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Background: Arterial spin labeling (ASL) has shown potential for the assessment of penumbral tissue in patients with acute
ischemic stroke (AIS). The postlabeling delay (PLD) parameter is sensitive to arterial transit delays and influences cerebral
blood flow measurements.
Purpose: To assess the impact of ASL acquisition at different PLDs for penumbral tissue quantification and to compare
their performance regarding assisting patient selection for endovascular treatment with dynamic susceptibility contrast
MRI (DSC-MRI) as the reference method.
Study Type: Retrospective.
Population: A total of 53 patients (59.98 � 12.60 years, 32% women) with AIS caused by internal carotid or middle cere-
bral artery occlusion.
Field Strength/Sequence: A 3-T, three-dimensional pseudo-continuous ASL with fast-spin echo readout.
Assessment: Hypoperfusion volume was measured using DSC-MRI and ASL with PLDs of 1.500 msec and 2.500 msec,
respectively. Eligibility for endovascular treatment was retrospectively determined according to the imaging criteria of the
Endovascular Therapy Following Imaging Evaluation for Ischemic Stroke trial (DEFUSE 3).
Statistical Tests: Kruskal–Wallis tests, Bland–Altman plots, Cohen’s kappa, and receiver operating characteristic analyses
were used. The threshold for statistical significance was set at P < 0.05.
Results: Hypoperfusion volume for ASL with a PLD of 1.500 msec was significantly larger than that for DSC-MRI, while the
hypoperfusion volume for a PLD of 2.500 msec was not significantly different from that of DSC-MRI (P = 0.435). Bland–
Altman plots showed that the mean volumetric error between the hypoperfusion volume measured by DSC-MRI and ASL
with PLDs of 1.500/2.500 msec was �107.0 mL vs. 4.49 mL. Cohen’s kappa was 0.679 vs. 0.773 for DSC-MRI and ASL,
respectively, with a PLD of 1.500/2.500 msec. The sensitivity and specificity for ASL with a PLD of 1.500/2.500 msec in
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identifying patients eligible for treatment were 89.74% vs. 97.44% and 92.86% vs. 64.29%, respectively.
Data Conclusion: In AIS, PLDs for ASL acquisition may have a considerable impact on the quantification of the hypo-
perfusion volume.
Evidence Level: 3
Technical Efficacy: Stage 2

J. MAGN. RESON. IMAGING 2023;57:1241–1247.

Penumbral tissue quantification using imaging is critical
for effective treatment decision making in patients with

acute ischemic stroke (AIS).1 Computed tomography (CT)-
based assessment of perfusion, dynamic susceptibility contrast
MRI (DSC-MRI), and diffusion-weighted imaging (DWI)
have been widely implemented in numerous studies to quan-
tify penumbral tissue using the critical hypoperfusion–
ischemic core mismatch paradigm.2–8 Arterial spin labeling
(ASL), a noninvasive perfusion imaging technique that does
not require contrast agent administration, has shown feasibil-
ity in the qualitative assessment of the perfusion–core
mismatch.9,10

Although ASL has shown promising results in stroke
imaging, it has not been routinely applied in clinical scenar-
ios. Challenges may arise from the fact that the critically
hypoperfused tissue is usually overestimated using ASL under
the currently available techniques.11–14 Several parameters
exist may affect the measurement of hypoperfusion in ASL.15

Some studies have tested the influence of different thresholds
on measuring hypoperfusion.12,13 However, the influence of
the postlabeling delay (PLD) during ASL acquisition, a key
parameter in cerebral blood flow (CBF) quantification, has
not been investigated.

In the present study, we aimed to assess the impact of
ASL acquisition with two different PLDs for penumbral tis-
sue quantification and to compare their performance with
respect to patient selection for endovascular treatment using
DSC-MRI as the reference method.

Materials and Methods
This study was approved by the institutional review boards of the
participating institutions. Written informed consent was obtained
from all patients. For the purpose of this research, we retrospectively
analyzed the data from a prospective multicenter study recruiting
AIS patients from January 2019 to December 2020 (The MR-based
STroke mechAnism and future Risk Score, MR-STARS study;
http://www.clinicaltrials.gov. Unique identifier: NCT02580097).

