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Cerebrovascular reserve capacity (CVR), an important predictor of ischaemic events and
a prognostic factor for patients with moyamoya disease (MMD), can be assessed by
measuring cerebral blood flow (CBF) before and after administration of acetazolamide
(ACZ). Often, a single CBF measurement is performed between 5 and 20min after
ACZ injection. Assessment of the temporal response of the vasodilation secondary to
ACZ administration using several repeated CBF measurements has not been studied
extensively. Furthermore, the high standard deviations of the group-averaged CVRs
reported in the current literature indicate a patient-specific dispersion of CVR values
over a wide range. This study aimed to assess the temporal response of the CBF
and derived CVR during ACZ challenge using arterial spin labeling in patients with
MMD. Eleven patients with MMD were included before or after revascularisation surgery.
CBF maps were acquired using pseudo-continuous arterial spin labeling before and 5,
15, and 25min after an intravenous ACZ injection. A vascular territory template was
spatially normalized to patient-specific space, including the bilateral anterior, middle,
and posterior cerebral arteries. CBF increased significantly post-ACZ injection in all
vascular territories and at all time points. Group-averaged CBF and CVR values remained
constant throughout the ACZ challenge in most patients. The maximum increase in
CBF occurred most frequently at 5min post-ACZ injection. However, peaks at 15 or
25min were also present in some patients. In 68% of the affected vascular territories,
the maximum increase in CBF did not occur at 15 min. In individual cases, the difference
in CVR between different time points was between 1 and 30% points (mean difference
8% points). In conclusion, there is a substantial variation in CVR between different time
points after the ACZ challenge in patients with MMD. Thus, there is a risk that the use
of a single post-ACZ measurement time point overestimates disease progression, which
could have wide implications for decision-making regarding revascularisation surgery and
the interpretation of the outcome thereof. Further studies with larger sample sizes using
multiple CBF measurements post-ACZ injection in patients with MMD are encouraged.

Keywords: moyamoya disease, magnetic resonance imaging, cerebral blood flow,
cerebrovascular reserve
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INTRODUCTION

Moyamoya disease (MMD) is a cerebrovascular disorder
characterized by progressive steno-occlusion of the terminal part
of the internal carotid arteries (ICAs), which extends to the
middle cerebral arteries (MCAs) and anterior cerebral arteries
(ACAs). Cerebral perfusion pressure (CPP) may drop distal
to the steno-occlusive lesion, resulting in impaired cerebral
blood flow (CBF), which may lead to ischaemic stroke. Fragile
collaterals (moyamoya vessels) are recruited at the base of the
brain to maintain CBF and may cause life-threatening cerebral
hemorrhage if they rupture (1). Moreover, reductions in CPP
will trigger a haemodynamic and metabolic response to maintain
adequate CBF and preserve the cerebral metabolic rate of oxygen
(CMRO;) in patients with MMD (2). Cerebral autoregulation
will dilate resistance arteries to maintain adequate CBE and
increases in oxygen extraction fraction will contribute sufficient
oxygenation to maintain normal CMRO,. Further CPP reduction
will result in insufficient delivery of oxygen to meet metabolic
demands; CMRO; will then decrease, and ischaemia may follow
(2-4). Cerebrovascular reserve (CVR), which reflects the degree
of vasodilatory autoregulation, is defined as the maximum
percentage increase in CBF after a vasodilatory challenge (5).
A commonly used vasodilatory agent is acetazolamide (ACZ),
which, when given intravenously, will dilate resistant arteries
(4, 5). Impaired CVR is associated with an increased risk of
ischaemic events and transient ischaemic attacks and is also
considered an indication for revascularisation surgery (6). In
a recent meta-analysis outlining the association between CVR
impairment and stroke risk in patients with carotid stenosis and
occlusions, the non-standard definition of impaired and normal
CVR and variability in post-ACZ measurement timing were
highlighted as limitations (6). The temporal response to ACZ has
not been studied extensively, and the maximum increase in CBF
is reported to occur from 10 to 25min after injection (7-11).
Moreover, previous studies often report large standard deviations
(SDs) of CVR in groups of patients with MMD and other steno-
occlusive diseases (3, 9, 12-22). This indicates that individual
CVR values in affected vascular territories are dispersed over a
wide range, which may be explained by variance in temporal CBF
response after ACZ administration. We therefore hypothesized
that if only a single post-ACZ injection CBF measurement
is used, the maximum increase in CBF may be missed and
CVR underestimated. Thus, the aim of this study was to assess
the individual temporal response of CBF after ACZ challenge
in MMD patients using arterial spin labeling (ASL) magnetic
resonance imaging (MRI).

METHODS

Patients

Eleven patients with confirmed bilateral or unilateral MMD
and an MRI examination before and/or after indirect
revascularisation surgery were retrospectively included in
this study. The MMD patients were graded by an experienced
neurointerventionist using the Suzuki Score system (23) based
on digital subtraction or magnetic resonance angiography

(MRA). Affected ACAs and MCAs were included as affected
vascular territories, posterior cerebral arteries (PCAs) were
included as an unaffected vascular territory, and contralateral
ACAs and MCAs in patients with unilateral MMD were included
as unaffected contralateral vascular territories. Although both
contralateral ACAs and MCAs and PCAs are considered to
be unaffected, they are included separately due to transit time
differences between the anterior and posterior circulation
(24). For a detailed description of patient characteristics and
included vascular territories, see Table 1. All patients received
an intravenous ACZ injection, 1g being given to adults and
10 mg/kg to children. This retrospective study was done in
accordance with the declaration of Helsinki and was approved by
the Swedish Ethical Review Authority, and all included patients
or legal guardian signed an informed consent.

