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Abstract

Introduction This study seeks to evaluate the diagnostic
accuracy of cerebral perfusion imaging with arterial spin
labelling (ASL) MR imaging in children with moyamoya
disease compared to dynamic susceptibility contrast (DSC)
imaging.

Methods Ten children (7 females; age, 9.2+5.4 years) with
moyamoya disease underwent cerebral perfusion imaging
with ASL and DSC on a 3-T MRI scanner in the same
session. Cerebral perfusion images were acquired with
ASL (pulsed continuous 3D ASL sequence, 32 axial slices,
TR=5.5s, TE=25 ms, FOV=24 cm, matrix=128 x 128) and
DSC (gradient echo EPI sequence, 35 volumes of 28 axial
slices, TR=2,000 ms, TE=36 ms, FOV=24 cm, matrix=
96%96, 0.2 ml/kg Gd-DOTA). Cerebral blood flow maps
were generated. ASL and DSC images were qualitatively
assessed regarding perfusion of left and right ACA, MCA,
and PCA territories by two independent readers using a 3-
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point-Likert scale and quantitative relative cerebral blood
flow (rCBF) was calculated. Correlation between ASL and
DSC for qualitative and quantitative assessment and the
accuracy of ASL for the detection of reduced perfusion per
territory with DSC serving as the standard of reference were
calculated.

Results With a good interreader agreement (k=0.62) quali-
tative perfusion assessment with ASL and DSC showed a
strong and significant correlation (p=0.77; p<0.001), as did
quantitative rCBF (r=0.79; p<0.001). ASL showed a sen-
sitivity, specificity and accuracy of 94 %, 93 %, and 93 %
for the detection of reduced perfusion per territory.
Conclusion In children with moyamoya disease, unen-
hanced ASL enables the detection of reduced perfusion per
vascular territory with a good accuracy compared to
contrast-enhanced DSC.

Keywords Arterial spin labelling - Dynamic susceptibility
contrast - MRI - Moyamoya - Pediatric

Introduction

Moyamoya disease is a progressive steno-occlusive disease
of the the supraclinoid internal cerebral arteries (ICA) and
circle of Willis with bilateral involvement of the anterior
cerebral arteries (ACA), middle cerebral arteries (MCA),
and—to a much lesser degree—the posterior cerebral arter-
ies (PCA), with formation of typical collateral vessel net-
works, termed “moyamoya” vessels [1] (Fig. 1). The disease
generally presents in childhood, with headaches, transient
ischemic attacks, strokes, and/or epileptic seizures [2]. The
treatment of choice consists of surgical revascularization by
means of either direct bypass surgery from the superficial
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Fig. 1 3D volume rendered reconstruction of time-of-flight MR-
angiography of the anterior circulation in a 5-year-old girl with
moyamoya disease. Note the extensive collateral moyamoya vessels on
the left (white arrowheads). On the right, there is a high-grade stenosis of
the supraclinoid internal cerebral artery and proximal middle cerebral
artery (white arrow) without appreciable moyamoya vessels

temporal artery (STA) to distal branches of the ACA or
MCA, or in cases where the donor/recipient vessels are too
small in caliber, indirect revascularization procedures such
as encephaloduroarteriosynangiosis (EDAS) or encephalo-
galeaperiostsynangiosis (EGPS) [3-6]. For both pre- and
postoperative assessment of children with moyamoya dis-
ease, a non-invasive, non-ionizing imaging procedure pro-
viding cerebral perfusion information is of utmost interest.

Dynamic susceptibility contrast imaging (DSC) is the
currently most widely used MRI technique for cerebral
perfusion imaging and is based on the measurement of the
decrease of T2/T2* times of cerebral tissue during the first
pass of gadolinium-based contrast agents through the capil-
lary bed [7]. In patients with moyamoya disease, it has been
shown to correlate with findings from invasive six-vessel
cerebral angiography, nuclear medicine perfusion studies,
and clinical outcome after revascularization [8, 9].

