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Abstract

Introduction—The goal of this study was to assess the changes in arterial spin labeling (ASL)
cerebral blood flow (CBF) and arterial transit time (ATT), and in apparent diffusion coefficient
(ADC), before and after an acetazolamide challenge in moyamoya patients, as function of arterial
stenosis severity.

Methods—~Pre-operative patients diagnosed with moyamoya disease who could undergo MRI at
3.0T were recruited for this study. A multi-delay pseudo-continuous ASL and a diffusion-weighted
sequence were acquired before and 15 min after acetazolamide injection. The severity of anterior,
middle, and posterior cerebral artery pathology was graded on time-of-flight MR angiographic
images. CBF, ATT, and ADC were measured on standardized regions of interest as function of the
vessel stenosis severity.

Results—Thirty patients were included. Fifty-four percent of all vessels were normal, 28%
mildly/moderately stenosed, and 18% severely stenosed/occluded. Post-acetazolamide, a
significantly larger CBF (ml1/100 g/min) increase was observed in territories of normal (+19.6 £
14.9) compared to mildly/moderately stenosed (+14.2 + 27.2, p=0.007), and severely stenosed/
occluded arteries (+9.9 + 24.2, p< 0.0001). ATT was longer in territories of vessel anomalies
compared with normal regions at baseline. ATT decreases were observed in all territories post-
acetazolamide. ADC did not decrease after acetazolamide in any regions, and no correlation was
found between ADC changes and baseline ATT, change in ATT, or CVR.

Conclusion—The hemodynamic response in moyamoya disease, as measured with ASL CBF, is
impaired mostly in territories with severe arterial stenosis/occlusion, while ATT was prolonged in
all non-normal regions. No significant changes in ADC were observed after acetazolamide.
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Introduction

Moyamoya disease is characterized by progressive stenosis of the distal intracranial internal
carotid arteries and the proximal parts of the anterior and middle cerebral arteries [1]. It is
associated with the development of a characteristic compensatory network of collateral small
vessels. This condition predisposes those patients to stroke and hemorrhage.

Cerebrovascular reserve (CVR) is defined as the change in cerebral blood flow (CBF) after
reducing vascular resistance [2]. It has been proposed that CVR could help stratify the risk
of ischemic events in moyamoya patients [3], using acetazolamide, a cerebral vasodilatative
agent. CVR impairment has indeed been shown to be strongly associated with increased risk
of ischemic events in carotid stenosis or occlusion [4] and other chronic steno-occlusive
diseases, by demonstrating the inability of regions of the brain to augment CBF, because
autoregulatory vasodilation is already maximized. For example, moyamoya patients with
poor CVR are at higher risk of clinical complications post-extracranial-intracranial bypass
operation [5]. Despite this value, and although there is a long history of the use of
vasodilatory agents in patients with advanced cerebrovascular disease, there exist concerns
about the safety of acetazolamide in moyamoya patients due to the potential for CBF
reduction (“cerebrovascular steal”) [6].

Given concerns of chronic gadolinium deposition in the brain after repeated intravenous
injection of gadolinium-based contrast agents [7, 8], arterial spin labeling (ASL) is a
promising non-contrast alternative [9] to the routine gadolinium-based dynamic
susceptibility contrast (DSC) perfusion imaging, in particular to test CVR, because it
permits repeated measurement without issues such as residual contrast from previous
injection or contrast leakage. ASL is also of interest in moyamoya patients, because those
patients are often young and frequently require multiple MR examinations over their
lifetimes.

However, the ASL signal is strongly dependent on the time the blood takes to reach the
tissue of interest from the labeling plane. Therefore, ASL using a single post-label delay
might not properly reflect the true CBF, while an ASL acquisition with multiple post-label
delay times might mitigate this effect [10]. Multi-delay ASL has been shown to correlate
with CT perfusion in moyamoya [11], and moyamoya disease staging has been shown to be
feasible with ASL-4D MR-angiography [12].

