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Abstract

Objectives To present a multi-delay pseudo-continuous ASL
(pCASL) protocol that offers simultaneous measurements of
cerebral blood flow (CBF) and arterial transit time (ATT), and
to study correlations between multi-delay pCASL and CT
perfusion in moyamoya disease.
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(doi:10.1007/s00330-014-3098-9) contains supplementary material,
which is available to authorized users.
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Methods A 4 post-labeling delay (PLD) pCASL protocol was
applied on 17 patients with moyamoya disease who also
underwent CT perfusion imaging. ATT was estimated using
the multi-delay protocol and included in the calculation of
CBF. ASL and CT perfusion images were rated for lesion
severity/conspicuity. Pearson correlation coefficients were
calculated across voxels between the two modalities in grey
and white matter of each subject respectively and between
normalized mean values of ASL and CT perfusion measures
in major vascular territories.
Results Significant associations between ASL and CT perfu-
sion were detected using subjective ratings, voxel-wise anal-
ysis in grey and white matter and region of interest (ROI)-
based analysis of normalized mean perfusion. The correlation
between ASL CBF and CT perfusion was improved using the
multi-delay pCASL protocol compared to CBF acquired at a
single PLD of 2 s (P<0.05).
Conclusions There is a correlation between perfusion data
from ASL and CT perfusion imaging in patients with
moyamoya disease. Multi-delay ASL can improve CBF quan-
tification, which could be a prognostic imaging biomarker in
patients with moyamoya disease.
Key Points
o Simultaneous measurements of CBF and ATT can be
achieved using multi-delay pCASL.
» Multi-delay ASL was compared with CT perfusion in patients
with moyamoya disease.
* Statistical analyses showed significant associations between
multi-delay ASL and CT perfusion.
* Multi-delay ASL can improve CBF quantification in
moyamoya disease.

Keywords Magnetic resonance imaging - Arterial spin
labeling - Perfusion - Moyamoya disease - Multidetector
computed tomography
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Abbreviations

ACA Anterior cerebral artery

ATT Arterial transit time

bSVD Block-circulant singular-value decomposition
CBF Cerebral blood flow

CBFhcan  Mean of the estimated CBF at each PLD
CBF; 000 CBF calculated using the typical PLD of 2,000 ms
CBV Cerebral blood volume

CTP CT perfusion

GRASE  Gradient and spin echo

MRI Magnetic resonance imaging

MCA Middle cerebral artery

pCASL  Pseudo-continuous arterial spin labeling
PLD Post-labeling delay

ROI Region of interest

Introduction

Arterial spin labeling (ASL) offers a non-invasive method for
quantifying cerebral blood flow (CBF) by using magnetically
labelled arterial blood water as an endogenous tracer. Owing
to its completely non-invasive nature, perfusion measurement
using ASL has been increasingly applied to imaging studies
on neurologic and psychiatric diseases [1-3]. However, clin-
ical evaluation studies have demonstrated the challenges of
optimizing ASL acquisitions for subjects across a wide range
of vascular and perfusion characteristics [4, 5]. The main
limitation of ASL is that the time delay between labeling in
the feeding arteries and the arrival of labelled blood in tissue
(i.e. arterial transit time or ATT) can have a large effect on the
ASL signal. In cerebrovascular disorders such as ischaemic
stroke, steno-occlusive and moyamoya diseases, ATT is gen-
erally prolonged leading to focal intravascular signals, as well
as underestimation of tissue perfusion—a phenomenon
termed arterial transit effects.

Moyamoya disease is a cerebrovascular disease character-
ized by progressive stenosis or occlusion of terminal internal
carotid arteries (ICAs), which leads to extensive collateral
formation. However, these collaterals are imperfect, and pa-
tients are prone to acute ischaemic stroke or brain haemor-
rhage [1]. CT perfusion (CTP) imaging, although not consid-
ered to be the gold standard given known errors related to
bolus-based perfusion measurement [6], is a common method
that has been relatively widely used in clinical practice for
brain perfusion measurement. CTP is routinely applied for
evaluating cerebral hemodynamics in moyamoya disease be-
cause it provides relatively accurate perfusion quantification
including CBF, cerebral blood volume (CBV) and mean tran-
sit time (MTT) [7]. The disadvantages of CTP include the
radiation dose and that iodinated contrast material may be
unsuitable for some patients [8]. While ASL would be ideal
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for (repeated) assessments of hemodynamics in patients with
moyamoya disease, the markedly prolonged arterial transit
delays [9] resulting from extensive collaterals may affect the
accuracy of perfusion quantification.

