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Abstract

Purpose In moyamoya vasculopathy, prolonged arterial transit time may increase the arterial spin labeling (ASL) signal heterogeneity,
which can be quantitatively expressed by the spatial coefficient of variation of ASL-CBF (ASL-sCoV). The aim was to compare the
accuracy of ASL-sCoV and ASL-CBF with dynamic susceptibility contrast (DSC)-CBF and time-to-peak (DSC-TTP) in the evaluation
of perfusion changes and clinical outcome after encephalo-duro-arterio-myo-synangiosis (EDAMYS) in pediatric moyamoya patients.
Methods A total of 37 children with moyamoya vasculopathy (mean age 6.31 years (1.12-15.42)) underwent ASL and DSC
perfusion imaging at 3T before and up to 24 months after EDAMS. Mean DSC-CBF, mean DSC-TTP, mean ASL-CBF, and ASL-
sCoV were calculated in middle cerebral artery territories. Generalized linear model analyses were used to evaluate temporal
variations of postoperative perfusion changes and to compare these variations between patients developing valid pial
collateralization and those without angiographic improvement. Relationship between perfusion parameters and clinical outcome
after surgery was tested using multivariate regression analysis.

Results Significant reduction was observed after EDAMS for ASL-sCoV (P =.002; eta-squared (nz) =0.247) and DSC-TTP (P
<.001;1? = 0.415), whereas only a trend of increase was observed for DSC-CBF and ASL-CBF, with larger discrepancy before
and 6 months after surgery. At last follow-up, children developing pial collateralization showed lower absolute ASL-sCoV
(P=.002 Cohen’s d=10.84) and DSC-TTP (P =.027; Cohen’s d =0.64) and higher DSC-CBF (P =.002; Cohen’s d=—0.55)
compared with those without vascular improvement. Low preoperative and early post-surgical ASL-sCoV predicted better long-
term neurological outcome (P <.001; =—10.631).

Conclusions ASL-sCoV may contribute to predict surgical outcomes in pediatric moyamoya patients undergoing EDAMS.
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synangiosis (EDAMS) are used to induce the gradual forma-
tion of anastomotic vessels with the intracranial circulation,
thereby eventually reducing the risk of stroke [1]. While cath-
eter angiography is still considered the gold standard for the
evaluation of post-surgical angiogenesis [2], it is an invasive
technique that often requires sedation, especially in the pedi-
atric age group. Brain MR angiography (MRA) and perfusion
MR techniques are valid complementary alternatives not only
for evaluating the effectiveness of surgical revascularization
but also for selecting surgical candidates [3]. Indeed, dynamic
susceptibility contrast (DSC) perfusion MRI has been used to
evaluate cerebral hemodynamics in pediatric moyamoya pa-
tients after revascularization surgery [4, 5]; however, this tech-
nique requires the injection of gadolinium-based contrast me-
dia, which may cause concerns regarding long-standing gad-
olinium retention in the brain and other body organs [6].
Arterial spin labeling (ASL) MRI may overcome this issue,
since it employs magnetically labeled blood water to non-
invasively estimate cerebral blood flow (CBF) [7], proving
to be an effective tool for brain perfusion analysis in patients
with moyamoya vasculopathy treated with revascularization
surgery [8, 9]. Of note, arterial transit time (ATT)—corre-
sponding to the time the ASL bolus takes to reach the imaged
voxel—is prolonged in the territories of stenotic arteries, lead-
ing to an overestimation of hypoperfusion [10]. Conversely,
arterial transit artifacts (ATA), corresponding to late-arriving
blood flow through pial collateral vessels, cause increased
ASL signal that may lead to underestimation of hypoperfusion
[11, 12]. Hence, ASL post-label delay (PLD) should be opti-
mized to ensure that the labeled protons have reached the brain
tissue at the time of acquisition [7]. An estimation of the ATT
along with the CBF quantification is important to avoid quan-
tification errors in the CBF maps. ATT measurement can be
performed using specific ASL acquisition protocols such as
multiple post-labeling delay techniques, which are often omit-
ted from clinical studies as they require extra scanning time
and have lower signal-to-noise ratio [13].