Magnetic Resonance Imaging

All examinations were performed on a Philips Achieva, 3.0T
(Philips Healthcare, Best, the Netherlands) using a 32-channel
head coil. A three-dimensional (3D) pseudo-continuous ASL
(pCASL) with background-suppressed gradient spin-echo read-
out using a post-label delay of 2,500 ms and label duration of
1,800 ms was acquired. Acquisition duration was 5 min and 31,
with a repetition time of 4,735ms and echo time of 10,7 ms,
spatial resolution was 3 x 3 x 6 mm?, and the number of slices
was 14. The acquisition included two background suppression
pulses, and no flow-crushing gradients were applied. The labeling
plane was placed perpendicular to the brain feeding arteries
with the aid of a phase-contrast MRA survey. The 3D pCASL
acquisition was performed before (baseline) and repeated 5, 15,
and 25 min after ACZ injection. CBF maps were automatically
calculated by the scanner according to the model recommended
by Alsop et al. (25). Visual quality control was performed on
all control/label pairs and calculated CBF maps. No exclusions
were made due to head motion, and no venous hyperintensities
were found in major venous structures and cortical veins. High
signal intravascular arterial transit time artifacts were generally
found; however, we have previously shown that these have
a negligible effect upon CBF quantification using the same
method as described here (26). Structural 3D T2-weighted
fluid-attenuated inversion recovery (FLAIR) and 3D contrast-
enhanced T1-weighted (CE-T1WI) images were acquired with
spatial resolution 0.625 x 0.625 x 0.560 and 0.938 x 0.938
x 1 mm?® for tissue segmentation and registration purposes,
respectively. Furthermore, a 3D time-of-flight MRA (spatial
resolution 0.23 x 0.23 x 0.5 mm?) was included and used for
Suzuki grade assessment if a digital subtraction angiography
was missing.

Image Post-processing

All individual calculated CBF maps and FLAIR images were
registered to each patient’s corresponding CE-TIWI image and
resliced to its spatial resolution using trilinear interpolation. GM
probability maps were segmented using a multimodal approach
based on CE-TIWI and the registered FLAIR images (27).
GM maps were defined with a partial volume fraction above
75%. The inverse deformation field, defining the transformation
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TABLE 1 | Patient characteristics.

# Age*/Sex  Symptoms Etiology Side  Suzuki grade Affected Unaffected Surgery MRI
regions regions
1 14/M TIA R side MMD L LICA: Il L ACA + MCA Bilat PCA L MBH |Post|Post|Post]|
2 8/F TIA R side + speech MMD Bilat R/L ICA: 11l Bilat ACA + Bilat PCA R/LMBH  [|Post|Post*|Post|
MCA
3 52/F TIA MMD Bilat R/LICA: IV Bilat ACA + Bilat PCA R/LMBH  |Post|Post|Post|
MCA
25/F - NF1 R R ICA: IV-V R ACA + MCA Bilat PCA R MBH |Pre|Post|Post]|
27/F Paraesthesia Headache =~ MMD Bilat R/LICA: Il R ACA Bilat PCA R MBH |Pre|Post]|
Bilat MCA
6 26/F Paraesthesia Headache =~ MMD Bilat R ICA: IV Bilat ACA + Bilat PCA L MBH |Pre|Pre|Post|
LICA: Il MCA
7 33/F Facial pain Atypical R RICA: Il Right ACA + Bilat PCA |Pre|Pre|
MMD MCA
8 51/F SAH MMD Bilat R/L ICA: I Bilat ACA + Bilat PCA |Pre|
MCA
9 18/F Infarct MMD Bilat R/L ICA: IV Bilat ACA + Bilat PCA |Pre]|
MCA
10 22/F - MMD Bilat ~ R/LICA: v Bilat ACA + Bilat PCA Bypass |Post|Post|
MCA
1A 14/F Paraesthesia Headache ~ MMD Bilat R/L ICA: IIIT Bilat ACA + Bilat PCA |Pre|
MCA

*Age at first examination.
T Suzuki grade assessment by magnetic resonance angiography.
*Bilateral PCA excluded due to insufficient imaging volume coverage.

Bilat, bilateral; F, female; ICA, internal carotid artery; L, left; M, male; MMD, moyamoya disease; MRI, magnetic resonance imaging; NF, neurofibromatosis 1, PCA, posterior cerebral
artery; Pre, preoperative examination; Post, postoperative examination; R, right; SAH, subarachnoid hemorrhage; TIA, transient ischaemic attack.

from Montreal Neurological Institute template space to patient-
specific space, was derived based on each patient’s CE-T1WI
image and applied to a standard vascular territory template
(28), including bilateral ACAs, MCAs, and PCAs. Each patient-
specific vascular territory was resliced to the spatial resolution
of the CE-T1WI image using nearest neighbor interpolation
and then masked with the corresponding GM map. CBF values
were extracted from the CBF maps using the masked vascular
territory regions; hence, correction for partial volume effects was
performed using the GM threshold method at CE-T1WT spatial
resolution (29). All processing steps, as described earlier, were
performed using the SPM12 toolbox (Wellcome Trust Centre
for Neuroimaging, London, UK) and to ensure quality that was
inspected visually.

Statistical Analysis

CVR values were calculated based on average CBF per
vascular territory, using Equation (1) for all post-ACZ injection
examinations acquired. Absolute differences between time points
for both CBF (CBFp;g) and CVR (CVRp;g) were calculated using
the later post-injection time point as minuend and an early
time point as subtrahend for all possible combinations, i.e., 15—
0 or 15-5min (clarified by superscript CBFS;’EO or CVRIIJSI,;?r5
when applicable).