Arterial spin labelling (ASL) is a completely non-
invasive MRI technique for cerebral perfusion imaging,
which is based on the T1 magnetization state of freely
diffusible spin-labelled arterial water. The longitudinal mag-
netization of water in arterial blood is electromagnetically
tagged with radiofrequency pulses and after a predefined
transit time, the amount of labelled blood arriving in the
tissue of interest is calculated by subtraction from a previ-
ously acquired control image [7]. Cerebral blood flow meas-
urements using ASL have been shown to correlate with
those of single-photon emission CT (SPECT) in patients
with moyamoya disease [10] and with positron emission
tomography (PET) in patients with symptomatic carotid
artery occlusion [11].

Besides not depending on an exogenous tracer and there-
fore being completely non-invasive as well as repeatable,
ASL offers the possibility of absolute quantification of
cerebral blood flow (CBF), whereas absolute quantification

@ Springer

with DSC is quite challenging mainly due to non-linear
contrast relaxivity [12] and uncertainties regarding the arte-
rial input function [13]. Therefore, with DSC measurements
of relative cerebral blood flow (rCBF) rather than absolute
cerebral blood flow are generally performed. The possibility
of absolute quantification of CBF by ASL may be of use in
serial follow-up of children with moyamoya disease.
However, the comparability of cerebral perfusion imaging
by ASL and the more widely applied and validated DSC has
not yet been assessed in children with moyamoya disease.
The purpose of our study was therefore to evaluate the
correlation of rCBF using ASL and DSC and to assess the
diagnostic accuracy of ASL for the detection of reduced
perfusion per territory with DSC serving as the standard of
reference.

Materials and methods
Patients

Ten consecutive children (7 females, 3 males; age, 9.2+
5.4 years; range, 1-16 years) with angiographically
proven moyamoya disease who underwent MRI for
structural and cerebral perfusion assessment at our in-
stitution from August 2011 to July 2012 were included
in this retrospective study. Inclusion criteria were
angiographically proven moyamoya disease and patient
age<16 years. Exclusion criteria were postoperative
status <6 months (n=0), contraindications to sedation
in children <6 years old as determined by a board-
certified anesthesiologist (n=0), contraindications to
contrast-enhanced MRI, such as non-compatible
implants (n=0) or known previous allergic reactions to
gadolinium-based contrast material (n=0) and non-
completion of the imaging protocol (n=0). The indications
for MRI were initial assessment prior to possible revascular-
ization measures (n=5) and postoperative follow-up after
revascularization (n=5). In the postoperative patients, the
mean time interval since the operation was 3.6+4.2 years
(range, 6 months—10 years). They had undergone either bilat-
eral STA-MCA bypass, bilateral EDAS and bilateral EGPS (n
=1), bilateral STA-MCA bypass and bilateral EDAS (n=1),
bilateral STA-MCA bypass alone (n=2), or unilateral left-
sided STA-MCA bypass, EDAS, and EGPS (n=1).
Institutional review board approval was obtained and the
informed consent requirement was waived due to the retro-
spective nature of the study.

Imaging protocol

All patients underwent MRI on a 3-T clinical scanner
(HD.xt TwinSpeed, GE Medical Systems, Milwaukee, WI,
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USA) using an 8-channel receive-only head coil for signal
reception. For patients under the age of 6 years (n=4), the
scan was performed in sedation with diisopropylphenol
(Propofol, Braun Medical, Melsungen, Germany) closely
monitored by a board-certified anesthesiologist throughout
the examination.

The scans consisted of our institution’s standard protocol
for patients with moyamoya disease including triplanar T2-
weighted, axial T1-weighted, coronal fluid-attenuated inver-
sion recovery, axial 3D time-of-flight angiography, axial
diffusion-weighted imaging, ASL, DSC, and post-contrast
triplanar T1-weighted imaging. As for the present study,
only ASL and DSC images were assessed; the remaining
sequences of the standard protocol are not further discussed.

