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Abstract

Moyamoya is a bilateral, complex cerebrovascular condition characterized by progressive non-atherosclerotic intracra-
nial stenosis and collateral vessel formation. Moyamoya treatment focuses on restoring cerebral blood flow (CBF)
through surgical revascularization, however stratifying patients for revascularization requires abilities to quantify how
well parenchyma is compensating for arterial steno-occlusion. Globally elevated oxygen extraction fraction (OEF) sec-
ondary to CBF reduction may serve as a biomarker for tissue health in moyamoya patients, as suggested in patients with
sickle cell anemia (SCA) and reduced oxygen carrying capacity. Here, OEF was measured (TRUST-MRI) to test the
hypothesis that OEF is globally elevated in patients with moyamoya (n = 18) and SCA (n = 18) relative to age-matched
controls (n =43). Mechanisms underlying the hypothesized OEF increases were evaluated by performing sequential CBF-
weighted, cerebrovascular reactivity (CVR)-weighted, and structural MRI. Patients were stratified by treatment and non-
parametric tests applied to compare study variables (significance: two-sided P < 0.05). OEF was significantly elevated in
moyamoya participants (interquartile range = 0.38-0.45) compared to controls (interquartile range =0.29-0.38), similar
to participants with SCA (interquartile range =0.37-0.45). CBF was inversely correlated with OEF in moyamoya par-
ticipants. Elevated OEF was only weakly related to reductions in CVR, consistent with basal CBF level, rather than
vascular reserve capacity, being most closely associated with OEF.
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Introduction
'Department of Radiology and Radiological Sciences, Vanderbilt

Moyamoya is a cerebrovascular condition character-
ized by progressive stenosis of the supraclinoid internal
carotid arteries (ICAs) and their proximal branches and
the corresponding development of collateral blood ves-
sels.! Moyamoya can be idiopathic (i.e. disease) or sec-
ondary (i.e. syndrome) to more common
cerebrovascular conditions such as atherosclerosis and
fibromuscular dysplasia, and places patients at more
than a seven-fold risk increase for stroke.”

Stroke screening procedures for patients with moya-
moya, which can be used to prescribe prophylactic
revascularization procedures,’ focus on characterizing
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large vessel steno-occlusion using angiographic tech-
niques at the spatial resolution of large arteries, as
well as evaluating prior infarct presence and extent.
While helpful, these methods are not conclusive for
prognosis, and, due to the invasive nature of many of
these methods, are not used routinely for surveillance
owing to safety concerns. Therefore, there is a need to
better understand the pathophysiology of moyamoya
and to develop associated stroke screening protocols.

Due to the highly variable way in which brain par-
enchyma may compensate for the array of arterial
steno-occlusions in moyamoya, as well as inabilities
of angiographic techniques to identify all microvascular
stenoses at available spatial resolutions, tissue-level
imaging is of great interest and required for character-
izing how parenchyma compensates for large vessel
steno-occlusion. More specifically, brain parenchyma
downstream of arterial stenosis may compensate for
reduced perfusion pressure through the formation of
collateral vessels*> and/or by increasing arteriolar cere-
bral blood volume (CBV, ml blood/ml parenchyma)
through autoregulatory vasodilation.®® While collat-
eral vessels can be evaluated with gold-standard cath-
eter angiography, it is also important to understand the
function of these collaterals specifically and whether
these collaterals adequately maintain oxygen delivery
to tissue. This issue is fundamental, as patients with
nearly identical degrees and extents of measureable
stenosis may carry contradistinct stroke risks due to
different compensation mechanisms and extents of col-
lateralization.*® When the extent of collateralization
and/or autoregulation is insufficient to maintain ade-
quate oxygen delivery to tissue, the oxygen extraction
fraction (OEF) will increase as described by:

OEF — oxygen consumed  CMRO,
 oxygen delivered  CBF- C,

(1

where CMRO5 is the cerebral metabolic rate of oxygen
consumption (ml O,/100 g tissue/min), CBF is the cere-
bral blood flow (ml blood/100 g tissue/min), and C, is
the oxygen carrying capacity of arterial blood, which
depends on the arterial oxygen saturation and total
hemoglobin. For constant CMRO,, which is believed
to be preserved up until very advanced stage disease,’
OEF may increase (a) for normal CBF and reduced
oxygen carrying capacity,'® or (b) for normal oxygen
carrying capacity but reduced CBFE.’