Limited by the relatively long scan time required, very few
studies have attempted the multi-delay ASL approach in ce-
rebrovascular disorders to simultaneously estimate ATT and
CBF [5, 10]. This issue has recently been addressed by com-
bining single-shot 3D GRASE (gradient and spin echo), back-
ground suppression and pseudo-continuous ASL (pCASL),
which resulted in dramatic improvements in the temporal
stability of ASL image series [11]. In this study, we present
a multi-delay ASL protocol using 3D background-suppressed
3D GRASE pCASL to achieve simultaneous measurements
of CBF and ATT in relatively short times in patients with
moyamoya disease.

The goals of our research were to study correlations be-
tween multi-delay pCASL and CT perfusion in moyamoya
disease, and to compare CBF values obtained using multi-
delay pCASL and those calculated using a single post-
labeling delay (PLD) of 2 s. We propose that multi-delay
pCASL would provide a comparable non-invasive assessment
of brain perfusion in moyamoya disease in comparison to the
more widely used CT perfusion.

Materials and methods
Patients

This prospective study received institutional review board
approval. Informed consent was obtained from all patients.
Between July 2011 and February 2012, 17 patients (6 F/11 M,
mean age 36.2+14.3 years) angiographically diagnosed as
having Moyamoya disease and evaluated for surgical revas-
cularization were enrolled in this study. The exclusion criteria
included patients with intracranial haemorrhages or other
brain lesions; patients with a history of contrast medium
allergy or renal failure; serum glucose level less than
2.7 mmol/l or greater than 22.2 mmol/l; general contraindica-
tions for MR imaging examinations. Digital subtraction angi-
ography (DSA) was reviewed to grade the severity of the
disease according to Suzuki’s classification [12]. This classi-
fication describes angiographic stages of progressive ICA
occlusion and appearance of basal collateral vessels from
stage 1 (bilateral terminal ICA stenosis) to stage 6 (complete
obliteration of the ICA circulation with supply of brain
derived entirely from the external carotid artery). The
patients were categorized according to their clinical symp-
toms into the following classifications: moderate, patients
with occasional (less than once a month) transient ische-
mic attacks (TIAs) (category A, 9 patients); and severe,
patients who had TIAs occurring more than once a month
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or recurrent stroke within the previous 12 months (cate-
gory B, 8 patients) (see table in Electronic Supplementary
Material). Each subject was examined following an iden-
tical protocol. The time interval between preoperative CT
perfusion and pCASL MRI was approximately 1-40 days
(21.2£12.9).

CT perfusion technique

CT perfusion was performed on a GE Discovery CT750
HD scanner and was initiated 10 s after injection of a
bolus of 45 ml of iobitridol (300 mg/ml) at a rate of 5 ml/s
into the antecubital vein (with a 20-gauge intravenous
cannula) using a power injector. The acquisition parame-
ters were as follows: 120 kVp, 250 mA, 0.5 s/rotation,
55-s CT data acquisition time. Four contiguous sections
with a slice thickness of 5 mm and in-plane resolution of
0.98x0.98 mm? from the level of the basal ganglia/
internal capsules to the upper portion of the lateral ven-
tricles were obtained (Fig. 2A, left). The effective dose of
CTP was 40 mSv. Routine noncontrast CT was also ac-
quired, which covered the entire brain with a spatial
resolution of 0.49x0.49x5 mm’ and was used for the
purpose of coregistration.