ASL was performed with a background-suppressed,
pulsed continuous arterial spin labelling (pCASL) sequence,
using a 3D stack of spirals fast spin echo readout [14].
Thirty-two axial slices were collected with TR=5,500 ms,
TE=25 ms, slice thickness=5 mm, FOV=24 cm, and ma-
trix=128%128. The labelling duration was 1,500 ms and a
post-labelling delay of 1,500 ms was used to reduce errors
from transit time effects [15]. Vascular crushing gradients
were not applied.

DSC was performed using a gradient echo EPI sequence.
Thirty-five volumes of 28 axial slices were collected with
TR=2,000 ms, TE=36 ms, slice thickness=5 mm, FOV=
24 cm, and matrix=96 x 96 during manual bolus-injection of
0.2 ml/kg Gd-DOTA (Dotarem, Guerbet, Roissy, France) in
to an antecubital vein at a rate of 2 ml/s, followed by a saline
flush.

All patients underwent MRI imaging without complica-
tions and yielding diagnostic image quality in all sequences.

Image analysis

Images were analysed on a commercially available dedicat-
ed workstation (Advantage Workstation, Software version
4.3, GE Medical Systems, Milwaukee, WI, USA). Cerebral
blood flow maps were generated from both ASL and DSC
data. For ASL, quantitative CBF maps were calculated
using the method proposed by Wang et al. [16] with an
additional factor included to correct for incomplete recovery
of the magnetization in the reference image due to a satura-
tion pulse applied two seconds before imaging [17]. The
perfusion was calculated according to the following equa-
tion [15, 17].

1 (Scr—Sir) (1 - eE) w

p— e_
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where fis the perfusion (in ml/min/100 ml), Sctrl-Slbl is the
difference image (control-label), and Sref is a proton-density

weighted reference image. A is the blood brain partition coef-
ficient (0.9), « is the inversion efficiency, T1b is the T1
of blood (1,600 ms), Tlg is the T1 of grey matter
(1,200 ms), w is the post-labelling delay (1.5 s), and T
is the labelling duration (1.5 s). The labelling efficiency
is given by the product of the PCASL labelling effi-
ciency (0.95) and an additional efficiency factor which
incorporates the loss of efficiency from the background
suppression (0.75). This model assumes that the labelled
spins remain primarily in the microvasculature rather
than exchanging with tissue water, so the T1 of blood
is used for quantification [16, 17].

For DSC, rCBF maps were automatically calculated
based on a gamma variate fitting of the time-concentration
curve using the commercially available scanner software
(Functool BrainStat, Software version 4.3, GE Medical
Systems, Milwaukee, WI, USA).

Qualitative image analysis

ASL and DSC cerebral blood flow maps were independent-
ly evaluated by two independent and blinded radiologists
with 4 and 20 years of experience, respectively, regarding
image quality (diagnostic vs. non-diagnostic, i.e. due to
technical issues or motion artifacts) and cerebral perfusion
was visually assessed in bilateral ACA, MCA and PCA
territories at three different levels (level of the tentorium,
level of the thalami, and level of the centrum semiovale).
Cerebral perfusion in each territory and at each level was
qualitatively graded as normal (score 1), reduced (score 2),
or severely reduced (score 3) by comparison with contralat-
eral perfusion and normal cerebellar perfusion. ASL and
DSC images were assessed separately in random order.
For the cases of disagreement between the two readers, a
consensus reading was appended.

Quantitative image analysis

For both ASL and DSC datasets, symmetric regions of
interest (ROIs) were manually drawn covering the cortex
of ACA, MCA, and PCA territories (Fig. 2) at the same
three levels used for qualitative assessment on each side, as
well as regions of interest covering the cerebellar cortex on
each side. The rCBF of each territory was defined as the
mean ROI signal intensity value of each territory at the three
different levels divided by the mean cerebellar signal inten-
sity value. For ASL, quantitative values of CBF within the
selected ROIs were noted.

