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Background: The assessment of cerebral blood flow (CBF) is crucial in the evaluation of intracranial 
atherosclerotic disease. This study was performed to compare single postlabeling delay (PLD) 3-dimensional 
pseudo-continuous arterial spin labeling (3D-pCASL) and 7-delay 3D-pCASL magnetic resonance imaging 
in patients with intracranial atherosclerotic stenosis. 
Methods: A total of 26 patients with moderate to severe atherosclerotic stenosis or occlusion of an 
intracranial artery were prospectively enrolled in the study. Perfusion parameters were obtained in various 
regions of interest (ROIs), namely CBF for single PLDs of 1,525 ms (CBF1525 ms), 2,025 ms (CBF2025 ms), 

and 2,525 ms (CBF2525 ms) with 3D-pCASL, as well as arterial transit time (ATT) and transit-corrected CBF 
(CBFtransit-corrected) for 7-delay 3D-pCASL. The consistency of the perfusion parameters between single-PLD 
3D-pCASL and 7-delay 3D-pCASL was investigated, and the relationship between vascular stenosis and 
perfusion parameters was explored.
Results: Bland-Altman plots compared the CBF values derived from single-PLD 3D-pCASL to those from 
CBFtransit-corrected. ATT significantly correlated with the difference between CBFtransit-corrected and CBF1525 ms, CBF2025 

ms, and CBF2525 ms, respectively (P<0.05). Binary logistic regression analysis revealed that the CBFtransit-corrected and 
ATT correlated with the presence of moderate or more severe stenotic vascular territories (P<0.05).
Conclusions: The single-PLD 3D-pCASL and the 7-delay 3D-pCASL showed inconsistencies in the 
assessment of CBF, and the perfusion parameters generated under the standard single-PLD 3D-pCASL were 
more affected by ATT. Moreover, CBFtransit-corrected and ATT were consistent with stenotic vascular territories, 
which is useful in the evaluation of intracranial atherosclerotic disease. 
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Introduction

Acute ischemic stroke secondary to intracranial large-
vessel thromboembolic stenosis or occlusion has substantial 
morbidity and mortality (1). Intracranial atherosclerotic 
stenosis (ICAS) causes hemodynamic disorders and 
thromboembolic events, leading to reduced cerebral 
blood perfusion. The severity of ischemia is essential for 
determining treatment strategies and making prognostic 
judgments. Currently, arterial spin labeling (ASL) is 
performed using various sequences, such as continuous 
arterial spin labeling (CASL) (2), pulsed arterial spin 
labeling (PASL) (3), and pulsed continuous arterial spin 
labeling (pCASL), to acquire measurements of cerebral 
blood flow (CBF) (4). The pCASL technology uses single 
postlabeling delay (PLD) to generate CBF and has been 
reported to be reliable in normal controls. Thus, it has 
become more widely used and accepted. However, a 
previous study demonstrated that the best delay time 
after labeling for healthy people is 1,800 ms, and the 
PLD should be increased for middle-aged and older  
adults (5). The selection of a short PLD may result in a false 
underestimation of the CBF (6). Therefore, uncertainty 
regarding the arterial transit time (ATT) in intracranial 
atherosclerotic disease may affect the evaluation of 
hemodynamic status (7). 

Under the Hadamard encoding scheme, multidelay 
pCASL produces ASL images with several PLD times and 
achieves quantification of both CBF and ATT (8,9). Multiple 
PLDs may improve the accuracy of CBF quantification, as 
well as offer additional hemodynamic measures (10). Several 
studies have reported high reliability and reproducibility 
in clinical applications (11,12). For example, Wang et al. 
demonstrated that the correlation between ASL CBF 
and computed tomography (CT) perfusion was improved 
using the multidelay pCASL protocol compared to CBF 
acquired at a single PLD of 2 s in patients with Moyamoya 
disease (13). Fan et al. also reported no difference between 
multidelay ASL and positron emission tomography (PET) 
in the detection of abnormal perfusion, but standard ASL 
overestimated the degree of patients’ hypoperfusion (14). 
However, it is not practical to improve the spatial resolution 
of multidelay pCASL due to the longer imaging time 
required. Moreover, multidelay pCASL is not yet widely 
available in clinical centers. Some researchers have designed 
studies using single-PLD pCASL following the consensus 
recommendation for clinical ASL (15,16). It has also been 
suggested that in patients with known cerebrovascular 

