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ORIGINAL RESEARCH

Prediction of Intracranial Atherosclerotic 
Disease- Related Large- Vessel Occlusion 
Stroke on the Basis of Novel Cerebral Blood 
Volume Parameters
Seungyon Koh , MD; So Young Park , MD; David S. Liebeskind , MD; Jin Wook Choi , MD, PhD; 
Han Ki Kim , MD; Jun Young Choi , MD, PhD; Min Kim , MD; Seong- Joon Lee , MD, PhD; 
Ji Man Hong , MD, PhD; Jin Soo Lee , MD, PhD

BACKGROUND: Mechanical thrombectomy is an effective treatment method for large- vessel occlusion stroke (LVOS); however, 
it has limited efficacy for intracranial atherosclerotic disease (ICAD)- related LVOS. We investigated the use of cerebral blood 
volume (CBV) maps for identifying ICAD as the underlying cause of LVOS before the initiation of endovascular treatment (EVT).

METHODS AND RESULTS: We reviewed clinical and imaging data from patients who presented with LVOS and underwent en-
dovascular treatment between January 2011 and May 2021. The CBV patterns were analyzed to identify an increase in CBV 
within the hypoperfused area and estimate infarct patterns within the area of decreased CBV. Comparisons were made be-
tween the patients with an increase in CBV and those without, and among the estimated infarct patterns: territorial, cortical 
wedge, basal ganglia–only, subcortical, and normal CBV. Overall, 243 patients were included. CBV increase in the hypoper-
fused area was observed in 23.5% of patients. A significantly higher proportion of ICAD was observed in those with increased 
CBV than in those without (56.4% versus 19.8%; P<0.001). Regarding the estimated infarct patterns on the CBV, ICAD was 
most frequently observed in the normal CBV group (territorial, 14.9%; cortical wedge, 10.0%; basal ganglia–only, 43.8%; 
subcortical, 35.7%; normal, 61.7%). CBV parameters, including “an increase in CBV,” “normal CBV infarct pattern,” and “an 
increase in CBV or normal CBV infarct pattern composite,” were independently associated with ICAD.

CONCLUSIONS: An increased CBV or normal CBV pattern may be associated with ICAD LVOS on the pretreatment perfusion 
imaging.

Key Words: cerebral blood volume ■ emergent large- vessel occlusion ■ intracranial atherosclerotic disease ■ magnetic resonance 

imaging ■ perfusion map

Endovascular treatment (EVT) has been proven to 
be an effective method for treating large- vessel 
occlusion stroke (LVOS) in several randomized 

controlled trials and is now considered the gold stan-
dard.1,2 Mechanical thrombectomy, a primary EVT 
technique, is mainly effective in treating cerebral em-
boli principally caused by cardioembolism. However, 

intracranial atherosclerotic disease (ICAD)- related 
LVOS, which is more prevalent in Asian populations, is 
often associated with the limited effectiveness of me-
chanical thrombectomy due to residual stenosis after 
thrombus removal.3,4

Identifying the underlying ICAD as a cause of LVOS 
before treatment is believed to be important for various 
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reasons. First, it would be helpful in device and tech-
nique selection.5 This proactive approach enables cus-
tomization of procedural strategies by accounting for 
potential challenges posed by ICAD, such as the risk 
of residual stenosis, or the necessity of supplemen-
tary therapies, such as tirofiban infusion, to enhance 
outcomes. Moreover, the preprocedural identification 
of ICAD LVOS is important, considering the absence of 
randomized controlled trials exclusively examining the 
efficacy of a novel interventional technique or device 
in ICAD LVOS. In this context, given the inherent chal-
lenges posed by residual thrombosis and the height-
ened risk of reocclusion, meticulous patient selection 
becomes paramount. A pivotal initial step involves 

formulating a rigorous diagnostic framework for ICAD 
to accurately differentiate it from its mimics and enroll-
ing patients with genuine ICAD pathology, thus ensur-
ing the authenticity and relevance of the subsequent 
randomized controlled trial findings.

Cerebral blood volume (CBV) parameter maps on 
perfusion imaging reflect the blood reservoir mediated 
by vasodilatation and are associated with the recruit-
ment of collaterals following acute intracranial arterial 
occlusion.6 Furthermore, a significant decrease in CBV 
has been considered an alternative method for deter-
mining the infarct core.7 It is assumed that ICAD LVOS 
is associated with increased vascular reservoirs and 
collaterals, as well as a lower initial infarct burden, as 
determined by baseline CBV maps, compared with 
embolic LVOS.

The current study explored the clinical and imaging 
point- of- care factors observed in LVOS, with particular 
attention to the CBV state on baseline perfusion maps. 
Specifically, we used magnetic resonance perfusion 
(MRP) maps of the CBV as an imaging biomarker to 
predict underlying ICAD as a cause of LVOS.

METHODS
Study Design and Patients
Clinical and imaging data from patients who pre-
sented with LVOS and underwent EVT from January 
2011 to May 2021 were retrospectively reviewed from 
a consecutively enrolled registry at Ajou University 
Hospital (Suwon, Republic of Korea). The current 
study was reviewed and approved by the institu-
tional review board of Ajou University Medical Center 
(AJIRB- MED- MDB- 21- 201), with a waiver for informed 
consent due to the retrospective nature of the study. 
The data that support the findings of this study are 
available from the corresponding author upon rea-
sonable request.