CBF, post-ACZ — CBFpaseline
CBPFpaseline

CVR = x 100% (1)

For descriptive analysis of CBF and CVR, CBFpyg, and CVRpg
average and SD were calculated for all vascular territories. A
repeated-measures one-way analysis of variance (ANOVA) was
performed to compare CBF and CVR values, and the Tukey’s
test was used to correct for multiple comparisons (not performed
on unaffected contralateral vascular territories due to a small
number of data points for individual vascular territories).

The time point for maximum increase in CBE, i.e., the highest
increase in CBF post-ACZ injection occurring at 5, 15, or
25 min, was recorded for each examination and vascular territory.
The sum of all counted occurrences at a given time point
was normalized to the total number of examinations for each
vascular territory and presented in percentage. Furthermore,
“missing peaks” were defined as maximum increase in CBF
occurring at 5 or 25min post-ACZ injection in affected
vascular territories, reflecting potential underestimation of CVR
when performed as a single measurement at 15 min post-ACZ
injection. To evaluate the effects of overlooking the actual
maximum increase in CBF, the mean difference and range in
percentage points (pp) between the missing peak CVR and
CVR at 15min was calculated. Furthermore, a paired t-test
was performed to test whether the difference was significant.
Derived p-values are two-sided and presented as exact values or
<0.01 if below 0.01, where p < 0.05 is considered statistically
significant. GraphPad Prism 8 for Mac (GraphPad Software,
La Jolla, CA, USA) was used for statistical analysis and
graph design.
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FIGURE 1 | Preoperative examination of a female patient, aged 26 years, with confirmed bilateral moyamoya disease [Suzuki grade Il left internal carotid artery (ICA)
and grade IV right ICA]. An anatomical contrast-enhanced T1-weighed image shows defined vascular territories, including bilateral anterior cerebral artery (ACA, red),
middle cerebral artery (MCA, blue), and posterior cerebral artery (PCA, green). L, denotes left side. Cerebral blood flow maps were acquired at baseline and 5, 15, and
25 min post-acetazolamide injection. Cerebrovascular reserve maps were calculated for each time point and presented masked with all vascular territories combined.

RESULTS

Patients

Twenty-four examinations (nine preoperative and 15
postoperative) were performed in 11 patients. For a detailed
description of examinations and patient characteristics, see
Table 1. Five patients were examined three times, three patients
were examined twice, and three patients were examined once.
Furthermore, three of the 11 patients had both pre- and
postoperative examinations. Eight patients had bilateral disease,
and three patients had unilateral disease (one left and two right
hemispheres). A representative example of CBF maps at baseline
and post-ACZ injection with corresponding CVR maps, together
with an anatomical CE-T1WI image and derived vascular
territories, is presented in Figure 1.

Group Average

Average baseline CBF (SD) values were 38 (10) ml/100 g/min in
affected, 32 (9) ml/100 g/min in unaffected, and 40 (9) ml/100
g/min in unaffected contralateral vascular territories. Average
CBF (SD) values post-ACZ injection were similar in all vascular
territories: affected 54 (17) at 5 min, 54 (17) at 15 min, and 54 (17)
ml/100 g/min at 25 min post-ACZ injection, unaffected 49 (13)
at 5min, 47 (14) at 15 min, and 47 (14) ml/100 g/min at 25 min
post-ACZ injection, and unaffected contralateral 60 (15) at 5 min,
59 (14) at 15 min, and 57 (13) m1/100 g/min at 25 min post-ACZ
injection. CVRs (SD) were 40 (18) at 5min, 39 (17) at 15 min, and
38 (15) % at 25 min post-ACZ injection averaged over all affected
vascular territories, and corresponding values for unaffected and
unaffected contralateral vascular territories were 52 (20) and 53
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TABLE 2 | Average CBF and CVR with standard deviation for each individual vascular territory and all affected, unaffected, and unaffected contralateral vascular territories

and all post-ACZ injection time points.

Affected Unaffected CL
Time after injection ACA|ef( ACArigm MCA|eft MCAright All PCA|eft PCAright All All
CBF (ml/100 g/min)
Omin 38 (10) 36 (9) 41 (12) 39 (11) 38 (10) 33(9) 329 329 40 (10)
5min 52 (16) 53 (14) 56 (19) 55 (19) 54 (17) 49 (13) 49 (12) 49 (13) 60 (15)
15min 53 (17) 51 (13) 56 (18) 54 (18) 54 (17) 48 (15) 47 (13) 47 (14) 59 (14)
25min 53 (17) 51 (14) 57 (19) 54 (18) 54 (17) 47 (15) 46 (13) 47 (14) 57 (13)
CVR (%)
5min 37 (19) 45 (17) 36 (17) 40 (19) 40 (18) 52 (20) 583 (20) 52 (20) 53 (24)
15 min 40 (19) 41 (16) 36 (17) 39 (18) 39 (17) 48 (20) 46 (20) 47 (20) 49 (18)
25min 40 (17) 39 (14) 37 (15) 37 (15) 38 (15) 45 (16) 44 (15) 44 (20) 45 (12)

ACA, anterior cerebral artery; CBF, cerebral blood flow; CL, unaffected contralateral vascular territories; CVR, cerebrovascular reserve; MCA, middle cerebral artery; PCA, posterior

cerebral artery.

ACA, MCA, PCA .«
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FIGURE 2 | Presents individual cerebral blood flow (CBF) for all patients as spaghetti plots in bilateral anterior cerebral arteries (ACAs), middle cerebral arteries
(MCAs), and posterior cerebral arteries (PCAs) for baseline (0 min) and all post-acetazolamide (ACZ) injection time points (5, 15, and 25 min). A repeated-measures
one-way analysis of variance was performed between time points, and Tukey test was used to correct for multiple comparisons; significant difference (p < 0.05) is
indicated with an asterisk (*).