disease, alternative ASL imaging strategies could be 
considered, including long-label, long-PLD using single-
time-point ASL and multidelay ASL (17). However, the 
consistency of single PLD and multidelay pCASL in the 
quantification of CBF remains unclear in cerebrovascular 
disease. In a previous study conducted in patients with 
Moyamoya disease, long-label, long-delay ASL obtained 
reliable CBF estimates comparable to the gold-standard 
PET, which was superior to standard-delay and multidelay 
ASL (18). In order to determine the clinical feasibility 
of pCASL in patients with cerebrovascular disease and 
variable ATTs, we compared the difference between the 
CBF measurements of single-PLD 3-dimensional (3D)-
pCASL and 7-delay 3D-pCASL in intracranial large-
vessel thromboembolic stenosis or occlusion caused by 
atherosclerosis and investigated the relationship between 
vascular lesions and CBF in the corresponding regions.

Methods

Ethical statement

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
protocol was approved by the Institutional Review Board 
of the China-Japan Friendship Hospital (No. 2015-23). 
Informed consent was obtained from each patient. 

Study population

A total of 26 patients [18 men, 8 women; mean age ± 
standard deviation: 67.3±10.3 years] were prospectively 
enrolled at the Radiology Department of the China-Japan 
Friendship Hospital from January to December 2021. The 
inclusion criteria were as follows: (I) diagnosis of moderate 
to severe intracranial artery stenosis or occlusion with 
computed tomography angiography (CTA) and magnetic 
resonance angiography (MRA); (II) with symptoms of 
ischemic cerebrovascular disease; and (III) presence of risk 
factors for atherosclerosis. The exclusion criteria were 
the following: (I) presence of diseases that could affect 
intracranial hemodynamics, such as intracranial space-
occupying lesions, arteriovenous fistula, cerebral edema, 
and massive cerebral infarction; (II) history of cerebral 
hemorrhage and brain surgery; (III) extracranial carotid 
artery and vertebral artery (VA) stenosis ≥50% or occlusion 
detected with head and neck CTA; (IV) presence of systemic 
diseases that could affect cerebral blood flow, such as serious 



Yu et al. Comparison of different PLDs for 3D-pCASL in patients with ICAS2516

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(4):2514-2525 | https://dx.doi.org/10.21037/qims-22-969

cardiovascular disease, severe anemia, and hypovolemia; 
(V) intake of medications that could markedly affect brain 
blood flow; and (VI) presence of MRI contraindications, 
such as metal implantation, pacemaker implantation, and 
claustrophobia. 

MRI data acquisition 

A 3.0-T magnetic resonance imaging scanner (Discovery 
MR750, GE Healthcare, IL, Chicago, USA) with an 
8-channel head coil was used for imaging. The MRI 
sequences included T1-weighted imaging, T2-weighted 
imaging, diffusion-weighted imaging, 3D time-of-flight 
MRA, single-PLD 3D-pCASL, and 7-delay 3D-pCASL 
sequences. The sequence of the single-PLD 3D-pCASL 
was acquired using 3D spiral acquisition (1,024×8 arms) 
with a labeling duration of 1.5 s and PLDs of 1,525, 2,025, 
and 2,525 ms. The average number of signals was 3, and the 
scan times were 4 min 36 s, 4 min 48 s, and 5 min 16 s for 
the single-PLD 3D-pCASL. The key scanning parameters 
were as follows: field of view (FOV) 24 cm × 24 cm, echo 
time 14.6 ms, bandwidth 62.5 kHz, slice thickness 4 mm, 
number of slices 32, and spatial resolution 2.46 mm × 
2.46 mm × 4 mm. The 7-delay 3D-pCASL images were 
acquired at the following 7 consecutive labeling time points: 
0.22, 0.26, 0.30, 0.37, 0.48, 0.68, and 1.18 s, with labeling 
durations of 4 s and PLDs of 1.00, 1.22, 1.48, 1.78, 2.15, 
2.62, and 3.32 s. The prescription of locations was the same 
as that of the single-PLD 3D-pCASL sequences, with a 
resolution of 4.76 mm × 4.76 mm × 4 mm. The number 
of excitations was 1, and the scanning time for the 7-delay 
pCASL was 3 min 38 s. Images were reconstructed using 
the Interactive Data Language (IDL)-based RWCON code 
and then stored in the database as Digital Imaging and 
Communications in Medicine (DICOM) images.