Patients with anterior circulation unilateral LVOS 
were selected, whereas those with posterior circula-
tion stroke and bilateral anterior LVOS were excluded. 
Patients with pre- EVT MRP images were included, ex-
cluding those without pre- EVT MRP, with limited MRP 
image quality due to inappropriate contrast injection, 
and without calculated MRP CBV maps.

Variables such as baseline demographics, medical 
history, vital signs at presentation, laboratory test re-
sults at presentation, initial National Institute of Health 
Stroke Scale (NIHSS) score, imaging findings including 
Alberta Stroke Program Early Computed Tomography 
Score and occlusion site, and presumed occlusion 
causes were collected from the registry. Truncal- type 
occlusion on baseline computed tomography (CT) was 
evaluated according to previous reports. A truncal- 
type occlusion refers to sparing of the bifurcation 

CLINICAL PERSPECTIVE

What Is New?
• A significantly higher proportion of intracranial 

atherosclerotic disease was observed in those 
with increased cerebral blood volume (CBV) 
on an ipsilesional hypoperfused area of large- 
vessel occlusion.

• CBV parameters, including “an increase in CBV,” 
“normal CBV infarct pattern,” and “an increase 
in CBV or normal CBV infarct pattern compos-
ite,” were independently associated with intrac-
ranial atherosclerotic disease.

What Are the Clinical Implications?
• CBV maps can be a useful point- of- care neu-

roimaging tool for predicting intracranial ath-
erosclerotic disease as an underlying cause of 
large- vessel occlusion stroke.

• New randomized controlled trials for intracranial 
atherosclerotic disease large- vessel occlusion 
stroke may proceed on the basis of a combi-
nation of current CBV parameters and other 
strong predictors.

Nonstandard Abbreviations and Acronyms

CBV cerebral blood volume
EVT endovascular treatment
ICAD intracranial atherosclerotic disease
LVOS large- vessel occlusion stroke
MRP magnetic resonance perfusion
mRS modified Rankin Scale
MTT mean transit time
NIHSS National Institute of Health Stroke Scale
Tmax time- to- max



J Am Heart Assoc. 2024;13:e030936. DOI: 10.1161/JAHA.123.030936 3

Koh et al CBV Maps to Identify ICAD as a Cause of LVO Stroke

site of thrombotic occlusion, potentially indicating an 
ICAD- related occlusion, as opposed to an embolic oc-
clusion.8,9 The final causes were classified as ICAD- 
related or non–ICAD- related. The definition of ICAD 
in this study was a fixed focal stenosis documented 
during EVT and confirmed on short- term follow- up CT 
angiography.10,11

Magnetic Resonance Imaging Acquisition 
and Image Analysis
Magnetic resonance imaging was performed with a 3T 
magnetic resonance scanner (Intera Achieva; Philips 
Healthcare, Best, The Netherlands) using a 16- channel 
neurovascular head coil. Perfusion- weighted imaging 
was performed using dynamic susceptibility- weighted 
contrast- enhanced MRP imaging. A contrast agent was 
administered using a standard dose of 0.1 mmol/kg ga-
dopentetate dimeglumine at a rate of 4 mL/s with an MR 
imaging–compatible power injector (Spectris; Medrad, 
Pittsburgh, PA), followed by a 20- mL bolus of saline at 
the same injection rate. Multiple parameter maps were 
created for each participant using a software pack-
age (NordicICE; NordicNeuroLab, Bergen, Norway). 
Perfusion processing was performed using selection 
of the arterial input function and a convolution/decon-
volution method in a delay- dependent manner. Images 
were analyzed using a commercial image- viewing soft-
ware (Picture Archiving and Communication System; 
Maroview 5.3 Infinite Co., Seoul, Republic of Korea). Two 
independent neurologists (S.K. and S.Y.P.) who were 
blinded to the clinical information inspected the images 
and evaluated CBV variables.

Definitions of CBV Parameters
Figure 1 illustrates the CBV patterns used in this study. 
The MRP CBV variables were evaluated in 2 distinct 
and exclusive categories: (1) cases with an increase 
in CBV versus those with no increase in CBV; and (2) 
infarct patterns estimated on the basis of areas of de-
creased CBV and normal CBV patterns.

First, the hypoperfused area was visually identified 
by examining the mean transit time (MTT) map, allow-
ing for lateralization to determine whether the region 
was situated on the right or left side. Subsequently, 
an increase in CBV was depicted on the ipsilesional 
hemisphere with the delayed perfusion on the MTT 
map. An increased area on the CBV map, relative to 
a corresponding region in the contralesional hemi-
sphere, was deemed indicative of an increase in CBV 
regardless of whether there was a reduced CBV in the 
center. Conversely, similar, comparable, or equivocal 
CBV levels without a notable increase in CBV com-
pared with the corresponding region in the contrale-
sional hemisphere were categorized as nonincrease 
in CBV.