The inclusion criteria were as follows: 1) age > 18 years, 2)
AIS caused by internal carotid artery or middle cerebral artery M1–
M2 segment occlusion, 3) ASL and DSC-MRI acquisition within
one scanning session, and 4) time last known from being healthy to
symptom onset below 24 hours. The exclusion criteria were 1) previ-
ous lesions greater than one-third of the downstream territory
defined as encephalomalacia extending beyond one-third region of
the internal carotid artery or middle cerebral artery territory; 2)
insufficient imaging quality, which was defined as images with severe

artifacts from motion or three-dimensional (3D) spiral readout,
background suppression, and severe signal loss; and 3) failure of
postprocessing for DSC-MRI.

MRI Protocol
All MRI studies were performed using a 3-T scanner (Discovery 750;
GE Healthcare, Milwaukee, WI, USA) with a 32/8-channel head coil.
The MR protocol included a routine head scan including T1-weighted
imaging (T1WI), T2-weighted imaging, T2-weighted fluid-attenuated
inversion recovery, DWI and time-of-flight MR angiography, as well as
3D pseudo-continuous ASL (pCASL) and DSC-MRI. Fast spin-echo
T1WI had the following parameters: repetition time
(TR) = 1.750 msec, echo time (TE) = 24 msec, field of
view = 24 cm, slice thickness = 5.0 mm, number of slices = 20. DWI
with echo-planar readout had the following parameters:
TR = 6.800 msec, TE = 90 msec, field of view = 24 cm, slice
thickness = 5.0 mm, b-values = 0 and 1.000 sec/mm2, number of
slices = 20. The pCASL sequence with fast-spin echo readout had the
following parameters: TR = 4.590 msec (PLD = 1.500 msec) or
5.285 msec (PLD = 2.5000 msec), labeling duration = 1.500 msec,
TE = 10.5 msec, field of view = 24 cm, 512 sampling points on eight
spirals, spatial resolution = 3.64 mm, slice thickness = 4.0 mm, num-
ber of slices = 36, background suppressed, scan time = 4 minutes. The
DSC-MRI sequence had the following parameters: TR = 1.200 msec,
TE = 16.7 msec, slice thickness = 5 mm, echo train length = 1, scan
time = 1 minute; gadolinium contrast agent (Gadodiamide Injection,
GE Healthcare, Co., Cork, Ireland) was used (dosage = 0.2 mL/kg;
flow rate = 4 mL/sec).

Imaging Postprocessing
Penumbral tissue quantification by DSC-MRI was conducted using
commercially available software (NeuBrainCare, Version 1.0, Neu-
soft Medical Systems Co. Ltd, Shenyang, Liaoning, China), func-
tionally similar to the rapid processing of perfusion and diffusion
(RAPID) software (iSchemaView, Inc., Menlo Park, CA, USA).16

Using the multistream 3D convolution network described in a previ-
ous study, the software applied an automatic method for arterial
input function (AIF) estimation. Using the singular-value decompo-
sition method, the response curve of each pixel to the AIF was calcu-
lated for each sample. Perfusion maps were then collectively
obtained. Specifically, the time to the maximum of the tissue residue
function (Tmax) was calculated as the time to peak of the response
curves.17

First, the ischemic core was identified based on DWI and
apparent diffusion coefficient (ADC) maps as regions with
ADC < 620 � 10�6 mm2/sec. Second, the volume of critical hypo-
perfusion was measured by Tmax > 6 seconds. The mismatch volume
and mismatch ratio were then calculated based on the perfusion–
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diffusion mismatch paradigm, which was defined as the ground truth
of penumbral tissue assessment in this study.6

