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ORIGINAL RESEARCH

Perfusion- Based Relative Cerebral Blood 
Volume Is Associated With Functional 
Dependence in Large- Vessel Occlusion 
Ischemic Stroke
Dhairya A. Lakhani , MD*; Aneri B. Balar , MD*; Manisha Koneru , MS; Sijin Wen , PhD; 
Burak Berksu Ozkara , MD; Justin Caplan , MD; Adam A. Dmytriw , MD; Richard Wang, MD; 
Hanzhang Lu , PhD; Meisam Hoseinyazdi , MD; Mehreen Nabi, MD; Ishan Mazumdar, MD; 
Andrew Cho , MD; Kevin Chen , MD; Sadra Sepehri, MD; Nathan Hyson, MD; Risheng Xu, MD; 
Victor Urrutia , MD; Licia P. Luna , MD, PhD; Argye Hillis , MD, MS, MBA; Jeremy J. Heit , MD, PhD; 
Greg W. Albers , MD; Ansaar T. Rai , MD, MBA; Tobias Faizy , MD; Max Wintermark , MD, MBA; 
Kambiz Nael , MD; Vivek S. Yedavalli , MD, MS

BACKGROUND: Pretreatment computed tomography perfusion parameter relative cerebral blood volume (rCBV) lesion volume 
has been shown to predict 90- day modified Rankin Scale score in small- core strokes with Alberta Stroke Program Early 
Computed Tomography Score ≥5, including those with medium- vessel occlusions (mid and distal M2 segment occlusions). 
Hence, in this study we aim to assess the performance of different rCBV lesion volume thresholds (rCBV <42%, rCBV <38%, 
and rCBV <34%) with 90- day modified Rankin Scale score including patients with large core (Alberta Stroke Program Early 
Computed Tomography Score <5) and strictly including only patients with anterior circulation large- vessel occlusion.

METHODS AND RESULTS: In this retrospective evaluation of our prospectively collected database, inclusion criteria were (1) 
Computed tomographic angiography confirmed anterior circulation large- vessel occlusion from September 1, 2017, to 
October 1, 2023; and (2) diagnostic computed tomography perfusion. Student t test, Mann–Whitney U test, and χ2 test were 
used in the univariate data analysis. Spearman’s rank correlation analysis was used to assess correlations. Outcome measure 
was dichotomized into good functional outcome (90- day modified Rankin Scale score, 0–2) and poor functional outcome 
(90- day modified Rankin Scale score, 3–6) for logistic regression and receiver operating characteristic analysis. P≤0.05 was 
considered significant. In total, 229 patients met our inclusion criteria. The majority of the patients (n=161) in our cohort had M1 
occlusion. All the rCBV thresholds were significantly higher in patients with poor 90- day functional outcomes and were inde-
pendently associated with the outcome. Spearman’s rank correlation analysis revealed a slightly stronger correlation of rCBV 
<42% (ρ=0.27, P<0.001), as compared with rCBV <38% (ρ=0.25, P<0.001) and rCBV <34% (ρ=0.24, P<0.001) with functional 
outcome. Receiver operating characteristic analysis revealed that rCBV <42% (area under the curve, 0.67 [95% CI, 0.60–0.74]; 
P<0.001) performed marginally better than rCBV <38% (area under the curve, 0.66 [95% CI, 0.59–0.73]; P<0.001), and rCBV 
<34% (area under the curve, 0.65 [95% CI, 0.58–0.72]; P<0.001).

CONCLUSIONS: All the rCBV thresholds were independently associated with poor 90- day functional outcome; however, the 
rCBV <42% marginally outperformed rCBV <38% and rCBV <34% lesion volumes.
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The computed tomographic perfusion (CTP) data 
are acquired by dynamic image acquisition of the 
head following intravenous contrast bolus admin-

istration. Several postprocessing software platforms 

are available that summarize these data into several 
CTP maps, which are more reproducible and less 
subjective in estimating penumbra and infarct core 
volume. Depending on the timing of bolus arrival and 
transit (time to maximum concentration [Tmax] and 
mean transit time), cerebral blood flow and cerebral 
blood volume (CBV) are computed.1–7

