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Abstract

Objective: To investigate the relationship between asymmetric prominent hypointense

vessels (prominent vessel sign, PVS) on susceptibility-weighted imaging (SWI) and leptomeningeal

collateralization in patients with acute ischemic stroke due to large vessel occlusion.

Methods: We retrospectively enrolled patients with M1 segment occlusion of the middle

cerebral artery who underwent emergency magnetic resonance imaging and digital subtraction

angiography within 24 hours from stroke onset. The extent of PVS on SWI was assessed using the

Alberta Stroke Program Early CT Score (ASPECTS). Leptomeningeal collateralization on digital

subtraction angiography images was assessed using the American Society of Interventional and

Therapeutic Neuroradiology/Society of Interventional Radiology (ASITN/SIR) scale. Spearman’s

rank correlation test was performed to explore the correlation of ASITN/SIR scores with

SWI-ASPECTS and SWI-diffusion-weighted imaging (DWI) mismatch scores.

Results: Thirty-five patients were enrolled. There was no significant correlation between

SWI-ASPECTS and ASITN/SIR scores. However, SWI-DWI mismatch scores were positively

correlated with ASITN/SIR scores.

Conclusion: The range of PVS on SWI did not closely reflect the collateral status, while the

range of SWI-DWI mismatch was significantly correlated with the leptomeningeal collateraliza-

tion. In patients with acute anterior circulation stroke due to large vessel occlusion, larger

SWI-DWI mismatch was associated with better leptomeningeal collaterals.

1Medical College of Soochow University, Suzhou, China
2Stroke Center, Tongzhou People’s Hospital, Nantong,

China
3New Era Stroke Care and Research Institute, The PLA

Rocket Force Characteristic Medical Center, Beijing,

China

*These authors contributed equally to this work.

Corresponding author:

Wei-Jian Jiang, New Era Stroke Care and Research

Institute, The PLA Rocket Force Characteristic Medical

Center, Xinjiekou Outer Street No. 16, Beijing 100088,

China.

Email: cjr.jiangweijian@vip.163.com

Journal of International Medical Research

49(5) 1–10

! The Author(s) 2021

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/03000605211013179

journals.sagepub.com/home/imr

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative

Commons Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits

non-commercial use, reproduction and distribution of the work without further permission provided the original work is attributed

as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://orcid.org/0000-0002-9751-4467
mailto:cjr.jiangweijian@vip.163.com
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/03000605211013179
journals.sagepub.com/home/imr


Keywords

Acute ischemic stroke, susceptibility-weighted imaging, diffusion-weighted imaging, leptomenin-

geal collateralization, large vessel occlusion, prominent vessel sign

Date received: 20 May 2020; accepted: 7 April 2021

Introduction

The cerebral collateral circulation refers to
the subsidiary network of vascular channels
that stabilize cerebral blood flow (CBF)
when principal conduits fail.1 It is the
main cause of heterogeneity of stroke in
terms of the severity of the ischemic penum-
bra, the size of the infarction, the duration
and severity of cerebral ischemia, and
whether stroke occurs after arterial occlu-
sion. Evaluation of the collateral circulation
is helpful for clinical decision-making and
prediction of the prognosis.2,3

Susceptibility-weighted imaging (SWI) is
a magnetic resonance imaging (MRI) tech-
nique that exploits the differences in mag-
netic susceptibility between tissues for
imaging.4 In patients with acute ischemic
stroke, asymmetric prominent hypointense
vessels appear on SWI; this is called the
prominent vessel sign (PVS).5,6 It is widely
accepted that the occurrence of the PVS is
caused by an increase in the oxygen extrac-
tion fraction (OEF) in ischemic brain tissue,
which leads to an increase in the deoxyhe-
moglobin concentration in blood vessels.7,8

The clinical and imaging implications of
the PVS have recently attracted increasing
attention. Several studies have explored the
relationship between the PVS and collateral
circulation, but the results are controver-
sial. Verma et al.9 found that extensive
prominent cortical veins on SWI correlated
with poor leptomeningeal collateralization,
whereas Park et al.10 found that the pres-
ence of more extensive hypointense vessels
on SWI was associated with better

collateral flow. Therefore, the relationship

between the PVS and collateral circulation

remains unclear.
Digital subtraction angiography (DSA)

is the gold standard technique for evalua-

tion of the cerebral collateral circulation,

and it can clearly show the structure and

compensation at all levels.11 DSA findings

are graded according to the American

Society of Interventional and Therapeutic

Neuroradiology/Society of Interventional

Radiology (ASITN/SIR) scale.12 In this

study, we used the ASITN/SIR scale to

assess the collateral circulation and investi-

gate the relationship between the PVS and

leptomeningeal collateralization in patients

with stroke caused by large vessel occlusion.