The purpose of this study was to assess the changes in CBF and arterial transit time (ATT),
using a multi-delay pseudo-continuous ASL sequence, and to characterize the correlation
between CVR and baseline ATT. In addition, we evaluate the safety of acetazolamide
challenge for measuring CVR in patients with moyamoya disease by looking for diffusion
changes post-acetazolamide.
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Methods

Patient demographics

We declare that this human study has been approved by the ethic committee at Stanford
University and has therefore been performed in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki and its later amendments. We declare that all
patients gave informed consent prior to inclusion in this study. Inclusion criteria were
patients with catheter angiography proven moyamoya disease, scanned in the context of pre-
operative assessment at our institution from June 2013 to January 2015. Exclusion criteria
were the usual contraindications to MRI.

Acquisition parameters

Images were acquired at 3.0 Tesla (MR750 and MR750w, GE Healthcare, Waukesha, WI,
USA). The protocol consisted of anatomical T1-weighted, T2-weighted, fluid attenuated
inversion recovery (FLAIR), time-of-flight intracranial MR angiogram (TOF MRA), ASL,
and diffusion-weighted imaging (DWI). Fifteen minutes after intravenous injection of 1 g
acetazolamide, the ASL and DWI sequences were repeated. The ASL sequence consisted of
a three-dimensional, multi-delay pseudo-continuous ASL, with a fast spin echo stack-of-
spiral readout with eight interleaves. Other parameters were as follows: TR = 4844 ms, TE =
11 ms, time of labeling = 2 s, post-label delays = 0.7, 1.3,1.9, 2.5, and 3.0 s, field of view =
240 x 240 mm2, number of slices = 36, voxel size = 6 x 6 x 5 mm3, and NEX = 1, scan time
= 3:36 min (which includes all five post-label delay times and a proton density images
required to calculate CBF). The diffusion-weighted sequence was acquired with a b value of
1000 s/mm2, from which, using the &= 0 images, the ADC was calculated. Imaging
parameters were TR = 5000 s, TE = 87 ms, bandwidth = 1953 Hz/s, and voxel size = 1.9 x
1.9 x 5 mm3. The parameters for the time-of-flight intracranial MR angiogram were as
follows: TR =21 ms, TE = 2.3 ms, flip angle = 15°, bandwidth = 195 Hz/s, and voxel size =
0.5x 0.5 x 1.2 mmd.

Image post-processing—CBF and ATT measurements were performed using the
method ofDai et al. [10]: Briefly, the AT Twas determined using an ASL signal-weighted
delay method. Then, using this ATT, CBF was determined as follows:

ATT/Ty, AM

CBF[ml/100¢/min] = 6000 —max(w — ATT, 0) —max(z + w — ATT,0)/ .\ My
Tia-e Tia

2a T1gle

where 71, is the longitudinal relaxation time of blood and was assumed to be 1.6 s, AM is
the ASL difference signal intensity, My is the longitudinal relaxed brain tissue signal, a. is
the combined efficiency of labeling and background suppression (assumed to be 0.63), w is
the post-label delay, and < is the labeling duration. A CBF value was calculated for each of
the five post-label delay ASL images, and an SNR-weighted (correcting for the dependence
of SNR to post-labeling delay and labeling duration (Eq. [2] in Dai et al. [10])) average was
used to determine the final CBF.
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Severity of disease

The severity of disease of the anterior, middle, and posterior cerebral arteries was graded as
normal, mild/moderate, or severe/occluded in consensus by two experienced
neuroradiologists, based on the MRA images (Fig. 1a). Supraclinoid internal carotid artery
stenosis was handled as both anterior and middle cerebral artery disease, unless the anterior
cerebral artery was supplied by a dominant contralateral artery through the anterior
communicating artery. The presence of a fetal origin of the posterior cerebral artery was
noted. The severity of previous infarction was categorized as normal, with small infarct, and
with large infarct.