The CBV in the territory of ischemia is an excellent 
quantitative marker to estimate compensatory re-
sponse through collateral routes in the setting of acute 
ischemic stroke caused by large- vessel occlusion (AIS- 
LVO).1–5 Several studies have shown that CBV is as an 
excellent marker for assessment of ischemic core and 
infarct growth.6–8

In AIS- LVO, there is a growing interest in quan-
titative estimation of CBV in the ischemic territory to 
quantify the degree of hypoperfusion in the affected 
parenchyma. Various definitions have been developed 
and studied that quantify CBV in ischemic territory, 
by several software platforms, and these definitions 
vary considerably. Most of the estimates quantified 
CBV in relation to the nonaffected hemisphere.1–6,9,10 
The RAPID (iSchemaView, Menlo Park, CA) platform 
quantifies CBV in the territory of Tmax >6 seconds area 
within the affected hemisphere in relation to CBV in the 
unaffected parenchyma as defined by Tmax ≤4 seconds 
area.5,8

Recently, ESCAPE- NA1 (A Multicentre, Randomized, 
Double- Blinded, Placebo- Controlled, Parallel Group, 
Single- Dose Design to Determine the Efficacy and Safety 
of Intravenous NA- 1 in Subjects With Acute Ischemic 
Stroke Undergoing Endovascular Thrombectomy) trial 
data in anterior circulation AIS- LVO established that 
increased rCBV lesion volumes (rCBV <42%, rCBV 
<38%, and rCBV <34%) were independent predictors 
of poor functional outcome at 90 days and that the 
rCBV <42% lesion volume outperformed rCBV <38% 
and rCBV <34% lesion volumes.6 However, this prior 
study also included a small but significant proportion 
of medium- vessel occlusions. The success of large- 
core trials, which showed better outcomes in AIS- LVO 
treated with mechanical thrombectomy (MT) compared 
with those with medical management alone, resulted in 
shifting trends of managing patients large- core stroke 
with MT.11,12

Hence, in this study, we aim to assess the relation-
ship of different rCBV thresholds lesion volume with 
90- day modified Rankin Scale (mRS) in patients with 
anterior circulation AIS- LVO, including those with a 
large baseline ischemic core on admission CTP. We 
hypothesize that increased rCBV lesion volumes are 
independently associated with poor functional out-
comes as defined by a 90- day mRS score of 3 to 6 
and that rCBV <42% lesion volume will have a stron-
ger association with the outcome compared with rCBV 
<38% and rCBV <34%.

CLINICAL PERSPECTIVE

What Is New?
• Higher relative cerebral blood volume (rCBV) le-

sion volumes are independently and negatively 
associated with 90- day functional outcomes in 
patients with anterior circulation large- vessel 
occlusion.

• rCBV <42% threshold slightly performs better 
than rCBV <34% and rCBV <38% in predicting 
90- day functional outcome.

What Are the Clinical Implications?
• rCBV <42% lesion volume by predicting 90- day 

functional outcome has the potential to serve 
as an adjunct marker in mechanical thrombec-
tomy triage in anterior circulation large- vessel 
occlusion.

Nonstandard Abbreviations and Acronyms

AIS- LVO acute ischemic stroke 
secondary to large- vessel 
occlusion

ASPECTS Alberta Stroke Program Early 
Computed Tomography Score

CTP computed tomographic 
perfusion

ESCAPE- NA1 A Multicentre, Randomized, 
Double- Blinded, Placebo- 
Controlled, Parallel Group, 
Single- Dose Design to 
Determine the Efficacy and 
Safety of Intravenous NA- 1 in 
Subjects With Acute Ischemic 
Stroke Undergoing Endovascular 
Thrombectomy

IVT intravenous thrombolysis
mRS modified Rankin Scale
MT mechanical thrombectomy
NIHSS National Institutes of Health 

Stroke Scale
rCBV relative cerebral blood volume
TENSION The Efficacy and Safety of 

Thrombectomy in Stroke
Tmax time to maximum concentration
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METHODS
Data Availability
The data sets used and analyzed during the current 
study are available from the corresponding author 
upon reasonable request.

Study Design
We performed a retrospective analysis of prospec-
tively maintained stroke databases, and we identified 
consecutive patients from 2 comprehensive stroke 
centers from July 29, 2019, to October 1, 2023, who 
met our inclusion criteria. This study was approved 
through the Johns Hopkins Institutional Review Board 
(No. 00269637) and follows the Strengthening the 
Reporting of Observational Studies in Epidemiology 
checklist guidelines as an observational study.

