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Background: Currently, the selection of patients with acute anterior large vessel occlusions (LVOs) for
endovascular thrombectomy (EVT) is primarily based on dynamic susceptibility contrast perfusion-weighted
imaging (DSC-PWI) or computed tomography (CT) perfusion imaging. This study investigated the
consistency between hypoperfused tissue (HPT) (time to maximum >6 s, Tmax >6 s) volumes estimated by
corrected and uncorrected multidelay pseudo-continuous arterial spin labeling (pCASL) and DSC-PWT in
patients with anterior LVOs and also evaluated the diagnostic performances in selecting patients with acute
LVOs for EVT.

Methods: This retrospective study enrolled patients with acute (n=108) and symptomatic chronic (n=90)
LVOs. Shapiro-Wilk tests and receiver operating characteristic (ROC) analyses were used. Intraclass
correlation coefficient (ICC) compared the consistency of HPT volume calculated by DSC-PWI and
multidelay pCASL.

Results: Multidelay pCASL with different thresholds in acute LVOs were 128.8 [interquartile range (IQR),
76.2—-181.1] mL in uncorrected relative cerebral blood flow (rCBF) <40%, 84.1 (IQR, 36.8-133.9) mL
in uncorrected CBF <20 mL-100 g™"-min™', and 74.4 (IQR, 26.2-118.0) mL in corrected CBF
<20 mL-100 g"-min"', which were comparable to the volume of 69.5 (IQR, 20.0-121.4) mL automatically
determined by Tmax >6 s in DSC-PWI, and showed substantial consistency after correction (ICC =0.742).
Multidelay pCASL with different thresholds in symptomatic chronic LVOs was 78.3 (IQR, 53.5-129.4) mL,
59.8 (IQR, 16.6-98.5) mL and 36.4 (IQR, 10.1-85.3) mL, which were comparable to the volume of 0 (IQR,
0-36.4) mL in DSC-PWI, and showed substantial consistency after correction (ICC =0.617). Using DEFUSE
3 as the reference standard, the CBF corrected by arterial transit time (ATT) showed good performance in
selecting patients for EVT (area under the curve 0.804, 95% confidence interval: 0.717-0.891).
Conclusions: The volume of HPT defined by corrected CBF <20 mL-100 g”":min™" is consistent with that
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of DSC-PWT in acute and chronic symptomatic LVOs patients. Multidelay pCASL adjusted by ATT is more

applicable to clinical routine.
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Introduction

Stroke is a leading cause of mortality and long-term
disability worldwide, with new stroke cases reaching
approximately 3.94 million annually (1). In China, ischemic
stroke accounted for nearly 81.9% of all the stroke-related
cases; 20% of these cases were due to acute ischemic stroke
(AIS) from anterior large vessel occlusions (LVOs) in
2019 (2). The DEFUSE-3 and DAWN trials demonstrated
that endovascular thrombectomy (EVT) improved the
benefit window between 6-24 hours for selected patients
with LVOs in the anterior circulation (3,4). Perfusion
imaging is generally used to select patients with AIS and
salvageable ischemic brain tissue for EVT (5). AIS patients
exhibiting specific patterns of penumbra tissue—which
refers to the volume of brain tissue that is ischemic but
has not yet progressed to infarction—may derive benefits
from endovascular reperfusion therapy even beyond the
conventional 6-hour window from the onset of symptoms.
Penumbral volume, measured using automated software,
has been defined as the volume of tissue with critical
hypoperfusion tissue (HPT) (time to maximum >6 s, Tmax
>6 s) minus the volume of the ischemic core (6). The analysis
of cerebral hemodynamics in patients with symptomatic
chronic occlusive disease is important for determining
the clinical treatment strategy and prognosis (7).
Computed tomography perfusion (CTP) imaging has
shown that the incidence of border zone infarction and
cognitive impairment is significantly higher in ischemic
stroke patients with symptomatic chronic occlusions
that demonstrate benign oligemia (8). Estimation of the
hypoperfused area is critical in determining the clinical
outcomes of stroke patients.