Second, estimated infarct patterns on MRP CBV 
were visually evaluated by inspecting CBV color scale 
levels to include the area with a clear and significant 
decrease in CBV. The infarct patterns were iden-
tified upon a clear reduction in CBV within the hy-
poperfused area of the MTT map. Discernible bluish 
to purple- colored margins were defined as infarcted 
areas. Infarct patterns were classified into 5 groups: 
territorial, cortical wedge, basal ganglia–only, subcor-
tical, and normal CBV patterns. The territorial pattern 
signified a decrease in CBV within the occluded vas-
cular territory, covering both cortical and subcortical 
zones. The cortical wedge pattern was characterized 
by a wedge- shaped region of decreased CBV, which 
was considered a specific segment of the vascular ter-
ritory and predominantly influences the cortex rather 
than the subcortex. In the basal ganglia–only pattern, 
the reduction in CBV was limited solely to the basal 
ganglia region. The subcortical pattern displayed de-
creased CBV primarily within the subcortical region of 
the hypoperfused area. Finally, the normal infarct pat-
tern was recognized by the absence of definitive CBV 
reduction within the hypoperfused area.

Statistical Analysis
Comparative analyses were performed (1) between 
the groups with increased or nonincreased CBV and 
(2) among the estimated infarct patterns on CBV. The 
data are presented as mean ± SD, frequency (percent-
age), or median [interquartile range]. Statistical signifi-
cance was set at P<0.05. Continuous variables were 
compared using either the Student t- test or the Mann–
Whitney U test according to the parametricity of the 
data, while categorical variables were subjected to the 
chi- square test or Fisher’s exact test. The normality of 
continuous variable distributions was evaluated using 
the Shapiro–Wilk test. According to the comparative 
analysis results, an increase in CBV, a normal CBV pat-
tern, and a composite of both parameters were incor-
porated into the multivariable regression analyses for 
ICAD prediction. For the multivariable logistic regres-
sion analyses, covariables were chosen on the basis 
of comparative analysis and expert opinions, including 
age, absence of atrial fibrillation, NIHSS, hemoglobin 
levels, and truncal- type occlusion. Interrater agree-
ment of the rated CBV variables was calculated as 
kappa values (95% CIs).

RESULTS
Population
The inclusion and exclusion criteria of patients are pre-
sented in Figure  2. Overall, 545 patients diagnosed 
with LVOS who underwent EVT between January 
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Figure 1. Grading of CBV increase in hypoperfused areas.
The hypoperfused area was identified through the MTT map. The area of a clear and significant increase in MTT within the presumably 
occluded MCA territory was considered the hypoperfused area. A focal increase is identified by comparing the contralateral 
hemisphere’s analogous area and visually inspected with the color scale in CBV. Decreased CBV is commonly seen in most patients 
with stroke, as justified by nature; therefore, it was graded as not increased. Further, comparable, similar, or equivocal CBV without 
any distinguished and outstanding increase in CBV compared with the corresponding contralateral hemisphere was defined as not 
increased. CBV indicates cerebral blood volume; and MTT, mean transit time.
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2011 and May 2021 were included in the registry. After 
applying the exclusion criteria, the final data set com-
prised 243 patients. The mean age of the patients was 
66.73 ± 13.67 years, and 135 (55.56%) were men.

Increase in CBV
An increase in CBV in the hypoperfused area was ob-
served in 57 (23.5%) patients. The interrater agreement 
of the increased CBV by 2 independent raters was 
0.4191 (95% CI, 0.2933–0.5448). Comparative analy-
ses were performed between groups with presence 
and absence of increased CBV (Table  1). Diabetes 
(20.0% versus 35.1%; P=0.0301) and smoking (15.3% 
versus 36.8%; P<0.001) were more frequently observed 
in the increased CBV subset, whereas atrial fibrillation 
was less frequently observed (52.7% versus 29.8%; 
P=0.0041). The initial NIHSS score was lower (16.5 
[13–19] versus 11.5 [7.75–15.25]; P<0.001), the initial 
Alberta Stroke Program Early Computed Tomography 
Score was higher (8 [6–9] versus 9 [7–10]; P=0.0024), 
and truncal- type occlusions were more frequently ob-
served (14.9% versus 41.8%; P<0.001). Regarding the 
underlying cause, a significantly higher proportion of 
ICAD was observed in the group with an increase in 
CBV (19.8% versus 56.4%; P<0.001). The median 3- 
month modified Rankin Scale (mRS) score was more 
favorable in the increased CBV group (3 [1–5] versus 
1.5 [0–4]; P=0.0092). In addition, after ICAD and base-
line variables were adjusted, increased CBV showed 
an independent association with good clinical out-
come (3- month mRS, 0–2) (Tables S1 and S2).