MRI protocols

MRI was performed on a 3-T Siemens Trio Tim system
using the body coil as a transmitter and 12-channel
head coil as a receiver. The patients were examined
using a pCASL pulse sequence with background-
suppressed 3D GRASE readout [11]. Imaging parame-
ters were as follows: labeling pulse duration, 1.5 s; 4
PLD, 1.5/2/2.5/3 s; no flow crushing gradient; rate-2
GRAPPA; TR, 3.5/3.9/4.4/4.9 s (TR varies with PLD);
TE, 22 ms; voxel size, 3.44x3.44x5 mm’; 26 slices
covering the whole brain (Fig. 2A, right); 20 pairs of
tag/control images were acquired for each delay with a
total scan time of 11.2 min (4 PLDs). An MO image
was acquired using TR=6 s and PLD=4 s (scan time=
12 s). In addition, a high resolution sagittal T1
MPRAGE image was acquired for coregistration and
segmentation of the brain into grey and white matter
as described below.

Data processing

Image analysis was performed using SPM8 (Wellcome Trust
Centre for Neurolmaging, UCK, UK) and Matlab 2010a
(MathWorks, Natick, MA). After motion correction, mean
perfusion difference images, AM(i), were generated for each
PLD (i). A weighted delay, WD, was calculated by Eq. (1) and
converted into ATT or & based on the theoretical relationship

between WD and ATT [13] (see Fig. 1 in the Electronic
Supplementary Material).

/

WD = (1)

Z AM (i)

CBEF at each delay, (i), was calculated using the measured
ATT map and the following equation [14]:

B A AM (i)Riq
~ 2a My [exp((min(6—w;, 0)=8)Ry,)—exp(—(T + wi)Ri4)]

(2)

S

where R;, (= 0.61 s') is the longitudinal relaxation rate of
blood, M, is the equilibrium magnetization of brain tissue,
a (= 0.8) is the tagging efficiency, 7(= 1.5 s) is the duration of
the labeling pulse, w; (= 1.5/2/2.5/3 s) is the post-labeling
delay time, A (= 0.9 g/ml) is the blood/tissue water partition
coefficient, and the final CBF was the mean of the estimated
CBF at each PLD. The steps of the data processing are shown
in Fig. 1.

The software used for CTP analysis was SCAN4 (devel-
oped in-house by JRA), which has been used in large-scale
clinical trials [15]. Post-processing of CT perfusion images
yielded multi-parametric perfusion maps including CBF,
CBV and MTT by using the delay-insensitive block-
circulant singular-value decomposition (bSVD) method ac-
cording to previously described procedures [16]. For each
voxel, the CBV map was calculated from the areas under the
time—concentration curves. MTT was determined by the full
width at half-maximum (FWHM) of the tissue residual func-
tion, and then CBF was calculated as CBV/MTT according to
the central volume principle.

All ASL and CT perfusion images were registered to the
T1-weighted MRI. The CT perfusion images were registered
to T1-weighted MRI using the whole brain noncontrast CT as
an interim template. MR images were then re-sliced into the
space of CT perfusion images for all further analyses. T1-
weighted images were segmented into grey matter (GM) and
white matter (WM) probability maps, using the Segment
program in SPM8. The GM and WM masks were generated
by thresholding the corresponding probability maps at 90 %.
Two neuroradiologists (with over 15 years of experience)
blinded to clinical information independently and separately
reviewed ASL and CT perfusion maps, which were scored on
a scale of 0 to 3 to rate lesion severity/conspicuity [17].

ASL and CT perfusion images were further normalized
into the Montreal Neurological Institute template space using
SPMB&. Subsequently, segmentation of ASL and CT perfusion
images into major vascular territories was performed using an

@ Springer
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Fig. 1 Diagram of the data
processing steps to
simultaneously obtain ATT and
CBF images using the multi-delay
pCASL protocol in a 25-year-old
female patient with moyamoya
disease with low perfusion in the
left frontal and occipital lobes.
CBF at each PLD is calculated
using the measured ATT map and
Eq. (2). The final CBF was the
average of the estimated CBF at 4
PLDs

AM at each single PLD

automated region-of-interest (ROI) analysis based on a pub-
lished template of vascular territories in both hemispheres
[18]. The vascular territories studied were anterior cerebral
artery (ACA), leptomeningeal and lenticulostriate (perforator)
distributions of the middle cerebral artery (MCA).