Materials and methods

Patients

This retrospective study was based on a

prospectively maintained database at our

center from August 2013 to August

2017.13 The inclusion criteria were (1) age

of �18 years, (2) admission for acute ische-

mic stroke within 24 hours from symptom

onset, (3) performance of emergency MRI

(including SWI and diffusion-weighted

imaging [DWI]) within 24 hours from

symptom onset, (4) performance of DSA

after MRI within 24 hours from symptom

onset, and (5) DSA-confirmed M1 segment

occlusion of the middle cerebral artery

(including terminal T-shaped occlusion of

the internal carotid artery). Patients with
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insufficient image quality were excluded.

The study protocol was approved by the

Ethics Committee of PLA Rocket Force

Characteristic Medical Center (approval

number: KY2013031). Informed consent

was not required because of the retrospec-

tive nature of the study. We have de-

identified all protected health information

to ensure patient privacy. The STROBE

guidelines were used for the reporting of

this study.14

MRI protocol

Imaging data for the prospective database

were collected using a Siemens Skyra 3.0-T

MRI system (Siemens Healthineers,

Erlangen, Germany), and uniform imaging

parameters were used. DWI was performed

with the following parameters: b-values, 0

and 1000 s/mm2; repetition time (TR),

4300ms; echo time (TE), 98ms; matrix,

173� 192 pixels; and field of view (FOV),

220� 220mm. For SWI, the magnitude and

phase images were obtained with the fol-

lowing parameters: TR, 27ms; TE, 20ms;

flip angle, 15�; matrix, 138� 256 pixels;

FOV, 168� 300mm; slice thickness,

1.5mm; and 80 slices. Minimum-intensity

projection images were reconstructed with

a thickness of 12mm.

Data collection and analysis

Clinical data for the prospective database

were collected through a standardized case

report form. The following clinical variables

were prospectively recorded: demographics

(age and sex), medical history (hypertension,

diabetes, hyperlipidemia, coronary heart dis-

ease, previous ischemic stroke, and antiplate-

let therapy), and clinical characteristics

(baseline National Institutes of Health

Stroke Scale [NIHSS] score, mean arterial

pressure, fasting glucose concentration, cardi-

oembolism, time from onset to MRI, time

from onset to DSA, length of stay in hospital,

NIHSS score at discharge, and modified
Rankin scale score at 3 months). All MRI
and DSA images generated were saved on a
compact disc read-only memory (CD-ROM).

In the retrospective analysis, the MRI
scans were independently reviewed by two
readers who were blinded to the clinical
findings and DSA results, and decisions
were reached by consensus. A PVS was
defined as a local prominence of hypoin-
tense vessels on SWI with either an
increased vessel number or diameter in the
target area relative to the non-target area.
The extent of abnormalities on SWI or
DWI was assessed using the Alberta
Stroke Program Early CT Score
(ASPECTS).15 The area served by the
middle cerebral artery was divided into 10
sections: the caudate nucleus, lentiform
nucleus, internal capsule, six cortical areas
overlying the middle cerebral artery area
(M1, M2, M3, M4, M5, and M6), and the
insular cortex. To calculate the ASPECTS,
1 point was subtracted from 10 for each
area of ischemic changes, including restrict-
ed diffusion on DWI and asymmetric
prominent hypointense vessels on SWI.
SWI-DWI mismatch was defined by a
regional increase in the vessel number or
diameter on SWI extending beyond the
DWI hyperintensity territory in the affected
hemisphere.16,17 The SWI-DWI mismatch
score was calculated using the ASPECTS
scoring system (Figures 1 and 2).

