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Objective: To determine the correlation between cerebral blood flow (CBF) on arterial spin labeling (ASL) MRI and the degree
of postoperative revascularization assessed on digital subtraction angiography in children with moyamoya disease (MMD).
Materials and Methods: Twenty-one children (9 boys and 12 girls; mean age, 8.4 + 3.6 years; age range, 3-16 years) with
MMD who underwent both pseudocontinuous ASL MRI at 1.5T and catheter angiography before and after superficial temporal
artery encephaloduroarteriosynangiosis were included in this retrospective study. The degree of revascularization in the
middle cerebral artery (MCA) territory was evaluated on external carotid angiography and was graded on a 3-point scale.
On ASL CBF maps, regions of interest were manually drawn over the MCA territory of the operated side at the level of the
centrum semi-ovale and over the cerebellum. The normalized CBF (nCBF) was calculated by dividing the CBF of the MCA
territory by the CBF of the cerebellum. Changes in nCBFs were calculated by subtracting the preoperative nCBF values from the
postoperative nCBF values. The correlation between nCBF changes measured with ASL and the revascularization grade from
direct angiography was evaluated.

Results: The nCBF value on the operated side increased after the operation (p = 0.001). The higher the degree of
revascularization, the greater the nCBF change was: poor revascularization (grade 1), -0.043 + 0.212; fair revascularization
(grade 2), 0.345 + 0.176; good revascularization (grade 3), 0.453 + 0.182 (p = 0.005, Jockheere-Terpstra test). The
interobserver agreement was excellent for the measured CBF values of the three readers (0.91-0.97).

Conclusion: The nCBF values of the MCA territory obtained from ASL MRI increased after the revascularization procedure in
children with MMD, and the degree of nCBF change showed a significant correlation with the degree of collateral formation
evaluated via catheter angiography.

Keywords: Moyamoya; Arterial spin labeling; Cerebral blood flow; Cerebral perfusion; Pediatric; Angiography

INTRODUCTION and its main branches with the compensatory development
of a fine vascular network, termed moyamoya vessels (1,
Moyamoya disease (MMD), which is relatively common 2). During the progressive occlusion of the bilateral ICAs,
in Asia, is an idiopathic cerebrovascular disease that is the leptomeningeal collateral vessels from the posterior
characterized by progressive steno-occlusive changes at circulation, and the transdural collateral vessels from the
the terminal portion of the internal carotid arteries (ICAs) external carotid artery, the moyamoya vessels may develop
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to supply the ischemic brain (3, 4). During this change
in cerebral hemodynamics, transient ischemic attacks or
cerebral infarction can occur, leading to major neurologic
and cognitive impairments (1).

Surgical revascularization surgery is considered the
standard treatment to improve cerebral hemodynamics and
reduce the risk of a subsequent stroke. Indirect bypass
surgery that induces spontaneous angiogenesis between
the brain surface and the vascularized donor tissues
is technically simple to do and has been widely used
especially in pediatric patients (1, 5, 6). Additionally,
bifrontal encephalogaleo (periosteal) synangiosis (EG(P)

S) can be performed to reinforce the anterior circulation in
patients with frontal lobar hypoperfusion (7, 8).

Evaluation of cerebral hemodynamics after cerebral
revascularization is clinically meaningful for the assessment
of the therapeutic effect and prognosis. There are several
ways to evaluate the postsurgical revascularization status in
moyamoya patients. Digital subtraction angiography (DSA)
is still the gold standard for assessing the development of
collateral pathways through direct or indirect bypass surgery
(3, 9). However, DSA is invasive and time-consuming,
especially in pediatric patients and may cause procedure-
related complications.

Dynamic susceptibility contrast (DSC) perfusion MRI has
been used to noninvasively evaluate cerebral hemodynamics
in association with ischemic brain lesions. Several reports
demonstrated that DSC MRI can allow for the detection
of hemodynamic changes after revascularization surgery
(4, 10). However, DSC perfusion MRI requires gadolinium
as a contrast agent and with increasing concerns about
gadolinium deposition in the brain, it is recommended that
DSC perfusion MRI be used with caution (11, 12).