Study Participants
The inclusion criteria for this study were (1) diagnos-
tically adequate multimodal pretreatment computed 
tomography (CT) imaging including noncontrast head 
CT, CT angiography, and CTP; (2) AIS- LVO confirmed 
by CT angiography of the distal supraclinoid segment 
of the internal carotid artery, M1 segment of middle 
cerebral artery, and proximal M2 segment of the mid-
dle cerebral artery.13–16

The study was conducted in accordance with 
the Declaration of Helsinki and the Health Insurance 
Portability and Accountability Act. Informed consent 
was waived by the institutional review boards given the 
retrospective study design. The decisions to adminis-
ter intravenous thrombolysis (IVT) or perform MT were 
made on an individual basis following consensus of the 
stroke team evaluation per institutional protocols.

Data Collection
Baseline and clinical data were collected through elec-
tronic records, and stroke center databases for each 
patient are prospectively collected and managed, 
which include baseline demographics data; imag-
ing markers on noncontrast CT, CT angiography, and 
CTP including Alberta Stroke Program Early Computed 
Tomography Score (ASPECTS), site of occlusion, and 
different RAPID- derived CTP variables; clinical variables 
including but not limited to premorbid mRS score, and 
National Institutes of Health Stroke Scale (NIHSS); vari-
ous time parameters including last known well- to- door 
time, door- to- needle time, and door- to- groin puncture 
times; and outcome measures on imaging.

CTP Image Acquisition
Whole- brain pretreatment CTP was performed on the 
Siemens Somatom Force (Erlangen, Germany) with 

the following parameters: 70 kVP, 200 effective mAs, 
rotation time 0.25 seconds, average acquisition time 
60 seconds, collimation 48 × 1.2 mm, pitch value 0.7, 
4D range 114 mm × 1.5 seconds.

The lateral topogram field included vertex to the 
aortic arch, and the anteroposterior topogram included 
aortic arch to the vertex of the head, after which a non-
contrast CT head was acquired from the skull base up 
to the vertex. Then, CTP data were acquired following 
injection of 50 mL of intravenous Omnipaque 300/30 
mL saline at 5 to 6 mL/s. After a 6- second delay fol-
lowing initiation of contrast bolus administration, CT 
images were acquired continuously for 60 seconds 
over a 100-  or 114- mm range. The frame rate was 3 
to 5 seconds, and temporal resolution was 1 image 
per second. For the CT angiography head and neck 
acquisition following CTP, the slice at the level of the 
aortic arch was used for bolus tracking. About 50 to 70 
mL of intravenous contrast at 5 to 6 mL/s was injected, 
while continuously acquiring the slice at the aortic arch 
level. When the Hounsfield units of the region of in-
terest placed on the arch reached a desired level of 
enhancement (about 25 Hounsfield units), then the CT 
acquisition from the aortic arch to the vertex was man-
ually triggered.

Image Analysis
All the CTPs were assessed by board- certified neuro-
radiologists with 9 years of working experience for di-
agnostic adequacy of the raw and postprocessed CTP 
data, where only those deemed diagnostic adequate 
were included in the study.

CTP source images were then postprocessed using 
commercial RAPID perfusion software version 5.2.2 
(iSchemaView) to generate rCBV <34%, rCBV <38%, 
and rCBV <42% volumes.

Statistical Analysis
Categorical data were described using contingency 
tables including counts and percentages; continuous 
variables were summarized with median (interquar-
tile range [IQR]). Student’s t test was used in the data 
analysis for continuous variables, Mann–Whitney U 
test was used in the data analysis for ordinal data, and 
the χ2 test was used for categorical data. Spearman’s 
rank correlation analysis was used to assess strength 
and direction of relationship.

The outcome measure of 90- day mRS was dichot-
omized into a binomial variable for logistic regression 
analysis as good functional outcome (mRS score, 0–2) 
and poor functional outcome (mRS score, 3–6). The 
univariable and multivariable logistic regression mod-
els were used to estimate the association between 
rCBV <34%, rCBV <38%, and rCBV <42% lesion 
volume with 90- day mRS score. Multivariable logistic 
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regression model took into account important vari-
ables: age, hypertension, diabetes, IVT administration, 
admission NIHSS score, ASPECTS, and each CBV 
threshold. The outcomes were reported as unadjusted 
and adjusted odds ratio, 95% CI, and P value. R2 was 
used to assess the impact of individual variables on 
the multivariable logistic regression model, which was 
as follows: clinical model with no rCBV, 0.267; clini-
cal model + rCBV34; 0.432; clinical model + rCBV38, 
0.446; and clinical model + rCBV42, 0.486.