The ASL imaging preprocessing included imaging co-registra-
tion, spatial normalization to Montreal Neurological Institute coor-
dinates, and spatial smoothing using SPM12 (https://www.fil.ion.
ucl.ac.uk/spm/software/spm12/). Then, the CBF map, ADC map,
and T1-weighted images were inputted in a Matlab-based program
(MathWorks, Natick, MA, USA) developed by our team. Hypo-
perfusion on ASL at different PLDs applied the same segmentation
workflow. Based on previous studies, the segmentation method was
modified as a combination of a seed growing scheme and a
threshold-based scheme.11–13 A hypoperfusion mask was outputted
in three steps: 1) region 1: seed selection as voxels with
ADC < 620 � 10�6 mm2/sec, and growth halt when the voxel CBF
value and surrounding voxel CBF exceed 4 mL/100 g/min, and then
multiply the region <60% CBF of each pixel in the corresponding
contralateral side region; 2) region 2: seed selection as voxels <50%
contralateral side CBF, and growth is halted when voxel CBF value
and surrounding voxel CBF exceed 4 mL/100 g/min, and then mul-
tiply the region <60% CBF of each pixel in the corresponding con-
tralateral side region; and 3) combine regions 1 and 2 (illustration is
provided in Supplemental Fig. S1). The parameter 4 mL/100 g/min
was determined by the CBF standard deviation of penumbra tissue
according to a prior study.18 The 60% was adapted from a previous
threshold.11

The mismatch volume was obtained by hypoperfusion of ASL
at 1.500/2.500 msec PLD minus the ischemic core. The mismatch
ratio was obtained by hypoperfusion on ASL at 1.500/2.500 msec/
ischemic core.

Imaging Criteria for Endovascular Treatment
The eligibility for endovascular treatment was retrospectively deter-
mined according to the imaging criteria for hypoperfusion and ische-
mic core mismatch profile in the Endovascular Therapy Following
Imaging Evaluation for Ischemic Stroke (DEFUSE 3) trial. The
imaging criteria were as follows: 1) ischemic core < 70 mL, 2) mis-
match volume greater than 15 mL, and 3) mismatch ratio > 1.8.6

Statistical Analysis
All quantitative data are expressed as mean � standard deviation
(SD). Normality tests were performed using the Kolmogorov–
Smirnov test. Leaner Pearson correlations and Bland–Altman plots
were used to depict the correlation and agreement of quantitative
measures obtained from ASL and DSC-MRI. Cohen’s kappa was
calculated to evaluate the agreement of assisting patient selection
based on the DEFUSE 3 imaging criteria between ASL at each PLD
and DSC-MRI.6 A receiver operating characteristic (ROC) curve
was constructed to evaluate the performance of ASL at different
PLDs in assisting patient selection. Sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) were
reported. All statistical analyses were performed using SPSS (version
20.0; IBM Corporation, Armonk, NY, USA). The threshold for sta-
tistical significance was set at P < 0.05.

Results
Ultimately, 57 patients were identified. Three of these patients
were excluded due to postprocessing failure of the DSC-MRI.
One patient was excluded because of the presence of a
large older lesion in the affected territory. The mean age � SD
of the included 53 patients was 59.98 � 12.60 years, and
there were 36 men. The patient characteristics are listed in
Table 1.

The mean infarct core volume was 28.09 � 39.35 mL
based on ADC. The mean hypoperfusion volume was
205.38 � 102.25 mL on ASL with a PLD of 1.500 msec,
93.88 � 63.93 mL on ASL with a PLD of 2.500 msec, and
98.38 � 74.65 mL on Tmax > 6 seconds from DSC-MRI.
There was no significant difference between the hypo-
perfusion volume on ASL with a PLD of 2.500 msec and
Tmax > 6 seconds (P = 0.435), while a significant difference
was observed between the hypoperfusion volume on ASL
with a PLD of 1.500 msec and Tmax > 6 seconds (Fig. 1a,b).

Because the data were not normally distributed, the
cubic root of the volume was plotted (Fig. 1c). The hypo-
perfusion volume on ASL with a PLD of 1.500 msec was cor-
related with the volume of Tmax > 6 seconds (r = 0.627), and
the hypoperfusion volume on ASL with a PLD of 2.500 msec
was also moderately correlated with the volume of
Tmax > 6 seconds (r = 0.641). The Bland–Altman plots
showed that the mean volumetric difference between the
hypoperfusion volume measured by Tmax > 6 seconds and
1.500/2.500 msec ASL was �107.0 mL vs. 4.49 mL
(Fig. 1d,e).