Estimated Infarct Patterns on CBV
As for the estimated infarct patterns based on the se-
verely decreased CBV area, 127 (52.3%) were identi-
fied as territorial, 22 (9.1%) as cortical wedge, 16 (6.6%) 
as basal ganglia–only, 30 (12.4%) as subcortical in-
farct patterns, and 48 (19.8%) as normal patterns. A 
comparative analysis was conducted between the 
groups (Table  2). Statistical significance was found 
for atrial fibrillation, smoking, initial NIHSS, Alberta 
Stroke Program Early Computed Tomography Score, 
truncal- type occlusion, ICAD as an underlying cause, 
and 3- month mRS score. Notably, the normal CBV 
pattern showed a significantly lower rate of atrial fibril-
lation (territorial, 49.2%; cortical wedge, 72.7%; basal 
ganglia–only, 50.0%; subcortical, 50.0%; normal, 
27.7%; P=0.0099). The initial NIHSS score was lower 
in the basal ganglia–only and normal CBV groups 
(16.9 ± 3.87 versus 14.77 ± 5.01 versus 12.19 ± 5.37 
versus 15.33 ± 4.38 versus 11.28 ± 5.77; P<0.001). The 
Alberta Stroke Program Early Computed Tomography 
Score was significantly lower in the territorial group (7 
[5–8.25] versus 9 [8, 9] versus 8 [7–9] versus 9 [7–9] 
versus 9 [8–10], P<0.001). Truncal- type occlusions 
were observed more frequently in the normal CBV 
group (9.32% versus 5.0% versus 37.5% versus 28.6% 
versus 48.9%, P<0.001). Among CBV- based infarct 
patterns, cortical wedge, subcortical, and normal pat-
terns accounted for a high proportion of scattered 
infarct pattern based on diffusion- weighted imaging, 
whereas CBV- based territorial infarct pattern was 
mostly associated with territorial infarct pattern on 
diffusion- weighted imaging. ICAD as an underlying 

Figure 2. Study flowchart.
EVT indicates endovascular treatment; MRI, magnetic resonance imaging; CBV, cerebral blood volume; and ICAD, intracranial 
atherosclerotic disease.
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cause was most frequently observed in the normal  
CBV group (14.9% versus 10.0% versus 43.8% versus 
35.7% versus 61.7%). The 3- month mRS also signifi-
cantly differed among groups, with the most favorable 
mRS scores in the normal CBV group (4 [2–5] versus 
1 [0.75–3] versus 3 [1–4] versus 2 [1–4] versus 1 [0–4]; 

P=0.0033). The normal CBV group showed a statisti-
cal tendency toward good clinical outcomes; however, 
it did not reach statistical significance for proving an 
independent association with good clinical outcomes 
after adjustment (Tables  S1 and S2). The interrater 
agreement of the normal CBV by 2 independent raters 
was 0.4117 (95% CI, 0.3019–0.5215).

CBV Pattern as an ICAD Predictor
A comparison between ICAD and non- ICAD LVOS is 
presented in Table 3. Results from logistic regression 
analyses show that each CBV parameter, including 
“an increase in CBV,” “normal CBV infarct pattern,” 
and “an increase of CBV or normal CBV infarct pat-
tern composite,” had an independent association with 
ICAD (Table 4). The regression model incorporating the 
increase in CBV (odds ratio, 2.81 [95% CI, 1.27–6.45]) 
showed an area under the receiver operating charac-
teristic curve of 0.832, the normal CBV pattern (odds 
ratio, 2.85 [95% CI, 1.20–6.75]) showed an area under 
the receiver operating characteristic curve of 0.828, 
and the CBV composite parameter (odds ratio, 3.13 
[95% CI, 1.43–6.84]) showed an area under the re-
ceiver operating characteristic curve of 0.834.

DISCUSSION
The current study explored novel factors that predict 
ICAD as an underlying cause in patients with LVOS, 
with a particular focus on CBV states in the pre- EVT 
perfusion map. The central premise of this study is 
that the increase in CBV reflects the presence of in-
creased vascular reservoirs and collaterals, whereas 
severely decreased CBV reflects the infarct core. 
This study used MRP CBV as an imaging biomarker 
to predict underlying ICAD, hypothesizing that pa-
tients with ICAD have developed vascular reservoirs 
by stenosis progression and that the infarct core of 
patients with ICAD LVOS could be smaller in cases 
of more sufficient collateral supply. Our results re-
vealed that an increase of CBV in the hypoperfused 
area, regardless of the infarct core in the center, a 
normal CBV pattern among several estimated infarct 
patterns, and a composite of both parameters were 
independently associated with underlying ICAD in 
patients with LVOS.

Various studies have been conducted to predict 
ICAD as an underlying cause across different dimen-
sions. Studies employing perfusion imaging are rela-
tively uncommon, with a particular emphasis on time 
maps, such as Tmax (time- to- max), within diverse per-
fusion methodologies. A prior study highlighted an 
autonomous association between a profile of Tmax >4 
s/Tmax >6 s ratio ≥2 in automated CT perfusion and un-
derlying ICAD LVOS.12 In a separate study, high relative 

Table 1. Comparative Analysis Between Patients With an 
Increase and Nonincrease in CBV