Recent studies showed that it is possible to indirectly esti-
mate ATT from a single post-labeling delay ASL image using
the spatial coefficient of variation (sCoV) that describes the
spatial heterogeneity of CBF in a certain brain region [13, 14].
In particular, it is assumed that a normal perfusion pattern is
characterized by homogeneous CBF values across gray matter
voxels of the same hemisphere thus yielding a low ASL-
sCoV, whereas hemodynamic alterations leading to prolonged
ATT increase CBF spatial heterogeneity, thus increasing the
ASL-sCoV. In the present study, we hypothesized that ASL-
sCoV may reliably assess the evolution of brain perfusion
after revascularization surgery in children with moyamoya
vasculopathy, and that it may correlate with long-term neuro-
logical outcome. To test this hypothesis, we compared both
ASL-sCoV and ASL-CBF parameters with DSC perfusion
scalars (CBF and time to peak (TTP)) and MR angiography
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in the evaluation of hemodynamic and vascular changes after
EDAMS. Additionally, we compared the predictive value of
preoperative ASL and DSC parameters for estimating the clin-
ical outcomes after surgery.

Methods and materials

Our institutional review board approved this retrospective
study, and parents provided informed consent.

Patients

We retrospectively evaluated all consecutive pediatric patients
with an angiographic diagnosis of moyamoya vasculopathy
who underwent indirect surgical revascularization with
EDAMS at our institution between 2015 and 2017.
Inclusion criteria were (i) DSC and ASL sequences performed
at least at four consecutive time points, viz. preoperative (time
point 1), 6 months after surgery (time point 2), 12 months after
surgery (time point 3), and 24 months after surgery (time point
4); (i1) good quality MR perfusion imaging, i.e., unaffected by
motion artifacts; and (iii) available clinical and EEG data be-
fore and after surgical revascularization. Preoperative neuro-
logical symptoms were collected from clinical charts.

Surgical procedure

All patients underwent EDAMS in the middle cerebral
artery (MCA) territories. EDAMS is a frequently ap-
plied technique of indirect cerebral revascularization
for treatment of moyamoya in children [1, 15-17].
Briefly, it consists of the identification and dissection
of the temporal superficial artery with its surrounding
galeal and muscular cuff. Following craniotomy, the du-
ra is opened in a cruciate fashion, preserving the middle
meningeal artery branches. The dural layers are separat-
ed, and the inner avascular layer is removed. The arach-
noid is widely opened with microdissection under the
surgical microscope. The superficial temporal artery is
subsequently sutured to the edges. The burr holes and
inner table of the bone flap are trimmed to prevent
kinking and compression of the superficial temporal ar-
tery on its replacement (Fig. 1).

MR images

MRI examinations were performed on a 3T MR clinical
scanner (Ingenia Cx; Philips Healthcare, Best,
The Netherlands) using a 32-channel head array coil.
Uncooperative patients were sedated with sevoflurane
via facemasks while spontaneously breathing. The brain
MRI protocol included 3D T1-weighted fast-field echo
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Fig. 1 Illustration of the surgical encephalo-duro-arterio-myo-
synangiosis technique. a Identification and dissection of the temporal
superficial artery with its surrounding galeal and muscular cuff (black
arrow). b Positioning of temporal muscle on the brain surface. ¢

