.714 for
ipsilateral Pcom (green), 0.665 for distal occluded vessel lumen hyperintensityliredl, and 0.616 for left-
sided lesionipinkX.
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