Nonincrease 
(N=186) Increase (N=57) P value

Age, y 68.5 (60–79) 62 (53–76) 0.0351

Sex, male 99 (53.23) 36 (63.16) 0.2428

Hypertension 115 (62.16) 30 (52.63) 0.2588

Diabetes 37 (20) 20 (35.09) 0.0301

Atrial fibrillation 97 (52.72) 17 (29.82) 0.0041

Dyslipidemia 15 (8.11) 8 (14.04) 0.282

Smoking 28 (15.3) 21 (36.84) <0.001

Prior stroke/TIA 28 (15.05) 6 (10.53) 0.5197

Prior antiplatelet use 52 (30.23) 15 (26.79) 0.7467

Prior anticoagulation 
use

19 (11.05) 4 (7.14) 0.5572

Initial NIHSS 16.5 (13–19) 11.5 (7.75–15.25) <0.001

Systolic BP, mmHg 140 (125–156) 143 (118.5–160.75) 0.6725

WBCs, ×109/L 7.9 (6.3–10.07) 8.2 (6.6–11) 0.4666

Hemoglobin, g/dL 13.65 (12.6–14.9) 14.3 (12.5–15.2) 0.2361

Platelets, ×103/μL 206 (170–246.75) 218 (178–237) 0.5536

Total cholesterol, 
mg/dL

158.3 ± 41.67 165.42 ± 40.72 0.2532

INR 1.05 (0.98–1.1) 1.03 (0.99–1.09) 0.4884

Glucose, mg/dL 125 (109–150) 121 (107–170) 0.6347

ASPECTS 8 (6–9) 9 (7–10) 0.0024

Occlusion site by CTA

Overall intracranial 
ICA

63 (35.39) 12 (21.82) 0.2598

M1 90 (50.56) 35 (63.64)

M2/M3 15 (8.43) 5 (9.09)

Tandem 6 (3.37) 1 (1.82)

Multiple 2 (1.12) 2 (3.64)

Others 2 (1.12) 0 (0)

Truncal- type 
occlusion

26 (14.94) 23 (41.82) <0.001

Final cause

Embolism 139 (78.53) 24 (43.64) <0.001

ICAD 35 (19.77) 31 (56.36)

Intractable 1 (0.56) 0 (0)

ECAD 2 (1.13) 0 (0)

3- mo mRS 3 (1–5) 1.5 (0–4) 0.0092

Data are presented as n (%) or median (interquartile range). ASPECTS 
indicates Alberta Stroke Program Early Computed Tomography Score; BP, 
blood pressure; CBV, cerebral blood volume; CTA, computed tomography 
angiography; ECAD, extracranial atherosclerotic disease; ICA, internal carotid 
artery; ICAD, intracranial atherosclerotic disease; INR, international normalized 
ratio; mRS, modified Rankin Scale; NIHSS, National Institute of Health Stroke 
Scale; TIA, transient ischemic attack; and WBC, white blood cell.
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CBV observed on CT perfusion maps, along with a 
low hypoperfusion index ratio, correlated with favor-
able collaterals, while a lower relative CBV predicted 

increased infarct growth.6 In these prior studies, pa-
rameters were automatically calculated and were 
reported numerically. In contrast, our current study 

Table 2. Comparative Analysis Among Estimated Infarct Patterns on CBV

Territorial Cortical wedge Basal ganglia Subcortical Normal P value

No. (%) 127 (52.26) 22 (9.05) 16 (6.58) 30 (12.35) 48 (19.75)

Age, y 67 (59–78) 71.5 (60.75–78.25) 61.5 (57.5–75) 72.5 (63.25–80.75) 66 (53.75–75.25) 0.2724

Sex, male 69 (54.33) 12 (54.55) 10 (62.5) 15 (50) 29 (60.42) 0.8726

Hypertension 73 (57.94) 17 (77.27) 11 (68.75) 19 (63.33) 25 (52.08) 0.3023

Diabetes 27 (21.43) 5 (22.73) 2 (12.5) 5 (16.67) 18 (37.5) 0.1506

Atrial fibrillation 62 (49.21) 16 (72.73) 8 (50) 15 (50) 13 (27.66) 0.0099*

Dyslipidemia 10 (7.94) 1 (4.55) 2 (12.5) 4 (13.33) 6 (12.5) 0.6471

Smoking 17 (13.6) 3 (14.29) 3 (18.75) 8 (26.67) 18 (37.5) 0.0109*

Prior stroke/TIA 23 (18.11) 1 (4.55) 0 (0) 2 (6.67) 8 (16.67) 0.1206

Prior antiplatelet use 28 (23.73) 12 (57.14) 4 (25) 9 (31.03) 14 (31.82) 0.0512

Prior anticoagulation use 15 (12.71) 2 (9.52) 0 (0) 3 (10.34) 3 (6.82) 0.6203

Initial NIHSS 16.9 ± 3.87 14.77 ± 5.01 12.19 ± 5.37 15.33 ± 4.38 11.28 ± 5.77 <0.001*

Systolic BP, mmHg 140 (121–152) 140.5 (135.25–155.5) 148 (135–169.5) 140 (117–160) 148 (130–160) 0.2977

WBCs, ×109/L 8.1 (6.6–10.6) 6.8 (5.93–8.25) 8.6 (7.72–9.98) 7.25 (6.23–8.73) 8.2 (6.57–11.18) 0.1173

Hemoglobin, g/dL 13.7 (12.45–14.9) 13.55 (12.72–14.7) 14 (13.25–15.2) 13.5 (12.6–14.95) 14 (12.38–15.2) 0.7589