Leptomeningeal collateralization was
assessed using the ASITN/SIR scale by an
experienced neurointerventionalist who was
unaware of the MRI data. The ASITN/SIR
score was determined by DSA and was
graded as follows: Grade 0, no visible col-
laterals to the ischemic site; Grade 1, slow
collaterals to the periphery of the ischemic
site with persistence of some of the defect;
Grade 2, rapid collaterals to the periphery
of the ischemic site with persistence of some
of the defect and to only a portion of the
ischemic territory; Grade 3, collaterals with
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slow but complete angiographic blood flow
of the ischemic bed by the late venous
phase; and Grade 4, complete and rapid
collateral blood flow to the vascular bed

in the entire ischemic territory by retro-
grade perfusion. The patients were divided
into a good collateral group and a poor
collateral group according to their

Figure 1. Images from a patient with a low SWI-DWI mismatch score and poor leptomeningeal collat-
eralization. (a) MRA showed occlusion of the right internal carotid and middle cerebral arteries. (b, c) DWI
revealed restricted diffusion in the internal capsule, insular cortex, and M1 to M6 zones of the right middle
cerebral artery territory. (d, e) SWI showed the prominent vessel sign (white arrows) in seven regions (right
insular and M1 to M6). The SWI-ASPECTS value was 3 (10� 7¼ 3), and the SWI-DWI mismatch score was
0 (7� 7¼ 0). (f) DSA showed occlusion of the right terminal internal carotid artery. (g)
Microcatheterography confirmed a T-shaped occlusion at the end of the internal carotid artery (including the
proximal M1 of the middle cerebral artery). (f–i) There was no collateral blood supply to the right middle
cerebral artery supplying area, and the ASITN/SIR score was 0.
SWI, susceptibility-weighted imaging; DWI, diffusion-weighted imaging; MRA, magnetic resonance angiog-
raphy; ASPECTS, Alberta Stroke Program Early CT Score; DSA, digital subtraction angiography; ASITN/SIR,
American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology.
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ASITN/SIR scores. Good collaterals were
defined as an ASITN/SIR score of 3 or 4,
and poor collaterals were defined as an
ASITN/SIR score of 0 to 2.18

Statistical analysis

Statistical analysis was performed with SAS

software version 9.2 (SAS Institute, Cary,

Figure 2. Images from a patient with a high SWI-DWI mismatch score and good leptomeningeal collat-
eralization. (a) MRA showed M1 segment occlusion of the right middle cerebral artery. (b, c) DWI revealed
restricted diffusion in the right lentiform nucleus and paraventricular region. (d, e) SWI showed the
prominent vessel sign (white arrows) in seven regions (right insular and M1 to M6). The SWI-ASPECTS value
was 3 (10� 7¼ 3), and the SWI-DWI mismatch score was 7 (7� 0¼ 7). (f) DSA indicated occlusion of the
proximal M1 segment of the right middle cerebral artery. (f–i) The ischemic area was compensated by the
leptomeningeal collaterals of the right anterior cerebral artery, and the ASITN/SIR score was 3.
SWI, susceptibility-weighted imaging; DWI, diffusion-weighted imaging; MRA, magnetic resonance angiog-
raphy; ASPECTS, Alberta Stroke Program Early CT Score; DSA, digital subtraction angiography; ASITN/SIR,
American Society of Interventional and Therapeutic Neuroradiology/Society of Interventional Radiology.
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NC, USA). Categorical variables and con-

tinuous variables are expressed as number

(percentage) and median (interquartile

range), respectively and were compared

using Fisher’s exact test and the Wilcoxon

rank sum test, respectively. Spearman’s

rank correlation test was used to analyze

the correlation of the ASITN/SIR scores

with the SWI-ASPECTS value and SWI-

DWI mismatch scores. A P value of <0.05

was considered statistically significant.

Results

Thirty-five patients with M1 segment occlu-

sion of the middle cerebral artery who

underwent emergency MRI and DSA

within 24 hours from stroke onset were

enrolled. Fifteen patients had poor

collaterals and 20 patients had good collat-

erals. The patients’ characteristics are

shown in Table 1. Their median age was

71 years, and women accounted for

48.6%. The median onset-to-MRI time

was 3.4 hours (interquartile range, 2.8–4.6

hours). Eighty percent of patients complet-

ed MRI scans within 6 hours of onset.

The PVS was seen on SWI in all patients.
There were no significant differences in

age, sex, NIHSS score on admission, time

from onset to MRI, time from onset to

DSA, or other factors between patients

with good and poor collaterals. The scores

of DWI-ASPECTS (8 vs. 5, P< 0.001) and

SWI-DWI mismatch (7 vs. 2, P< 0.001)

were significantly higher in patients with

good than poor collaterals. Patients with

good collaterals had a shorter hospital

Table 1. Characteristics of patients with poor and good leptomeningeal collaterals.