The receiver operating characteristic (ROC) analy-
sis was used to assess the strength of prediction with 
rCBV thresholds in discriminating patients with good 
and poor functional status at 90 days. Statistically sig-
nificant analysis was described as P≤0.05, P<0.01, 
and P<0.001.

RESULTS
A total of 229 consecutive patients (median age, 
68 years; 58% women) met our inclusion criteria. In 
total, 72 patients (31%) received IVT, and 184 patients 
(80%) underwent MT.

Of 229 patients, 161 (70%) had M1 segment occlu-
sion, 45 (20%) had proximal M2 segment occlusion, 
and 23 (10%) had supraclinoid internal carotid artery 
occlusion.

Patient demographics, imaging parameters, and 
stroke treatment details are presented in Table 1. The 
patients with poor functional outcomes at 90 days 
were statistically significantly older (median age, 
73 years), compared with those with good functional 
outcomes (median age, 65 years; P<0.001). The cohort 
with poor functional outcomes had a statistically signif-
icant higher proportion of patients with hypertension, 
patients with diabetes, and those who received IVT.

Distribution of rCBV Lesion Volume
Median rCBV <42% (13.0 mL [IQR, 0–53.5] versus 0.0 
mL [IQR, 0–14.0]; P<0.001), rCBV <38% (10.5 mL [IQR, 
0–47.5] versus 0.0 mL [IQR, 0–10.0]; P<0.001), and 
rCBV <34% (9.0 mL, [IQR, 0–41.5] versus 0.0 mL [IQR: 
0–8.0]; P<0.001) lesion volumes were significantly 
higher in patients with poor functional outcomes as 
compared with those with good functional outcomes 
(Figure 1).

Correlation Analysis of rCBV Lesion 
Volume
On Spearman correlation analysis, the rCBV <42% 
lesion volume (ρ=0.27 [95% CI, 0.14–0.39]; P<0.001) 
showed stronger correlation with 90- day mRS as com-
pared with rCBV <38% (ρ=0.25 [95% CI, 0.12–0.37]; 
P<0.001) and rCBV <34% (ρ=0.24 [95% CI, 0.11–0.36]; 
P<0.001) lesion volumes.

Regression Analysis of rCBV Lesion 
Volume
On logistic regression analysis, higher rCBV <42% 
(unadjusted odds ratio, 0.97 [95% CI, 0.96–0.98]; 
P<0.001), rCBV <38% (unadjusted odds ratio, 0.97 
[95% CI, 0.96–0.98]; P<0.001), and rCBV <34% lesion 
volumes (unadjusted odds ratio, 0.97 [95% CI, 0.96–
0.99]; P<0.001) were associated with poor functional 
outcome.

Multivariable logistic regression analysis adjusting 
for potential confounding markers showed that all the 
rCBV thresholds were statistically significant as inde-
pendent variables in the multiple regression model 
(Tables 2–4).

ROC Analysis of rCBV Lesion Volume
All rCBV thresholds predicted the poor functional 
outcomes at 90 days. The rCBV <42% lesion volume 
(area under the curve [AUC], 0.67 [95% CI, 0.60–0.74]; 
P<0.001) ROC analysis was a little better compared 
with rCBV <38% (AUC, 0.66 [95% CI, 0.59–0.73]; 
P<0.001) and rCBV <34% (AUC, 0.65 [95% CI, 0.58–
0.72]; P<0.001) lesion volume in predicting 90- day 
functional outcome; however, this was not statistically 
significant (Figure 2).

Other Clinical Parameters That Were 
Associated With 90- Day Functional 
Outcomes
Advanced age, hypertension, diabetes, lack of IVT ad-
ministration, higher admission NIHSS score, and lower 
admission ASPECTS were associated with poor 90- 
day functional outcomes (Tables  2–4). However, ad-
justing for other confounding variables, only advanced 
age, diabetes, and higher admission NIHSS were as-
sociated with poor functional outcomes.