Platelets, ×103/μL 206 (172.5–248.5) 204 (163–254.25) 208 (180.75–221.25) 210.5 (173.5–239.75) 218 (176.5–239.25) 0.9345

Total cholesterol, mg/dL 157.38 ± 41 154.95 ± 36.61 180.44 ± 33 163.03 ± 40.12 160.38 ± 47.24 0.1529

INR 1.05 (0.98–1.11) 1.02 (0.99–1.08) 1.02 (0.97–1.09) 1.04 (1.01–1.12) 1.03 (0.98–1.09) 0.6558

Glucose, mg/dL 123 (108–148.75) 129 (108.5–153.75) 120.5 (105.5–130.5) 119.5 (104.75–140) 139.5 (109.75–193) 0.0616

ASPECTS 7 (5–8.25) 9 (8–9) 8 (7–9) 9 (7–9) 9 (8–10) <0.001*

Occlusion site by CTA

Overall intracranial ICA 47 (38.84) 2 (10) 5 (31.25) 12 (41.38) 9 (19.15) NA

M1 58 (47.93) 11 (55) 10 (62.5) 13 (44.83) 33 (70.21)

M2/M3 5 (4.13) 5 (25) 1 (6.25) 4 (13.79) 5 (10.64)

Tandem 6 (4.96) 1 (5) 0 (0) 0 (0) 0 (0)

Multiple 3 (2.48) 1 (5) 0 (0) 0 (0) 0 (0)

Others 2 (1.65) 0 (0) 0 (0) 0 (0) 0 (0)

Truncal- type occlusion 11 (9.32) 1 (5) 6 (37.5) 8 (28.57) 23 (48.94) <0.001*

DWI infarct pattern

Basal ganglia only 8 (6.3) 2 (9.09) 8 (50) 8 (26.67) 6 (12.5) NA

Border zone only 1 (0.79) 1 (4.55) 3 (18.75) 5 (16.67) 9 (18.75)

Scattered 10 (7.87) 14 (63.64) 2 (12.5) 12 (40) 27 (56.25)

Subcortical 0 (0) 0 (0) 0 (0) 1 (3.33) 1 (2.08)

Territorial 107 (84.25) 3 (13.64) 2 (12.5) 2 (6.67) 2 (4.17)

No lesion 1 (0.79) 2 (9.09) 1 (6.25) 2 (6.67) 3 (6.25)

Final cause

Embolism 101 (83.47) 17 (85) 9 (56.25) 18 (64.29) 18 (38.3) NA

ICAD 18 (14.88) 2 (10) 7 (43.75) 10 (35.71) 29 (61.7)

Intractable 1 (0.83) 0 (0) 0 (0) 0 (0) 0 (0)

ECAD 1 (0.83) 1 (5) 0 (0) 0 (0) 0 (0)

3- mo mRS 4 (2–5) 1 (0.75–3) 3 (1–4) 2 (1–4) 1 (0–4) 0.0033*

Data are presented as n (%) or median (interquartile range). ASPECTS indicates Alberta Stroke Program Early Computed Tomography Score; BP, blood 
pressure; CBV, cerebral blood volume; CTA, computed tomography angiography; DWI, diffusion- weighted imaging; ECAD, extracranial atherosclerotic disease; 
ICA, internal carotid artery; ICAD, intracranial atherosclerotic disease; INR, international normalized ratio; mRS, modified Rankin Scale; NA, not applicable; 
NIHSS, National Institute of Health Stroke Scale; TIA, transient ischemic attack; and WBC, white blood cell.

*The values are statistically significant.
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discerned an elevated CBV as a visually recognizable 
imaging marker or infarct patterns on the basis of re-
duced CBV area to facilitate a more straightforward 
and real- time approach.

The association between an increase in CBV and 
underlying ICAD can be attributed to an increase in 
vasodilation and the formation of vascular reservoirs 
as arterial stenosis progresses.13,14 In the cascade of 
ischemic injury to the brain leading to cerebral infarc-
tion, initial vascular insult first reduces the perfusion 
pressure, followed by arteriolar dilation and capillary 
recruitment.15,16 The concept of reactive vascular di-
lation in hypoperfused regions implies that perfusion 
maps can exhibit an elevation in CBV. This physiologi-
cal response is not restricted to ICAD LVOS alone, as it 
signifies the initial phase of compensating for hemody-
namic stress by increasing CBV.17

An increase in CBV in patients with ICAD may also 
reflect the development of collateralization. Unlike 
sudden embolic occlusion, intracranial stenosis pro-
gression that occurs over time allows collaterals to de-
velop to sustain downstream perfusion from the culprit 
site, resulting in a lesser infarct core on ICAD LVOS. 
The measurement of the degree of collateral in clin-
ical practice has primarily focused on arterial angio-
graphical findings. Using CT angiography, the degree 
of collaterals can be graded according to the delay in 
the peripheral vessel filling in multiphase CT and distal 
reconstitution sites.18–20 To overcome the limitations of 
these collateral grading systems that reflect only the 
arterial inflow, venous components of the collaterals 
were also considered in some studies,21 and they were 
supported by the rationale that the consideration of 
combined arterial and venous collaterals may reflect 
the actual perfusion through the microcirculation.22 In 
symptomatic ICAD, the effort to measure and grade 
the degree of collateral circulation has successfully 
demonstrated an association with the cerebral per-
fusion status,23 suggesting a pivotal role of collateral 
circulation in the pathophysiology of ICAD.