Arterial spin labeling (ASL) is a non-invasive magnetic
resonance imaging (MRI) technique that can be used to
estimate cerebral blood flow (CBF). Previous studies have
shown that the ASL-CBF is comparable to the dynamic
susceptibility contrast perfusion-weighted imaging (DSC-
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PWI) in delineating the HPT regions in patients with AIS
(9,10). Recently, multidelay ASL has employed multiple
post-labeling delays (PLDs) to achieve the optimal
perfusion parameters, which yields more accurate CBF
by correction of arterial transit time (ATT) instead of
the assumption that AT'T equals labeling delay time (11).
ASL would be advantageous over DSC-PWI and CTP for
patients with impaired renal function because it can estimate
perfusion parameters without using radiation or contrast
agents and can perform repetitive perfusion imaging (12,13).
Furthermore, non-invasive quantification of the volume
of the ischemic penumbra is essential for defining the
treatment strategy for stroke patients with acute LVOs.

We hypothesized that a background-suppressed
3-dimensional (3D) pulse sequence in conjunction with
a multi-delay pseudo-continuous ASL (pCASL) would
accurately identify and estimate the volumes of HPT in
patients with acute and symptomatic chronic anterior LVOs.
Therefore, in this study, we compared the volumes of the
HPT as estimated by the multidelay pCASL and the DSC-
PWI techniques in patients with acute and symptomatic
chronic anterior LVOs. We also evaluated the prediction
performance of pCASL data to select patients with
acute anterior LVOs for EVT. We present this article in
accordance with the STROBE reporting checklist (available
at https://qims.amegroups.com/article/view/10.21037/
qims-24-1560/rc).

Methods
Patient selection

This retrospective study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The study
was approved by institutional ethics board of Tianjin First
Central Hospital (No. 2017N002KY) and the requirement
of individual consent for this retrospective analysis was
waived. This study included 368 patients with LVOs
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of the anterior circulation based on the time of flight-
magnetic resonance angiography (TOF-MRA) assessment
between June 2018 and March 2021. These patients were
simultaneously subjected to DSC-PWI, diffusion-weighted
imaging (DWI), and multi-delay pCASL. The patient
demographics and the characteristics of the ischemic
strokes based on the DWI, apparent diffusion coefficient
(ADC) values, and the T2-weighted imaging (T2WI) were
evaluated.

The inclusion criteria for patients with acute LVOs
were as follows: (I) AIS was observed within 6-24 hours
of symptom onset; and (II) acute ischemic lesions were
detected in the DWI. The exclusion criteria were as follows:
(I) patient motion artifacts that affected the diagnosis; and
(I) >50% stenosis on the MRA in the contralateral internal
cerebral artery (ICA) or middle cerebral artery (MCA),
which may affect brain perfusion.

The inclusion criteria for patients with symptomatic
chronic LVOs were as follows: (I) duration of the occlusion
was 4 weeks or more (14,15); (II) presence of recurrent
ischemic neurological deficits including transient ischemic
attacks or stroke; and (III) DWI showing border zone
infarction and/or perfusion images showing T'max >4 s. The
exclusion criteria were as follows: (I) poor MR image quality
of pCASL; (II) >50% stenosis in the contralateral large
vessels of the anterior circulation; (IIT) non-atherosclerotic
occlusions related to moyamoya disease or angiitis disease;
and (IV) symptom aggravation due to hemorrhagic
transformation of the infarction or new infarction in a non-
occluded vessel.