Indeed, based on '°O PET studies in individuals with
extracranial and intracranial steno-occlusion, it has
been shown that OEF increases regionally when CBV
is inadequate to maintain CBF over a normal range,
and importantly that regionally elevated OEF and CBV
may be prognostic for recurrent stroke risk.”!" It has
also been shown that in patients with symptomatic

carotid occlusion due to atherosclerosis, increased
OEF is associated with prior stroke or transient ische-
mic attack (TIA).'? Iwama et al. evaluated a cohort of
patients with moyamoya using 'O PET and elevated
OEF was identified in middle cerebral artery flow ter-
ritories in patients with moyamoya configuration com-
pared to adults without moyamoya disease.'* This
work has motivated the potential use of OEF as a bio-
marker of stroke risk in patients with moyamoya, how-
ever difficulty performing 'O PET routinely in non-
specialized centers has limited translation of these pro-
mising findings, as well as mechanisms underlying these
elevated OEF measurements in patients with moya-
moya have not been thoroughly clarified.

More recently using non-invasive MRI, it has been
shown that OEF increases globally in patients with
reduced oxygen carrying capacity secondary to sickle
cell anemia (SCA) and elevated OEF correlates with
increasing levels of clinical impairment defined as vas-
culopathy or prior stroke.'” Such MRI methods for
determining global OEF have additionally been
applied across the lifespan of healthy individuals,'*
as well as in end-stage renal disease,'” anorexia ner-
vosa,'® and neonates,'” all populations in which cere-
brovascular oxygen metabolism is thought to be
abnormal.

The purpose of this work is to extend these promis-
ing OEF studies to patients with moyamoya to test
the hypothesis that owing to the often bilateral
nature of the disease and associated hypoperfusion,
globally elevated OEF is detectable using an MRI-
based approach. Two supplemental objectives are
also of interest: (a) To confirm the mechanistic
origin of the hypothesized OEF elevation by perform-
ing OEF and CBF measurements in sequence in
patients with steno-occlusive disease due to moya-
moya and in patients without steno-occlusive disease
but reduced oxygen carrying capacity secondary to
SCA and (b) to evaluate the relationship between cere-
brovascular reactivity (CVR) and the hypothesized
globally elevated OEF. CVR studies have been per-
formed in patients with arterial steno-occlusion due
to moyamoya and atherosclerosis using computed
tomography,'® single-photon emission computed tom-
ography,lg PET,?>?! and MRI;**?* however, to our
knowledge, no study has evaluated the relationship
between basal CBF, CVR, and global elevations in
OEF in patients with moyamoya.

Results of this work are intended to improve
our understanding of the mechanism by which brain
parenchyma compensates for multiple arterial steno-
occlusions in moyamoya, and to determine if OEF is
globally elevated in moyamoya, which is logical but not
confirmed. If confirmed, this work could provide a
foundation for future investigations that may evaluate
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the utility of using fast and non-invasive measures of
OEF as an additional biomarker of tissue impairment
and stroke risk in patients with moyamoya.