Statistical analysis

Statistical analysis was performed using the SPSS 16.0 soft-
ware (SPSS, Chicago, IL). The following analyses were per-
formed to assess the performance of ASL against CT perfu-
sion: (1) Inter-rater reliability: the Kappa statistic was calcu-
lated to evaluate the reliability of ratings between the two
readers; (2) voxel-wise analysis in grey and white matter:
Pearson correlation coefficients were calculated across voxels
between the two modalities in grey and white matter of each
subject respectively; (3) ROI-based analysis of normalized
mean perfusion: Pearson correlation coefficients were calcu-
lated between normalized mean values of ASL and CT perfu-
sion measures in major vascular territories. Taking a CBF
image as an example, the normalized mean value was defined
as the mean CBF values of all voxels within an individual
vascular territory (meanCBF;,q) divided by the mean of CBF
values of the whole coverage (the same coverage with CTP)
(meanCBF o), 1.€. meanCBF;,¢/meanCBF 0. (4) In ad-
dition, comparison of the performance between CBF; g
(CBF calculated using the typical PLD of 2,000 ms) and
CBF ean (mean of the estimated CBF at each PLD) was

@ Springer

conducted. The Wilcoxon signed-rank test was applied to
compare both voxel-wise and ROI-based correlation coef-
ficients measured with CBF; o0 vs. CTP CBF and
CBF ,can vs. CTP CBF. The significance level was defined
as P<0.05 (2-sided).

Results
Ratings of hypoperfusion lesions

The clinical information of patients and calculated ATT dis-
tribution are provided in the table in the Electronic Supple-
mentary Material. Table 1 lists the Kappa values (all P<0.01)
for lesion severity ratings of ASL and CTP between the two
readers. Excellent inter-rater reliability (Kappa>0.75) was
achieved for CTP CBF hypoperfusion. Fair to good inter-
rater reliability (0.75>Kappa>0.55) was achieved for ASL
CBF hypoperfusion lesions as well as MTT and ATT prolon-
gations. Overall, there was a good level of agreement between
the two readers for each perfusion parameter. Spearman cor-
relation coefficients between average conspicuity ratings of
hypoperfusion lesions on multi-parametric ASL and CTP
maps were also calculated. There were significant correlations
between each pair of ASL and CT perfusion images: ASL
ATT vs. CTP MTT (=0.604, P=0.01) and ASL CBF vs. CTP
CBF (r=0.512, P=0.036).
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Table1 Mean and SD of conspicuity ratings of 17 multi-parametric ASL
and CTP perfusion images and Kappa of ratings between two readers

ASL ATT ASL CBF CTP MTT CTP CBF
Increase Hypoperfusion  Increase Hypoperfusion
Mean 1.50 1.56 1.41 1.26
SD 1.05 1.16 0.31 1.02
Kappa  0.606 0.589 0.675 0.759

Conspicuity rating criteria are score 3, the perfusion lesion can be iden-
tified definitely; score 2, relatively clear diagnosis of perfusion lesion can
be drawn; score 1, possible diagnosis of perfusion lesion can be obtained;
score 0, cannot afford any help to diagnosis

ASL arterial spin labeling, CTP CT perfusion, ATT arterial transit time,
CBF cerebral blood flow, MTT mean transit time

Voxel-wise analysis in grey and white matter

Table 2 lists the mean and standard deviation of Pearson
correlation coefficients between ASL and CTP across voxels
in grey matter, white matter and whole coverage of each
subject respectively. There were significant positive correla-
tions (all P<0.001) between the three pairs of parameters, i.e.
ASL CBF,yean vs. CTP CBF, ASL CBF; g0 vs. CTP CBF and
ASL ATT vs. CTP MTT, for each patient. The correlation
coefficients between ASL CBF .., and CTP CBF were in-
creased compared to those between ASL CBF; oo and CTP
CBEF in grey, white matter and whole coverage, suggesting
improved accuracy of perfusion quantification using the
multi-delay pCASL protocol (P<0.05, Wilcoxon signed-
rank test). Voxel-wise scatterplots and Pearson correlation
coefficients of one representative case are shown in Fig. 3 in
the Electronic Supplementary Material.