MRI data acquisition

MRI was performed using a 3T MRI scanner
(MAGNETOM Prisma; Siemens Healthcare, Erlangen,
Germany) equipped with a 64-channel head-neck coil.
pCASL and DWI data were acquired before injecting
the contrast for DSC-PWI acquisitions. The standard
MRI protocol for the stroke patients included axial
T2WI, DWI, MRA, pCASL, and DSC brain perfusion
imaging. The DWI data was acquired using a single-
shot echo planar imaging (EPI) sequence with following
parameters: time of repetition (TR) =2,900 ms; time of
echo (TE) =73 ms; field of view (FOV) =240x240 mm’,
matrix =168x134; slice thickness =5 mm; number of
slices =19; GeneRalized Autocalibrating Partial Parallel
Acquisition (GRAPPA) acceleration factor =2; 2 b values
(0 and 1,000 s/mm®) were applied in 4 diffusion directions;
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acquisition time =23 s. The ASL scans were performed
using a 5-delay pCASL pulse sequence and background
suppressed 3-dimensional gradient and spin-echo readout
with the following parameters: TR =4,600 ms; TE =32 ms;
FOV =224x224 mm’; matrix =64x64; slice thickness =3.5
mm; number of slices =32; labeling pulse duration =1.5 s;
PLD =1/1.5/2/2.5/3 s; GRAPPA acceleration factor =2;
acquisition time =6 min 3 s. The MO scan was also acquired
without labeling or suppression pulses. The reasons for the
choice of 1/1.5/2/2.5/3 s for PLD are given in Appendix 1.
The DSC-PWI was acquired using an EPI sequence with
following parameters: TR =1,500 ms; TE =30 ms; FOV
=220x220 mm’, matrix =128x128; slice thickness =5 mm;
number of slices = 19; GRAPPA acceleration factor =2;
acquisition time =1 min 38 s. DSC-PWI was performed
by administering 0.1 mmol/kg of the gadolinium-based
contrast agent (Magnevist; Schering, Berlin, Germany)
at a rate of 3 mL/s. DSC-PWTI analysis was performed by
acquiring 60 measurements for each section. The specific
imaging parameters of the MRI sequences are listed in
‘Table S1.

Postprocessing of MRI data and automated estimation of
the bypoperfused lesions

The DWI and DSC-PWI data analyses were performed
with automated RAPID software (iSchemaView; Menlo
Park, CA, USA), and the volume of the ischemic core and
penumbra regions were estimated. The ADC values based
on the DWI were used to quantify the ischemic core.
PWI required selection of a global arterial input function
from an unaffected anterior cerebral artery and a venous
outflow function from a large draining vein (sagittal sinus).
Deconvolution of the tissue enhancement curve and the
arterial input function was performed using model-free
singular value decomposition. Tmax >6 s was used for
calculating the total HPT in software, and penumbra and
infarct volume was quantified within the whole scan range.
The ischemic core was defined as ADC <620x10° mm?/s.
The penumbra was defined as the volume of tissue between
Tmax >6 s and infarct core.

The postprocessing and analysis of the multi-delay
pCASL data was performed using a commercial software
by Anying Technology Beijing Co., Ltd. (aStroke, ischemic
penumbra module of CereFlow automatic calculation
software; Beijing, China). The ASL images were first
subjected to motion correction. Then, pairwise subtraction
was performed between the labeled and the control images
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to generate the mean difference images for each PLD. An

uncorrected CBF image was calculated according to formula

with total signal intensity image. An AT T-corrected CBF

image was calculated according to the following formula

with total signal intensity image and ATT image (3) (11,16):
6000¢°" " SI-Sr

cCBF = (1]
287; (e max(PLD-5.0)/T; _ max(LD+PLD-5 0) r,,) MO
a

where CBF reflects the cerebral blood flow in
mL-100 g"-min™', § is the arterial transit delay, PLD is the
shortest post labeling delay (1.0 s), LD is the entire labeling
duration (4.0 s), T, is the longitudinal relaxation of arterial
blood (1.6 s), T, is the longitudinal relaxation of gray
matter (1.2 s), is the combined efficiency of labeling and
background suppression (0.6375), SI is the signal intensity
in the PWI, and MO is the signal intensity of the reference
image. The reference image is scaled by Sr =4 (1 - e™"?) to
account for the combined effect of the blood-brain partition
coefficient (lambda 0.9) and the partial GM signal recovery
in a 2-s saturation-recovery reference image.