Statistical analyses

Interreader agreement regarding qualitative cerebral perfu-
sion assessment was evaluated using Cohen’s Kappa
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Fig. 2 Imaging example of region of interest (ROI) placement for rCBF measurements in the source image (/eff) and corresponding rCBF map
(right) at the level of the thalami in a 10-year-old patient with moyamoya disease

statistics. A k value greater than 0.81 was interpreted as
excellent agreement, values of 0.61-0.80 were interpreted as
good, values of 0.41-0.60 as moderate, values of 0.21-0.40
as fair, and values less than 0.20 as poor agreement.

Correlation between ASL and DSC was assessed with
Spearman’s rank correlation for qualitative perfusion scores
and with Pearson’s correlation coefficient for rCBF, as rtCBF
values were distributed normally according to Kolmogorov—
Smirnov testing.

For both ASL and DSC independently, rCBF of territo-
ries with normal qualitative perfusion versus rCBF of terri-
tories with reduced perfusion were compared using
student’s T tests.

Sensitivity, specificity and accuracy of ASL for the de-
tection of reduced perfusion per territory were calculated
from Chi-squared tables of contingency with DSC serving
as the standard of reference.

Results
Qualitative image analysis

Diagnostic image quality was achieved for both ASL and
DSC acquisitions in all children as evaluated by both read-
ers. Interreader agreement regarding the qualitative visual
perfusion assessment was good for both ASL and DSC data
(ASL k=0.65; DSC k=0.62).

Visually reduced qualitative perfusion was found in
19/60 (32 %) territories in 7/10 patients with ASL (ACA
7/20, MCA 10/20, PCA 2/20) and in 17/60 (28 %) territories
in the same 7/10 patients with DSC (ACA 7/20, MCA 8/20,
PCA 2/20).
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Qualitative perfusion scores of ASL and DSC showed a
strong and significant correlation (p=0.77; p<0.001).

Quantitative image analysis

ASL and DSC showed a strong and significant correla-
tion regarding rCBF values (»=0.79, p<0.001; Fig. 3).
Mean rCBF of all territories was not significantly dif-
ferent between ASL and DSC (ASL 0.93+0.16; DSC
0.92+0.12; p=0.55).

Territories with normal perfusion scores by qualitative
visual assessment showed similar rCBF values in ASL and
DSC with no significant differences (ASL 1.01+0.08; DSC
0.97+0.08; p=0.51). Furthermore, no significant differences
between ASL and DSC were found in territories with re-
duced perfusion scores by qualitative visual assessment
(ASL 0.77+0.17; DSC 0.80+0.12; p=0.48).

Mean rCBF was significantly higher in territories with
normal perfusion in the qualitative assessment compared to
those with reduced perfusion for both ASL and DSC (ASL
1.01£0.08 vs. 0.77£0.17; p<0.001; DSC 0.97+0.08 vs.
0.80+0.12; p<0.001).

Quantitative CBF as calculated from ASL data was sig-
nificantly higher in territories with normal perfusion com-
pared to those with reduced perfusion in the qualitative
assessment (49.6+8.0 mlx100 g 'xmin~' vs. 37.1+
18.8 mIx100 g ™xmin'; p<0.001). An overview of the
results is provided in Table 1.

ASL showed a sensitivity of 94 %, specificity of 93 %,
and accuracy of 93 % for the detection of reduced perfusion
per territory with DSC serving as the standard of reference

(Fig. 4).