Figure 2B shows a representative case of moyamoya dis-
ease with coregistered ASL and CT perfusion images as well
as the coverage of each imaging modality respectively
(Fig. 2A). ASL has the advantage of (almost) whole brain
coverage compared to CTP. By visual appearance, ASL

Table 2 Pearson correlation coefficient (mean + SD, n=17) between
ASL and CTP

Grey matter White matter Whole brain

ASL ATT vs. 0.47+0.065 0.702+0.041 0.712+0.063
CTP MTT

ASL CBFean vs.  0.496+£0.081*%  0.495+0.058*  0.604+0.05*
CTP CBF

ASL CBF, 090 vs.  0.46+0.103 0.469+0.074 0.576+0.088
CTP CBF

ASL arterial spin labeling, CTP CT perfusion, ATT arterial transit time,
CBF cerebral blood flow, MTT mean transit time, CBF,,,,, mean of the
estimated CBF at each PLD, CBF} 9o CBF acquired at the single PLD of
2s

*Significantly (P<0.05) higher compared with ASL CBF; o9 vs. CTP
CBF

perfusion maps showed similar perfusion lesions as CTP in
the same slice, as well as hypoperfusion in superior slices that
were not covered by CTP. Another representative patient with
unilateral moyamoya disease is shown in Fig. 3 and multi-
delay ASL images are in excellent concordance with the result
of CTP.

ROI-based analysis of normalized mean perfusion

Figure 4 shows scatterplots and Pearson correlation coeffi-
cients between normalized mean values of ASL and CT
perfusion parameters in the three major vascular territories.
There were significant positive correlations between ASL
ATT and CTP MTT in ACA, perforator MCA and
leptomeningeal MCA (r>0.483, P<0.05). Significant associ-
ations between ASL CBF .., and CTP CBF in perforator and
leptomeningeal MCA territories (#>0.546, P<0.05) were ob-
served. Again, the correlation coefficients between ASL
CBF 1ean and CTP CBF were increased compared to those
between ASL CBF; oo and CTP CBF in all three vascular
territories, suggesting improved accuracy of perfusion quan-
tification using the multi-delay pCASL protocol.

Evaluation of collateral flow through dynamic ASL image
series

The multi-delay pCASL protocol also offered the capability
for the evaluation of collateral flow through dynamic perfu-
sion image series. Figure 5 shows serial pCASL CBF images
at 4 PLDs (a), along with calculated multi-parametric pCASL
(b) images of one representative case of moyamoya disease.
The delayed arterial transit effects can be seen clearly in
bilateral MCA territories (arrows) on multi-delay pCASL
CBF images. The estimated ATT was prolonged in the affect-
ed region. By taking into account delayed ATT, CBF,can
generated using the multi-delay pCASL protocol was in-
creased compared with CBF, o9 acquired at the single PLD
of 2 s. Collateral flow was also accompanied by delayed
arterial transit effects in multi-delay pCASL images. Figure 6
shows a representative case in which arterial transit effects
(focal intravascular signals) were present (arrow) in the left
parietal lobe with prolonged ATT. While pCASL perfusion
images generally matched CTP images, arterial transit effects
were unique to ASL.

Discussion

In this study, we presented a multi-delay pCASL protocol and
performed correlation analyses between ASL and CT perfu-
sion in a cohort of 17 patients with moyamoya disease. By
incorporating delayed ATT into the CBF calculation, ASL
was able to provide quantitative perfusion imaging consistent

@ Springer
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Fig.2 Almaging coverage of CT
perfusion and pCASL. B
Perfusion maps generated from
CTP (a) and ASL (/) ina 31-
year-old male patient with
episodes of dizziness and blurred
vision for 6 months. CTP CBF (a)
and ASL CBF (b) show
hypoperfusion in the right frontal,
occipital, temporal-parietal lobes.
CTP MTT (a) and ASL ATT (b)
were prolonged with
hypoperfusion on CBF images.
However, ATT is not or only
slighted prolonged in the right
posterior portion with extremely
low CBF. Abnormal perfusion
was also observed in ASL
perfusion images in superior
slices (c—f) that were not covered
in CT perfusion

with CTP in moyamoya disease. The consistent associations
between ASL CBF and CTP CBF, ASL ATT and CTP MTT