Materials and methods
Ethical considerations and participant groups

All participants (n=79) provided informed, written
consent for this prospective IRB-approved study.
Participants were grouped into four categories: (a)
moyamoya participants, (b) age-matched controls for
moyamoya, (¢) SCA participants, (d) age-matched con-
trols for SCA. Inclusion criteria for the SCA arm
included adult participants homozygous for hemoglo-
bin-S on oral hydroxyurea therapy, not receiving rou-
tine blood transfusions, and without significant
(>70%) steno-occlusion of any major intracranial
(first segment of ACA, PCA, and MCA) or cervical
artery (to control for heterogeneity). All SCA partici-
pants were recruited between 2014 and 2016 from a
comprehensive SCA clinic at our institution. Inclusion
criteria for the moyamoya arm was clinical diagnosis of
moyamoya and prior TIA or stroke; exclusion criteria
included extracranial carotid stenosis >50% and
anemia. Moyamoya participants were recruited
between 2014 and 2016 from the adult neurological
surgery service at our institution either during clinic
appointments or during a follow-up call after the
patient was seen in clinic. Revascularization surgery
and location was recorded in patients and sub-analyses
were performed to understand how revascularization
was associated with the findings. Importantly, a hetero-
geneous group of moyamoya patients was included,
with varying degrees of steno-occlusion and time since
diagnosis. This enables a large range of hemo-metabolic
parameters to be contrasted to evaluate the study
hypotheses, and also increases generalizability beyond
a limited and unrepresentative cohort (e.g. short disease
duration without revascularization). No control partici-
pants for the moyamoya or SCA arm had a history of
anemia, significant vasculopathy defined as >70%
extracranial or intracranial stenosis, or sickle trait. All
components of this study were performed in compli-
ance with the Declaration of Helsinki, Health
Insurance Portability and Accountability Act, and all
protocols were approved by the Vanderbilt University
Institutional Review Board (IRB Study 111116—con-
trol participants; IRB Study 110468—moyamoya par-
ticipants; IRB Study 140915—SCA participants).

Image acquisition

All MR imaging and angiography was performed on a
3T scanner (Philips Medical Systems, Best, The

Netherlands) using body coil radiofrequency transmis-
sion and SENSE-array reception.

Structural imaging and  angiography. Fluid-attenuated-
inversion-recovery (FLAIR; TR/TE=11,000/120 ms)
and T;-weighted (TR/TE =9.0/4.6 ms) MRI were per-
formed in the same scan session as hemodynamic and
metabolic imaging. All participants with moyamoya
underwent digital subtraction angiography (DSA) of
the neck and intracranial arteries within 60 days of
MRI for stenosis assessment. Participants with SCA
and control participants underwent time-of-flight mag-
netic resonance angiography (TOF-MRA) of the neck
and intracranial arteries either in the same session, or
within 30 days of MRI for stenosis assessment.

CBF imaging. CBF-weighted images were obtained from
pseudo-continuous arterial spin labeling (pCASL)
data. pCASL data from 13 control-label pairs were
pair-wise subtracted and used to generate the mean dif-
ference magnetization, which was then normalized by a
proton-density-weighted (TR = 15,000 ms) equilibrium
magnetization image. While pCASL labeling schemes
with similarly long post labeling delay (PLD) times
were used in all subjects, the PLDs did vary over a
small range between some controls and patient volun-
teers. The PLD range was 1.53—1.9s and label duration
range was 1-1.65s (Supplemental Table I). These
parameters have been investigated in more detail previ-
ously,'®?* and variation in quantified CBF due to vari-
ation in these parameters® is anticipated to be much
smaller than differences in CBF due to reduced oxygen
carrying capacity or steno-occlusion. Phase contrast
angiography has been previously used to determine
labeling efficiency in SCA participants who have
known elevated cervical blood velocity; consistent
with these results, a labeling efficiency of 0.60 was
used for SCA participants, and a labeling efficiency of
0.85 was used for all other volunteers.®

OEF imaging. Whole brain OEF values were quantified
using the non-invasive MRI approach T,-relaxation-
under-spin-tagging (TRUST).?”?® To perform TRUST,
data from an imaging slice containing the inferior por-
tion of the superior sagittal sinus were motion-corrected
and pair-wise subtracted at four effective echo times
(eTEs) of 0, 40, 80, and 160 ms (Figure 1). The imaging
plane (3.4 x 3.4 x 5mm°®) was placed 20 mm superior to
the confluence of the sinuses for both the control and
label images. TRUST duration was 1 min 12s.