TABLE 1. Patient Demographics

Patients n = 53

Age, mean (SD), years 59.98 (12.60)

Male, n (%) 36 (68)

NIHSS, median (IQR) 9 (6–14)

Event-to-MRI time, median
(IQR), hours

12.17 (5.97–21.43)

DWI lesion volume, mean
(SD), mL

28.09 (39.35)

Risk factors

Hypertension, n (%) 33 (62)

Lipid disorders, n (%) 20 (38)

Diabetes, n (%) 18 (34)

Coronary heart disease,
n (%)

5 (9)

Smoking, n (%) 21 (40)

NIHSS = National Institutes of Health Stroke Scale;
SD = standard deviation; IQR = interquartile range.
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In assisting the selection of patients meeting the imag-
ing criteria for endovascular treatment according to the
DEFUSE 3 trial, 39 cases were selected based on DSC-MRI,
43 cases were selected based on ASL with a PLD of
1.500 msec, and 36 cases were selected based on ASL with a
PLD of 2.500 msec. Referring to DSC-MRI as the reference
method, Cohen’s kappa was 0.679 (95% confidence interval
[CI]: 0.446–0.913) for DSC-MRI and ASL with a PLD of
1.500 msec and 0.773 (95% CI: 0.586–0.960) for DSC-
MRI and ASL with a PLD of 2.500 msec, which indicated
substantial agreement.

The sensitivity, specificity, PPV, and NPV for ASL with
a PLD of 2.500 msec for identifying patients eligible for
treatment were 89.74%, 92.86%, 97.2%, and 76.5%, respec-
tively. The sensitivity, specificity, positive predictive value,
and negative predictive value for ASL with a PLD of
1.500 ms for identifying patients eligible for treatment were
97.44%, 64.29%, 88.4%, and 90.0%, respectively. A repre-
sentative case of a 78-year-old man with acute right middle

cerebral artery occlusion is shown in Fig. 2. Additional case
illustrations are provided in the Supplemental Figs. S2–S5.

Discussion
In this study, we investigated the impact of two PLDs on
penumbral tissue quantification using ASL. Hypoperfusion
measured by ASL with a longer PLD (2500 msec
vs. 1500 msec) was more similar to hypoperfusion regions
using Tmax > 6 seconds based on DSC-MRI. Related to the
imaging criteria of DEFUSE 3, ASL with a PLD of
2.500 msec rather than 1.500 msec showed substantial agree-
ment with DSC-MRI for assisting patient selection in receiv-
ing endovascular treatment. The diagnostic performance of
ASL with a PLD of 2.500 msec was also better than that of
1.500 msec with a high specificity in assisting patient selec-
tion. A PLD of 2.500 msec may be preferable over
1.500 msec for the estimation of penumbral tissue in the
hypoperfusion–core mismatch paradigm.

FIGURE 1: Plot of hypoperfusion volume of different measurements (a). Aligned dot plots of hypoperfusion volume on
pseudo-continuous arterial spin labeling (ASL) with postlabeling delays (PLDs) of 1.500/2.500 msec and time to maximum of
the residue function (Tmax) > 6 seconds (b). Correlation of hypoperfusion volume on ASL with PLDs of 1.500/2.500 msec and
Tmax > 6 seconds (c). Bland–Altman plots for hypoperfusion volume on ASL with PLDs of 1.500/2.500 msec and
Tmax > 6 seconds (d,e).

1244 Volume 57, No. 4
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Penumbral tissue quantification by ASL has gained great
interest in the imaging community because of its noninvasive
and absolute CBF quantifiable features.19 The quantification
of CBF makes ASL a valuable methodology for detecting
important pathological changes.20 There are experimental ref-
erence CBF thresholds to define key features in AIS:
core < 8 mL/100 g/min, penumbra < 20 mL/100 g/min,
and benign oligemia < 50 mL/100 g/min.21 Absolute CBF

measures promote ASL as a promising tool for confirming the
status of ischemic tissues.20 A previous study has indicated
that an absolute CBF threshold of 20 mL/100 g/min, which
was very similar to the experimental reference, might be able
to define the penumbra.12 However, overestimation of ASL
in defining the penumbra was reported, and further clinical
studies using this threshold have not reported.19,20,22 One
major reason for this might be that CBF did not reach its