MRI data processing

A GE ADW 4.5 workstation (GE Healthcare) with FuncTool 
v. 9.4 (GE Healthcare) software was used for single-PLD 
3D-pCASL and 7-delay 3D-pCASL raw data postprocessing. 
Perfusion parameter maps of CBF were obtained for single-
PLD 3D-pCASL at 3 different PLD times, namely 1,525 ms 
(CBF1525 ms), 2,025 ms (CBF2025 ms), and 2,525 ms (CBF2525 ms). 
Perfusion images were corrected for motion, and perfusion 
difference images were generated by pairwise subtraction 
between time-matched label and control images, which 
was followed by averaging to generate the mean difference 

images. To determine ASL-derived CBF mapping, the 
following flow calculation formula was applied (19):
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where f is the flow, multiplied by a scaling factor (6,000,000) 
and converted to physiological units of mL/100 mL gray 
matter/min; S is the acquired signal on control (ctrl), 
labeled (lbl) signal, or the reference image; T1b and T1g 
are the T1 values of blood and gray matter (1.6 and 1.2 s, 
respectively); α is the labeling efficiency, assumed to be 0.8; 
λ is the cortex-blood partition coefficient value (0.9); and, τ 
and ω represent labeling duration (1,500 ms) and PLD time 
(e.g. 1,525 ms), respectively.

For the 7-delay 3D-pCASL, ATT and CBF corrected 
with ATT (CBFtransit-corrected) maps were generated. The 
transit time map is estimated with the signal-weighted delay 
method described by Dai et al. (20). CBFtransit-corrected maps 
were calculated through incorporating the combined delay 
image and transit delay (δ), as follows:
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where CBF is CBF in mL/100 g/min; PLD reflects the 
shortest PLD (1.0 s); LD is the entire labeling duration 
(4.0 s); T1a and T1t are the longitudinal relaxation of 
arterial blood (1.6 s) and gray matter (1.2 s), respectively; 
ε is the combined efficiency of labeling and background 
suppression (0.63); P represents the signal intensity in the 
perfusion-weighted image; and R is the signal intensity of 
the reference image. The reference image is scaled by sr = 
λ(1– e−2/1.2) to account for the combined effect of the blood-
brain partition coefficient (λ=0.9).

Circular regions of interest (ROIs) of about 300–400 mm2 

were manually prescribed in the bilateral frontal lobes, 
parietal lobes, temporal lobes, occipital lobes, cerebellum, 
and basal ganglia (Figures 1-3) on these maps with a copy-
and-paste approach being used to ensure that the locations 
and areas were exactly the same. 

A senior radiologist with more than 20 years’ experience 
in neuroradiology and a radiologist with 10 years’ 
experience evaluated the CTA and MRA images. The 
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CBF, mL/100 g/min CBF, mL/100 g/min ATT (second)0 100 0 100 0 2.4

A B C

CBF, mL/100 g/min CBF, mL/100 g/min ATT (second)0 100 0 100 0 2.4

A B C

Figure 1 ROIs of the bilateral parietal lobes. (A) PLD =1,525 ms cerebral blood flow map. (B) Transit-corrected cerebral blood flow map. (C) 
ATT map. ATT, arterial transit time; CBF, cerebral blood flow; ROI, region of interest; PLD, postlabeling delay.