The volume of the ischemic core was measured using
the RAPID software. The uncorrected relative CBF (rCBF)
values were defined as ipsilateral divided by the contralateral
measurements. Hypoperfusion regions of uncorrected
rCBF were obtained at 40%. This cut-off was based on a
previous study, which demonstrated that the hypoperfused
regions corresponding to 40% reduced CBF relative to the
contralateral regions correlated with the penumbra (17).
One region of absolute value of corrected CBF (cCBF) was
obtained according to the range: 0 to 20 mL-100 g™"-min™".
The penumbra was defined as the volume of HPT minus
the volume of infarct core.

All the source MR images and the estimates of the
hypoperfused lesions from the DSC-PWI and multi-delay
pCASL datasets were independently reviewed and validated by
2 experienced neuroradiologists with 10 years of experience.
The neuroradiologists were not blinded to the software. The
reports were evaluated in terms of correct placement of the
arterial input function and misregistration of regions outside
the territory of the occluded artery. The inclusion criteria were
based on the DEFUSE-3 trial (3). Patients with an ischemic
core of <70 mL, ratio of the ischemic tissue volume to the
initial infarct volume >1.8, and a penumbra size of >15 mL
were considered for thrombectomy.

Statistical analysis

Statistical analysis was performed using the software SPSS
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23.0 (IBM Corp., Armonk, NY, USA) and GraphPad
Prism 9.0 (GraphPad Software Inc., San Diego, CA,
USA) software. Descriptive statistics were used to quantify
the differences among the HPT volumes and penumbra
calculated using the 2 techniques. The mean values were
used for normally distributed data and median values were
used for non-normally distributed data. The Shapiro-Wilk
test was used to compare the normally distributed data.
The estimated volumes and the ratios were not normally
distributed because the occlusions of different vascular
sections resulted in the hypoperfusion of multiple cerebral
areas. Intraclass correlation coefficient (ICC) compared the
consistency of HPT volume calculated by DSC-PWTI and
multidelay ASL. ICC 0.41-0.60 was moderate, 0.61-0.80
substantially consistent, and 0.81-1.00 almost perfect
(excellent). The receiver operating characteristic (ROC)
curve was performed to assess the prediction performance
of pCASL data to select patients for mechanical
thrombectomy. All tests were 2-sided with a significance
level of 0.05.

Results
Basic characteristics of the participants

The patient selection strategy used in this study is shown in
Figure 1. Initially, 368 consecutive patients with LVOs were
enrolled in this study. Finally, 198 patients, comprising 108
(55%) with acute LVOs and 90 (45%) with symptomatic
chronic LVOs, were included in the study. Table 1 shows the
clinical and imaging characteristics of the included patients
with acute and symptomatic chronic LVOs.

Consistency of HPT volumes based on the corrected pCASL
and the DSC-PWI in patients with acute and symptomatic
chronic LV Os

Multidelay ASL with different thresholds in acute LVOs
were 128.8 [interquartile range (IQR), 76.2-181.1] mL
in uncorrected rCBF <40%, 84.1 (IQR, 36.8-133.9) mL
in uncorrected CBF <20 mL-100 g™'-min™', and
74.4 (IQR, 26.2-118.0) mL in cCBF <20 mL-100 g™"-min",
which were compared with the volume of 69.5 (IQR,
20.0-121.4) mL automatically determined by Tmax >6 s
in DSC-PWI. Multidelay ASL with different thresholds in
symptomatic chronic LVOs were 78.3 (IQR, 53.5-129.4) mL.
in uncorrected rCBF <40%, 59.8 (IQR, 16.6-98.5) mL in
uncorrected CBF <20 mL-100 g™-min™', and 36.4 (IQR,
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52 patients with posterior occlusions

16 patients with MCA-M2 occlusions
2 patients with stroke mimics

30 patients without pCASL examinations

26 patients without DSC-PWI examinations

35 patients excluded:
* 25 patients with contralateral ICA or MCA >50%
stenosis on TOF-MRA