FIGURE 2: A representative case of a 78-year-old man with acute right middle cerebral artery occlusion shows multiple acute
infarctions in the corresponding blood supply territory (a). The infarct core volume was 8.92 mL (a). The volume of hypoperfusion on
time to maximum of the residue function (Tmax) > 6 seconds (b), arterial spin labeling (ASL) with a postlabeling delay (PLD) of
2.500 msec (c), and ASL with a PLD of 1.500 msec (d) were measured as 123.79 mL, 93.04 mL, and 338.19 mL, respectively.
Hypoperfusion mask in purple on ASL with a PLD of 2.500 msec (c) shows good agreement in location and extent with the region
with Tmax > 6 seconds in green (b).
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peak in patients with large vessel occlusion (LVO). Blood
flow is delayed and atrial transit time is prolonged in the
downstream of the stenotic or occlusive artery.23,24 The vol-
ume of hypoperfusion for longer PLD indicates a territory
with more severely delayed blood flow.25–27 The previously
proposed thresholds to define the penumbra were derived
from the CBF map using ASL with a PLD of
2.000 msec.12,14,20 As shown in our study, in terms of
Tmax > 6 seconds, the PLD of 2.500 msec shows better agree-
ments in volume, which may indicate that a longer PLD
could be helpful to reduce the possibility of overestimation
and provides a more accurate measurement of penumbral tis-
sue in AIS due to LVO. A multidelay ASL technique has also
been reported to generate delay-corrected CBF maps; thus, it
might be useful in the hemodynamic evaluation of AIS.28

Nevertheless, multidelay ASL requires additional post-
processing and a longer scanning time, along with increasing
accuracy from applying more PLDs.29 A single long-delay
ASL might be more practical in clinical scenarios to ensure
imaging quality for subsequent hypoperfusion measurements.

In patient eligibility for treatment analysis, ASL with a
PLD of 2.500 msec showed substantial agreement with DSC-
MRI and showed high sensitivity and specificity for identify-
ing patients eligible for endovascular treatment. These results
may reinforce the clinical value of a long PLD for ASL in
AIS. In AIS clinical guidelines, the use of CT perfusion or
DSC-MRI to evaluate the penumbra is recommended.1

However, there are no recommendations for evaluating the
penumbra when the patients are not eligible for CT perfusion
or DSC-MRI, such as those with advanced stage of chronic
kidney disease, refusal to provide consent for contrast-based
perfusion imaging, especially for children and pregnant
women, or those who are allergic to contrast agents.30 There-
fore, although CT perfusion or DSC-MRI is excellent
approaches for estimating penumbra and hemodynamic status
in AIS, they are not perfect. Rather than substituting CT per-
fusion or DSC-MRI, ASL can be an important complement
in these circumstances. In addition, although ASL requires a
slightly longer scanning time of approximately 3–5 minutes,
it is free of high-pressure syringes and venipuncture prepara-
tions, which may provide a more fluent and convenient emer-
gency pathway for AIS patients in imaging sessions.

Limitations
First, only PLDs of 1.500 msec and 2.500 msec were ana-
lyzed in our study. Frequently used PLDs of 1.800 msec and
2.000 msec were not acquired and their performance in pen-
umbra assessment was not analyzed. Similarly, although less
frequently applied, other time delays (eg 1.600 and
2.400 msec) were also not acquired either. Because a longer
PLD in 3-T MRI subsequently reduces the signal-to-noise
ratio, it remains unreliable for CBF quantification and thus
hypoperfusion segmentation based on absolute CBF value

threshold in clinical scenarios.26 In addition, hypoperfusion
on ASL can represent any hemodynamic state, such as benign
oligemia, penumbra, and ischemic core. Owing to an insuffi-
cient signal-to-noise ratio, it is impossible to distinguish
between these hemodynamic states using the current
thresholding method. Second, different ASL techniques and
MRI scanners may have affected the clinical translation of the
present findings. Nonetheless, we believe that the findings of
this study may support the use of longer PLDs. Third, the
study sample size was small; therefore, the methods proposed
by our study still need further validation for clinical accep-
tance and reproducibility. Finally, patient selection for treat-
ment depends on many parameters in addition to imaging.1

The efficiency of long PLDs for ASL in actual clinical
decision-making for AIS still needs to be further evaluated.

Conclusion
In AIS, the PLD used during ASL acquisition may have a
considerable impact on the quantification of the hypo-
perfusion volume.
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