Figure 2 ROIs of bilateral frontal lobes, temporal lobes, occipital lobes, and basal ganglia. (A) PLD =2,025 ms cerebral blood flow map. 
(B) Transit-corrected cerebral blood flow map. (C) ATT map. ATT, arterial transit time; CBF, cerebral blood flow; ROI, region of interest; 
PLD, postlabeling delay.

intracranial segment of the bilateral internal carotid arteries 
(ICAs), the A1 and A2 segments of the bilateral anterior 
cerebral arteries (ACAs), the M1 and M2 segments of the 
bilateral middle cerebral arteries (MCAs), the P1 and P2 
segments of the bilateral posterior cerebral arteries (PCAs), 
and the intracranial segments of the bilateral VAs and the 
basilar artery (BA) were assessed for stenosis. The degree of 
intracranial artery stenosis was measured according to the 
method published by the Warfarin-Aspirin Symptomatic 

Intracranial Disease (WASID) study (21). The artery with a 
maximum stenosis rate of ≥50% was recorded as a diseased 
vessel, and the ROI in its blood supply territory is recorded 
as the lesion ROI. There were several exceptional rules 
applied, as follows: (I) when the contralateral ACA and 
the anterior communicating artery are open and supply 
the normal distal segment of the stenotic proximal ACA, 
the frontal ROI ipsilateral to the stenotic proximal ACA 
is presumed to be nonischemic; (II) when the VA stenosis 
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is unilateral, only the ROI in the ipsilateral cerebellum is 
recorded as the lesion ROI; and (III) when the posterior 
communicating artery is open, only the distal segment of 
the PCA is evaluated for stenosis. ROIs that were in the 
territories of the stenotic vessels were defined as lesion 
ROIs, while ROIs other than the lesion ROI were defined 
as nonischemic ROIs. 

Statistical analysis

Statistical analysis was performed using SPSS v. 25.0 (IBM 
Corp., Armonk, NY, USA) software. A P value <0.05 was 
considered statistically significant. The continuous variables 
in this study followed a normal distribution and homogeneity 
of variance. The intraclass correlation coefficient (ICC) was 
used for observer consistency testing. Variance analysis was 
used to compare the differences between the CBF1525 ms, 
CBF2025 ms, CBF2525 ms, and CBFtransit-corrected groups. A Bland-
Altman plot was used to analyze the consistency between 
the single-PLD-generated CBF and the CBFtransit-corrected, 
and the ICCs were determined. Pearson correlation was 
performed for the ATT and CBF values, as well as for ATTs 
between single-PLD-generated CBF and CBFtransit-corrected. 
The differences in CBF values between nonischemic brain 
ROIs and lesion ROIs were compared using an independent 
samples t-test. Binary logistic regression was applied to 
analyze the relationship between vascular lesions and the 
perfusion parameters of the corresponding ROIs. Because 
of the complex blood supply sources, the CBF values of the 

bilateral basal ganglia were not included in the regression 
analysis.

Results

Evaluation of intracranial artery stenosis

The ICC of intracranial artery stenosis as measured 
by 2 doctors was 0.978 [95% confidence interval (CI): 
0.951–0.990; P<0.05]. Among the 26 patients, 68 ROIs 
were classified as lesion ROIs due to stenotic or occlusive 
supplying arteries, including 2 ROIs in the left ACA 
territory (2.94%), 5 ROIs in the right ACA territory 
(7.35%), 13 ROIs in the left MCA territory (19.13%), 
10 ROIs in the right MCA territory (14.71%), 7 ROIs in 
the left PCA territory (10.29%), 9 ROIs in the right PCA 
territory (13.24%), 4 ROIs in the left ICA territory (5.88%), 
5 ROIs in the right ICA territory (7.35%), 2 ROIs in the 
left VA territory (2.94%), 4 ROIs in the right VA territory 
(5.88%), and 7 ROIs in the BA territory (10.29%) (Figure 4).

Comparison of ASL CBF measurement values between 
different PLDs

The difference of CBF values at different PLD times was 
statistically significant (F=134.788; P<0.05; Table 1). The 
average CBF2525 ms value was the highest, and the average 
CBFtransit-corrected value was the lowest. The difference between 
the CBF of the 2 PLDs was statistically significant (P<0.05).