CT perfusion scanning may be another option because
of its high accessibility and short examination times, but
exposure to radiation is unavoidable and the radiation
dose is increased because of the repeated scans, which is
especially concerning in children (13).

Recently, arterial spin labeling (ASL) MRI, which is based
on endogenous arterial blood protons as a freely diffusible
tracer, is a promising noninvasive perfusion imaging
method for assessment of cerebral blood flow (CBF) without
administration of contrast agents and without exposing
children to radiation. Perfusion measurement using ASL has
been increasingly applied in several imaging studies (14,
15). In MMD, there have been several studies for evaluation
of the hemodynamic status and postoperative collateral
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vessels via ASL perfusion MRI (16-20). However, to the
best of our knowledge, the changes in CBF values measured
via ASL with DSA-assessed revascularization degree after
indirect neovascularization surgery in pediatric patients
have not yet been reported. Therefore, the purpose of this
study was to assess the role of ASL MRI in quantitatively
evaluating changes in CBF after indirect revascularization in
children with MMD.

MATERIALS AND METHODS

Our Institutional Review Board approved this study.
Informed consent requirement was waived due to the
study’s retrospective nature.

Patients

From June 2016 to March 2017, we retrospectively
reviewed children with MMD at our institution. The inclusion
criteria were 1) patients, younger than 18 years, diagnosed
with MMD, 2) consecutive patients who underwent both ASL
perfusion MRI and DSA imaging before and after the first-
stage indirect revascularization operation on the severe
side, and 3) short time interval within 15 days between ASL
perfusion MRI and DSA imaging before and after surgery. A
total of 21 consecutive children (9 boys and 12 girls; mean
age, 8.4 + 3.6 years; age range, 3-16 years) were included
in this study.

After the initial diagnosis of MMD, patients usually
underwent two stages of indirect revascularization
of the brain areas with vascular insufficiency.
Usually, the operations consisted of bilateral
encephaloduroarteriosynangiosis (EDAS) using the
superficial temporal artery (STA) for the middle cerebral
artery (MCA) territory and bifrontal EG(P)S for the anterior
cerebral artery territory, as previously described (7, 8, 21).
The imaging protocol for MMD patients at our institution
was as follows: 1) Baseline MRI including MRI angiography,
MRI perfusion using both DSC imaging, and ASL imaging and
DSA before surgery for diagnosis of MMD and preoperative
evaluation of vascular anatomy. 2) Postoperative MRI
perfusion including DSC and ASL MRI and DSA within one
to three months after the first-stage operation of unilateral
indirect revascularization on the severe side. 3) Second
postoperative follow-up MRI including MRI angiography,
DSC, and ASL perfusion MRI within six months after the
second-stage surgery for the contralateral side.
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ASL Perfusion MRI

ASL perfusion MRI was performed using a 1.5T MRI
system (MAGNETOM Avanto, Siemens Healthineers, Erlangen,
Germany) with a 12-channel head coil. Pseudocontinuous
arterial spin labeling (pCASL) scans with two-dimensional
single-shot-gradient-echo echo-planar imaging readout were
performed using a labeling pulse duration of 1.8 seconds
(Number of RF blocks of 98) and a post-labeling delay (PLD)
of 1.5 seconds. Label offset from the center of the imaging
region was 90 mm and the number of measurements was 60
(30 pairs of control and tag images). Other scan parameters
were repetition time/echo time 4290/22 ms, 1578 Hz/pixel
receiver bandwidth, 10 mm slice thickness, ten slices, 25
x 25 cm field of view, 96 x 96 matrix, and a generalized
autocalibrating partially parallel acquisition acceleration
factor of 2. The total scan time was 4.5 minutes.

The quantification model for pCASL technique has
been previously reported (22, 23). The postprocessing
was performed using SPM8 (Wellcome Trust Center for
NeuroImaging, University College London, London, UK), ASL
toolbox (24) and MATLAB (Mathworks, Natick, MA, USA)
scripts. The calculation of CBF values uses the following
equation:

A-AM-R,,

rCBF =
2.0- M0 (e'W'Rla _ e’(T"’W)'Rla)

where rCBF is the relative CBF; A is the blood and tissue
water partition coefficient (0.9 mL/g); AM is the difference
in signal intensity between control image and labeling
image; Ry, is the longitudinal relaxation rate of blood (0.719
seconds™ at 1.5T); a is the labeling efficiency (0.85); M,

is the equilibrium magnetization of brain (control image
intensity); w is the PLD time; t is the duration of the
labeling pulse (18.4 msec * Number of RF blocks).