gradient-recalled, axial 2D FLAIR, T2-weighted, and
DWTI sequences, and 3D TOF MR angiography. In each
patient, background-suppressed pseudo-continuous arteri-
al spin labeling (pCASL) scans with three-dimensional
gradient- and spin-echo (GraSE) imaging readout mod-
ule was performed using a labeling duration of 1.8 s
and a PLD of 2 s. No flow-crushing gradients were
applied. Label offset from the center of the imaging
region was 95 mm. Other scan parameters were field
of view, 256 x 160 mm; nominal voxel size, 2.0 x
2.0x 6.0 mm>; 22 slices; repetition time (TR)/echo time
(TE), 3620/24.78 ms; flip angle (refocusing pulses),
90°; number of segments, 1 (single-shot); and acquisi-
tion time, 4'18". The ASL-CBF maps were generated by
the MRI scanner software that was not updated during
the period of patients’ enrollment. For the PWI-DSC
acquisition, a preload-based protocol was used.
Specifically, intravenous injection of 2 mL of contrast
medium (gadoterate meglumine 0.5 mmol/mL) at a flow
rate of 2 mL/s, followed by a 20-mL saline flush, was
routinely performed prior to perfusion-weighted imag-
ing. After 3 min, a gradient echo EPI sequence was
acquired with the following parameters: TR/TE,
2800/40 ms; flip angle, 90°; matrix, 128 x 128; FOV,
240 x 240 x 140 mm; section thickness, 5 mm; gap,
0 mm; and 28 axial sections. A series of 50 images
per section was obtained before (10 images per section)
and after (40 images per section) the administration of
contrast agent (gadoterate meglumine 0.5 mmol/mL,
0.15 mL/kg of body weight at 3 mL/s) using a power
injector (Spectris; Medrad, Pittsburgh, PA). This was
followed by a 30-mL bolus of saline administered at
the same injection rate. Perfusion CBF maps were com-
puted after eliminating the effect of contrast agent recir-
culation by using a gamma-variate curve fitting via
commercially available post-processing software (IB
Neuro, Version 2.0; Imaging Biometrics, Wisconsin).
Finally, post-contrast 3D T1-weighted images were ob-
tained following DSC perfusion images.

Growth of collateral blood vessel on the pial surface of the brain after
EDAMS (black arrowhead) associated with reduction of moyamoya ves-
sels (thin black arrow)

Qualitative MRA assessment

Qualitative assessment of 3D MRA images acquired at last
time point was independently performed by two pediatric neu-
roradiologists with 15 and 20 years of experience, blinded to
perfusion analysis results. Patients were classified into two
groups according to the vascular outcome, i.e., (i) improved
vascularization, evidence of new pial collateral vessels after
surgery and/or reduced deep collateralization; and (ii) not im-
proved vascularization, evidence of stability or worsening of
the moyamoya collateralization and absence of new pial col-
lateral vessels. Moreover, in the 24 months 3D MRA of pa-
tients with improved vascularization, the formation of
transdural collateral vessels in the middle cerebral artery ter-
ritory was categorized into good, fair, and poor, considering
criteria used for the angiography-based classification of
Matsushima and Inaha [18]. More specifically, collateral ves-
sels at the synangiosis site were classified as “good” if they
supplied more than two-thirds of the middle cerebral artery
territory, “fair” if they supplied between one-third and two-
thirds, and “poor” if they supplied less than one-third [19].

Quantitative perfusion analysis

ASL-CBF, DSC-CBF, and DSC-TTP maps were co-
registered with the 3D T1-weighted anatomical sequence
by a linear registration process using the FMRIB Linear
Image Registration Tool of FSL v.6 [20]. For quantita-
tive analysis, an atlas-based segmentation of the MCA
vascular territory was performed for each brain hemi-
sphere, creating a single volume of interest resulting
from the merger of proximal, intermediate, and distal
MCA flow territory ROIs, as reported by Mutsaerts
et al. [21]. Quantitative perfusion assessment was per-
formed across the voxels of the MCA vascular territory
of each hemisphere at each time point using the fslstats
function of FSL, measuring the mean values and stan-
dard deviation of the three perfusion parameters, i.e., (i)
ASL-CBF, (ii) DSC-CBF, (iii) and DSC-TTP. The ASL-
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sCoV was then calculated at each time point as ASL-
CBF standard deviation/ASL-CBF mean x 100. ASL-
sCoV generates one value per ROI, with higher values
indicating greater spatial heterogeneity [13]. The non-
treated hemispheres of the patients who underwent uni-
lateral revascularization were excluded from the
analysis.