CTP

ASL CBF
e
MTT CTP CBF

r
1. b*mean 4*mean

Fig. 3 Representative case of moyamoya disease with multi-parametric
CTP and ASL images. A 24-year-old male patient with 6 months of
transient headache and weakness in the left limb. The time interval
between preoperative CT perfusion and pCASL was 1 day. CTP shows
low perfusion areas in the right temporal-parietal lobe with decreased CBF
values and elevated MTT. ASL is in concordance with the result of CTP

@ Springer

ASL  ATT

.
d

ASL CBF  4*mean
 —

CTP CBF

were demonstrated by subjective ratings as well as voxel-wise
analysis in grey and white matter and ROI-based analysis of
normalized mean perfusion. Previous studies conducted in
healthy subjects have shown a good correlation between
ASL CBF measurements and gold standard CBF imaging
using 'O-PET [19]. However, CBF may be underestimated
in regions with delayed arterial arrival times, especially in
cerebrovascular diseases [5]. Limited by the relatively long
scan time required, very few studies have attempted the multi-
delay ASL approach in cerebrovascular disorders to simulta-
neously estimate ATT and CBF [5, 10]. Most existing studies
also employed nonlinear least-square fitting for analysing
multi-delay ASL data, which may be unstable in the presence
of low signal to noise ratio (SNR) and few sample points. In
the present study, we combined pCASL and background-
suppressed 3D GRASE to improve SNR and shorten image
acquisition time, in conjunction with a robust algorithm for
estimating ATT based on weighted delay [13]. The multi-
delay pCASL protocol offers simultaneous estimation of
CBF and ATT images within approximately 10 min and it
could be shorter with fewer pairs of tag/control for each delay
at the cost of SNR [10].

CBF is one of the most important parameters for determin-
ing the brain’s condition. It is well known that the voluntary
elevation of CBF suggests the active phase of the brain, and
the pathological decrease of CBF can immediately cause a
reversible or irreversible damaged state in brain tissues [20].
For moyamoya disease, a rare progressive intracranial vascu-
lar steno-occlusive disease of unknown aetiology, CBF ob-
tained with ASL could be a prognostic imaging biomarker.
Recent studies have generally used a single PLD, typically
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ASL CBF 3. b*kmean
B

CTP CBF

1. 8*mean 0

Fig. 6 A 48-year-old man with a history of paroxysmal weakness in the
right limb for 15 years. CTP shows perfusion deficit in bilateral temporal-
parietal lobes, posterior of basal ganglia and coronal radiate with de-
creased CBF values and elevated MTT ASL perfusion images show
almost the same perfusion changes as CTP. However, ASL CBF shows
delayed transit effects in the left parietal lobe (arrow)

between 1.5 and 2 s in pCASL scans, as a trade-off between
maintaining adequate diagnostic quality (SNR) and allowing
sufficient delay for visualizing tissue perfusion at 1.5 T and
3 T [17, 21, 22]. Our finding indicated that ASL CBFcan
calculated using 4 PLDs was more accurate than ASL
CBF; 000 acquired at a single PLD of 2 s, using CTP as the
reference standard. In particular, because the calculated CBF
is the mean of the ATT adjusted CBF at 4 PLDs, there is
minimal loss of SNR compared to single-delay pCASL scans
with the same amount of scan time. The capability of the
multi-delay pCASL protocol for non-invasive perfusion im-
aging within reasonable imaging time and without penalty in
SNR makes it suitable in the clinical setting.