DSA

Direct catheter cerebral angiography was performed in
a dual-plane angiographic machine (Axiom Artis; Siemens
Healthineers) by four pediatric radiologists with 5, 5, 6,
and 13 years of experience, respectively. A 4 F or 5 F Davis
angiographic catheter (A&A Medical Device, Seongnam,
Korea) was used according to the patient’s femoral artery
diameter. Conventional DSA images included antero-
posterior and lateral projections with selective injection of
the respective internal carotid, the external carotid, and the
vertebral artery. Low-osmolality iodinated contrast media
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(iopamidol; Pamiray 250; Dongkuk Pharm., Seoul, Korea)
was administered using an automated injector (Angiomat
Illumena; Liebel-Flarsheim, Cincinnati, OH, USA). The
injection rate and amount were determined by the operator
based on the size of each vessel.

Quantitative Analysis of CBF on ASL

From the ASL maps obtained before and after the first
indirect revascularization operation, three independent and
blinded board-certified pediatric radiologists (R1, R2, and
R3 with 5, 5, and 6 years of clinical experience, respectively,
independently and manually drew regions of interest (ROIs)
over the bilateral MCA territories as large as possible on the
ASL maps at the level of the centrum semi-ovale (Fig. 1).
Before the analysis, the three readers reviewed five cases
that were not included in this study group.

The ROI of the MCA territory at the level of the centrum
semi-ovale was defined as the cortex and the subcortical
white matter supplied from the leptomeningeal arteries
of the MCA. The ROI excluded the deep white matter of
the centrum semi-ovale, the watershed zone between the
superficial territories of the MCA, and the anterior cerebral
artery (25). The obtained mean signal intensity value
of each ROI represented the absolute CBF value in the
MCA territory (CBF,,) (16). All values of CBF maps were
measured in absolute units (mL/100 g/min).

For CBF normalization, additional ROIs were drawn on
the right and left cerebellar hemispheres, respectively. The
absolute CBF values of cerebellum (CBF,) was defined as
the mean of right and left CBF,. The size of the ROI was
set to be at least 2000 mm’ in the MCA territory of each
cerebral hemisphere and 350 mm? in the cerebellum.

Normalized CBF (nCBF) was calculated using the following
equation: nCBF = CBFy,/CBF,.. nCBF values were obtained
from both operated side and contralateral sides on both
pre- and postoperative ASL images. To evaluate the change
in the nCBF value on the operated side after surgery,
AnCBF was calculated as AnCBF = postoperative nCBF -
preoperative nCBF.

Grading of Postoperative Revascularization in the MCA
Territory on DSA

For visual grading of the revascularization degree
after surgery, two board-certified pediatric radiologists
(with 5 years and 13 years of experience, respectively)
independently reviewed the DSA images and the results
were determined consensually. The findings of ASL image
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Fig. 1. Imaging example of ROI placement for CBF measurements in ASL images.

A. ROIs created manually over MCA territory along level of centrum semi-ovale on operated side and contralateral side. B. Additional ROIs drawn
in cerebellum for normalization on right and left cerebellar hemispheres. Absolute CBF,, was defined as mean of right and left CBF,,. ASL =
arterial spin labeling, CBF = cerebral blood flow, CBF, = CBF of cerebellum, MCA = middle cerebral artery, ROI = region of interest

were blinded when two radiologists reviewed DSA images.
The transdural collaterals at the synangiosis site of the MCA
territory were graded according to the criteria proposed
by Matsushima et al. (6) for the evaluation of transdural
collaterals after EDAS (26).

Visual assessment of the perfused area by neovascularization
after surgery on external carotid artery angiography was

scored on a 3-point scale as follows: 1, poor (area perfused by

the synangiosis is less than 1/3 of the MCA territory); 2, fair
(area perfused by the synangiosis is between 1/3 and 2/3 of
the MCA territory); 3, good (area perfused by the synangiosis
is greater than 2/3 of the MCA territory).