® 7 patients with severe motion artifacts on pCASL
and DSC-PWI

3 patients with uninterpretable failures of post-
processed of pCASL

Symptomatic chronic LVOs
»| * 5 patients with infarction in the area of a non-

occluded vessel

c
[}
= 368 patients who had large vessel occlusions
sf;f between June 2018 and March 2021 when they
§ were first seen at outpatient clinic
Y
298 patients with ICA and (or) MCA-M1
occlusions

o
£ >
= >
3
5] Y
(%}

242 patients with ICA and (or) MCA-M1

occlusions with both pCASL and DSC

examination
Y

2 198 patients included
% ¢ 108 patients with acute LVOs
£ ® 90 patients with symptomatic chronic LVOs

4 patients with symptom aggravation or
recurrence due to hemorrhagic transformation of
infarction

Figure 1 Flowchart of the patient selection strategy. ICA, internal carotid artery; MCA-MI, first segment of the middle cerebral

artery; MCA-M2, second segment of the middle cerebral artery; pCASL, pseudo-continuous arterial spin labeling; DSC-PWI, dynamic

susceptibility contrast perfusion weighted imaging; LVOs, large vessel occlusions; TOF-MRA, time of flight-magnetic resonance

angiography.

10.1-85.3) mL in cCBF <20 mL-100 g™'-min™', which
were compared with the volume of 0 IQR, 0-36.4) mL
automatically determined by Tmax >6 s in DSC-PWI. The
specific change in hypoperfusion volume before and after
corrected by AT'T are provided in Figure 2.

In the acute group, hypoperfusion volume defined by
uncorrected rCBF <40% in multidelay pCASL and Tmax
>6 s in DSC-PWI showed moderate consistency (ICC
=0.578). Hypoperfusion volume defined by uncorrected
CBF <20 mL-100 g™"-min™" in multidelay pCASL and Tmax
>6 s in DSC-PWI showed substantial consistency (ICC
=0.675). Hypoperfusion volume defined by AT T-corrected
CBF <20 mL-100 g"-min™" in multidelay pCASL and Tmax
>6 s in DSC-PWI showed substantial consistency (ICC
=0.742).

In the symptomatic chronic group, hypoperfusion
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volume defined by uncorrected rCBF <40% in multidelay
pCASL and Tmax >6 s in DSC-PWI showed weak
consistency (ICC =0.292). Hypoperfusion volume defined
by uncorrected CBF <20 mL-100 g™'-min™" in multidelay
pCASL and Tmax >6 s in DSC-PWI showed moderate
consistency (ICC =0.415). Hypoperfusion volume defined
by cCBF <20 mL-100 g"-min™" in multidelay pCASL and
Tmax >6 s in DSC-PWI showed substantial consistency
(ICC =0.617) (1able 2). Figure 3 shows the representative
images of hypoperfusion volume defined by multidelay
pCASL and DSC-PWL

ASL-DWI shows good performance in selecting patients
with acute LV Os for EVT

The selection of patients for EVT was determined based
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Table 1 Clinical and imaging characteristics of the patients with acute or symptomatic chronic LVOs
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Parameters

Total (n=198)

Acute LVOs (n=108)

Symptomatic chronic LVOs (n=90)

Clinical characteristics

Age (years) 57.0£12.7
Males 148 (74.7)
Median baseline NIHSS 6 [1-9]
Hypertension 125 (63.1)
Hyperlipidemia 26 (13.1)
Diabetes mellitus 49 (24.7)
Atrial fibrillation 16 (8.1)
Occlusion site
Intracranial ICA occlusion with or without MCA 99 (50.0)
Isolated proximal MCA-M1 occlusion 99 (50.0)
Imaging characteristics
Infarction core (mL) 1.0 [0-20.5]
Tmax >6 s (mL) 30.8 [0-92.0]