CVR imaging. CVR was assessed in moyamoya partici-
pants. All moyamoya participants were fitted with a
nasal cannula (Salter Labs, Ref 400F) for end tidal
CO, (EtCO,) monitoring and a non-rebreathing mask
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Figure 1. T,-relaxation-under-spin-tagging (TRUST) MRI for
non-invasive quantification of whole-brain oxygen extraction
fraction (OEF). TRUST-MRI is used to determine the Carr—
Purcell-Meiboom-Gill (CPMG) T, in the superior sagittal sinus,
which has a known relationship with venous oxygenation (Yv).
Arterial oxygenation (Ya) is measured by pulse oximetry. By
taking the fractional difference in oxygenation (Ya-Yv)/Ya, OEF is
calculated. A schematic of the venous blood imaging is shown in
panel (a). Volume-selective venous labeling pulses are applied to
invert inflowing venous blood water magnetization; these labeling
acquisitions are interleaved with an image with no labeling
(control image). Panel (b) shows representative control and label
images at four different effective echo times (eTEs). Panel (c)
shows the subtraction of the label image from control image,
which allows for isolation of signal in the superior sagittal sinus.
Signal intensities from the subtraction image (control-label) at the
four eTEs are fitted to a known model (d) and venous blood
water T, is determined. Panel (d) shows T, decay for a control
with a normal OEF (T, =64.9ms; Yv=0.62; OEF =0.364) and a
participant with moyamoya (T, =36.7 ms; Yv=0.41;

OEF =0.582).

(Salter Labs, ref 8130) for administration of medical
grade room air (21% O,, 79% N,) and hypercapnic
hyperoxia (i.e. carbogen: 5% CO,, 95% O,). Medical
grade carbogen, rather than hypercapnic normoxia,
was required in high-risk patients at our center by our
ethical review board, and this stimulus has been shown
to correlate with hypercapnic normoxic stimuli and to
provide expected sensitivity to lateralizing stenosis in
patients with intracranial stenosis.”> The CVR was
assessed using a paradigm consisting of two blocks of
3-min carbogen administration interleaved with 3-min
blocks of medical grade room air. Blood pressure,

EtCO,, and oxygen saturation were monitored by a
respiratory therapist. Gradient echo BOLD images
were acquired with a spatial resolution of 3 x 3 x
3.5mm’ with TE/TR of 35/2000 ms.

Analysis

Structural imaging and angiography evaluation. Stenosis
and infarct grading was performed by a board-certified
neuroradiologist (LTD) to ensure inclusion criteria
and appropriate group assignment. Moyamoya classi-
fication was assigned based on clinical criteria and DSA
data that were separately acquired as part of the clinical
work-up for these patients." FLAIR images were eval-
uated for presence and size of infarct. In addition, for
moyamoya participants, a modified Suzuki score (mSS)
was calculated for each hemisphere.? The range is 0 to
4, with 0 representing no steno-occlusive changes and 4
representing complete occlusion of both proximal
anterior and middle cerebral arteries.