Clinical outcome

The neurologic outcome was evaluated based on (i)
resolution or improvement of neurologic symptoms,
(i1) absence of new ischemic events (transient ischemic
attack and/or stroke), (iii) stability or improvement of
the global intelligence quotient (IQ) score at neuropsy-
chological evaluations, and (iv) resolution or improve-
ment of EEG abnormalities. Patients were assigned to
one of the following outcome categories by the same
blinded neurologist at last follow-up: (i) excellent out-
come (preoperative symptoms totally resolved without
fixed neurologic deficits and EEG abnormalities, and
improved global 1Q score), (ii) good outcome (symp-
toms totally resolved with persistent EEG abnormalities
and stable or improved global IQ score), (iii) fair out-
come (persistent symptoms and EEG abnormalities, al-
beit with decreased frequency and stable or decreased
global 1Q score), and (iv) poor outcome (unchanged or
worsened symptoms and EEG abnormalities and de-
creased global 1Q score) [3].

Statistical analysis

Continuous variables were summarized as means and
standard deviations, and categorical variables were
summarized as frequencies and percentages. Wilcoxon
rank and X? tests were used to compare continuous and
categorical variables. Cohen’s k coefficient has been
calculated to test the interrater agreement for the qual-
itative assessment of MRA [22]. The generalized linear
model analysis and Friedman’s analysis of variance
were used to test the significance of temporal varia-
tions of perfusion parameters evaluated both in the
earlier and later stages after surgery. Generalized linear
model analysis was also performed to evaluate differ-
ences in ASL and DSC perfusion parameters at four
time points and to compare perfusion values based on
the vascularization outcome. Age, gender, and the
presence of bilateral moyamoya were considered as
confounding factors for these analyses. Spearman’s
rank coefficient was used to test the correlations be-
tween perfusion parameters. In addition, agreement be-
tween ASL-CBF and DSC-CBF was also evaluated by
means of the Bland-Altman method. Spearman’s rank
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coefficient was also used to investigate and compare
associations between perfusion parameters, preoperative
clinical variables, and clinical outcome 24 months after
surgery. Moreover, a multivariate regression analysis
was performed in order to assess whether clinical and
radiological parameters may predict the clinical out-
come at 24 months after surgery. For this last analysis,
preliminary checks were conducted to ensure that there
was no violation of the independence of observations,
linearity, absence of multicollinearity, homogeneity of
error variances, absence of outliers, and approximal
normal distribution of residuals. The level of signifi-
cance was set at 0.05. All statistical analyses were
performed using the SPSS Statistics software, v21
(IBM, Armonk, NY).

Results
Patients

Among 48 pediatric patients who underwent EDAMS
for moyamoya vasculopathy at our institution, 37 were
eligible for the study (Table 1 and Online figure 1).
Bilateral revascularization in MCA territories was per-
formed in 18 subjects and unilateral revascularization
in 19. Thus, 55 surgical hemispheres (i.e., 36 from
bilateral surgery and 19 from unilateral surgery) were
included in the study. Overall, we analyzed 148 perfu-
sion examinations, i.e. n =37 at 4 time points.

Temporal changes of perfusion parameters
after surgery

Table 2 reports mean values of ASL and DSC perfu-
sion parameters in MCA territories at each time point.
Over time, different temporal variations of CBF pa-
rameters were observed depending on the type of MR
perfusion technique. In particular, a gradual and sig-
nificant increase in DSC-CBF values was observed in
MCA territories after surgery (P <.001). Conversely,
only a trend of reduction was observed for ASL-CBF
values 6 months after surgery followed by progressive
increase of mean values from the 12th month onwards
in the MCA territories (P=.088) (Fig. 2).
Accordingly, the Bland-Altman plot analysis (Fig.
3a) revealed poor agreement between ASL-CBF and
DSC-CBF in preoperative perfusion examinations (bi-
as 9.8 mL/min/100 g; limits of agreement 23.9 and —
4.3 mL/min/100 g) with gradual improvement after
surgery (from bias 3.5 mL/min/100 g at 6 months to
bias —0.6 mL/min/100 g at 24 months) (Fig. 3b—d).
On the other hand, ASL-sCoV and DSC-TTP showed
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Table 1