DISCUSSION
We found that all rCBV thresholds, rCBV <42%, rCBV 
<38%, and rCBV <34% lesion volumes were indepen-
dently associated with 90- day functional outcomes in 
patients with AIS- LVO. In keeping with earlier obser-
vations in patients with small- core stroke, rCBV <42% 
lesion volume ROC analysis and correlation coefficient 
was slightly higher than rCBV <38% and rCBV <34% 
lesion volumes. This study further validates rCBV le-
sion volumes as an additional prognostic biomarker of 
90- day functional outcome in this group of patients, 
slightly favoring rCBV <42%.

The rCBV threshold measures the compensatory re-
sponse in the hypoperfused tissue by quantifying CBV in 
the region of ischemia (with Tmax >6 seconds), relative to 
the CBV in normal parenchyma (with Tmax ≤4 seconds).5,8 
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Table 1. Demographics of Study Population, Imaging Biomarkers, and Treatment Details

90- day mRS score, 3–6 
(n=116, 50.7%)

90- day mRS score, 0–2 
(n=113, 49.3%) Total (n=229) P value

Demographics

Age, y, median (IQR) 73.00 (64–82.5) 65.00 (53–73) 68.00 (58–79) <0.001

Sex

Female 69 (59) 63 (56) 132 (58) 0.57

Male 47 (41) 50 (44) 97 (42)

Race

Black 52 (45) 39 (35) 91 (40) 0.28

White 53 (46) 66 (58) 119 (52)

Asian 6 (5) 5 (4) 11 (5)

Others 5 (4) 3 (3) 8 (3)

Comorbidities

Hypertension 97 (84) 80 (71) 177 (77) 0.02

Hyperlipidemia 58 (50) 59 (52) 117 (51) 0.74

Diabetes 43 (37) 23 (20) 66 (29) 0.01

Heart disease 64 (55) 50 (44) 114 (50) 0.10

Atrial fibrillation 46 (40) 42 (37) 88 (38) 0.70

Smoking 56 (48) 52 (47) 108 (48) 0.83

Prior transient ischemic attack or stroke 22 (19) 23 (20) 45 (20) 0.79

Occlusion segment

Supraclinoid Internal carotid artery 13 (11) 10 (9) 23 (10) 0.74

M1 82 (71) 79 (70) 161 (70)

Proximal M2 21 (18) 24 (21) 45 (20)

Premorbid mRS score

0 69 (63) 78 (70) 147 (67) 0.06

1 8 (7) 17 (15) 25 (11)

2 9 (8) 7 (6) 16 (7)

3 21 (19) 9 (8) 30 (14)

4 1 (1) 0 (0) 1 (0)

5 1 (1) 0 (0) 1 (0)

ASPECTS

0 3 (3) 1 (1) 4 (2) 0.04

1 1 (1) 0 (0) 1 (0)

2 3 (3) 2 (2) 5 (2)

3 2 (2) 1 (1) 3 (1)

4 4 (3) 0 (0) 4 (2)

5 8 (7) 4 (4) 12 (5)

6 14 (12) 3 (3) 17 (7)

7 6 (5) 13 (12) 19 (8)

8 16 (14) 19 (17) 35 (15)

9 13 (11) 17 (15) 30 (13)

10 46 (40) 53 (47) 99 (43)

Stroke management details

Intravenous thrombolysis 28 (24) 44 (39) 72 (31) 0.02

Mechanical thrombectomy performed 89 (77) 95 (84) 184 (80) 0.16

mTICI score

0 7 (8) 3 (3) 10 (6) 0.19

1 2 (2) 2 (2) 4 (2)

2A 5 (6) 0 (0) 5 (3)

 (Continued)
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This provides an estimate of the degree of hypoperfusion 
in the affected hemisphere. The normal homeostatic re-
sponse to ischemia is to increase CBV in the ischemic 
area to facilitate oxygen extraction via vasodilation and 
pooling of blood via collateral routes. Conversely, poor 
compensatory vasodilation in patients manifests as de-
creased CBV in ischemic territory (higher rCBV lesion 
volume), leading to poor functional outcomes as com-
pared with those patients with a robust compensatory 
response.17–29