Statistical Analysis

For each parameter, the normality of data was assessed
with the Kolmogorov-Smirnov test. Absolute CBFs, nCBFs,
and the areas of ROI were compared between pre- and
postoperative images using a paired t test. The change in
nCBF after surgery according to the DSA revascularization
grade was compared using one-way ANOVA with post-hoc
Tukey Honestly Significant Difference test. The Jockheere-
Terpstra test was performed for trend analysis of the change
in nCBF according to the neovascularization degree. All
statistical analyses were performed using SPSS v. 22.0
statistical software (IBM Corp., New York, NY, USA) and
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MedCalc software v. 12.1.0 (MedCalc Software, Mariakerke,
Belgium). The interobserver variability for CBF measurement
of both MCA territory and cerebellum from the three readers
was analyzed by calculating the intraclass correlation
coefficient (ICC: 0.00-0.20, poor agreement; 0.21-0.40,
fair; 0.41-0.60, moderate; 0.61-0.80, good; and 0.81-1.00,
excellent).

RESULTS

Patients

A summary of the patient characteristics is shown in
Table 1. Twenty patients were diagnosed with typical
bilateral MMD and one patient had unilateral MMD. As an
initial indirect operation, 13 of 21 patients received EDAS
only, and eight patients underwent EDAS with EG(P)S.

The mean period between pre-operative ASL and DSA
imaging was 2.7 + 4.6 days (range, 0-15 days). The mean
period between pre-operative ASL and surgery was 4.1 +
5.1 days (range, 1-22 days). The mean period between
surgery and postoperative ASL, and between surgery
and postoperative DSA was 77.1 + 43.4 days (range,
34-245 days) and 77.6 + 43.3 days (range, 34-245 days),
respectively. The interval between postoperative ASL and
DSA imaging was 0.5 + 0.5 days (range, 0-1 day).
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Table 1. Clinical Data and Imaging Findings

Category No. of Patients
Mean age (range) 8.4 + 3.6 years (3-16 years)
Sex (male:female) 9:12

Ethnic origin
Underlying disease*
Family history
Clinical symptom (%)

Asian (Korean)
None
1/21 (grandmother; MMD)

TIA 16/21 (76.2)
Headache 6/21 (28.6)
Involuntary movement 1/21 (4.8)
Seizure 2/21 (9.5)
Persistent weakness 2/21 (9.5)

Lesion on MRI (%)

None 12/21 (57.1)

Infarction 6/21 (28.6)

ICH or IVH 2/21 (9.5)

Cerebral hemi-atrophy 1/21 (4.8)
PCA involvement 6/21
Surgery side (right:left) 11:10
Initial surgery

EDAS only 13/21

EDAS with EG(P)S 8/21
Postop. outcome

Postop. infarction 4/21

Postop. SDH 1/21; second surgery needed

*Underlying disease such as neurofibromatosis type 1 and Down
syndrome, etc. EDAS = encephaloduroarteriosynangiosis, EG(P)

S = encephalogaleo (periosteal) synangiosis, ICH = intracerebral
hematoma, IVH = intraventricular hemorrhage, MMD = moyamoya
disease, PCA = posterior cerebral artery, Postop. = postoperative,
SDH = subdural hemorrhage, TIA = transient ischemic attack

CBF Changes after Cerebral Revascularization on ASL

Mean absolute CBF values on the operated side by all
readers at pre- and postoperative were 80.26 + 31.2 (range,
12.9-150.4 mL/100 g/min) and 89.39 + 23.6 (range, 20.6-
136.1 mL/100 g/min), respectively. Mean absolute CBF
values on the contralateral side at pre- and postoperative
were 88.69 + 34.0 (range, 14.5-146.5 mL/100 g/
min) and 80.59 + 30.5 (range, 10.9-142.8 mL/100 g/
min), respectively. And the absolute CBF,, at pre- and
postoperative were 52.14 + 15.2 (range, 31.0-118.9
mL/100 g/min) and 50.38 + 9.3 (range, 34.2-69.7 mL/100
g/min), respectively.