Clinical features of 37 pediatric patients with moyamoya vasculopathy

Characteristics

Value

Age at symptom onset in years (range)
Age at first surgery in years (range)
Interval between clinical onset and surgery in years (range)
Females
Moyamoya syndrome
Clinical onset

TIA

Headache

Infarction

Seizure

Hemorrhage

Asymptomatic
Angiographic Suzuki stage

1

2
3
4
5
6
PCA involvement

Unilateral lesions
Preoperative stroke

631453 (1.12-15.42)
12.63+£4.73 3.11-17.92)
527+2.13 (0.5-7.76)
17/37 (46%)

13/37 (35%)

5/37 (13.5%)
13/37 (35.2%)
4/37 (10.8%)
3/37 (8%)
0/37 (-)

12/37 (32.5%)

2137 (6%)
6/37 (16%)
9/37 (24.3%)
11/37 (29%)
8/37 (21.7%)
137 (3%)
5/37 (13.5%)
19/37 (51.3%)
4137 (10.8%)

similar significant progressive reduction after surgery
(Fig. 4). Additionally, before surgery, DSC parameters
(i.e., CBF and TTP) showed moderate-to-strong cor-
relation only with ASL-sCoV values (r2=—0.562, P

<.001 for DSC-CBF; r*=0.535, P=.001 for DSC-
TTP), while ASL-CBF correlated with DSC perfusion
parameters exclusively in postoperative perfusion ex-
aminations (Fig. 5).

Table 2 Pre- and postoperative mean values and standard deviation of ASL and DSC perfusion parameters

Time point Mean Standard deviation P Eta-
squared
ASL-sCoV (%) Before surgery 74.52 22.89 .003 0.247
6 months 72.81 22.83
12 months 65.89 18.82
24 months 57.68 18.61
ASL-CBF (mL/min/100 g) Before surgery 28.56 5.69 523 0.043
6 months 26.61 7.03
12 months 28.66 6.08
24 months 28.63 6.78
DSC-CBF (mL/min/100 g) Before surgery 18.74 6.19 <.001 0.294
6 months 23.07 6.56
12 months 27.55 9.03
24 months 29.61 7.43
DSC-TTP (seconds) Before surgery 28.35 3.88 <.001 0415
6 months 25.52 3.85
12 months 22.58 4.03
24 months 20.86 3.46

P indicates statistical significance of generalized linear model analysis comparing mean values of perfusion parameters at the four time points
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Relationship between vascular collateralization
and perfusion parameters

Almost perfect interrater agreement was observed for
the qualitative assessment of MRA at last time point
(k=0.982). Based on this analysis, 24 patients showed
an improved vascularization (9 male), and 13 patients
revealed a not improved vascularization (5 males, mean
interval after surgery 1138 £33 days). Moreover, in the
24 patients with improved vascularization, the degree of
transdural collateral vessels development was classified
as “good” in 17 patients, “fair” in 5 patients, and
“poor” in 2 patients. We found significant lower ASL-
sCoV and DSC-TTP, and higher DSC-CBF values after
surgery in patients with improved vascularization com-
pared with those with not improved vascularization
(Table 3). Moreover, in the improved group, significant
ASL-sCoV (P=.006) and DSC-TTP (P <.001) reduction
and DSC-CBF (P<.001) improvement were observed
after surgery over time (Fig. 6 and 7). In addition, in
the same group of patients, we found significant corre-
lations between the degree of collateral vessel develop-
ment and the post-surgical percentage reduction of ASL-
CoV (r=—0.720; P<.001; *=0.518) and DSC-TTP
(r=—0.482; P=.042; r2:0.232), and percentage in-
crease of DSC-CBF (r=0.582; P=.003; r2=0.338).
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Relation between perfusion parameters and clinical
outcomes

At last follow-up, 21/37 (57%) operated children had an ex-
cellent outcome; 9/37 (24%), a good outcome; and 7/37
(19%), a fair outcome. None had a new stroke or intracranial
hemorrhage during the post-surgical follow-up.