Uncorrected rCBF <40% (mL)
Uncorrected CBF <20 mL-100 g™"-min” (mL)
GCBF <20 mL-100 g~min™" (mL)

107.2 [63.5-157.6]
72.5 [25.7-126.3]
59.7 [23.2-108.6]

58.4+12.2
84 (77.8)
8 [7-10]
70 (64.8)
16 (14.8)
28 (25.9)
12 (11.1)

47 (43.5)
61 (56.5)

16.3 [1.5-38.3]
69.5 [20.0-121.4]
128.8 [76.2-181.1]
84.1 [36.8-133.9]
74.4 [26.2-118.0]

55.3+13.2
64 (71.1)
1 [0-2]
55 (61.1)
10 (11.1)
21 (23.3)
4 (4.4)

52 (57.8)
38 (42.2)

0 [0-0]

0 [0-36.4]
78.3 [53.5-129.4]
59.8 [16.6-98.5]
36.4 [10.1-85.3]

Data are presented as median [IQR], mean + SD or n (%). LVOs, large vessel occlusions; SD, standard deviation; NIHSS, National Institute
of Health Stroke Scale; IQR, interquartile range; ICA, intracranial cerebral artery; MCA-M1, first segment of middle cerebral artery; CBF,
cerebral blood flow; rCBF, relative cerebral blood flow; cCBF, corrected cerebral blood flow.
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Figure 2 Graphs showing changes in hypoperfusion volume before and after corrected by ATT in acute (A) and symptomatic chronic
(B) anterior LVOs. ****, P<0.0001; **, P<0.05. AT'T, arterial transit time; DSC-PWI, dynamic susceptibility contrast perfusion weighted
imaging; LVOs, large vessel occlusions; CBEF, cerebral blood flow; rCBE, relative CBF; cCBE, corrected CBF; ns, not significant.
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Table 2 The consistency of hypoperfusion volume in multidelay pCASL and DSC-PWI

Multidelay pCASL ICC (95% Cl) P value
Acute LVOs
Hypoperfusion
Uncorrected rCBF <40% 0.578 (0.170-0.805) <0.01
Uncorrected CBF <20 mL-100 g™"-min™ 0.675 (0.552-0.768) <0.01
cCBF <20 mL-100 g”"min™ 0.742 (0.644-0.816) <0.01
Symptomatic chronic LVOs
Uncorrected rCBF <40% 0.292 (-0.094-0.591) <0.01
Uncorrected CBF <20 mL-100 g™"-min”"' 0.415 (0.034-0.653) <0.01
cCBF <20 mL-100 g™"min™ 0.617 (0.245-0.793) <0.01

pCASL, pseudo-continuous arterial spin labeling; DSC-PWI, dynamic-susceptibility-contrast perfusion-weighted-imaging; ICC, intraclass
correlation coefficient; Cl, confidence interval; LVOs, large vessel occlusions; CBF, cerebral blood flow; rCBF, relative cerebral blood flow;

cCBF, corrected cerebral blood flow.

on the DEFUSE 3 trial standard, and the assessment of
penumbra and ischemic core were from DSC-PWT as well
as ADC. Using selection results based on DSC-PWT as
the reference standard, the CBF corrected by AT'T showed
good performance in selecting patients with acute LVOs
for EVT (AUC =0.804, 95% CI: 0.717-0.891) (Figure 4).
The sensitivity and specificity were 70.9% and 84.9%,
respectively.

Discussion

This study compared the consistency between the
multidelay pCASL before and after correction by AT'T and
DSC-PWI in evaluating the hypoperfused tissue volumes
in patients with LVOs. The HPT volumes assessed by
multidelay pCASL after correction were close to that of
DSC-PWI, whether it was acute or symptomatic chronic
LVO patients. Moreover, the pCASL based on DEFUSE 3
showed good performance in selecting patients with acute
LVOs for thrombectomy. AT'T-corrected CBF was closer
to the true microcirculation state, for which pCASL mainly
detects microvascular perfusion by labeling the hydrogen
proton in the blood as a self-contrast tracer (18,19). A
number of studies have confirmed that CBF calculated by
ASL has a high consistency with the blood perfusion value
and glucose metabolism obtained by positron emission
tomography (20,21).