The Bland-Altman analysis indicated that CBF1525 ms, 

CBF, mL/100 g/min CBF, mL/100 g/min ATT (second)0 100 0 100 0 2.4

A B C

Figure 3 Bilateral cerebellar ROIs. (A) PLD =2,525 ms cerebral blood flow map. (B) Transit-corrected flow cerebral blood flow map. (C) 
ATT map. ATT, arterial transit time; CBF, cerebral blood flow; ROI, region of interest; PLD, postlabeling delay.
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CBF2025 ms, and CBF2525 ms had deviated from CBFtransit-corrected 
to some extent (Figures 5-7). The average difference between 
the CBFtransit-corrected value and the CBF1525 ms value was –3.90%, 
and the 95% consistency limit was –18.69% to 10.89%. The 
average difference between the CBFtransit-corrected value and the 
CBF2025 ms value was –10.20%, and the 95% consistency limit 
was –22.75% to –2.35%. The average difference between the 
CBFtransit-corrected value and the CBF2525 ms value was –14.19%, 
and the 95% consistency limit was –28.18% to –0.19%. The 
ICCs were relatively low for the lesion ROIs, as shown in 
Table 2.

Le
ft 

ACA

Righ
t A

CA

Le
ft 

M
CA

Le
ft 

PCA

Righ
t M

CA

Righ
t P

CA

Le
ft 

int
ra

cr
an

ial
 IC

A se
gm

en
t

Righ
t in

tra
cr

an
ial

 IC
A se

gm
en

t

Bas
al 

ar
te

rie
s

Le
ft 

int
ra

cr
an

ial
 V

A se
gm

en
t

Righ
t in

tra
cr

an
ial

 V
A se

gm
en

t

15

10

5

0

In
tr

ac
ra

ni
al

 a
rt

er
y 

st
en

os
is

 (n
)

Figure 4 Distribution of the vascular stenosis. ACA, anterior 
cerebral artery; MCA, middle cerebral artery; PCA, posterior 
cerebral artery; ICA, internal carotid artery; VA, vertebral artery.

Table 1 CBF measurement values of ASL with different PLDs

Variables ROI (n) CBF values (mL/100 g/min)

CBF1525 ms 310 31.36±11.21

CBF2025 ms 310 37.65±9.84

CBF2525 ms 310 41.64±9.05

CBFtransit-corrected 310 27.46±8.06

Data are presented as number and mean ± standard deviation. 
CBF, cerebral blood flow; ASL, arterial spin labeling; PLD, 
postlabeling delay; ROI, region of interest. 
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Figure 5 Bland-Altman plot of CBF1525 ms and CBFtransit-corrected. 
CBF, cerebral blood flow; SD, standard deviation. 

Figure 6 Bland-Altman plot of CBF2025 ms and CBFtransit-corrected. 
CBF, cerebral blood flow; SD, standard deviation. 

Figure 7 Bland-Altman plot of CBF2525 ms and CBFtransit-corrected. 
CBF, cerebral blood flow; SD, standard deviation. 
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Table 2 Intraclass correlation coefficient of single-PLD 3D pCASL and 7-delay 3D CASL

Variables
ROI Lesion ROI

N ICC (95% CI) N ICC (95% CI)

A 310 0.701 (0.640–0.753) 68 0.360 (0.135–0.550)

B 310 0.747 (0.693–0.792) 68 0.449 (0.237–0.620)

C 310 0.653 (0.584–0.712) 68 0.337 (0.108–0.531)

Values are given as the consistency with 95% CIs in parentheses. A, B, and C indicate the interaction between CBF1525 ms, CBF2025 ms, 
CBF2525 ms, and CBFtransit-corrected, respectively. CI, confidence interval; PLD, postlabeling delay; 3D pCASL, 3-dimensional pseudo-continuous 
arterial spin labeling; ROI, region of interest; ICC, intraclass correlation coefficient.