The correlation analysis revealed a significant negative cor-
relation between the clinical outcome at 24 months, and the
ASL-sCoV evaluated before revascularization (r=—0.621; P
<.001). In addition, we also found a significant negative cor-
relation between the clinical outcome and DSC-TTP values
before surgery (r=—0.301; P=.041). No significant correla-
tions were observed between preoperative DSC-CBF and
ASL-CBF values and clinical outcome scores (»=0.258;
P=.153 and r=—0.117; P=.492, respectively). After sur-
gery, lower ASL-sCoV and DSC-TTP at each time point were
associated with a more favorable clinical outcome, while
ASL-CBF and DSC-CBF were significantly correlated with
long-term outcome only at 24-month MRI examinations
(Table 4).

Analysis of preoperative clinical variables showed
that a higher Suzuki stage (chi-square =16.996,
p=.047), preoperative infarction (chi-square = 14.405,
P=.001), and the headache at clinical onset (chi-square
=14.339, P<.001) were associated with a worse long-
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both DSC perfusion parameters in both pre- and postoperative perfusion

term clinical outcome. On the other hand, transient is-
chemic attack as initial symptom (P =.271), unilateral
lesions (P=.719), and PCA involvement (P=.118), as
well as the grade of post-surgical pial collateralization
(P=.601) were not significantly associated with clinical
outcome.

Multivariate regression analysis also demonstrated rela-
tionships between correlated factors and clinical outcomes.
In particular, patients with preoperative stroke (F'=10.684,
P<.001, B=—0.524), headache (F=13.370, P<.001, 3=
—0.623), higher Suzuki stage (F=8.270, P=.001, B=—
0.558), higher ASL-sCoV before surgery (F=13.460, P
<.001, B=—0.631), and longer TTP 6 months after surgery
(F=3.502, P=.041, B3=-0.405) had worst clinical out-
comes. ASL-CBF and DSC-CBF values evaluated before
and after surgery did not result to be significant predictors of
clinical outcomes (Online-Table 1).

Discussion

This study demonstrated that spatial heterogeneity of ASL
label (ASL-sCoV) in MCA vascular territory can be used to
effectively evaluate brain perfusion changes in children with
moyamoya vasculopathy after indirect revascularization sur-
gery. In particular, ASL-sCoV values correlated with DSC-
TTP changes, progressively decreasing after indirect revascu-
larization surgery. Conversely, there was a discrepancy be-
tween ASL-CBF and DSC-CBF values in both preoperative
and early postoperative examinations. Indeed, ASL-CBF
values were higher compared with DSC-CBF values before
surgery, then markedly decreased 6 months after surgery and
progressively increased only in the following months. These
results are in agreement with prior studies showing that quan-
titative analysis of ASL-CBF may be limited in moyamoya
vasculopathy by several factors, including prolonged ATT
leading to an underestimation of real CBF values [23-26],
and ATA leading to an overestimation of CBF values in

@ Springer

examinations, while ASL-CBF correlates significantly with both DSC
perfusion parameters only in postoperative perfusion time point. r* indi-
cates Spearman’s rank correlation coefficient