Recently, the ESCAPE- NA1 trial data determined 
that all rCBV thresholds (rCBV <42%, rCBV <38%, and 
rCBV <34%) lesion volumes were significantly associ-
ated with lower functional independence as defined 
by 90- day mRS score, after adjusting for confounding 
variables. The ROC analysis showed a slightly higher 
AUC with the rCBV <42% lesion volume, as compared 
with the rCBV <34% and rCBV <38% lesion volume 
in predicting 90- day mRS score ≥3.6 However, the 
ESCAPE- NA1 study had stringent inclusion criteria, 

90- day mRS score, 3–6 
(n=116, 50.7%)

90- day mRS score, 0–2 
(n=113, 49.3%) Total (n=229) P value

2B 22 (26) 22 (26) 44 (26)

2C 11 (13) 13 (15) 24 (14)

3 38 (45) 46 (53) 84 (49)

Admission NIHSS score, median (IQR) 18.50 (13.0–22.0) 12.00 16.00 (10.0–20.0) <0.001

Time parameters, median (IQR)

Last known well- to- door time, min 79.00 (38.0–144.0) 95.50 85.00 (48.0–263.0) 0.11

Door- to- CT time, min 31.00 (23.0–57.5) 28.00 30.00 (18.0–45.5) 0.22

Door- to- needle time, min 74.00 (52.0–83.0) 57.50 59.00 (44.0–78.0) 0.33

Door- to- groin puncture time, min 160.50 (132.0–246.0) 156.50 157.50 (126.0–226.0) 0.78

Groin puncture- to- recanalization time, 
min

32.50 (24.0–53.0) 29.00 29.00 (22.0–51.0) 0.79

CTP parameter, median (IQR) 0.00 (0.00)

rCBV <34% lesion volume, mL 9.00 (0–41.5) 0.00 (0–8.0) 0.00 (0–23.0) <0.001

rCBV <38% lesion volume, mL 10.50 (0–47.5) 0.00 (0–10.0) 5.00 (0–25.0) <0.001

rCBV <42% lesion volume, mL 13.00 (0–53.5) 0.00 (0–14.0) 6.00 (0–32.0) <0.001

Values are described as number (percentage) unless otherwise specified. ASPECTS indicates Alberta Stroke Program Early Computed Tomography Score; 
CT, computed tomography; CTP, computed tomography perfusion; IQR, interquartile range; mRS, modified Rankin Scale; mTICI, modified Treatment in 
Cerebral Infarction; NIHSS, National Institutes of Health Stroke Scale; and rCBV, relative cerebral blood volume.

Table 1. Continued

Figure 1. Distribution of rCBV thresholds in patients with poor (90- day mRS score, 3–6) and good functional outcomes (90- 
day mRS score, 0–2) at 90 days.
Box and whisker plot distribution of rCBV <42% (A), rCBV <38% (B), and rCBV <34% (C) lesion volume in patients with a poor 90- 
day mRS score of 3 to 6 and with a good 90- day mRS score of 0 to 2. Box plot represents median and interquartile range, whereas 
whiskers represent minimum and maximum values. Y axis represents volume in mL. mRS indicates modified Rankin Scale; and rCBV, 
relative cerebral blood volume.
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where patients with large- core (ASPECTS <5), poor 
collateral status, minor stroke (NIHSS score <5), 
and last known well- to- door time of ≥12 hours were 
excluded. The ESCAPE- NA1 study also included 
medium- vessel occlusion (mid to distal M2 segment 
occlusions). The recent success of large- core trials 

has shown superior functional outcomes and lower 
mortality rate following MT compared with medical 
management alone, in patients with AIS- LVO with 
ASPECTS of 2 to 5.11,30–34 Hence, in this study, we 
aimed to assess the performance of different rCBV 
thresholds in all cases of AIS- LVO, including those 

Table 2. Multivariable Logistic Regression Analysis to Assess Association of rCBV <42% Lesion Volume With Follow- Up 
Poor Functional Outcome at 90 Days, as Defined by mRS Score of 3–6