Neuroradiology (2013) 55:639-647

643

Fig. 3 Correlation of rCBF
between ASL and DSC 144
124
1.0
w 81
m
14
g
&
4
2
0
0
Discussion

In children with moyamoya disease, assessment of cerebral
perfusion is of interest both for initial evaluation prior to
possible measures of revascularization as well as for postoper-
ative follow-up. Nuclear medicine techniques such as SPECT
or PET have been shown to be valuable in the assessment of
cerebral perfusion and follow-up of patients with moyamoya
disease, correlating with the clinical course of the condition
[18-22]. However, these methods are associated with a limited
availability and considerable radiation doses, which are of
concern especially in a pediatric population potentially under-
going serial examinations. The more readily available option
of CT perfusion imaging [23] is similarly limited in its use in
children due to the radiation burden associated with the meth-
od. As a modality not associated with ionizing radiation, MRI
has emerged as a valuable method for cerebral perfusion
imaging in the assessment of children with moyamoya disease.

Table 1 Overview of results of quantitative perfusion analysis

2 4 & 8 10 12 14

DSC-rCBF

To date, DSC remains the most widely applied technique
for cerebral MRI perfusion imaging in patients with moya-
moya disease. Regarding its use in preoperative assessment,
Calamante et al. showed that DSC revealed alterations in
cerebral perfusion even in structurally normal appearing cere-
bral parenchyma in patients with moyamoya disease and
suggested that the delineation of areas of abnormal perfusion,
in combination with clinical symptomatology could direct the
target for measures of revascularization [24]. For postopera-
tive follow-up of patients with moyamoya disease, a study
including thirteen children and young adults found a signifi-
cant reduction of time to peak calculated from DSC data in
MCA territories following revascularization by EDAS. As
time to peak in the basal ganglia showed no significant
change, the changes in the MCA territory were interpreted
as a marker for the development of collateral circulation from
the external carotid artery via the EDAS [25]. In a large study
including 67 children with moyamoya disease, it could further

ASL DSC P
All territories rCBF 0.93+0.16 (n=60) 0.92+0.12 (n=60) 0.55
Territories with normal perfusion® rCBF 1.01+0.08 (n=41) 0.97+0.08 (n=43) 0.51
CBF (mlx100 g 'xmin ") 49.6+8.0 n/a
Territories with reduced perfusion® rCBF 0.77+0.17 (n=19) 0.80+0.12 (n=17) 0.48
CBF (mlx100 g ' xmin") 37.1+18.8 n/a

ASL arterial spin labeling, DSC dynamic susceptibility contrast imaging, rCBF relative cerebral blood flow calculated as ratio to cerebellar

perfusion, CBF absolute cerebral blood flow as calculated from ASL data

# Between territories with normal and reduced perfusion as assessed by qualitative visual scoring, differences in rCBF were significant for both ASL

and DSC (each p<0.001)
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Fig. 4 Images of T2-weighted,
diffusion-weighted, ASL, and
DSC sequences at the levels of
the tentorium, thalami, and
centrum semiovale in the same
S-year-old girl with moyamoya
disease depicted in Fig. 1. T2-
and diffusion-weighted images
show no signs of chronic or
acute ischemia; however, both
ASL and DSC demonstrate
inhomogenously reduced
perfusion in the anterior
cerebral artery territories
bilaterally as well as the right
middle cerebral artery territory,
presumably caused by the high-
grade supraclinoid stenosis on
the right without adequate
collateralization (see Fig. 1).
Most probably due to local sub-
territory perfusion
inhomogeneities, the reduced
perfusion in the ACA territories
appears more pronounced on
the left on the lowest slice and
more pronounced on the right
on the upper two slices in the
DSC images by lateral
comparison, while appearing
symmetrically reduced on all
levels on ASL images.
Furthermore, although the
differences between MCA
territories appear more
pronounced at the level of the
centrum semiovale in DSC
compared to ASL, the reduced
perfusion on the right can be
appreciated in both modalities

be demonstrated that time to peak as well as relative cerebral
blood volume significantly decreased after revascularization
surgery which was attributed to quicker parenchymal perfu-
sion after revascularization and a decrease of collateral vessel
formation. Additionally, time to peak in DSC imaging was
significantly different between clinical outcome categories
[9].