affected brain regions [25, 27]. Taken together, these factors
may hamper the accuracy of regional CBF quantification with
single post-label delay ASL, thus reducing the correspon-
dence with CBF values obtained with other MR perfusion
techniques. Another additional explanation for lower DSC-
CBEF values compared with ASL-CBF before surgery is that
the former technique may be affected by the permeability of
the BBB due to leaky moyamoya vessels [28]. On the other
hand, we found that ASL-sCoV consistently changed accord-
ingly to the variation of DSC-CBF and TTP, thus suggesting
that this often neglected parameter may be better suited to
track pre- and postoperative hemodynamic changes when
using single post-label delay ASL techniques, especially in
cases with moderate/severe moyamoya vasculopathy and
large arterial transit artifacts. So far, ASL-sCoV has only been
used in adults with cerebrovascular disease to the best of our
knowledge. In particular, Mutsaerts et al. demonstrated that
ASL-sCOV provides more reliable hemodynamic information
about delayed arterial transit time in adults with compromised
cerebral vascularization compared with ASL-CBF [13].
Moreover, Shirzadi et al. recently showed that cerebral hemo-
dynamic alterations assessed with ASL-sCoV correlated with
the clinical profiles in adults with vascular diseases and de-
mentia, regardless of structural and metabolic abnormalities
[14]. In this first pediatric study, we demonstrate that ASL-
sCoV reduction reliably reflects perfusion improvement in
children with moyamoya vasculopathy after EDAMS, thus
representing a potential non-invasive alternative to contrast-
based perfusion analyses. Nevertheless, it is important to be
aware that severe moyamoya patients with very long arterial
arrival time and extremely low values of ASL-CBF might
show paradoxically low ASL-sCoV in the affected brain re-
gion at baseline, which may lead to erroneous interpretation of
perfusion data. Similarly, patients with very mild forms of
moyamoya and low preoperative ASL-sCoV values might
show little variance of this parameter after surgery.

EDAMS leads to the formation of new anastomotic vessels
between the external and internal arterial brain circulation,
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Fig. 6 Serial MR angiography
and perfusion studies in a patient
with left moyamoya vasculopathy
treated with EDAMS. White
arrowheads indicate post-surgical
development of pial
collateralization in the site of sur-
gical revascularization.
Progressive DSC-TTP reduction
and ASL-CBF improvement oc-
curred in the middle cerebral ar-
tery territory after surgery (empty
white arrows). Note the lower
spatial variation of ASL label in
late post-surgical maps due to the
reduction of arterial transit arti-
facts (white arrows) with the im-
provement of arterial transit time.
Color bar indicates seconds and
mL/min/100 g for DSC-TTP and
ASL-CBF, respectively

Before-EDAMS

DSC-TTP

ASL-CBF

thus supporting an adequate cerebral perfusion in patients with
moyamoya vasculopathy. In the present study, we found a
correlation between perfusion parameter changes and the de-
velopment of pial collateralization after revascularization sur-
gery as evaluated with MR angiography. In particular, ASL-
sCoV and both DSC-related parameters changed accordingly

Before-EDAMS

DSC-TTP

ASL-CBF

Fig. 7 Serial MR angiography and perfusion studies in a patient with left
moyamoya vasculopathy treated with EDAMS and not improved
vascularization after surgery. White arrowheads indicate the site of
surgical revascularization. The thin white arrow indicates left parietal
region with reduced number of distal branches of middle cerebral artery
in the later stages after surgery. No significant improvement of DSC-TTP

@ Springer

6 months

6 months 24 months

12 months

to the degree of pial collateralization after EDAMS in subjects
with improved vascularization, while no significant differ-
ences were found over time in non-improving patients. Of
note, a recent study by Ha et al. demonstrated greater brain
perfusion improvement in pediatric moyamoya patients devel-
oping more pial collateralization vessels after indirect

12 months 24 months

and ASL-CBF occurred in the middle cerebral artery territory after sur-
gery (empty white arrows indicate high DSC-TTP and low ASL-CBF at
different levels of middle cerebral artery territory). Note the high spatial
variation of ASL label in pre- and post-surgical maps due to the presence
of arterial transit artifacts (thick white arrows). Color bar indicates sec-
onds and mL/min/100 g for DSC-TTP and ASL-CBEF, respectively
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Table 4 Correlations between perfusion parameters evaluated at each time points and long-term clinical outcome at 24 months after surgery
Perfusion Pre-surgery 6 months 12 months 24 months
Parameter