Variables
Unadjusted odds ratio  
(95% CI) P value

Adjusted odds ratio  
(95% CI) P value

Age, y 0.96 (0.95–0.98) <0.001 0.95 (0.93–0.98) <0.001

Sex 1.17 (0.69–1.97) 0.57

Hypertension 0.48 (0.25–0.89) <0.05 0.91 (0.42–1.98) 0.82

Hyperlipidemia 1.09 (0.65–1.84) 0.74

Diabetes 0.43 (0.24–0.79) <0.01 0.39 (0.19–0.83) <0.05

Heart disease 0.65 (0.38–1.09) 0.09

Atrial fibrillation 0.90 (0.53–1.53) 0.69

Smoking 0.944 (0.561–1.590) 0.83

Occlusion segment 1.00 (0.846–1.182) 0.99

Prior transient ischemic attack or 
stroke

1.09 (0.57–2.10) 0.79

Intravenous thrombolysis 
administration

2.00 (1.134–3.541) <0.05 1.72 (0.85–3.50) 0.13

Mechanical thrombectomy 1.6 (0.82–3.10) 0.16

Admission NIHSS score 0.882 (0.844–0.921) <0.001 0.91 (0.87–0.95) <0.001

ASPECTS 1.178 (1.043–1.330) <0.01 1.17 (0.98–1.40) 0.08

rCBV <42% lesion volume 0.97 (0.96–0.98) <0.001 0.98 (0.97–0.99) <0.001

ASPECTS indicates Alberta Stroke Program Early Computed Tomography Score; CT, computed tomography; mRS, modified Rankin Scale; NIHSS, National 
Institutes of Health Stroke Scale; and rCBV, relative cerebral blood volume.

Table 3. Multivariable Logistic Regression Analysis to Assess Association of rCBV <38% Lesion Volume With Follow- Up 
Poor Functional Outcome at 90 Days, as Defined by mRS Score of 3–6

Variables
Unadjusted odds ratio  
(95% CI) P value

Adjusted odds ratio  
(95% CI) P value

Age, y 0.96 (0.95–0.98) P<0.001 0.95 (0.93–0.98) <0.001

Sex 1.17 (0.69–1.97) 0.57

Hypertension 0.48 (0.25–0.89) <0.05 0.92 (0.43–2.00) 0.84

Hyperlipidemia 1.09 (0.65–1.84) 0.74

Diabetes 0.43 (0.24–0.79) <0.01 0.39 (0.19–0.83) <0.05

Heart disease 0.65 (0.38–1.09) 0.09

Atrial fibrillation 0.90 (0.53–1.53) 0.69

Smoking 0.94 (0.56–1.59) 0.83

Occlusion segment 1.0 (0.84–1.18) 0.99

Prior transient ischemic attack or 
stroke

1.0 (0.57–2.10) 0.79

Intravenous thrombolysis 
administration

2.0 (1.13–3.54) <0.05 1.74 (0.86–3.54) 0.12

Mechanical thrombectomy 1.6 (0.82–3.10) 0.16

Admission NIHSS score 0.88 (0.84–0.92) <0.001 0.91 (0.87–0.95) <0.001

ASPECTS 1.17 (1.04–1.33) <0.01 1.17 (0.98–1.40) 0.08

rCBV <38% lesion volume 0.97 (0.96–0.98) <0.001 0.98 (0.96–0.99) <0.001

ASPECTS indicates Alberta Stroke Program Early Computed Tomography Score; CT, computed tomography; mRS, modified Rankin Scale; NIHSS, National 
Institutes of Health Stroke Scale; and rCBV, relative cerebral blood volume.
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with large cores (ASPECTS ≤5). Furthermore, there is 
a difference in management of large-  and medium- 
vessel occlusions, and hence, they were excluded 
from our study. Moreover, we also included patients 
with last known well ≥12 hours to reflect more real- 
world data. Nevertheless, our results were similar to 
the observation of ESCAPE- NA1 trial data,6 and all 
rCBV thresholds (rCBV <42%, rCBV <38%, and rCBV 
<34%) were independently associated with poor 90- 
day functional outcomes, and the rCBV <42% lesion 
volume performed slightly better than the rCBV <38% 
and rCBV <34% lesion volume in predicting 90- day 
mRS, though it was not statistically significant.