Recently, the use of ASL for the assessment of patients
with moyamoya disease has been reported in various studies
of different applications. Noguchi et al. found that CBF as
calculated from ASL data in patients with moyamoya dis-
ease showed a significant correlation with CBF derived
from 123-N-isopropyl-p-iodoamphetamine ('**I-IMP)
SPECT, although absolute values of CBF were slightly
lower in ASL. This was attributed to delayed arterial transit
time caused by steno-occlusive changes and dispersion
through collateral vessels [10]. Sugino et al. investigated
the use of ASL for the evaluation of focal cerebral
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hyperperfusion—which can occur during the acute stage
after STA-MCA bypass surgery—potentially causing tran-
sient neurologic deterioration. They found a strong correla-
tion of the asymmetry ratio of rCBF between ASL and '**I-
IMP SPECT [26]. As a further application, Saida et al.
showed that selective ASL with a labelling slab positioned
at the external carotid artery was able to demonstrate blood
flow to cerebral parenchyma postoperatively via the STA-
MCA bypass graft [27]. Some of these studies show poten-
tial applications of ASL beyond the possibilities of DSC,
highlighting the need to assess the comparability of ASL
and the more widely accepted and applied DSC.

However, to the best of our knowledge, there is no study in
which the correlation of rCBF between ASL and the more
commonly applied DSC in children with moyamoya disease
has been investigated. In order to compare rCBF values be-
tween ASL and DSC data we chose to report the values as the
ratio of cortical signal intensity of a given supratentorial
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vascular territory to the mean signal intensity of the bilateral
cerebellar cortex. Unlike using supratentorial left/right rCBF
ratios, this approach compares blood flow of each supratento-
rial territory to the mean cerebellar blood flow independent of
laterality, allowing for a simultaneous assessment of differ-
ences of left to right and reduced perfusion of both supra-
tentorial sides compared to mean cerebellar perfusion.

We found that in children with moyamoya disease, rTCBF
measurements with ASL and DSC showed a strong and
highly significant correlation (»=0.79, p<0.001), with
ASL providing a high accuracy in the detection of reduced
perfusion per territory using DSC as the standard of refer-
ence. ASL therefore bears the potential of replacing DSC
under certain circumstances, i.e. if the use of contrast agent
needs to be avoided. The high correlation between ASL and
DSC we found is in concordance with a report in the
literature showing correlation coefficients between ASL
and DSC of 0.62—-0.79 in patients with acute ischemic stroke
[28]. The values of quantitative CBF we found were signif-
icantly higher in territories with qualitatively normal perfu-
sion, compared to those with reduced perfusion (49.6=+
8.0 mIx100 g 'xmin~' vs. 37.1+18.8 mlx100 g 'x
min~'; p<0.001). However, it must be noted that we did
not have a standard of reference such as SPECT, PET or
perfusion CT with which to validate our quantitative results.
The CBF values we found in territories with normal-
appearing perfusion are in concordance with normal ASL
gray-matter CBF values in adults (58+4 mlx100 g 'x
min "), although lower than would be expected in children
[29]. Rather than indicating globally reduced perfusion (as
the cerebellum, which is generally spared in moyamoya
disease showed similar values) this finding is most probably
caused by partial inclusion of peripheral white matter in the
ROIs drawn over the cortex of each territory at a specific
level. Rather than using multiple smaller ROIs exclusively
positioned in the cortex, we chose to use large symmetric
ROIs to minimize the possible bias of small sample sizes in
territories with potentially inhomogeneous perfusion.