Rho P Rho P Rho P Rho P
ASL-sCoV —0.621 <.001 —0.551 .001 —0.487 .003 —0.389 .007
ASL-CBF —0.117 492 0.163 371 0.217 112 0.417 .028
DSC-CBF 0.258 153 0.276 202 0.228 333 0.558 .014
DSC-TTP —0.301 041 —0.513 012 —0.426 .027 —0.501 .002

Rho indicates Spearman’s rho coefficient; P indicates significance level of the correlation analysis; the values reported in italics are statistically

significant

revascularization as shown by catheter angiography [29]; our
study came to a similar conclusion with the additional advan-
tage of employing non-invasive MR techniques.

Furthermore, the present study found a significant correla-
tion between clinical outcome and DSC-TTP and ASL-sCoV
values, and demonstrated that beside preoperative clinical fea-
tures (i.e., headache, preoperative stroke, high Suzuki stage),
the evaluation of these perfusion parameters may contribute in
predicting long-term clinical outcomes in pediatric patients
with moyamoya. In particular, we found that higher preoper-
ative ASL-sCoV and early post-postoperative DSC-TTP
values were associated with worse clinical outcome at
24 months after surgery. On the other hand, a significant re-
lationship was found between clinical outcome and both ASL-
and DSC-CBF parameters only in the later stages after sur-
gery. These results indicate that DSC-TTP and ASL-sCoV
might be better outcome predictors compared with absolute
CBEF values, as the latter are highly dependent on the patient’s
arterial input function and may therefore underestimate perfu-
sion in case of severe arterial stenosis [30]. We hypothesize
that higher preoperative DSC-TTP and ASL-sCoV values
may reflect more severe and/or advanced moyamoya vascu-
lopathy that is less responsive to revascularization surgery in
terms of formation of new pial collaterals. Indeed, Jun et al.
demonstrated that the variation of TTP after revascularization
surgery is the most accurate parameter for predicting clinical
outcome in children with moyamoya vasculopathy, reliably
reflecting collateral vessel formation after surgery [5].
Moreover, similar findings have been reported in previous
studies performed in adult patients with moyamoya vasculop-
athy, showing that the arterial arrival time estimation, per-
formed with both DSC and ASL perfusion techniques, may
be useful for the clinical assessment of cerebral hemodynam-
ics before and after revascularization surgery [31].

There are some limitations to our study, including its
retrospective design and the relatively small cohort.
Moreover, masks created for measuring perfusion pa-
rameters in the MCA territory could include subarach-
noid spaces in addition to the brain parenchyma, thus
affecting the accuracy of quantitative perfusion measure-
ments. Additionally, the potential confounding effect of

small head movements during the perfusion examina-
tions and the influence of gray and white matter volume
variations during the follow-up period were not con-
trolled in the analyses, and they might influence the
results of the study, masking longitudinal changes of
perfusion parameters [32]. Moreover, the intrinsic low
effective spatial resolution of 3DGRASE PCASL se-
quence may also increase the partial volume effect and
influence the pial vessel depiction on ASL-CBF maps,
thus potentially affecting ASL-sCoV calculation [33].
Finally, CBF-related parameters in moyamoya patients
were not compared with healthy controls and with a
subgroup of moyamoya patients who do not underwent
EDAMS.

In conclusion, this study demonstrated that ASL-
sCoV 1is a sensitive measure for the assessment of
changes in brain perfusion after EDAMS and for the
prediction of surgical outcomes in pediatric patients
with moyamoya vasculopathy, thus representing a non-
invasive parameter that overcomes intrinsic limitations
of absolute ASL-CBF quantification. Further studies
are awaited to confirm the role of ASL-sCoV in clinical
practice, integrating quantitative and qualitative data,
and specifically to prove the point that ASL may re-
place DSC MR perfusion in the assessment of children
with moyamoya vasculopathy, thereby obviating the
need of gadolinium-based contrast agent administration.
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