Despite these differing inclusion criteria, our results 
nevertheless corroborate prior work in demonstrating 
that higher volumes of rCBV result in poor functional 
outcomes at 90 days.5,8 Our findings support the un-
derlying pathophysiological biomechanics of lower 
rCBV in capturing the degree of compensation, where 
patients who are unable to generate a sufficient re-
sponse have poor functional outcomes.21

Our results also demonstrated that advanced age, 
diabetes, and higher admission NIHSS score were 
statistically significant as independent variables in the 
multiple regression model. These variables are already 
well established in the literature as a poor prognostic 
marker in patients with AIS- LVO.18 Lower ASPECTS 
(larger infarct core) and lack of MT were associated with 
poor functional outcomes on univariable analysis.33 

However, in our study we did find any association of 
MT or ASPECTS with the outcomes, after adjusting 
for confounding variables on multivariable logistic re-
gression analysis. Furthermore, sex, hypertension, hy-
perlipidemia, heart disease, atrial fibrillation, smoking, 
occlusion segment, and prior transient ischemic attack 
or stroke were not associated with 90- day functional 
outcome.

Limitations of our study include that of the retro-
spective study design and that CTP markers were 
measured on 1 commercial software, RAPID, which is 
computationally intensive and may not be available at 
all the centers. However, our study is strengthened by 
the sample size of 229 patients with anterior circulation 
large- vessel occlusion who are derived from 2 compre-
hensive stroke centers serving varying demographics.

Our results further validate the role of rCBV lesion 
volumes, especially rCBV <42% lesion volume, in esti-
mating 90- day functional outcomes, and further adds 
to the potential role of rCBV as a prognostic mark-
ers.35,36 More recently, large- core trials such as the 
TENSION (The Efficacy and Safety of Thrombectomy in 
Stroke) trial33 showed the benefit of MT in large- vessel 
occlusion cases irrespective of ischemic core volume 
on pretreatment imaging. Hence, CTP- based rCBV 
lesion volumes may be used as an adjunct marker 
during MT triage of especially complex AIS- LVO cases 
where decision is more nuanced. Future studies are 
needed to expand our understanding of the adjunct 

Table 4. Multivariable Logistic Regression Analysis to Assess Association of rCBV <34% Lesion Volume With Follow- Up 
Poor Functional Outcome at 90 Days, as Defined by mRS of 3–6

Variables
Unadjusted odds ratio  
(95% CI) P value

Adjusted odds ratio  
(95% CI) P value

Age, y 0.96 (0.95–0.98) P<0.001 0.95 (0.93–0.98) <0.001

Sex 1.17 (0.69–1.97) 0.570

Hypertension 0.48 (0.25–0.89) <0.05 0.93 (0.43–2.02) 0.86

Hyperlipidemia 1.09 (0.65–1.84) 0.740

Diabetes 0.43 (0.24–0.79) <0.01 0.40 (0.19–0.83) <0.05

Heart disease 0.65 (0.38–1.09) 0.090

Atrial fibrillation 0.90 (0.53–1.53) 0.690

Smoking 0.944 (0.561–1.590) 0.830

Occlusion segment 1.00 (0.846–1.182) 0.990

Prior transient ischemic attack or 
stroke

1.09 (0.57–2.10) 0.790

Intravenous thrombolysis 
administration

2.00 (1.134–3.541) <0.05 1.74 (0.86–3.53) 0.13

Mechanical thrombectomy 1.6 (0.82–3.10) 0.16

Admission NIHSS score 0.882 (0.844–0.921) <0.001 0.91 (0.87–0.95) <0.001

ASPECTS 1.178 (1.043–1.330) <0.01 1.17 (0.98–1.40) 0.08

rCBV <34% lesion volume 0.97 (0.96–0.99) <0.01 0.98 (0.96–0.99) <0.01

ASPECTS indicates Alberta Stroke Program Early Computed Tomography Score; CT, computed tomography; mRS, modified Rankin Scale; NIHSS, National 
Institutes of Health Stroke Scale; and rCBV, relative cerebral blood volume.
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role of rCBV volumes with other similar pretreatment 
imaging- based markers in clinical evaluation and de-
cision making in patients with AIS- LVO, particularly in 
the large- core subset of patients. In addition, more re-
search is needed to investigate the biomechanisms of 
rCBV with respect to impaired cerebral autoregulation.
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Figure 2. ROC curve analysis of rCBV lesion volume thresholds in predicting poor functional 
outcomes (defined as mRS score, 3–6 at 90 days).
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lesion volume in predicting 90- day functional outcome. AUC indicates area under the curve; mRS, 
modified Rankin Scale; rCBV, relative cerebral blood volume; and ROC, receiver operating characteristic.
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