Total

(n¼ 35)

Poor collaterals

(n¼ 15)

Good collaterals

(n¼ 20) P value

Age, years 71 (59–79) 78 (59–79) 70 (60–78) 0.463

Female 17 (48.6) 8 (53.3) 9 (45.0) 0.738

Hypertension 27 (77.1) 13 (86.7) 14 (70.0) 0.419

Diabetes 7 (20.0) 3 (20.0) 4 (20.0) 1.000

Hyperlipidemia 12 (34.3) 4 (26.7) 8 (40.0) 0.489

Coronary heart disease 9 (25.7) 2 (13.3) 7 (35.0) 0.244

Previous ischemic stroke 8 (22.9) 3 (20.0) 5 (25.0) 1.000

Antiplatelet therapy 8 (22.9) 1 (6.7) 7 (35.0) 0.101

NIHSS score on admission 9 (5–14) 10 (9–16) 8 (5–12) 0.124

Mean arterial pressure, mmHg 107 (101–118) 110 (99–122) 106 (102–109) 0.351

Fasting glucose, mmol/L 6.8 (5.9–8.2) 6.5 (5.9–7.8) 6.9 (5.8–8.3) 0.641

Cardioembolism 16 (45.7) 8 (53.3) 8 (40.0) 0.506

Time from onset to MRI, minutes 205 (166–276) 222 (169–600) 202 (160–266) 0.368

SWI-ASPECTS 3 (3–4) 3 (3–4) 3 (3–3) 0.297

DWI-ASPECTS 7 (6–9) 5 (3–8) 8 (7–9) <0.001

SWI-DWI mismatch score 5 (3–7) 2 (2–3) 7 (6–7) <0.001

Time from onset to DSA, minutes 280 (238–355) 280 (238–741) 273 (237–341) 0.537

Length of stay in hospital, days 15 (9–20) 20 (14–26) 13 (9–16) 0.011

NIHSS score at discharge 3 (0–13) 9 (1–23) 1 (0–6) 0.026

3-month mRS score 1 (0–4) 4 (0–5) 1 (0–2) 0.030

Data are presented as n (%) or median (interquartile range).

ASPECTS, Alberta Stroke Program Early CT Score; DSA, digital subtraction angiography; DWI, diffusion-weighted imaging;

MRI, magnetic resonance imaging; mRS, modified Rankin scale; NIHSS, National Institutes of Health Stroke Scale; SWI,

susceptibility-weighted imaging.
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stay (13 vs. 20 days, P¼ 0.011), lower

NIHSS scores at discharge (1 vs. 9,

P¼ 0.026), and better clinical outcomes

(modified Rankin scale score of 1 vs. 4,

P¼ 0.030).
There was no significant correlation

between SWI-ASPECTS and ASITN/SIR

scores (r¼�0.099). However, ASITN/SIR

scores were positively correlated with DWI-

ASPECTS (r¼ 0.714, P< 0.001) and SWI-

DWI mismatch scores (r¼ 0.818, P< 0.001)

(Figure 3).

Discussion

In this study, we investigated the relationship

between the PVS and leptomeningeal collat-

eralization in patients with M1 segment

occlusion of the middle cerebral artery. We

found no significant correlation between the

range of the PVS and the leptomeningeal col-

lateral circulation. However, the SWI-DWI

mismatch scores were positively correlated

with the ASITN/SIR scores, suggesting that

larger SWI-DWI mismatch is associated with
better leptomeningeal collaterals.

When CBF decreases because of occlu-
sion of the cerebral artery, the OEF
increases to maintain the stability of the
cerebral metabolic rate of oxygen
(OEF¼CMRO2 / (CaO2�CBF)).19 The
increase in the OEF leads to an increase in
the concentration of deoxyhemoglobin in
the blood vessels, which results in the occur-
rence of the PVS. As the CBF decreases, the
mean transit time (MTT) on perfusion-
weighted imaging (PWI) also increases
(MTT¼CBV / CBF).19 Several studies
have shown that in patients with acute
ischemic stroke, the range of the PVS on
SWI was closely related to the range of
MTT prolongation on PWI.20–22 The PVS
provides perfusion information comparable
with the MTT and reflects the range of
hypoperfusion.

Studies have shown that SWI-DWI mis-
match provides similar information to
MTT-DWI mismatch. Luo et al.23 found
that SWI-DWI mismatch was not signifi-
cantly different from MTT-DWI mismatch
in evaluating the ischemic penumbra and
that SWI-DWI mismatch was positively
correlated with MTT-DWI mismatch
(r¼ 0.76, P< 0.001). Another study also
indicated that the difference in SWI-DWI
versus MTT-DWI scores did not reach
statistical significance.24 Therefore, like
MTT-DWI mismatch, SWI-DWI mismatch
represents brain tissue that is hypoperfused
but not yet irreversibly damaged.