Regions of interest and data analysis

All images were co-registered to the MNI brain template using MINC [13]. Twenty
standardized regions of interest of 2 cm thickness, corresponding to ASPECTS levels [14]
were defined on the brain template [15] in two axial planes, the first plane being at the level
of the basal ganglia and the second just above the superior aspect of the lateral ventricle
(Fig. 1b). The regions were divided to correspond to the vascular territory of the major
cerebral arteries. The values of the CBF and ATT calculated from the ASL acquisition, as
well as the ADC from the DWI sequence, were measured in each region of interest and
analyzed as function of vessel stenosis severity. The Pearson’s correlation coefficient
between CVR (with CVR = CBFpost - acetazolamide = CBFpre - acetazolamide) and baseline ATT
was calculated, as well as between changes in ADC (AADC = ADCppst - acetazolamide —
ADCpre - acetazolamide) and respectively CVR, baseline ATT, and ATT change (AATT =

ATTpost - acetazolamide — ATTpre - acetazolamide)-

Safety evaluation

The safety of the acetazolamide challenge in patients with moyamoya disease was assessed
as follows: (1) The medical records were searched for any documentation of neurological
deficits within the first 24 h after acetazolamide challenge. (2) New focal diffusion
restrictions after acetazolamide challenge were searched by an experienced neuroradiologist
by reviewing the images pre- and post-acetazolamide challenge. (3) Sub-clinical, “pre-
stroke”, apparent diffusion coefficient (ADC) changes post-acetazolamide challenge were
studied as function of baseline ATT, change in ATT, or CVR.

Statistical analysis

Results

Statistical analysis was performed using Matlab version 2014a (MathWorks, Natick,
Massachusetts). Statistical significance was assessed using unpaired and paired two-tailed
Student’s ¢test. Significance level was set to a < 0.05 and corrected for false discovery rate
using the Benjamini—Hochberg procedure.

Thirty patients (mean age + standard deviation: 40 + 14 years; 18 (60%) women; equally

split between bilateral and unilateral disease [15 in each group]) were included in this study;
no patients were excluded, such that this represents a consecutive series of patients. Seven of
60 posterior cerebral arteries were of fetal origin. Fifty-four percent of cerebral arteries were

Neuroradiology. Author manuscript; available in PMC 2021 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Federau et al.

Page 5

normal, 28% mildly/moderately stenosed, and 18% severely stenosed or occluded (Table 1).
No infarct was found in 98% of territories where the arteries were found normal, and 2%
showed small infarcts. In territories where the artery was mildly/moderately stenosed, no
infarct was found in 84%, small infarcts in 14%, and large infarcts in 2%. In territories
where the artery was severely stenosed or occluded, no infarct was found in 76%, small
infarcts in 21%, and large infarcts in 3%. Representative examples of pre- and post-
acetazolamide imaging of CBF, ATT, and ADC in several patients are shown in Fig. 2.

Interestingly, a higher baseline CBF was measured in regions corresponding to severely
stenosed or occluded arteries (54.7 £ 16.1 ml/100 g/min) and mild/moderately stenosed
vessels (52.3 £ 18.3 ml/100 g/min, p < 0.0001) compared to normal (48.3 = 14.4 ml/100 g/
min, p=0.008) (Tables 2 and 3). After acetazolamide challenge, a significant CBF increase
was observed in all territories, and this increase was significantly larger in territories
corresponding to the arteries with no stenosis (19.6 + 14.9 ml/100 g/min) compared to in the
territories of mild/moderate stenosis (14.2 £ 27.2 ml/100 g/min, p=0.007), and compared to
in the territories of severely stenosed/occluded arteries (9.9 £ 24.2 ml/100 g/min, p<
0.0001) (Table 2).

At baseline, ATT was significantly higher in regions of territories of vessel anomalies pooled
together (1470 £ 436 ms) compared with normal regions (1359 £ 418 ms, p= 0.002). After
correcting for multiple comparisons, ATT was significantly higher in regions with severe/
occlusive (1478 £ 480 ms, p=0.01) and mild/moderate (1466 + 408 ms, p = 0.006) vessel
disease when compared with normal regions (Tables 2 and 3).