CBF determination. Voxel-wise CBF analysis was per-
formed according to the ISMRM Perfusion Study
Group guidelines.”® CBF was quantified in native
space for each voxel and then transformed into a
2mm T; -weighted Montreal Neurological Institute
atlas using the FMRIB Software Library.*'*> Due
to the dependence of hematocrit on Tl,b]ood,33 the
T blooa Was determined individually for the SCA par-
ticipants, and the mean arterial T pjo0q for this group
was 1900+ 53ms. For the non-anemic control and
moyamoya participants, the Tjpooq for males and
females was assumed to be 1671ms and 1700ms,
respectively, which accounts for males having a
higher mean hematocrit than females. Mean gray
matter CBF (GM CBF) was calculated and reported
as region-of-interest CBF, and a partial volume cal-
culation was performed based on structural determin-
ation of white and gray matter contribution to the
imaging voxel; these values are reported as partial
volume corrected, GM CBF. Gray matter was the
focus of the analysis due to the approximately two-
fold longer arterial blood arrival times in white
matter, which are on the order or longer than arterial
blood water T;. Measured CBF values were scaled by
a common factor of 1.22, to convert the voxel CBF
measurement to a gray matter CBF measurement.
This factor was calculated by measuring the fraction
of gray and white matter in the common mask and
using voxel partial volume estimates from FSL FAST
and the T,-weighted structural images, which were
determined to be 70% gray matter and 30% white
matter, and did not vary significantly between groups
or patients. We also applied the relationship that
white matter CBF is 2.5-fold lower than gray
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matter CBF.* It should be noted that this procedure
slightly increases the reported CBF for all volunteers,
but does not change any trends between volunteers or
groups.

OEF determination. The quantification procedure has
been outlined in detail in the literature®”*®; in brief,
Carr—Purcell-Meiboom-Gill (CPMG) T, was calcu-
lated in the sagittal sinus for each participant by per-
forming pair-wise subtraction of the label from the
control image at the four effective echo times (¢TE).
Four voxels within the sagittal sinus were analyzed
for each subject at each e¢TE to determine the pure-
blood (CPMG)-T,. CPMG-T, is then converted to
venous oxygenation (Yv) using knowledge of blood
water T,, and hematocrit.?® The standard error of the
Yv measurement, from which OEF was calculated,
was calculated for each participant to determine if
the error in fitting differed between groups. Arterial
oxygenation (Ya), which was recorded for each par-
ticipant using pulse oximetry at time of the
TRUST scan, was incorporated to calculate OEF as
(Ya-Yv)/Ya. This equation assumes that oxygen
dissolved in blood plasma contributes minimally to
OEF, as has been described in more detail
previously. '’

CVR determination. FSL software®' was used for motion
correction, baseline drift correction and z-statistic cal-
culation. In addition, the relative signal change (AS/S,)
was determined as the mean difference in the signal
during the final 30s of the carbogen block divided by
the baseline signal, similar to as previously described.*
Data were registered to 4mm T, -weighted Montreal
Neurological Institute and a gray matter region of
interest was used to determine mean gray matter
CVR. Data were normalized by change in EtCO, in
units of mmHg.

Statistical concerns and hypothesis testing

The primary objective of this study was to quantify
OEF in participants with clinical diagnoses of moya-
moya, and to compare these measurements to partici-
pants with SCA and to healthy age-matched controls.
The primary hypothesis was that participants with
moyamoya will have increased OEF and decreased
CBF compared to age-matched controls, whereas
SCA volunteers will have increased OEF and increased
CBF (but reduced oxygen carrying capacity). To test
this hypothesis, a two-sided Wilcoxon rank-sum
test was performed. A supplemental objective was to
confirm the mechanistic origin of OEF elevation
by performing OEF and CBF measurements to test
the hypothesis that moyamoya participants with

hypoperfusion (decreased CBF), have increased OEF,
and a Spearman’s rank coefficient was calculated. To
evaluate the relationship between CVR and globally
elevated OEF, a Spearman’s rank coefficient was
also calculated. In all comparisons, two-tailed
P-value <0.05 was required for significance.
Additionally, for the primary and supplemental object-
ives, a sub-analysis of the moyamoya participants was
performed whereby non-revascularized participants
were evaluated separately to determine whether the
findings were preserved in those with vs. without surgi-
cal revascularization.