Table 3 Correlation between CBF and ATT

Variables CBF1525 ms CBF2025 ms CBF2525 ms CBFtransit-corrected

Correlation coefficients (r) –0.710 –0.516 –0.224 –0.384

P values <0.001 <0.001 <0.001 <0.001

The r value is the Pearson correlation coefficient. CBF, cerebral blood flow; ATT, arterial transit time.

Correlation between perfusion and ATT 

The CBF values of different PLDs were negatively 
correlated with the ATT, and the correlation was statistically 
significant (P<0.05; Table 3). The ATT statistically 
correlated with the difference between CBF generated with 
single PLD and CBFtransit-corrected, with correlation coefficients 
ranging from 0.645 to –0.150 (P<0.05; Table 4).

Analysis of risk factors for moderate, severe, or occlusive 
vascular lesions

The CBFtransit-corrected, CBF1525 ms, CBF2025 ms, and CBF2525 ms 
values of the lesion ROIs were significantly lower than 
the nonischemic ROIs (t=7.215, t=5.245, t=6.233, t=4.441, 
respectively; P<0.001). The ATTs of the lesion ROIs were 
significantly longer than the nonischemic ROIs (1.92±0.15 
vs. 1.80±0.14 s, respectively; Table 5). Binary logistic 
regression showed that ATT and CBFtransit-corrected correlated 

with moderate or above-moderate vascular stenosis (P<0.05; 
Table 6).

Discussion

In this study, we used 7-delay 3D-pCASL and single-PLD 
3D-pCASL technology to analyze the perfusion status in 
patients with ICAS and investigated the factors affecting 
the quantification of CBF in these patients. We found that 
the CBFtransit-corrected was the lowest, followed by CBF1525 ms 
and CBF2025 ms, while the CBF2525 ms was the highest. There 
were discrepancies of perfusion parameters between 7-delay 
3D-pCASL and single-PLD 3D-pCASL. All CBF measures 
were related to ATT, but only CBFtransit-corrected and ATT 
correlated with the presence of moderate to severe vascular 
stenosis or occlusion. 

One of the difficulties regarding the precise estimation 
of CBF is the modification of the optimal PLD under 
variable hemodynamic status. The estimation of CBF 

Table 4 Correlation analysis of the difference between ATT and CBF measurements 

Variables ΔCBF1525 ms ΔCBF2025 ms ΔCBF2525 ms

Correlation coefficients (r) 0.645 0.310 –0.150

P values <0.001 <0.001 0.008

The r value is the Pearson correlation coefficient. Δ indicates the difference between the values of CBF1525 ms, CBF2025 ms, CBF2525 ms, and 
CBFtransit-corrected. ATT, arterial transit time; CBF, cerebral blood flow.
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tends to increase with the prolongation of PLD (22). 
Prolongation of PLD will permit more labeled collateral 
flow to arrive at the sampling plane, thus resulting in a 
higher signal measured (23). Although this problem can be 
partially solved by using 7-delay 3D-pCASL, which samples 
several PLD points along the ASL uptake and decay curve, 
the accuracy of CBF quantification is still affected by the 
number of delays and transit-time correction. For example, 
in the study by van der Thiel et al. (24), CBF estimated 
from 7-delay 3D-pCASL was found to obtain a higher 
value for the corrected flow maps than for the uncorrected 
flow maps; moreover, with multidelay ASL sequences, CBF 
values were identified to be higher in a higher number 
of delays than in a lower number of delays. In this study, 
7-delay sequences provided a 10% higher estimation of 
transit time-corrected flow on average across the entire 
brain than did the 3-delay sequence in healthy people. 
We adopted the same 7-delay sequence in our study and 
demonstrated approximate CBF values in the nonischemic 
ROIs. However, single-PLD ASL led to a significantly 
higher estimated CBF than did the 7-delay sequence in our 
study, both in the nonischemic regions and ischemic lesion 
regions. If the absolute values for CBF are subjected to a 
comparison, the effect of different compartment modeling 