An important limitation of both ASL and DSC is that
results are influenced by the presence of steno-occlusive
disease and the presence of collateral moyamoya vessels
as these may lead to a delay in arrival times of the labelled
arterial water spins or the gadolinium bolus, respectively.
For DSC it has been shown that the effect of bolus arrival
delay and bolus dispersion due to the presence of collateral
vessels may lead to underestimation of rCBF and the over-
estimation of mean transit time (MTT) as calculated by
deconvolution [30]. For ASL imaging, long transit times
caused by the presence of collateral vessels may lead to
a loss of perfusion signal, if the labelled blood does not
reach the imaging slices before the start of image acqui-
sition. This effect results in artificially low CBF values
[31]. Alternatively, if arterial transit times are increased

such that the longitudinal magnetization of water in the
arterial blood remains in the vasculature at the time of
image readout, bright intraluminal signal can give the
appearance of increased perfusion due to the longer T1
of blood relative to tissue, since the label decays more
slowly if it remains intravascular [32]. The visibility of
this artifact will vary according to the ASL acquisition
method and whether flow-crushing gradients are imple-
mented to suppress signal from intravascular label in the
arterial blood before imaging. The presence of intralumi-
nal signal is also typically associated with an underesti-
mate of perfusion in the distal field; however, in the
present study, intraluminal artifacts were not observed
in the vicinity of the ROIs.

Cerebral blood flow may therefore be underestimated by
the effects of arrival delay in both techniques; however,
quantification of CBF in DSC is additionally complicated
by other factors, including uncertainties in the arterial input
function (i.e. due to partial volume effects, flow artifacts and
inflow effects) and the non-linear relationship between con-
trast concentration and T2/T2* relaxivity [12, 13]. The
arterial input function is required for absolute quantification
of CBF in DSC, which was not attempted in the present
study. The combined use of ASL and DSC may improve
quantitative CBF measurements, as shown in a study by
Zaharchuk et al. introducing a calibration method using
CBF from ASL in regions with short transit times to provide
a patient-specific conversion factor for the quantification of
rCBF from DSC [33].

Although CBF values in ASL may be underestimated by
arrival delay due to steno-occlusive disease and formation of
collaterals, the lack of dependence from contrast-material
related issues can be expected to render serial follow-up
examinations more comparable in children with moyamoya
disease. A further benefit of ASL is its repeatability, which
could be used for combined acetazolamide-challenge/rest
examinations to define the cerebral blood flow reserve, an
important parameter for both preoperative assessment and
monitoring disease progression. Such examinations have
been performed with SPECT, PET, and Xenon-enhanced
CT for almost 20 years [34, 35] and have been shown to
predict clinical outcome postoperatively [19]. A non-
invasive, non-ionizing modality for the assessment of cere-
bral perfusion reserve would be more than desirable—espe-
cially for the pediatric population—and further studies are
warranted to investigate whether ASL can provide such
information.

Limitations

We acknowledge the following limitations of our study:
Firstly, our patient population is too small to allow for
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sub-analysis of findings in pre- and postoperative patients.
Secondly, we did not have serial examinations available to
assess the use of ASL in follow-up imaging. Thirdly, we did
not have a standard of reference such as PET, SPECT, or
perfusion-CT available to validate the ASL results of quantita-
tive CBF. Fourthly, an inherent limitation of ASL is that it does
not allow for the calculation of mean transit time and cerebral
blood volume, therefore these parameters could not be com-
pared between ASL and DSC. And finally, in this retrospective
study we could not assess the use of azetazolamide-
challenge/rest ASL, which appears to be an interesting possible
application of ASL, warranting further studies.

Conclusion

Our results demonstrate that the assessment of relative ce-
rebral blood flow with ASL in children with moyamoya
disease shows a strong and significant correlation with the
currently more widely used method of DSC both qualita-
tively and quantitatively. ASL allows for the detection of
reduced perfusion per vascular territory with good accuracy
using DSC as the standard of reference and additionally
offers the possibility of quantitative cerebral blood flow
assessment.

Conflict of interest We declare that we have no conflict of interest.
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