Results
Demographics

Table 1 summarizes participant demographics and calcu-
lated OEF and CBF values. Eighteen participants with
primary (n=16) or secondary moyamoya (n=2) (mean
age =47 years; range = 26-79 years) were included. Nine
of the moyamoya participants had prior indirect revas-
cularization, which consisted of either encephalo-duro-
arterio-synangiosis (EDAS; n=28) or encephalo-duro-
arterio-myo-synangiosis (EDAMS; n=1) operations.
Of the participants who underwent revascularization,
neuroimaging was performed at least 5 months post-
operation and these participants were also considered
separately to understand if revascularization affected
the study hypothesis. Eighteen participants with SCA
were included (mean age=27 years; range=19-32
years). Control participants were enrolled to obtain
age-matched data sets for the moyamoya (mean
age =44 years; range =21-75 years) and SCA cohorts
(mean age =26 years; range=21-39 years). A larger
cohort of age-matched control volunteers for the moya-
moya arm of the study were included due to the larger
age-range of moyamoya participants (range=26—79
years). Hematocrit was measured for most SCA partici-
pants on the day of imaging, and all within 7 days of
imaging. The mean (%) hematocrit in SCA participants
was 28.6 £2.5. For moyamoya participants, the mean
mSS for the right and left hemispheres were 2.4 and
1.9, respectively. No participants had moyamoya second-
ary to SCA. Prior stroke or TTA was an inclusion criter-
ion for the moyamoya arm of the study and 15/18 of the
participants had remote infarcts (defined as T, hypoin-
tense, FLAIR hyperintense lesions > 3 mm). Of the SCA
participants, 8/18 had remote infarcts.

OEF and CBF

Figure 2 summarizes case examples of structural and
functional imaging data from a representative control
participant, participant with SCA, and a participant
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Table I. Summary of study participants (mean =+ standard deviation).

Moyamoya arm

Sickle cell anemia (SCA) arm

Controls Moyamoya Controls SCA

Parameters (n=43) (n=18) (n=11) (n=18)
Age (years) 448+21.7 472+ 149 265+£5.1 27.0£5.1
Hemoglobin S (%) 0 0 0 75.6+10.3
Gender (% male) 71 52 45 55
Arterial oxygen saturation (%) 97.1£1.2 972+13 973+£12 956+ 1.8
Venous oxygen saturation (%) 63.71+6.0 563177 624+ 5.1 56.5+5.7
Standard error of Yv (%) 1.62 1.50 1.41 0.83
TRUST-measured T, (ms) 68.0+12.2 569+£11.8 65.7+£10.2 780+ 11.4
Oxygen extraction fraction 0.343+0.061 0.419+0.083 0.359+£0.052 0.410+0.056
Region-of-interest cerebral blood 4024103 364+88 422+£7.1 69.3£15.2

flow (ml blood/100 g tissue/min)
Gray matter cerebral blood flow, 4924125 4444 10.7 514486 853+ 194

partial volume corrected

(ml blood/100 g tissue/min)
Modified Suzuki score, right hemisphere NA 2.44+£0.86 NA
Modified Suzuki score, left hemisphere NA 1.894+0.96 NA
Infarct on FLAIR imaging > 3 mm (%) 0 83 44

?An additional sub-analysis was performed in which only females were included in the moyamoya arm of the study wherein trends were identical.

Intracranial

(@)

Control
24 yr/F

Oxygen Extraction
Fraction: 0.367

& Sickle Cell Anemia
26 yr/F
Oxygen Extraction
Fraction: 0.481

(c) Moyamoya
32 yrlF

Oxygen Extraction
Fraction: 0.412

Fluid Attenuated T,-weighted Cerebral Blood
Angiography Inversion Recovery

Flow
Healthy CBF

60

(uwy/BogL/w) 490

Figure 2. Individual cases of structural, cerebral blood flow (CBF), and oxygen extraction fraction (OEF) imaging. (a) A healthy
control participant with a normal OEF, and normal findings on structural and CBF imaging. (b) A participant with sickle cell
anemia (SCA) and (c) moyamoya. The participant with SCA demonstrates elevated CBF in the setting of decreased oxygen