After acetazolamide challenge, ATT was significantly higher in regions of territories of
vessel anomalies pooled together (1293 + 412 ms) compared with normal regions (1192 +
466 ms, p=0.005), as well as after correcting for multiple comparisons in regions with
mild/moderate (1313 + 414 ms, p= 0.004) vessel disease when compared with normal
regions, but not in regions with severe/occlusive (1263 + 409 ms, p = 0.14) vessel disease
when compared with normal regions (Tables 2 and 3). The acetazolamide challenge induced
a significant ATT decreases in all regions, but those decreases did not differ by severity of
vessel involvement (Table 2).

Finally, we found a significant negative correlation between CVR and baseline ATT that was
visible in all three groups, but which was statistically significant only for the regions of
mild/moderate stenosis (normal: r=-0.39, p < 0.0001; mild/moderate stenosis: r= -0.53, p
< 0.0001; severe stenosis/occlusion: r=-0.47, p < 0.006; Fig. 3).

Concerning the safety of the acetazolamide challenge, while at baseline and after
acetazolamide challenge, ADC was higher in territories with vessel disease compared with
the normal vessels (all p < 0.0006), there was no evidence for ADC decrease in any of the
regions after acetazolamide (Table 2). We also found no correlation between change in ADC
and respectively CVR (r=0.07, p=0.10), baseline ATT (r=0.0725, p=0.08), and change
in ATT (r=0.05, p=0.24) (Fig. 4). The detailed review of the DWI images before and after
the acetazolamide challenge showed no appearance of new DWI restriction foci, in any of
the 30 patients. After the acetazolamide challenge, 1 patient presented with migraine, and 1
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patient presented with right face numbness; both of which resolved without medication.
Many of these patients had subsequent bypass surgery thereafter, making it difficult to assess
for new neurological deficits.

Discussion

This study demonstrates in a large, consecutive cohort of pre-operative moyamoya patients,
that their CVR, as measured with multi-delay ASL CBF, is gradually impaired as function of
vessel impairment. We also found, paradoxically, that baseline CBF was gradually higher in
the territories as function of vessel impairment. The increased heterogeneity in the most
affected territories might be explained by the presence of retained spins in proximal feeding
vessels even at the longest post-label delay time (3.0 s) that are destined to perfuse more
distal slices. Longer labeling time or post-label delays could be considered to mitigate this
effect in multi-delay ASL imaging but would require longer scans and additional signal
averaging, given the T1 decay of the label that occurs. Another explanation for this
paradoxical higher apparent CBF in the affected territories may be due to the labeled spins
spending more time in the arterial blood compartment (with its longer T1) compared with
the brain tissue itself, where the label will decay faster. We also observed a negative
correlation between CVR and baseline ATT, which suggests that ATT might be of a certain
value to evaluate the CVR if an acetazolamide challenge cannot be obtained.

ATT, a measurement only possible with multi-delay ASL, was longer in territories of vessel
stenosis compared to normal, both at baseline and after acetazolamide. A significant ATT
decrease of about 150-200 ms after acetazolamide administration was seen in all territories,
but without any differences based on feeding vessel status. This suggests that there is an
increase in flow velocity between labeling plane and imaging plane, but it is not possible to
figure out whether this increase arises predominantly in smaller or larger arteries. This ATT
decrease may be important for studies that use single-delay ASL to measure CBF, since it is
possible that changes in ATT may cause inaccurate measurement of CBF changes following
acetazolamide. This effect was explicitly accounted for in the model used in this work.

At baseline and after acetazolamide, we observed a stepwise ADC increase with increasing
vessel stenosis severity, which is explained by an increasing number of chronic ischemic
lesions in territories with higher stenosis. Importantly, no significant ADC changes were
observed following acetazolamide, regardless of vessel status, and no correlation were found
between changes in ADC and CVR, baseline ATT, and changes in ATT. Those findings
support the safety of acetazolamide challenge for measuring CVR in patients with
significant cerebrovascular disease, in agreement with prior literature as well [16]. An
interesting follow-up experiment would be to perform a more sophisticated DWI experiment
incorporating intravoxel incoherent motion [17] and observe the changes in perfusion
fraction after acetazolamide challenge in the various territories.