In addition to the potential association of an in-
crease in CBV with upregulation of vascular reser-
voir and collateral circulation, a severely decreased 
CBV may also reflect the infarct core, representing 

Table 3. Comparative Analysis Between ICAD LVOS and 
Other LVOS Groups

Non- ICAD ICAD P value

No. (%) 177 (72.8) 66 (27.2)

Age, y 68 (59–79) 66 (55.25–76) 0.2466

Sex, male 92 (51.98) 43 (65.15) 0.0904

Hypertension 106 (60.23) 39 (59.09) 0.9893

Diabetes 37 (21.02) 20 (30.3) 0.1786

Atrial fibrillation 100 (56.82) 14 (21.54) <0.001*

Dyslipidemia 16 (9.09) 7 (10.61) 0.9109

Smoking 30 (17.24) 19 (28.79) 0.0715

Prior stroke/TIA 27 (15.25) 7 (10.61) 0.4708

Prior antiplatelet use 55 (32.54) 12 (20.34) 0.1083

Prior anticoagulation 
use

21 (12.43) 2 (3.39) 0.0831

Initial NIHSS 16 (13–19) 13 (9–17) <0.001*

Systolic BP, mmHg 140 (120–151) 148.5 
(130–160.75)

0.0406*

WBCs, ×109/L 7.7 (6.2–9.7) 8.35 (7.12–10.2) 0.0911

Hemoglobin, g/dL 13.5 (12.4–14.7) 14.45 
(13.03–15.28)

0.0087*

Platelet, ×103/μL 206 (169–247) 213.5 
(180.5–238.5)

0.6443

Total cholesterol, 
mg/dL

157.16 ± 40.82 167.48 ± 42.58 0.092

INR 1.05 (0.99–1.12) 1.01 (0.98–1.07) 0.0079*

Glucose, mg/dL 124 (108–149.25) 124.5 (107–169.5) 0.5997

ASPECTS 8 (6–9) 8 (7–9) 0.1805

Occlusion site by CTA

Overall intracranial 
ICA

53 (31.74) 22 (33.33) 0.0764

M1 83 (49.7) 42 (63.64)

M2/M3 18 (10.78) 2 (3.03)

Tandem 7 (4.19) 0 (0)

Multiple 4 (2.4) 0 (0)

Others 2 (1.2) 0 (0)

Truncal- type 
occlusion

16 (9.82) 33 (50) <0.001*

Increase on CBV 26 (14.69) 31 (46.97) <0.001*

Estimated infarct pattern on CBV

Territorial 109 (61.58) 18 (27.27) <0.001*

Cortical wedge 20 (11.3) 2 (3.03)

Basal ganglia only 9 (5.08) 7 (10.61)

Subcortical 20 (11.3) 10 (15.15)

Normal 19 (10.73) 29 (43.94)

DWI infarct pattern

Basal ganglia–only 24 (13.56) 8 (12.12) <0.001*

Border zone only 11 (6.21) 8 (12.12)

Scattered 36 (20.34) 29 (43.94)

Subcortical 1 (0.56) 1 (1.52)

Territorial 98 (55.37) 18 (27.27)

No lesion 7 (3.95) 2 (3.03)

 (Continued)

Non- ICAD ICAD P value

3- mo mRS 3 (1–4) 3 (1–4.25) 0.9839

Data are presented as n (%) or median (interquartile range). ASPECTS 
indicates Alberta Stroke Program Early Computed Tomography Score; 
BP, blood pressure; CTA, computed tomography angiography; DWI, 
diffusion- weighted imaging; ICA, internal carotid artery; ICAD, intracranial 
atherosclerotic disease; INR, international normalized ratio; mRS, modified 
Rankin Scale; NIHSS, National Institute of Health Stroke Scale; TIA, transient 
ischemic attack; and WBC, white blood cell.

*The values are statistically significant.

Table 3. Continued
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the nonviable tissue fate of ischemic stroke.24 Several 
infarct patterns on diffusion- weighted imaging have 
been known to be related to ICAD strokes: artery- 
to- artery embolism (common), branch atheromatous 
disease (common), thrombotic occlusion (rare), and 
hemodynamic impairment (rare).25 Regarding ICAD 
LVOS, border zone and scattered infarct patterns 
were reportedly more frequently, whereas territorial 
infarct pattern was more frequent in embolic LVOS 
on diffusion- weighted imaging.26 In the current study, 
we aimed to identify a representative infarct pattern 
on CBV map because perfusion imaging has been 
widely used for patient selection in EVT. We found 
that infarct patterns on CBV could not be clearly de-
lineated as on diffusion- weighted imaging. A scat-
tered infarct pattern was not visible, and a typical 
border zone infarct pattern was not clearly visible on 
the CBV- based infarct patterns. As for the normal 
CBV infarct pattern, the nonreduction in CBV within 
the penumbra, as measured by quantitative methods, 
or the second- pass effect of contrast agents in oc-
cluded vessels may often underestimate the actual 
infarct core.27–29 Nevertheless, normal CBV infarct 
pattern accounted for a high proportion of ICAD as 
an underlying cause and was demonstrated as an 
independent predictor of ICAD LVOS. In addition, a 
normal CBV infarct pattern was associated with scat-
tered, basal ganglia–only, and border zone infarct 
patterns on diffusion- weighted imaging.