carrying capacity of hemoglobin and increased OEF (OEF=0.481). The participant with bilateral moyamoya with

lenticulostriate collaterals (white arrows on intracranial angiography) demonstrates right and left anterior and middle cerebral
artery territory infarcts seen on FLAIR, bilateral anterior-territory hypoperfusion, and globally elevated OEF (OEF=0.412)

relative to control data.
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with moyamoya. In Figure 2(a), a control participant
with a normal OEF and normal findings on structural
and CBF imaging is shown. This is contrasted with a
participant with SCA (Figure 2(b)) and moyamoya
(Figure 2(c)), both of whom have elevated OEF of
0.481 and 0.412, respectively. The participant with
SCA has a venous oxygen saturation of 48% and the
participant with moyamoya has venous oxygen satur-
ation of 57%, both lower than the venous oxygen sat-
uration of the control (62%) and consistent with
elevated OEF for the measured range of arterial
blood oxygen saturation. The participant with SCA
demonstrates elevated CBF in the setting of decreased
oxygen carrying capacity (i.e. reduced hematocrit). The
participant with bilateral moyamoya demonstrates
right and left anterior/middle cerebral artery territory
infarcts, bilateral hypoperfusion on CBF imaging, and
elevated OEF.

Group-analysis of data in SCA and moyamoya par-
ticipants is shown in Figure 3. OEF values (mean £+ s.d.)

compared to age-matched controls
(OEF =0.343£0.061) are shown in Figure 3(a).
These data are consistent with the primary hypothesis
of the study that OEF is elevated in participants with
moyamoya (P <0.001). GM CBF values (mean +5s.d.)
of age-matched controls (CBF=49.24+12.5ml/100 g/
min) and moyamoya participants
(CBF=44.4+£10.7ml/100 g/min) are summarized in
Figure 3(b). A trend for a reduction in mean GM
CBF in moyamoya participants compared to control
participants was observed, however this did not meet
criteria for significance (see Discussion). To better
understand OEF in the context of moyamoya patients
who had not undergone revascularization procedure
(n=9) vs. those that had undergone revascularization
(n=9), we considered the groups separately in a sub-
analysis. OEF was similarly and significantly
elevated in participants who had not undergone revas-
cularization (P=0.0023) and participants who
had undergone revascularization surgeries (P =10.026),

of moyamoya participants (OEF=0.419+0.083) compared to age-matched controls, even with these
(8) 0.7 (c) 074
55 ';_.L 054 =
0.5 0.51 i
LI.IJL 04 h 044 - | [ :: |
o 0.3 o 0.3 1 _T_
0.2 0.2 1 -
0.1 0.14
0.0 ' g 0.0 . ,
Age-Matched Controls ~ Moyamoya Age-Matched Controls SCA
(b) 120 ; {d) 120 M S
.
c E 5
£ 90 E 901 -
— — 8
s | T 3 *
I 60 > = 60 _L
E E
5 &
@ 30 @ 301
0 . . 0 . g
Age-Matched Controls Moyamoya Age-Matched Controls SCA