After revascularization surgery, there was no significant
increase of absolute CBF values measured on the operated
side by R2 and R3 (preoperative vs. postoperative;
80.66-80.78 vs. 88.19-89.98 mL/100 g/min, p = 0.070-
0.115). The absolute CBF on the operated side by R1 was
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significantly increased (preoperative vs. postoperative;
79.33 vs. 89.99 mL/100 g/min, p = 0.020). Absolute CBF
values at the contralateral side were not significantly
different before and after surgery in all readers (preoperative
vs. postoperative; 88.02-89.29 vs. 80.02-81.05 mL/100
g/min, p = 0.118-0.145). The CBF,, were also not
significantly different in all readers (preoperative vs.
postoperative; 52.04-52.62 vs. 48.30-48.96 mL/100 g/min,
p =0.123-0.178).

nCBF values calculated on the operated side in all readers
were significantly increased after surgery (preoperative vs.
postoperative; 1.53-1.57 vs. 1.84-1.89, p = 0.001). On
the contralateral side, there was no difference between
nCBF values before and after surgery preoperative vs.
postoperative; 1.73-1.77 vs. 1.69-1.73, p = 0.651-0.944)
(Table 2).

Comparison between the Revascularization Degree on
DSA and CBF Changes on ASL

Revascularization degree was interpreted as grade 1 in
four patients (19.0%), grade 2 in seven patients (33.3%),
and grade 3 in the remaining ten patients (47.6%) on DSA.
In three readers, the change in nCBF after surgery (AnCBF)
was calculated for each group, respectively. On the operated
side, the mean of AnCBF in these three groups showed a
significant difference in all readers (p = 0.003-0.005). The
average value of AnCBF in three readers showed a significant
difference between the three groups (p = 0.001). In the
post-hoc analysis for the averaged AnCBF, there was no
significant difference between group 2 and 3 (p = 0.448),
but there was a significant difference between group 1 and
2 (p =0.010) and group 1 and 3 (p = 0.001) (Fig. 2, Table 3).
The trend analysis showed that the higher revascularization
grade, the greater the mean of AnCBF (p = 0.005).

Representative images are shown in Figures 3 and 4.

Interobserver Agreement

The interobserver agreement on CBF values measured by
three readers in bilateral MCA territories and cerebellum
are shown in Table 4. All the calculated interobserver
agreement were excellent between the three readers (ICC,
0.91-0.97).

DISCUSSION

This study assessed whether CBF changes measured by
ASL MRI can predict the degree of revascularization after
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Table 2. Comparison between Pre- and Postoperative CBF Values in Patients (n = 21) Who Underwent Unilateral Revascularization
Based on ASL Measurements for Each Reader

Reader Parameter Preoperative ASL Postoperative ASL P
Absolute CBF*
Operated side 79.33 + 31.15 89.99 + 25.48 0.020
Contralateral side 88.02 + 33.92 80.72 + 29.88 0.145
R1 Cerebellum’ 52.62 + 12.53 48.51 + 9.58 0.123
nCBF*
Operated side 1.53 £ 0.53 1.89 £ 0.49 0.001
Contralateral side 1.73 £ 0.73 1.72 + 0.67 0.944
Absolute CBF
Operated side 80.66 + 31.18 88.19 + 22.16 0.115
Contralateral side 88.76 + 34.48 80.02 + 32.02 0.118
R2 Cerebellum 52.65 + 13.04 48.96 + 9.44 0.178
nCBF
Operated side 1.55 £ 0.51 1.84 + 0.46 0.001
Contralateral side 1.74 £ 0.73 1.69 + 0.71 0.651
Absolute CBF
Operated side 80.78 + 32.78 89.98 + 24.28 0.070
Contralateral side 89.29 + 35.24 81.05 + 30.88 0.124
R3 Cerebellum 52.04 + 12.13 48.30 + 8.74 0.125
nCBF
Operated side 1.57 + 0.54 1.89 £ 0.49 0.001
Contralateral side 1.77 £ 0.75 1.73 £ 0.71 0.702