The ¢cCBF maps estimated from the multidelay pCASL
data and the Tmax maps from the DSC-PWI data
showed similar accuracy in identifying patients with acute
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hypoperfused lesions and the tissue at-risk of infarction for
EVT. These findings were in accordance with previously
reported findings (22,23). The consensus statement
of the International Society for Magnetic Resonance
in Medicine ISMRM) perfusion study group and the
European consortium for ASL in dementia-approved
specific recommendations for the use of ASL in clinical
applications, including the use of the pCASL scheme for
scanning and a PLD of 2,000 ms for the adult patients (24).
Previous studies have demonstrated that the estimation of
the hypoperfusion volume by the long-delay and multidelay
pCASL is more accurate compared with the standard-
delay ASL (17,25). It is particularly significant to carry out
multidelay labeling with prolonged post labeling time, in
which patients with LVO have longer AT'T than do healthy
people.

The pCASL-rCBF <40% threshold relative to the
contralateral healthy region was comparable to the PWI-
Tmax >6 s and the CTP-Tmax >5.5 s thresholds for
the accurate measurement of the penumbra (17,26-28).
Wang et al. (27) demonstrated that the pCASL perfusion
MRI in conjunction with the deep learning algorithm
was a promising approach to select patients with AIS for
EVT. Yu et al. (29) developed an automatic reperfusion
scoring system based on the ASPECTS template and
demonstrated its clinical utility in selecting patients with
AIS for thrombolysis or endovascular treatments. However,
we could not guarantee that the contralateral hemisphere
is in a normal state of cerebral microcirculation. We found
that AT T-corrected ASL is likely to minimize the problem
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Figure 3 Representative hypoperfusion volume defined by multidelay ASL and DSC-PWT of acute anterior large vessel occlusions.

Representative brain MR images of a 76-year-old man with occlusions in the left internal carotid artery. (A) The volume of ischemic core
in DWI was 74.1 mL. (B) The hypoperfusion volume defined by time to maximum >6 s (green) was 23.9 mL. (C) CBF corrected by ATT
showed hypoperfusion in left parietal and temporal lobe. The hypoperfusion volume was 35.26 mL. (D) The hypoperfusion volume of

uncorrected rCBF <40% (green) was 96.84 mL. (E) The hypoperfusion volume of uncorrected CBF <20 mL-100 g"'-min™' (green) was

53.2 mL. ASL, arterial spin labeling; DSC-PWI, dynamic susceptibility contrast perfusion-weighted imaging; MR, magnetic resonance;
DWI, diffusion-weighted imaging; CBEF, cerebral blood flow; AT'T, arterial transit time; rCBE, relative CBE.

of reaching the parenchymal capillary bed and accurately
estimate the hypoperfused tissue volumes.

The prognosis of patients with AIS and their quality
of life are highly dependent on the choice of treatment.
Advanced imaging techniques have been used to quantify
the volumes of the infarct core and the penumbra and play
an important role in the management of patients with AIS.

© AME Publishing Company.

However, the measurements of the infarct cores based on
the DWI and CTP techniques vary significantly and can
impact clinical decisions (30,31). DWI and DSC-PWT are
the current gold standards for estimating the ischemic core
and the penumbra in clinical settings. However, DSC-
PWI is performed by injecting the contrast agent, which
is contraindicated in patients with renal impairments
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Figure 4 ROC curve analysis of the pCASL corrected by ATT.
The ROC curve analysis of the pCASL corrected by AT'T based
on DEFUSE 3 standard to select patients with AIS for EVT. ROC,

receiver operating characteristic; pCASL, pseudo-continuous

arterial spin labeling; AT'T, arterial transit time; AIS, acute

ischemic stroke; EV'T, endovascular thrombectomy.