(24) at 5min, 47 (20) and 49 (18) at 15 min, and 44 (15) and 45
(12) % at 25 min post-ACZ injection, respectively.

Average CBF increased significantly (p < 0.01) at all post-
ACZ injection time points measured compared with baseline
for each individual vascular territory. No significant differences
were found for CBF between post-ACZ injection time points,

except for CBFSES in ACAyignt (p = 0.03). For CVR, significant

differences were observed for CVR1D51.1}5 and CVR%)SI,J}5 in ACA igh
(p = 0.04 and p < 0.01, respectively) and PCAygy (p < 0.01
and p = 0.04, respectively). Data for each vascular territory

and average data over affected, unaffected, and unaffected
contralateral vascular territories are presented in Table 2. Graphs
showing individual data points for CBF are presented in Figure 2
and for CVR in Figure 3.

Individual Analysis

In most patients, the maximum increase in CBF was seen 5 min
after injection, but this maximum at 5 min was more common in
unaffected (59%) and unaffected contralateral vascular territories
(61%) than in affected vascular territories (42%); see Table 3.
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FIGURE 3 | Presents individual cerebrovascular reserve (CVR) for all patients as spaghetti plots in bilateral anterior cerebral arteries (ACAs), middle cerebral arteries
(MCAs), and posterior cerebral arteries (PCAs) for all post-acetazolamide (ACZ) injection time points (5, 15, and 25 min). A repeated-measures one-way analysis of
variance was performed between time points, and Tukey test was used to correct for multiple comparisons; significant difference (p < 0.05) is indicated with
an asterisk (*).

TABLE 3 | Frequency distribution of maximum increase in CBF occurrence (%) for each individual vascular territory and all affected, unaffected, and unaffected

contralateral vascular territories and all post-ACZ injection time points.

Affected Unaffected CL

ACA et ACA gt MCA et MCA ight All PCA et PCAight All All
5min 29% 62% 37% 38% 42% 52% 65% 59% 61%
15min 41% 24% 26% 38% 32% 24% 13% 18% 22%
25min 29% 14% 37% 24% 26% 24% 22% 23% 17%

ACA, anterior cerebral artery; CL, unaffected contralateral vascular territories; MCA, middle cerebral artery; PCA, posterior cerebral artery.

However, the CBF response varied widely and, in individual
patients, could peak as late as 25 min after ACZ administration.
In 68% of affected vascular territories, the maximum increase
in CBF did not occur at 15min post-ACZ injection. The mean
difference between CVR at maximum CBF and 15min post-
ACZ injection in cases with missing peaks was 8 pp, with a

range of 1-30 pp (p < 0.01). All individual CVRs and CBFs
in affected and unaffected vascular territories are presented in
Supplementary Tables 1, 2, respectively.

CVR patterns are presented in two cases to illustrate
the individuality of temporal response after ACZ injection
(Figure 4). In case #1, both CBF and CVR reached a peak at
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FIGURE 4 | Case #1 (top row): Female, aged 51 years, with bilateral moyamoya disease [Suzuki grade Il left internal carotid artery (ICA) and right ICA]. Magnetic
resonance imaging was performed for preoperative evaluation. Temporal response of cerebral blood flow (CBF) and cerebrovascular reserve (CVR) peaked at 5 min
post-acetazolamide injection. Case #2. (bottom row): Male, aged 14 years, with unilateral moyamoya disease (Suzuki grade Il left ICA). Magnetic resonance imaging
was performed after indirect revascularisation surgery of the left hemisphere. Temporal response of CBF and CVR increased for all time points post-acetazolamide
injection. Notice difference between 15 min (left 19% and right 25%) and 25 min (left 49% and right 54%) post-acetazolamide injection.

5min post-ACZ injection and then decreased successively. In
case #2, the CBF and CVR increased throughout all time-point
post-ACZ injection. Notice the difference between 15min (left
19% and right 25%) and 25 min (left 49% and right 54%) post-
ACZ injection.

DISCUSSION

In this study, we investigated the temporal response of CBF
and CVR during the ACZ challenge in vascular territories at
baseline and 5, 15, and 25 min post-injection in patients with
MMD using ASL. Major findings include that measurement of
CBF at only a single time point after ACZ administration may
underestimate CVR by up to 30 pp in individual cases and
that unaffected vascular territories and unaffected contralateral
vascular territories are more prone to the early maximum
increase in CBF compared with affected vascular territories.

Average Baseline and Post-acetazolamide
Injection Cerebral Blood Flow and

Cerebrovascular Reserve Capacity
CVR assessment using ACZ in patients with steno-occlusive
diseases using ASL has been investigated by others. Yun et al,,

using pCASL with a post-label delay of 1,500ms at 1.5T,
found an increase in CBF of 40 ml/100 g/min (baseline 35
ml/100 g/min) at 10min post-ACZ injection in patients with
MMD. Unfortunately, CVR was not calculated with absolute
CBF values. Furthermore, Bokkers et al. (18), using flow
territory-selective ASL acquisition in patients with carotid artery
stenosis, reported an increase in CBF of 61 ml/100 g/min
(baseline 61 ml/100 g/min, CVR = 36%) at 15min post-ACZ
injection. In contrast, Federau et al. (12) reported an increase
in CBF of 65-67 ml/100 g/min (baseline 52-55 ml/100 g/min,
CVR ranging from 24 to 36%) at 15min post-ACZ injection
in mildly/moderate to severely stenosed/occluded regions in
patients with MMD using a multi-delay pCASL acquisition.
Ni et al. (3) also used a multi-delay pCASL acquisition and
reported an increase in CBF of 49 and 58 ml/100 g/min
(baseline 49 ml/100 g/min, CVR = 21%) at 10 to 15min
post-ACZ injection in affected vascular territories in patients
with MMD. In summary, other investigations using ASL have
found similar baseline and post-ACZ injection CBF values
(thus also CVR) in affected vascular or specific non-vascular
regions (3, 12, 18, 30-32).