Values are mean + standard deviation. Absolute or nCBF values were compared between pre- and postoperative ASL using paired ¢ test.
*Data are in units of mL per 100 g per minute, 'Absolute CBF,, was defined as mean of right and left CBF,, 'nCBF values are calculated
as follows: CBF,.,/CBF,. ASL = arterial spin labeling, CBF = cerebral blood flow, CBF, = CBF of cerebellum, CBF,, = CBF value in the
MCA territory, MCA = middle cerebral artery, nCBF = normalized CBF

and reflected the degree of collateral formation evaluated

0.8 p = 0.001
°r on DSA. Therefore, ASL MRI could be used as a surrogate
0.6l —— P =0.448 indicator of revascularization after operation in children
p =0.01 with MMD.

0.4} Indirect revascularization is the most widely used surgical
e method in childhood MMD because of its simplicity. The
o 0.2+ J . . .
5 optimal goal of STA EDAS is to reestablish CBF to the

hypoperfused region using synangiosis from the parietal

branches of the STA. After the revascularization surgery,
0.2 artificially induced transdural collateral vessels develop at
L p=0.001 the flap site with concurrent and sequential progression of
040 ; . 3 stenotic change in the ICA and diminishing of moyamoya
Revascularization degree vessels (26, 27). The neovascularization has been known
to begin two weeks after the operation (27, 28). The goal
of postoperative imaging would be to evaluate cerebral
hemodynamic changes induced by a bypass surgery. For
these purposes, several noninvasive imaging modalities

Fig. 2. Graph displaying nCBF changes measured with ASL
according to angiographic revascularization degree (poor
revascularization [grade 1], -0.043 + 0.212; fair revascularization
[grade 2], 0.345 + 0.176; good revascularization [grade 3], 0.453 +
0.182 [p = 0.001]). nCBF = normalized CBF have been performed such as DSC MRI, single-photon
emission CT (SPECT), positron-emission tomography (PET)
for evaluation of secondary hemodynamic changes, and MRI

angiography for evaluation of the development of transdural

indirect revascularization surgery in children with MMD.
Our findings demonstrated that nCBF values obtained
from ASL increased after indirect revascularization surgery
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Table 3. Relationship between Angiographic Postoperative Revascularization Degree and Change in nCBF Value

Parameter Reader Grade 1 (n = 4)* Grade 2 (n =7) Grade 3 (n = 10) P
R1 -0.054 + 0.302 0.395 +0.176 0.495 + 0.256 0.005
AnCBF! R2 -0.039 + 0.248 0.285 + 0.158 0.416 + 0.182 0.003
R3 -0.037 £ 0.154 0.356 + 0.262 0.447 +0.202 0.005
Average! -0.043 + 0.212 0.345 + 0.176 0.453 + 0.182 0.001
Group 1 and 2 0.010
Tukey HSD test® Group 2 and 3 0.448
Group 1 and 3 0.001

Revascularization grading was evaluated via digital subtraction angiography imaging (baseline and postoperative follow-up image) in
MCA territory. *Grade 1, poor (area perfused by synangiosis is less than 1/3 of MCA territory); 2, fair (area perfused by synangiosis is
between 1/3 and 2/3 of MCA territory); 3, good (area perfused by synangiosis is greater than 2/3 of MCA territory), 'Change in nCBF
values is calculated as follows: AnCBF = postoperative nCBF - preoperative nCBF, *Values averaged across three readers for AnCBF values,
SPost-hoc Tukey HSD test for averaged AnCBF values across three readers. HSD = honestly significant difference

collateral vessels (1, 3, 4, 29-31). Recently, ASL MRI,
which is based on endogenous blood as a freely diffusible
tracer, has been suggested as a promising noninvasive
perfusion imaging method for assessment of CBF without
administration of contrast media and without radiation,
which is of particular interest for pediatric patients.