should be noted. This study used the following types of 
compartment modeling: a single-compartment model for 
single PLD and a 2-compartment (vascular/tissue) model 
for 7-delay pCASL. Acquisition of multidelay images can 
differentiate concomitant contributions of intravascular 
flow from tissue compartments, while single-PLD ASL may 
increase the ASL signal in feeding arterial vessels in the case 
of proximal vessel occlusion (17). Quantitative perfusion 
estimates based on ASL can be obtained from a number of 
models. The T1 model is vulnerable to potential systematic 
errors in ASL. These errors come from variable transit 
time, exchanges of tagged water between the capillaries 
and tissue and its effect on the T1 relaxation time, and 
incomplete tagged water extraction from the capillaries. 
The general kinetic model, as used for the single-PLD 
ASL in this study, is presumed to comply with three main 
assumptions. First, the delay time should be longer than 
the ATT, so the magnetization-tagged blood is received by 
the tissue of interest. Second, the bolus is located within 
the tissue (no outflow condition) because of the large water 
pool. Third, due to T1a, there is a decrease of magnetization 
of the labelled blood water. Although the last assumption 
may not be exactly true, the related error is not typically 
significant because the difference between the T1 relaxation 

Table 5 Comparison of perfusion parameters between nonischemic ROIs and lesion ROIs

CBF parameters (mL/100 g/min) Nonischemic ROIs Lesion ROIs t P

CBF1525 ms 32.41±10.35 24.28±10.30 5.245 <0.001

CBF2025 ms 39.70±9.48 30.77±9.66 6.233 <0.001

CBF2525 ms 44.20±8.97 38.06±9.66 4.441 <0.001

CBFtransit-corrected 30.11±6.55 22.15±8.68 7.215 <0.001

ATT 1.80±0.14 1.92±0.15 −5.780 <0.001

Data are presented as mean ± standard deviation. Independent sample t-test. ROI, regions of interest; CBF, cerebral blood flow; ATT, 
arterial transit time.

Table 6 Analysis of risk factors for moderate and severe vascular stenosis or occlusion 

Variables B SE Wald P OR 95% CI

CBF1525 ms 0.031 0.031 1.041 0.308 1.032 0.972–1.096

CBF2025 ms –0.054 0.034 2.466 0.116 0.947 0.886–1.013

CBF2525 ms 0.033 0.027 1.452 0.228 1.033 0.980–1.090

CBFtransit-corrected –0.082 0.036 5.213 0.022 0.921 0.859–0.988

ATT 5.523 1.427 14.986 <0.001 250.436 15.284–4,103.434

CBF, cerebral blood flow; ATT, arterial transit time; B, coefficient value; SE, standard error; OR, odds ratio; CI, confidence interval. 
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of tissue and blood is usually small (25). 
Furthermore, previous studies have proposed that the 

CBF after correction is more stable and repeatable in 
healthy people (4,26-28). It is of note that the Bland-Altman 
analysis in our study showed that the CBF values derived 
from the single PLD deviated from those of the multidelay 
pCASL. The analysis of ICC demonstrated low consistency 
between the CBF values of the single-PLD and multi-PLD 
pCASL, especially in ischemic regions. This suggests that in 
cases where multi-PLD pCASL is not available, single PLD 
should be used cautiously under clinical conditions. Haller 
et al. proposed that in patients with known cerebrovascular 
disease, both long-postlabel delay single-time point ASL and 
multidelay ASL were helpful in the accurate quantification of 
CBF. The former will reduce the error caused by slow blood 
flow not arriving at the tissue bed by the time of imaging, 
although adequate CBF that arrives later than expected can 
lead to an overestimation of CBF (17). 