In addition to ASL, other imaging modalities such as
single-photon emission computerized tomography, positron
emission tomography (PET), and Xenon computed tomography
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have been used to assess CVR in patients with steno-
occlusive diseases and healthy subjects, often with a single
CBF measurement 5 to 20min after ACZ injection. An
average CVR of <40% is reported in affected vascular
territories or hemispheres (3, 9, 12-19). In unaffected
contralateral regions or hemispheres and unaffected
vascular territories (healthy subjects), an average CVR of
>40% (up to 70%) is commonly reported (3, 8, 9, 12, 18).
CVR values from other investigations are presented in
Supplementary Table 3.

Although reported group-averaged CVRs measured using
different imaging modalities are similar in both affected
and unaffected vascular territories/hemispheres in patients, a
large dispersion is evident in the data (demonstrated as a
coeflicient of variation). Of note, a coeflicient of variation of
up to 217% has been reported in affected vascular territories.
Furthermore, unaffected vascular territories in patients with
unilateral disease and in healthy subjects reported CVR that
shows a narrower dispersion compared with affected vascular
territories; this is particularly well-demonstrated in studies
including data from both patients and healthy subjects. A
possible explanation for the large dispersion in group average
CVR values may be related to an individual temporal response
to ACZ injection.

Temporal Response—When Is the Peak
Expected

Few studies have assessed temporal CVR using multiple
CBF measurements post-ACZ injection. Hartkamp et al. (7)
concluded that the optimal timing for a single post-ACZ
injection measurement for reliable assessment of CVR in
patients with symptomatic ICA stenosis is between 15 and
20min based on phase-contrast MRI measurements in the
ICAs. An important limitation of that study was the lack of
measured CBF at the regional cerebral level, which may explain
differences compared with our results. In contrast, Okazawa
et al. (10) found that increase in CBF was greater at 10 min
post-ACZ injection compared with 20min using '>O-water
PET. Furthermore, Inoue et al. (8) reported that the maximum
increase in CBF occurred at ~10min post-ACZ injection in
the ACAs, MCAs, and PCAs using ASL in healthy subjects.
Hauge et al. (22) and Dahl et al. (21) reported similar results
using transcranial Doppler in healthy subjects. Vaclavu et al.
(11) studied the temporal response in healthy subjects and
patients with sickle cell disease using ASL and reported that
the maximum increase in CBF occurred at 10 to 15min post-
ACZ injection.

Kuwabara et al. (9) demonstrated, using 150-water PET,
that hemispheric CBF to ACZ was greater after 20 min than
after 5min in hemispheres affected by occlusion but not in
unaffected hemispheres. The timing differences between affected
compared with unaffected hemispheres found by Kuwabara
et al. (9) are also supported by the findings of Hartkamp
et al. (7). In comparison, our analysis of CVR distribution
showed that unaffected and unaffected contralateral vascular
territories are more prone to the early maximum increase

in CBF than affected vascular territories (data shown in
Table 3). This further adds to the possibility that the temporal
response to ACZ injection may provide valuable clinical
information (7, 9).

Cerebrovascular Reserve Capacity Can Be

Underestimated (Peak vs. 15 min)

We compared CVR derived from the actual maximum increase
in CBF at 5, 15, or 25min post-ACZ injection with the
corresponding CVR derived from the commonly used time point
of 15min post-ACZ injection for each patient and vascular
territory. We found that the maximum increase in CBF (and
maximum CVR) did not occur at 15 min in 68% of all affected
vascular territories. In these cases, there was a significant
difference between CVR derived from an actual maximum
increase in CBF when the peak was overlooked and CVR derived
at 15 min post-ACZ injection. In these missing peak cases, CVR
may be underestimated in the range of 1-30 pp (mean difference
8 pp) in individual patients.

Implications of Underestimated

Cerebrovascular Reserve

CVR is used in the individual clinical assessment of patients
with MMD, but the criteria defining impaired CVR vary.
Kuroda et al. (20) and Ogasawara et al. (33) both used a
healthy control group to define an impaired CVR as a CBF
response <14 and 19%, respectively. Acker et al. (34) defined
it at 15% CVR (50% reduction from normal 30%). In a
proposal for a new grading of MMD in adult patients (The
Berlin Grading System), Czabanka et al. (35) defined severely
impaired CVR as a reduced CBF response of more than 5%
(equivalent to a negative CVR of 5% or more). This novel
grading system was later validated by Teo et al. (36) in a larger
patient cohort.

Caution is advised in respect to the lack of an explicit
definition of normal and impaired CVR (6) and the variable
temporal response in CBF post-ACZ injection discussed in this
study with regard to the assessment of disease progression
and indications for revascularisation surgery. Further studies
using multiple CBF measurements post-ACZ injection are
needed to assess the potential negative effects of variable
individual CBF responses to ACZ and potential valuable
clinical information.