An increase in the CBV may be associated with good 
clinical outcomes. To adjust for confounders in logistic 
regression analyses, covariables were mostly baseline 
factors, and ICAD as an underlying cause was incorpo-
rated; however, major determinants of clinical outcomes 
after EVT, such as reperfusion degree and symptom-
atic intracranial hemorrhage, were not incorporated in 

the current study. Nevertheless, the increase in CBV 
states in the hypoperfused area was independently 
associated with good clinical outcomes, independent 
of the ICAD as an underlying cause. Increased vascu-
lar reservoirs and collaterals may lead to better clinical 
outcomes with LVOS and EVT.30 This result may be in-
directly attributed to the ICAD as an underlying cause 
of the occlusion; however, it was reported that patients 
with ICAD have a relatively poorer prognosis in LVOS,11 
and our study showed similar results. Despite a more 
favorable baseline neurological status in ICAD, those 
who receive EVT may experience longer procedure 
times, complex procedures, and mandatory antiplatelet 
treatment even after thrombolysis, which may result in 
relatively poorer outcomes.11,31,32

Our study has a few limitations. First, nordicICE soft-
ware (NordicNeuroLab) for the current study did not 
support Tmax maps. The use of Tmax maps as a marker 
of critical hypoperfusion has been reported in the lit-
erature; however, we were unable to conduct a com-
parison between CBV and Tmax maps. Future studies 
using software programs with delay- independent MTT 
maps and access to Tmax parameters could further 
explore the utility of different perfusion parameters in 
predicting ICAD. Second, we used a qualitative CBV 
assessment with a modest interrater agreement. While 
previous studies have used quantitative parameters, 
such as Tmax, we employed a qualitative approach for 
simplicity and ease of use in a clinical setting. This 
qualitative assessment can be subjective and prone 
to interrater variability. Future studies should perform 
quantitative analysis to validate our findings. Finally, we 
did not conduct a formal assessment of collateral de-
gree using digital subtraction angiography or a CT an-
giography–based collateral scoring system. In our EVT 
approaches, contrast injection by a strong pushing 

Table 4. Logistic Regression Analysis for ICAD LVOS and CBV Parameters

Model 1 Model 2 Model 3

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

Age (per 1 y increase) 1.02 (0.99–1.05) 0.2260 1.01 (0.99–1.04) 0.3033 1.01 (0.99–1.04) 0.3525

Absence of atrial fibrillation (vs 
presence of atrial fibrillation)

3.76 (1.71–8.29) 0.0010 3.74 (1.70–8.24) 0.0010 3.61 (1.63–8.00) 0.0015

NIHSS (per score 1 increase) 0.93 (0.86–1.01) 0.0681 0.93 (0.86–1.00) 0.0614 0.94 (0.87–1.02) 0.1367

Hemoglobin (per 1 mg/dL increase) 1.00 (0.96–1.03) 0.8225 1.00 (0.96–1.03) 0.7997 1.00 (0.96–1.03) 0.8672

Truncal- type occlusion (vs branching- 
site occlusion)

5.93 (2.65–13.26) <0.001 5.76 (2.57–12.89) <0.001 5.38 (2.39–12.12) <0.001

Increase in CBV (vs nonincrease) 2.87 (1.27–6.45) 0.0109

Normal CBV infarct pattern (vs other 
infarct patterns)

2.85 (1.20–6.75) 0.0175

An increase in CBV or normal CBV 
infarct pattern

3.13 (1.43–6.84) 0.0043

AUROC 0.83 (0.78–0.88) 0.83 (0.77–0.88) 0.83 (0.76–0.89)

AUROC indicates area under the receiver operating characteristic curve; CBV, cerebral blood volume; ICAD, intracranial atherosclerotic disease; LVOS, large- 
vessel occlusion stroke; NIHSS, National Institute of Health Stroke Scale; and OR, odds ratio.
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force can migrate and wedge the clot distally, where 
mechanical thrombectomy may be more difficult. 
Instead, road map imaging using a weak pushing force 
is mostly used for EVT, although it cannot evaluate 
collateral circulations. Although we presumed that the 
CBV state reflects the collateral status, a more com-
prehensive evaluation of collateral circulation could 
provide additional insights.

In conclusion, the current study highlights the use of 
CBV maps as a useful point- of- care neuroimaging tool 
for predicting ICAD as an underlying cause of LVOS. 
The increase in CBV or a normal CBV infarct pattern 
may indicate the presence of vasodilation- mediated 
blood reservoirs and increased collateral, as well as 
a smaller infarct core in ICAD LVOS. Moreover, an in-
crease in CBV can also be used as a helpful marker not 
only for predicting ICAD as the underlying cause but 
also for clinical outcomes.
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