Several studies examined the performance of ASL MRI
for monitoring the hemodynamic status in MMD (16, 18-
20, 32, 33). CBF measurement using ASL MRI has shown
good correlation with results obtained via PET (34) and
DSC MRI (20) in patients with MMD. Several previous
studies have demonstrated the improvement of perfusion
after revascularization operation (16, 32, 35). Sugino et
al. (16) have reported that nCBF values from ASL were
increased after direct revascularization in 14 pediatric
and adult patients and it was comparable to SPECT (16).
Recently, Lee et al. (36) reported that there was an
excellent correlation between ASL MRI and DSA findings in
CBF changes and anastomosis site patency in 145 adults
with MMD who underwent direct revascularization. The
number of studies in the pediatric population is limited.
In a preliminary report by Blauwblomme et al. (35), CBFs
measured with ASL MRI were increased after indirect
revascularization in 15 pediatric patients (6.8 + 3.4 years,
age range; 2.7-14 years). While their study showed a simple
improvement of CBF by comparing pre- and postoperative
ASL values, our study demonstrated a significant positive
correlation between the increase in nCBF and degree of
revascularization.

In the present study, absolute CBF values measured on
the operated side in all readers (R1/R2/R3) were slightly
increased after surgery (mean difference, 10.66/7.53/9.19
mL/100 g per minute). However, statistical significance
was achieved only in R1 (p = 0.020). On the other hand,

kjronline.org https://doi.org/10.3348/kjr.2018.0651

nCBF values calculated on the operated side per cerebellum
(CBFyc/CBF,) increased after surgery with a statistically
significant difference in all readers. There are two reasons
that the difference in the absolute CBF values before and
after surgery was smaller than in the previous study (35).
The first is due to the size and location of ROI. In the
prior study by Blauwblomme et al. (35), the authors drew
a 10 mm ROI (78.5 mm®) in the dorsolateral cortex of the
frontal lobe, corresponding to the area with a significant
change of ASL CBF values in the preanalysis. This approach
could have maximized the changes of ASL CBFs. However,
identifying such areas with great CBF changes could be
highly subjective and required preanalysis. In contrast, our
study did not perform preanalysis and simply included a
larger MCA territory (at least 2500 mm?) including cortex
and subcortical white matter. We think that our approach
of drawing large ROIs instead of local ROIs could be easier
and clinically more practical and applicable, even though
it might have underestimate absolute CBF changes. Since
prior studies on quantitative CBF evaluation in MMD have
included the cortex and subcortical white matter, and the
actual change of CBF in nuclear image take place throughout
brain parenchyma, we believe that our research including
the cortex and subcortical white matter reflects the actual
CBF (4, 8, 13, 37). The second is due to the absolute CBF
could be affected by a number of parameters such as blood
T1, tissue T1 values and PLD. The delayed arterial transit
time (ATT) in steno-occlusive disease such as MMD could
have a significant effect on the ASL signal. Prolonged PLD
in severe ATT delay could be helpful than normal children
(14). In our study, PLD was 1500 ms, which is commonly
used in studies of MMD (20, 36), longer than 1025 ms of
Blauwblomme et al. (35). In the case of Blauwblomme et
al. (35) with a short PLD, it is possible that the measured
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Fig. 3. Representative DSA and ASL images showing good postoperative outcome in 12-year-old girl with unilateral MMD who
underwent right EDAS with right EC(P)S.

A. Baseline DSA image showing lateral projection from right external carotid injections. B. Postoperative DSA image after surgery shows
superficial temporal artery hypertrophy (arrow) and abundant collateral flow at greater than 2/3 of MCA territory; grade 3, good revascularization
grade. C. Baseline ASL image shows decreased perfusion and ATA signals (arrowheads) reflecting late-arriving flow via collateral pathways. D.
Postoperative ASL image shows increased perfusion with decreased ATA signals in right MCA territory, corresponding to DSA results. ATA = arterial
transit artifact, DSA = digital subtraction angiography, EC(P)S = encephalogaleo (periosteal) synangiosis, EDAS = encephaloduroarteriosynangios
is, MMD = moyamoya disease

preoperative ASL CBF was underestimated, thus the value it increased or decreased. The reason is the same as the

of postoperative CBF minus preoperative CBF might be reason why the CBF value measured in ASL are required

overestimated than the actual value. Our study would be to be normalized by the cerebellar CBF. The CBF value

more accurate because it is known that the ASL CBF values could vary widely in the same patient depending on the

in the longer PLD are closer to true values in MMD. patient’s perfusion status in MMD (34, 36). Similar to prior
In our study, the variation of the absolute CBF value studies, our study also showed large variation in absolute

was not consistent with the variation of nCBF value as CBF (e.g., 12.9-150.4 mL/100 g/min in the operated side
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Fig. 4. Representative DSA and ASL images showing poor postoperative outcome in 16-year-old girl with bilateral MMD who

underwent right EDAS with bifrontal EC(P)S.