Limitations

The patients in the present study represent a heterogeneous
population. Included patients are both adults and children
with bilateral or unilateral MMD. Both pre- and postoperative
examinations and examinations performed on the same
patient are included in the analysis. This can obscure
possible findings, and interpretation of the current results
should be made with caution. We did not perform subgroup
analysis to assess any temporal differences between pre- and
postoperative examinations. Future larger patient cohorts are
needed to address potential changes in temporal response
after  revascularisation procedures. Timing differences
between anterior and posterior circulation can exist;
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this should be kept in mind when comparing values
from affected and unaffected vascular territories in the
current study.

Motion correction of the acquired ASL data could not be
performed, as the CBF maps were calculated automatically by
the scanner. The use of background suppression partly mitigates
motion, and the control/label pairs were thoroughly visually
inspected for possible motion. No exclusions were made due to
excessive motion.

The reliability of the CBF measurements is especially vital
during scan-rescan measurements aiming to detect different
CVR at different time points after ACZ injection. In this
sense, there can be uncertainty in distinguishing an actual
temporal difference in CBF from a measurement error. Although
we cannot rule out a reliability error as a confounder for
temporal response in individual patients/examinations, there is
no known data on reliability in CBF measurements after ACZ
injection, and the presence of varying increases in CBF with
time after ACZ injection is supported by other investigations as
discussed earlier.

CONCLUSION

There is a substantial variation in CVR between different
time points after the ACZ challenge in MMD patients.
Thus, there is a risk that the use of a single post-

ACZ measurement time point overestimates disease
progression, which could have large implications for
decision-making regarding revascularisation surgery

and the interpretation of the outcome thereof. Further
studies with larger sample sizes using multiple CBF
measurements post-ACZ injection in patients with MMD
are encouraged.

REFERENCES
1. Kuroda S, Houkin K. Moyamoya disease: current concepts
and  future  perspectives.  Lancet  Neurol. ~ (2008)  7:1056-

66. doi: 10.1016/S1474-4422(08)70240-0

2. Derdeyn CP, Videen TO, Yundt KD, Fritsch SM, Carpenter DA, Grubb RL,
et al. Variability of cerebral blood volume and oxygen extraction: stages
of cerebral haemodynamic impairment revisited. Brain. (2002) 125:595-
607. doi: 10.1093/brain/awf047

3. Ni WW, Christen T, Rosenberg J, Zun Z, Moseley ME, Zaharchuk G. Imaging
of cerebrovascular reserve and oxygenation in Moyamoya disease. ] Cereb
Blood Flow Metab. (2017) 37:1213-22. doi: 10.1177/0271678X16651088

4. Settakis G, Molnar C, Kerenyi L, Kollar J, Legemate D, Csiba L, et al.
Acetazolamide as a vasodilatory stimulus in cerebrovascular diseases and in
conditions affecting the cerebral vasculature. Eur J Neurol. (2003) 10:609-
20. doi: 10.1046/j.1468-1331.2003.00675.x

5. Vagal AS, Leach JL, Fernandez-Ulloa M, Zuccarello M. The acetazolamide
challenge: techniques and applications in the evaluation of chronic cerebral
ischemia. Am ] Neuroradiol. (2009) 30:876-84. doi: 10.3174/ajnr.A1538

6. Gupta A, Chazen JL, Hartman M, Delgado D, Anumula N, Shao H, et al.
Cerebrovascular reserve and stroke risk in patients with carotid stenosis or
occlusion: a systematic review and meta-analysis. Stroke. (2012) 43:2884-
91. doi: 10.1161/STROKEAHA.112.663716

7. Hartkamp NS, Hendrikse J, van der Worp HB, de Borst GJ, Bokkers
RP. Time course of vascular reactivity using repeated phase-contrast MR

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

This retrospective study was done in accordance with the
declaration of Helsinki and was approved by the Swedish Ethical
Review Authority, and all included patients or legal guardian
signed an informed consent.

AUTHOR CONTRIBUTIONS

MF performed data post-processing, statistical analysis, and
drafting the manuscript. All authors contributed to the
conception, design of the study, participated in the data
collection, writing process, and approved the final version.
All authors contributed to the article and approved the
submitted version.

FUNDING

This project was partly funded by grants from the Erik, Karin, and
Gosta Selanders Stiftelse. The funders had no role in study design,
data collection, and analysis, decision to publish, or preparation
of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.615017/full#supplementary-material

angiography in patients with carotid artery stenosis. Stroke. (2012) 43:553-
6. doi: 10.1161/STROKEAHA.111.637314

8. Inoue Y, Tanaka Y, Hata H, Hara T. Arterial spin-labeling evaluation
of cerebrovascular reactivity to acetazolamide in healthy subjects. Am |
Neuroradiol. (2014) 35:1111-6. doi: 10.3174/ajnr.A3815

9. Kuwabara Y, Ichiya Y, Sasaki M, Yoshida T, Masuda K. Time dependency
of the acetazolamide effect on cerebral hemodynamics in patients with
chronic occlusive cerebral arteries. Early steal phenomenon demonstrated
by [150]H20 positron emission tomography. Stroke. (1995) 26:1825-
9. doi: 10.1161/01.STR.26.10.1825

10. Okazawa H, Yamauchi H, Sugimoto K, Toyoda H, Kishibe Y,
Takahashi M. Effects of acetazolamide on cerebral blood flow, blood
volume, and oxygen metabolism: a positron emission tomography
study with healthy volunteers. J Cereb Blood Flow Metab. (2001)
21:1472-9. doi: 10.1097/00004647-200112000-00012

11. Vaclavu L, Meynart BN, Mutsaerts H, Petersen ET, Majoie C, VanBavel
ET, et al. Hemodynamic provocation with acetazolamide shows impaired
cerebrovascular reserve in adults with sickle cell disease. Haematologica.
(2019) 104:690-9. doi: 10.3324/haematol.2018.206094