(13,32,33). Furthermore, repeated administration of
gadolinium-based contrast agents is linked to MRI signal
changes in the deep nuclei of the brain (34). pCASL does
not require any contrast and can be performed on all the
patients with AIS undergoing MRI, including the elderly,
children, and pregnant women. It cannot be performed
only for those patients who are contraindicated for MRI.
Therefore, the non-invasive ASL perfusion after correction
and diffusion MRI can be used routinely for patients with
AIS for treatment evaluation as well as post-treatment
follow-up of disease progression.

Our study showed good consistency between pCASL
and DSC-PWTI in estimating the HPT volumes of patients
with acute LVOs. Different individuals of LVOs could
result in different arriving time of labeled blood flow.
Uncorrected ATT resulted in overestimating the volumes
of HPT. Fan et al. (35) reported that long-label long-delay
ASL acquisitions (PLD =4.0 s) were necessary to accurately
estimate cortical CBF in patients with moyamoya disease.
Consistent with the previous studies (36,37), CBF maps
of patients with acute LVOs based on the multi-delay and
long delay pCASL were more accurate. This suggested
that patients with LVOs require longer PLDs to accurately
estimate HPT volumes. Multiple PLDs cover a wider range

© AME Publishing Company.

of time, avoiding the underestimation of CBF caused by too
short PLD time. Therefore, our data suggest that accurate
estimation of hypoperfused tissue volumes in patients with
acute LVOs requires correction by ATT. In such cases, a
mixture of high and low ASL signal intensity, referred to as
the arterial transit artifacts (ATAs), was observed because
the PLD was not long enough for the labeled blood to
reach the parenchymal capillary bed (38). The presence
of ATA affects the accuracy of estimating hypoperfused
volumes. There was good agreement between the
2 imaging methods in assessing the hypoperfused volume,
but the multi-delay pCASL exaggerated the hypoperfused
volume because of ATA (Figure S1). De Havenon ez 4. (39)
suggested that ATA on ASL were indicative of improved
neurologic outcomes in patients with ischemic stroke at
hospital discharge. However, this did not correlate with the
findings in our study. Therefore, using the AT T-corrected
CBF technique minimizes the problem of reaching the
parenchymal capillary bed and accurately estimates the
hypoperfused tissue volumes. Future studies can improve
the consistency between the pCASL and DSC-PWTI by
correcting CBF and increasing the number of PLDs in
patients with symptomatic, chronic LVOs.

Our study has several limitations. Firstly, the MRI
data analysis and automated volume calculation was
performed on a cohort of patients from a single center;
this could lead to sampling bias. We also evaluated pCASL
and DSC-PWI data for all the participants and did not
perform any manual corrections during the segmentation
process. Secondly, the volume of hypoperfused lesions
was estimated and analyzed for 108 patients with acute
LVOs and 90 patients with symptomatic chronic LVOs.
In the future, larger cohorts from multiple centers
need to be analyzed to improve the accuracy of pCASL
and validate our findings. Thirdly, we did not perform
ASL examinations of the participants after mechanical
thrombectomy within 24 hours. We also did not correlate
our findings with the clinical outcomes of the patients or
estimate the final stroke volume in the follow-up imaging.
These aspects were outside the focus of our study. The
primary goal of this investigation was to evaluate the
technical differences or similarities between the 2 perfusion
methods in stroke diagnostics. In the future, large-scale
multi-center clinical studies are required to evaluate the
efficacy of pCASL in accurately estimating hypoperfused
tissue volumes and hemorrhagic transformation in patients
with AIS and predict the follow-up infarction in patients
with AIS who have not undergone reperfusion therapy.
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Conclusions

The volume of hypoperfusion defined by corrected CBF
<20 mL-100 g"'-min™" is close to that of DSC-PWI in
acute and chronic symptomatic LVOs patients. Multidelay
pCASL adjusted by ATT is more accurate in identifying

microcirculation dysfunction.
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