Verma et al.9 reported that an extensive
PVS on SWI was correlated with poor lep-
tomeningeal collateralization, whereas a
less pronounced PVS was correlated with
good leptomeningeal collateralization.
These results are inconsistent with ours. A
previous study analyzed the collateral
status of patients with total SWI-DWI mis-
match.25 Total SWI-DWI mismatch refers
to the phenomenon in which some patients
show negative DWI but exhibit an extensive

Figure 3. Scatter plot showing the correlation
between the SWI-DWI mismatch score and the
ASITN/SIR score. The SWI-DWI mismatch score
was positively correlated with the ASITN/SIR score
(Spearman test, r¼ 0.818, P< 0.001).
SWI, susceptibility-weighted imaging; DWI, diffu-
sion-weighted imaging; ASITN/SIR, American
Society of Interventional and Therapeutic
Neuroradiology/Society of Interventional
Radiology.
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PVS on SWI. All patients enrolled in that
study exhibited an extensive PVS on SWI
and good collateral flow. Total SWI-DWI
mismatch was associated with good collat-
erals. These extreme cases refute the opin-
ion that an extensive PVS on SWI is
associated with poor leptomeningeal collat-
eralization, and the findings of that study
support our result that larger SWI-DWI
mismatch is associated with better leptome-
ningeal collaterals. In the study by Verma
et al.,9 the mean SWI-ASPECTS and DWI-
ASPECTS in the good collateral group
were 4.10 and 6.35, respectively, while
those in the poor collateral group were
2.69 and 3.31, respectively. If the SWI-
DWI mismatch score had been calculated,
the score in the group with good collaterals
would be expected to be higher than that in
the group with poor collaterals.

Park et al.10 revealed that a more exten-
sive PVS on SWI in acute ischemic stroke
was associated with better collateral flow.
They suggested that the PVS on SWI may
be a useful surrogate marker for predicting
an increased OEF and PWI-DWI mismatch
in the acute ischemic hemisphere. The main
difference between the study by Park et al.10

and ours is the time from stroke onset to
MRI. In the study by Park et al.,10 more
than half of the patients underwent MRI
at least 6 hours after onset, some as long
as 63 hours. However, all patients included
in our study underwent MRI within 24
hours of symptom onset, and 80% of
them completed MRI scans within 6
hours. We found that in the hyperacute
stage of ischemic stroke, the PVS appeared
not only in the zone of PWI-DWI mismatch
but also in the diffusion-restricted area on
DWI. Theoretically, in the hyperacute
stage, the PVS may occur in the area of
core infarction because of the increase in
the OEF. When most of the cells in the
infarction core area are necrotic, the OEF
is reduced and the PVS becomes less obvi-
ous. A recent study showed that in acute

large vessel occlusion stroke with poor col-
lateral circulation, the OEF in the core
infarction area may be high or low and
the PVS may be present or absent.26 Thus,
the PVS in the area of the core infarction
does not truly reflect the collateral circula-
tion. Previous studies have shown that the
range of SWI-DWI mismatch rather than
the range of the PVS is consistent with the
zone of PWI-DWI mismatch.23,24 Inspired
by this, we analyzed the relationship
between SWI-DWI mismatch and leptome-
ningeal collateralization. We found that the
SWI-DWI mismatch scores were signifi-
cantly correlated with the ASITN/SIR
scores.

Our study has several limitations. First,
only 35 patients were included in the anal-
ysis; this number was very limited. Second,
the PVS was determined by visual inspec-
tion and comparison rather than by objec-
tive measurement, which may have given
rise to investigator bias. Third, although
the ASPECTS is a rapid screening tool to
assess the extent of the PVS, it is only a
semiquantitative grading system. Further
research using a quantitative susceptibility
mapping technique would allow for quanti-
tative analysis of the OEF and accurate
determination of the extent of the
PVS.27,28 If volumetric analysis is feasible,
the SWI-DWI mismatch ratio could be cal-
culated and the relationship between the
PVS and collateral circulation could be
more accurately delineated.

In conclusion, our study showed that the
range of the PVS on SWI did not closely
reflect the collateral status, whereas the
range of SWI-DWI mismatch was signifi-
cantly correlated with the leptomeningeal
collateralization. In patients with acute
ischemic stroke due to large vessel occlu-
sion, larger SWI-DWI mismatch is associ-
ated with better leptomeningeal collaterals.
SWI can be added to the routine neuroim-
aging protocol for patients with large vessel
occlusion stroke.
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