12. Federau C, Christensen S, Zun Z, Park SW, Ni W, Moseley M, et al.
Cerebral blood flow, transit time, and apparent diffusion coefficient in
moyamoya disease before and after acetazolamide. Neuroradiology. (2017)
59:5-12. doi: 10.1007/s00234-016-1766-y

13. Hu HH, Li Z, Pokorney AL, Chia JM, Stefani N, Pipe JG, et al. Assessment of
cerebral blood perfusion reserve with acetazolamide using 3D spiral ASL MRI:

Frontiers in Neurology | www.frontiersin.org

June 2021 | Volume 12 | Article 615017


https://www.frontiersin.org/articles/10.3389/fneur.2021.615017/full#supplementary-material
https://doi.org/10.1016/S1474-4422(08)70240-0
https://doi.org/10.1093/brain/awf047
https://doi.org/10.1177/0271678X16651088
https://doi.org/10.1046/j.1468-1331.2003.00675.x
https://doi.org/10.3174/ajnr.A1538
https://doi.org/10.1161/STROKEAHA.112.663716
https://doi.org/10.1161/STROKEAHA.111.637314
https://doi.org/10.3174/ajnr.A3815
https://doi.org/10.1161/01.STR.26.10.1825
https://doi.org/10.1097/00004647-200112000-00012
https://doi.org/10.3324/haematol.2018.206094
https://doi.org/10.1007/s00234-016-1766-y
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Fahlstrom et al.

Temporal Response of the Acetazolamide Challenge

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

preliminary experience in pediatric patients. Magn Reson Imaging. (2017)
35:132-40. doi: 10.1016/j.mri.2016.08.019

Noguchi T, Kawashima M, Irie H, Ootsuka T, Nishihara M,
Matsushima T, et al. Arterial spin-labeling MR imaging in moyamoya
disease compared with SPECT imaging. Eur ] Radiol. (2011)
80:€557-62. doi: 10.1016/j.¢jrad.2011.01.016

Noguchi T, Kawashima M, Nishihara M, Egashira Y, Azama §, Irie H. Non-
invasive method for mapping CVR in moyamoya disease using ASL-MRI. Eur
J Radiol. (2015) 84:1137-43. doi: 10.1016/j.ejrad.2015.03.011

Yen YE Field AS, Martin EM, Ari N, Burdette JH, Moody DM, et al.
Test-retest reproducibility of quantitative CBF measurements using FAIR
perfusion MRI and acetazolamide challenge. Magn Reson Med. (2002) 47:921-
8. doi: 10.1002/mrm.10140

Uchihashi Y, Hosoda K, Zimine I, Fujita A, Fujii M, Sugimura K, et al. Clinical
application of arterial spin-labeling MR imaging in patients with carotid
stenosis: quantitative comparative study with single-photon emission CT. Am
J Neuroradiol. (2011) 32:1545-51. doi: 10.3174/ajnr.A2525

Bokkers RP, van Osch M], van der Worp HB, de Borst GJ, Mali WP,
Hendrikse J. Symptomatic carotid artery stenosis: impairment of cerebral
autoregulation measured at the brain tissue level with arterial spin-
labeling MR imaging. Radiology. (2010) 256:201-8. doi: 10.1148/radiol.10
091262

Detre JA, Samuels OB, Alsop DC, Gonzalez-At JB, Kasner SE,
Raps EC. Non-invasive magnetic resonance imaging evaluation of
cerebral blood flow with acetazolamide challenge in patients with
cerebrovascular stenosis. ] Magn Reson Imaging. (1999) 10:870-
5. doi: 10.1002/(SICI)1522-2586(199911)10:5<870::AID-JMRI36>3.0.CO;2-D
Kuroda S, Houkin K, Kamiyama H, Mitsumori K, Iwasaki Y, Abe H. Long-
term prognosis of medically treated patients with internal carotid or middle
cerebral artery occlusion: can acetazolamide test predict it? Stroke. (2001)
32:2110-6. doi: 10.1161/hs0901.095692

Dahl A, Russell D, Rootwelt K, Nyberg-Hansen R, Kerty E. Cerebral
assessed  with transcranial Doppler and regional
blood flow measurements. Dose, serum concentration,
and time course of the response to acetazolamide. Stroke. (1995)
26:2302-6. doi: 10.1161/01.STR.26.12.2302

Hauge A, Nicolaysen G, Thoresen M. Acute effects of acetazolamide
on cerebral blood flow in man. Acta Physiol Scand. (1983) 117:233-
9. doi: 10.1111/§.1748-1716.1983.tb07202.x

Suzuki ], Takaku A. Cerebrovascular “moyamoya” disease. Disease showing
abnormal net-like vessels in base of brain. Arch Neurol. (1969) 20:288-
99. doi: 10.1001/archneur.1969.00480090076012

Dai W, Robson PM, Shankaranarayanan A, Alsop DC. Reduced
resolution  transit delay prescan for quantitative
arterial spin labeling perfusion imaging. Magn Reson Med. (2012)
67:1252-65. doi: 10.1002/mrm.23103

Alsop DC, Detre JA, Golay X, Gunther M, Hendrikse J, Hernandez-Garcia L,
et al. Recommended implementation of arterial spin-labeled perfusion MRI
for clinical applications: a consensus of the ISMRM perfusion study group
and the European consortium for ASL in dementia. Magn Reson Med. (2015)
73:102-16. doi: 10.1002/mrm.25197

Fahlstrom M, Lewén A, Enblad P, Larsson E-M, Wikstrom J]. High
intravascular signal arterial transit time artifacts have negligible effects on
cerebral blood flow and cerebrovascular reserve capacity measurement using

vasoreactivity
cerebral

continuous

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

single postlabel delay arterial spin-labeling in patients with moyamoya disease.
Am ] Neuroradiol. (2020) 41:430-6. doi: 10.3174/ajnr.A6411