A. Baseline DSA image showing lateral projection from right external carotid injections demonstrates preexisting transdural collaterals,
indicating advanced stage of disease. B. Postoperative DSA image shows impaired collateral flow at less than 1/3 of MCA territory; grade 1, poor
revascularization grade. C. Baseline ASL image shows decreased perfusion in both MCA territories. D. Postoperative ASL image shows impaired

perfusion, corresponding to DSA results.

at preoperative). To adjust for inter-subject variation and
minimize the effect of transit-time error, we used nCBF
values rather than absolute CBF values (36). There were
two cases in which nCBF value was increased as a result

of normalization, although absolute CBF value decreased.
The increase in nCBF was consistent with DSA. E.g. In one
patient with DSA grade 3; good, the absolute CBF decreased
postoperatively (preoperative vs. postoperative; 71.5-74.4

kjronline.org https://doi.org/10.3348/kjr.2018.0651

vs. 59.1-63.2), but nCBF increased (preoperative vs.
postoperative; 1.47-1.52 vs. 1.71-1.86).

The primary benefits of ASL perfusion MRI are that it is
non-invasive and radiation-free. Furthermore, no contrast
agents are required which may cause adverse effects such as
contrast-induced nephropathy of iodinated contrast media
and the recently reported brain deposition of gadolinium-
based contrast agent. Therefore, ASL perfusion MRI is highly
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Table 4. Contingency Table for Interobserver Agreement of CBF
Measured by Three Readers

Parameter Location ICC (95% CI)*
MCA territory
Right 0.97 (0.954-0.997)
_ Left 0.94 (0.887-0.976)
Preoperative CBF
Cerebellum
Right 0.96 (0.942-0.995)
Left 0.95 (0.910-0.983)
MCA territory
Right 0.92 (0.853-0.952)
Postoperative CBF Left 0.96 (0.942-0.998)
Cerebellum
Right 0.91 (0.845-0.956)

Left 0.94 (0.871-0.977)

*ICC were calculated for interobserver agreement for three readers.
(I = confidence interval, ICC = intraclass correlation coefficient

recommended for children.

Our study has several limitations. First, a small number
of patients was analyzed in this study. Second, we did
not have a standard of reference such as PET, SPECT,
or perfusion CT available to validate the quantitative
CBF values on ASL, because these techniques were not
performed in our center. In several previous studies,
collateral scoring on ASL perfusion MRI has shown good
agreement with DSA in steno-occlusive disease (17, 38).
It was thought that DSA was appropriate as a reference
in our study, considering that the purpose of this study
was to evaluate the developed collateral vessels. The third
limitation concerns arterial transit artifact (ATA) issues.
ATA is known to be a phenomenon in which late-arriving
blood flow through collateral vessel appears as a strong ASL
signal before it arrived at the brain tissue in ASL perfusion
imaging (16, 39). This may affect the quantification of CBF
values in patients with severe steno-occlusive disease such
as MMD, in which collateral flow contributes significantly
to cerebral perfusion. In this study, many ATAs might be
included in large MCA ROIs and therefore, the bright signals
of ATAs may have contributed to measuring CBF values
higher than actual values, which could have made the
difference in CBF values before and after surgery smaller.
Fourth, interpretation of perfusion data in pediatric patients
is complicated by age-related different perfusion change,
PLD, blood T1, and tissue T1 values. In addition, depending
on anesthesia or sedation for MRI, perfusion status could
vary (40).

In conclusion, nCBFs measured by ASL MRI increased after
indirect revascularization surgery in children with MMD and
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changes in nCBF perfusion values after revascularization
surgery correlated with the degree of collateral formation
evaluated via DSA. Our results suggest that ASL MRI can
be used to monitor perfusion changes in pediatric patients
with MMD after indirect revascularization.
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