In our study, ATT showed a significant correlation with 
CBF measures for both the corrected and noncorrected 
measures. When CBFtransit-corrected was taken as the reference 
value, ATT had a significant impact on the deviation of the 
CBF values generated with single-PLD ASL, especially 
those with a relatively short PLD. However, even after 
correction, CBF may not be sufficiently accurate to reflect 
the hemodynamic status in severe stenotic vascular disease. 
In the study of Moyamoya disease by Fan et al., it was found 
that ATT correction by multidelay acquisitions improved 
consistency with PET, but CBF remained underestimated in 
the presence of long transit delays (18). ATT prolongation 
causes an error in CBF measurement during ASL (5). Ishida 
et al. conducted a simulation and showed that the accuracy 
of CBF was strongly affected by ATT. They also found that 
7-delay ASL significantly underestimated the ATT and 
subsequently the CBF, which was evident in the distal ACA, 
MCA, and PCA (29). Although a long labeling duration and 
a long delay may help to accurately measure the CBF value 
of the distal end of intracranial large vessels and compensate 
for the underestimation of CBF caused by a short PLD, 
there will be a tradeoff of a low signal. A recent study 
suggested that an ATT-based combination strategy is less 
ATT dependent and improves CBF measurement accuracy 
compared with single-delay protocols in severe steno-
occlusive diseases (30).

Our results demonstrated increased ATT and reduced 
CBF in ROIs which were supplied by the stenotic or 
occlusive arteries. Vascular stenosis leads to slow blood 
flow and decreased perfusion in the lesion area, while the 

existence of peripheral collateral circulation results in a 
prolonged vascular path. The low-perfusion state of brain 
tissue leads to significantly prolonged ATT (31). Increased 
ATT and reduced CBF are potentially the hallmark of 
brain ischemia. Previous studies have demonstrated that 
CBF measurements derived from pCASL and dynamic 
susceptibility contrast were highly and significantly 
correlated with hypoperfused regions (10,32). According 
to our observations, ATT is sensitive to ischemia and 
can be used as a predictive factor.  A recent study also 
proposed that ATT itself might have a potential role in 
detecting compromised hemodynamic states (33). It is 
worth noting that CBF derived from a single-PLD ASL 
was not predictive of brain ischemia in our study. Only 
CBFtransit-corrected was consistent with the presence of ischemic 
territories. In a recent study using perfusion single-photon 
emission computerized tomography (SPECT) results 
as the standard, multiple-PLD-derived CBF achieved a 
100% sensitivity and 100% negative predictive value for 
the detection of hypoperfusion, which was significantly 
better than the sensitivity (95% CI: 44–80%) and negative 
predictive value (95% CI: 88–97%) of the standard PLD-
derived CBF (34).

There were several limitations to this study. First, the 
scanning parameters for single-PLD and multi-PLD 
pCASL were not exactly the same in this study. The spatial 
resolution of single-PLD pCASL was higher than that of 
multi-PLD pCASL, and a greater number of excitations 
were used to maintain the signal-to-noise ratio (SNR). 
However, multi-PLD pCASL cannot be performed in the 
same way because of the long scanning time. Although there 
were differences in the spatial resolution and SNR, their 
effects on the measurement of CBF may be insignificant 
since the ROIs in this study were large enough to eliminate 
the effects. Second, due to the lack of a gold standard, the 
ischemic area could not be accurately identified in our 
patients. We defined the ROIs supplied by arteries with a 
stenosis degree of more than 50% as the ischemic regions; 
however, due to the existence of collateral circulation, some 
regions might not have been truly ischemic. However, 
detecting these regions is still useful because they are 
vulnerable to an attack. Third, tandem lesions on some 
of the vascular pathways in some patients might have 
exerted a superimposition effect, which could have led to 
an underestimation of vascular disease when evaluating 
the largest stenosis only. Lastly, the watershed area which 
is important in ischemic cerebrovascular disease was not 
evaluated in this study and needs to be further investigated. 

https://pubmed.ncbi.nlm.nih.gov/?term=Ishida+S&cauthor_id=32424992
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Conclusions

Our results indicated discrepancies in the quantification 
of CBF between single-PLD ASL and multidelay ASL, 
which may be misleading in clinical applications. The 
difference in the estimation of CBF in patients with 
ICAS is multifactorial and includes technical issues and 
hemodynamical factors. CBF measures were all dependent 
on ATT. The perfusion parameters generated using 
standard single-PLD ASL were more affected by ATT 
compared with multidelay ASL. ATT was demonstrated 
to be predictive of stenotic vascular territories, which is 
useful in the evaluation of brain ischemia in intracranial 
atherosclerotic disease.
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