Lindig T, Kotikalapudi R, Schweikardt D, Martin P, Bender E, Klose U, et al.
Evaluation of multimodal segmentation based on 3D T1-, T2- and FLAIR-
weighted images - the difficulty of choosing. Neuroimage. (2017) 170:210-
21. doi: 10.1016/j.neuroimage.2017.02.016

Tatu L, Moulin T, Bogousslavsky J, Duvernoy H. Arterial territories
of the human brain: cerebral hemispheres. Neurology. (1998) 50:1699-
708. doi: 10.1212/WNL.50.6.1699

Petr J, Mutsaerts H, De Vita E, Steketee RME, Smits M, Nederveen AJ,
et al. Effects of systematic partial volume errors on the estimation of gray
matter cerebral blood flow with arterial spin labeling MRI. MAGMA. (2018)
31:725-34. doi: 10.1007/s10334-018-0691-y

Lee S, Yun TJ, Yoo RE, Yoon BW, Kang KM, Choi SH, et al. Monitoring
cerebral perfusion changes after revascularization in patients with moyamoya
disease by using arterial spin-labeling MR imaging. Radiology. (2018)
288:565-72. doi: 10.1148/radiol.2018170509

Yun TJ, Paeng JC, Sohn CH, Kim JE, Kang HS, Yoon BW, et al
Monitoring cerebrovascular reactivity through the use of arterial spin
labeling in patients with moyamoya disease. Radiology. (2016) 278:205-
13. doi: 10.1148/radiol.2015141865

Hara S, Tanaka Y, Ueda Y, Hayashi S, Inaji M, Ishiwata K, et al. Non-
invasive evaluation of CBF and perfusion delay of moyamoya disease using
arterial spin-labeling MRI with multiple postlabeling delays: comparison
with (15)O-Gas PET and DSC-MRI. Am ] Neuroradiol. (2017) 38:696-
702. doi: 10.3174/ajnr.A5068

Ogasawara K, Ogawa A, Yoshimoto T. Cerebrovascular reactivity to
acetazolamide and outcome in patients with symptomatic internal
carotid or middle cerebral artery occlusion: single-
photon  emission computed tomography study. (2002)
33:1857-62. doi: 10.1161/01.STR.0000019511.81583.A8

Acker G, Lange C, Schatka I, Pfeifer A, Czabanka MA, Vajkoczy P, et al. Brain
perfusion imaging under acetazolamide challenge for detection of impaired
cerebrovascular reserve capacity: positive findings with (15)O-Water PET in
patients with negative (99m)Tc-HMPAO SPECT findings. ] Nucl Med. (2018)
59:294-8. doi: 10.2967/jnumed.117.195818

Czabanka M, Pena-Tapia P, Schubert GA, Heppner FL, Martus P, Horn P,
et al. Proposal for a new grading of Moyamoya disease in adult patients.
Cerebrovasc Dis. (2011) 32:41-50. doi: 10.1159/000326077

Teo M, Furtado S, Kaneko OF, Azad TD, Madhugiri V, Do HM, et al.
Validation and application for the berlin grading system of moyamoya disease
in adult patients. Neurosurgery. (2020) 86:203-12. doi: 10.1093/neuros/nyz025

a xenon-133
Stroke.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Fahlstrom, Wikstrom, Borota, Enblad and Lewén. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neurology | www.frontiersin.org

10

June 2021 | Volume 12 | Article 615017


https://doi.org/10.1016/j.mri.2016.08.019
https://doi.org/10.1016/j.ejrad.2011.01.016
https://doi.org/10.1016/j.ejrad.2015.03.011
https://doi.org/10.1002/mrm.10140
https://doi.org/10.3174/ajnr.A2525
https://doi.org/10.1148/radiol.10091262
https://doi.org/10.1002/(SICI)1522-2586(199911)10:5<870::AID-JMRI36>3.0.CO;2-D
https://doi.org/10.1161/hs0901.095692
https://doi.org/10.1161/01.STR.26.12.2302
https://doi.org/10.1111/j.1748-1716.1983.tb07202.x
https://doi.org/10.1001/archneur.1969.00480090076012
https://doi.org/10.1002/mrm.23103
https://doi.org/10.1002/mrm.25197
https://doi.org/10.3174/ajnr.A6411
https://doi.org/10.1016/j.neuroimage.2017.02.016
https://doi.org/10.1212/WNL.50.6.1699
https://doi.org/10.1007/s10334-018-0691-y
https://doi.org/10.1148/radiol.2018170509
https://doi.org/10.1148/radiol.2015141865
https://doi.org/10.3174/ajnr.A5068
https://doi.org/10.1161/01.STR.0000019511.81583.A8
https://doi.org/10.2967/jnumed.117.195818
https://doi.org/10.1159/000326077
https://doi.org/10.1093/neuros/nyz025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Variable Temporal Cerebral Blood Flow Response to Acetazolamide in Moyamoya Patients Measured Using Arterial Spin Labeling
	Introduction
	Methods
	Patients
	Magnetic Resonance Imaging
	Image Post-processing
	Statistical Analysis

	Results
	Patients
	Group Average
	Individual Analysis

	Discussion
	Average Baseline and Post-acetazolamide Injection Cerebral Blood Flow and Cerebrovascular Reserve Capacity
	Temporal Response—When Is the Peak Expected
	Cerebrovascular Reserve Capacity Can Be Underestimated (Peak vs. 15min)
	Implications of Underestimated Cerebrovascular Reserve
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