Another potential use of the multi-delay pCASL protocol is
the evaluation of collateral flow through dynamic perfusion
images. Recent clinical evaluation of ASL in cerebrovascular
diseases suggested that delayed arterial transit effects charac-
terized by focal intravascular signals and low tissue perfusion
in ASL may indicate the status of collateral perfusion [3, 23,
24]. Zaharchuk et al. [21] reported that ASL can predict the
presence and intensity of collateral flow in patients with
moyamoya syndrome using DSA as the gold standard. A
“borderzone” pattern has been identified using ASL in pa-
tients with suspected cerebrovascular diseases who had
normal-appearing dynamic susceptibility contrast perfusion-
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weighted imaging (DSC PWI) [25]. So far, the identification
of delayed transit effects and the inference of collateral perfu-
sion have been mainly based on “snap-shot” ASL images
acquired at a single PLD, typically between 1.5 and 2 s. The
proposed multi-delay pCASL approach is capable of provid-
ing visualization of collateral flow in moyamoya disease
through dynamic perfusion image series, and the potential
for quantitative assessment of collateral perfusion. In future
clinical studies, it is recommend to examine dynamic perfu-
sion image series at multiple PLDs in addition to the mean
CBF and ATT maps.

For patients with moyamoya disease, it is necessary to
evaluate brain perfusion for the consideration of bypass sur-
gery preoperatively and for monitoring surgical effects post-
operatively. Moyamoya disease is a chronic and progressive
disease which makes regular brain perfusion examination
necessary. Compared with CTP, ASL is totally free of radia-
tion and exogenous contrast agent and thus can be applied in
children and patients who have medical diseases such as renal
insufficiency, hyperthyroidism or those who are allergic to
iodinated contrast. It is more acceptable to both patients and
radiologists owing to its safety and operability. The consisten-
cy between multi-delay ASL and CT perfusion images dem-
onstrated in this study may render multi-delay ASL an alter-
native to CTP in patients with renal failure or diabetes
mellitus. In this regard, multi-delay ASL may be combined
with other MRI sequences, such as anatomic imaging, MR
angiography and diffusion MRI to provide the most compre-
hensive information in one examination, leading to a high
benefit/cost ratio without ionizing radiation or intravenous
access.

This study has several limitations. Since a range of PLDs
from 1.5 to 3 s in a step of 0.5 s were used, calculated ATT
values less than 1.5 s or more than 3.0 s were truncated to 1.5 s
and 3.0 s, respectively. As a result, we can only obtain the ATT
maps within the range from 1.5 s to 3 s (measured ATT was
largely within this range for the patients with moyamoya
disease, see table in the Electronic Supplementary Material).
The ATT value could not be calculated accurately when there
was no signal in the AM image because of no flow (CBF=0)
or very long transit times (full relaxation of the labelled blood,
no signal in ASL image regradless of CBF). Meanwhile, we
do not report absolute quantitative perfusion parameters using
both ASL and CT perfusion. Although one of the advantages
of CT perfusion imaging is its quantitative nature, it has been
reported that the results of CT perfusion imaging analysis vary
substantially owing to differences in scan parameters, post-
processing steps and different algorithms [26]. It should also
be kept in mind that CTP uses a non-diffusible tracer, whereas
ASL uses a diffusible tracer. Therefore, the correlation of
absolute perfusion values between ASL and CT perfusion
could not be assessed. Furthermore, correlation with other
important variables such as vascular status was not examined,
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which may help determine the clinical impact of ASL in the
management of patients with moyamoya disease. Further
studies with larger samples will be performed to evaluate the
prognostic value of ASL in moyamoya disease and confirm
the results on 1.5-T magnets. Overall, the present study rep-
resents an initial step in exploring the clinical value of multi-
delay ASL in the management of moyamoya through com-
parison with CT perfusion.

In summary, there is a correlation between perfusion data
from ASL and CT perfusion in patients with moyamoya disease.
By incorporating delayed ATT in the calculation of CBF, multi-
delay ASL is able to improve CBF quantification that is consis-
tent with CT perfusion in moyamoya disease. The capability of
ASL to provide non-invasive perfusion information without the
use of contrast agent offers the potential to include ASL as part
of standard neuroimaging protocols in the management of
moyamoya disease. Further study of other cerebrovascular dis-
eases, including acute ischemic stroke, is warranted.
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