Given concerns of chronic gadolinium deposition in the brain of patients (which has also
been observed in patients with normal renal function) after repeated intravenous injection of
gadolinium-based contrast agents [7, 8, 18, 19], ASL offers a robust non-contrast method for
measuring CBF and ATT to evaluate cerebrovascular reserve. Single-delay ASL has
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previously been shown to be useful to monitor hemodynamic changes in moyamoya patients
[20-22]. Noguchi et al. [3] found ASL equivalent to SPECT for mapping CVR in
moyamoya patients, using an ASL method that was synchronized to the pulse detected on a
finger. Yun et al. [20] found a significant increase in CVR with ASL and single photon
emission computed tomography (SPECT), in moyamoya patients 6 months after bypass
surgery. Perfusion measurement with multi-delay ASL may add value compared to single-
delay ASL [23], adding ATT information and potentially improving in the accuracy of CBF
measurement.

There are limitations to this study. It is a single center study, in a pre-operative set of
patients. While both stable xenon computed tomography (CT) and 1°0-H,0 positron
emission tomography (PET) are considered reference standard measurements for CBF [24],
they were not performed as part of this study. Therefore, we cannot prove the CBF obtained
by the presented method is similar to a gold standard measurement, but two recent studies
showed a significant correlation between multiple post-label delay ASL CBF and PET CBF
in healthy volunteers [25] and in patients with chronic occlusive cerebrovascular disease
[26]. Furthermore, there exists no reference standard for ATT measurements, so the accuracy
of the values measured in this study cannot be evaluated. The analysis of vascular territories
was based on standard territories in healthy normal subjects and may not be entirely accurate
in a moyamoya cohort in whom extensive collateralization may cause vascular territory
boundaries to shift. Infarcted territories were not specifically excluded from the analysis, as
the aim of this work was to study changes in perfusion and ADC. The timing of the MRI to
assess for irreversible ischemia after acetazolamide might not be optimal, as only early sign
of ischemia would be visible, and a later DWI, such as at 24-72 h, might reveal lesions not
visible immediately postvascular challenge.

In conclusion, the current study demonstrates that multi-delay ASL can be used as a non-
invasive imaging tool to monitor CBF and ATT changes following acetazolamide challenge.
Furthermore, acetazolamide does not appear to adversely affect ADC measurements, even in
regions with severe arterial stenoses or occlusions.
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TOF MRA Severity Score: Right MCA Examples

Normal Mild/Moderate Severe/Occluded

Fig. 1.
a Severity score of vessel stenosis on maximum intensity projection (anterior and superior

views) of TOF MRA. Examples of normal (no visible stenasis, /eff), mildly/moderately
stenosed (middle), and severely stenosed/occluded (right), right middle cerebral artery
(MCA). b Definition of the 20 regions of interest per patient on the MNI template,
corresponding to the anterior, middle, and posterior cerebral artery territories
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Normal Mild / Moderate Severe / Occluded

Fig. 2.
(70p) Catheter angiography (right and left internal carotid injection) and TOF. (Bottom)

CBF, ATT, and ADC at baseline (/ef?) and after acetazolamide challenge (righ?) in patients
with normal, mild/moderate, and occluded left MCA, respectively. All of the other territories
were without arterial stenosis in those three patients. A significant CBF increase is visible in
all territories after acetazolamide, except in the severely stenosed/occluded left MCA. A
decrease in ATT is visible in all territories after acetazolamide. Interestingly, slightly
prolonged ATT is visible in the posterior part of the right MCA in the patient with normal
vessels on the MR angiogram, suggesting the ASL ATT measurement is very sensitive, and
can depict even mild delays
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Fig. 3.

Baseline ATT [ms]

Scatterplots between the CVR (difference in CBF between after acetazolamide and baseline)
and baseline ATT. A significant decrease in CVR with increasing baseline ATT is visible in

all three groups
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Fig. 4.
Scatterplots between the difference in ADC (AADC), and respectively CVR, baseline ATT,

and change in ATT (AATT). The absence of significant correlation (/) in all three graphs
speaks for the safety of the acetazolamide challenge to test CVR in moyamoya patients
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