Figure 3. Oxygen extraction fraction (OEF) and cerebral blood flow (CBF) in moyamoya, sickle cell anemia (SCA), and age-matched
control participants. A two-sided Wilcoxon rank-sum test was performed to test the primary hypothesis that OEF was elevated in
moyamoya and SCA participants compared to age-matched controls, and that CBF was decreased in moyamoya participants com-
pared to controls. (a) OEF is elevated in moyamoya participants compared to age-matched controls (P < 0.001). (b) Reduced mean
gray matter CBF in moyamoya participants relative to controls, but this reduction was not significant, likely due to preserved posterior
territory CBF in many patients and regions of high ASL intravascular signal. (c) OEF is elevated in SCA participants compared to age-
matched controls (P =0.045). (d) CBF is elevated in SCA participants compared to age-matched controls (P <0.001). *P < 0.05,
**P < 0.01. In the moyamoya arm of the study, a sub-analysis was performed that evaluated only females in both the control (n= I5)
and moyamoya (n = 17) groups. Trends were identical, and the OEF was elevated in the moyamoya participants compared to the
controls (P =0.06), and CBF was decreased in the moyamoya participants compared to controls (P =0.02).
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smaller sample sizes. There was no significant difference
in OEF values between participants who had under-
gone revascularization and participants who had
not undergone revascularization, however the study
may not be powered sufficiently to investigate this
effect rigorously. When considering the SCA arm
of the study, OEF was significantly elevated in par-
ticipants with SCA (OEF =0.410£0.056) compared
to age-matched control participants (OEF =0.359 &+
0.052) and summarized in Figure 3(c). Additionally,
GM CBF values in SCA participants (CBF =853+
19.4ml/100 g/min) were significantly elevated compared
to age-matched controls (CBF=51.4+8.6ml/100g/
min) and summarized in Figure 3(d).

The standard error of the Yv measurement across all
participant groups was less than 2%, and there was no
difference in confidence intervals or standard error
measurements of the T,-decay curve-fitting calculation
from the TRUST imaging of OEF (Supplemental Table
IT). We observed no significant relationship between
OEF and mean mSS (Supplemental Figure I).

Mean CBF maps for each participant group are
shown in Figure 4. Central slices of the T;-weighted
atlas with the gray matter mask used for quantification

overlaid are shown in Figure 4(a). Mean CBF maps from
controls and SCA participants are shown in Figure 4(b)
and (c), respectively. Figure 4(d) shows mean CBF maps
from moyamoya participants (n = 18). Mean CBF maps
from moyamoya participants with bottom quartile OEF
values (OEF < 0.38), and moyamoya participants with
upper quartile OEF values (OEF > 0.45) are shown in
Figure 4(e) and (f), respectively.

Hemo-metabolic relationships in moyamoya between
CBF, CVR, and OEF

To evaluate our supplemental objectives, we analyzed
the relationship between the hemo-metabolic param-
eters of CBF, CVR, and OEF in participants with
moyamoya. In a sub-analysis, we included only patients
without prior surgical revascularization. The (mean &
s.d.) change in EtCO, during the hypercapnic CVR
study in moyamoya participants was 4.82+
2.15mmHg and the BOLD signal change during hyper-
capnia normalized by baseline signal strongly corre-
lated with z-statistic values (p=0.80, P <0.0001).
BOLD-weighted CVR positively trended with CBF
when considering all moyamoya  participants

@ Atlas + Gray Matter Mask
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Figure 4. Non-invasive cerebral blood flow (CBF) imaging using pseudo-continuous arterial spin labeling. Central slices of a T)-
weighted atlas with gray matter mask (red) overlaid are shown in (a). Mean CBF maps in controls (n =43) and participants with sickle
cell anemia (n = 18) are shown in (b,c). (d) shows mean CBF maps from moyamoya participants (n = 18). Mean CBF maps from
moyamoya participants with bottom quartile OEF values (OEF < 0.38), and moyamoya participants with upper quartile OEF values

(OEF > 0.45) are shown in (e) and (f), respectively.
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(Figure 5(a); p=0.43, P=0.073) and only moyamoya
participants undergoing surgical revascularization
(Figure 5(b); p=0.40, P=0.29); however, these find-
ings did not meet criteria for significance. The rank-
sum coefficient was nearly identical in both cases, but
the P-values differed owing to differences in the sample
sizes. Next, to understand the mechanistic origin of the
hypothesized OEF elevation due to decreased CBF in
moyamoya participants, we evaluated the relationship
between OEF and CBF and found a significant inverse
relationship between CBF and OEF when considering
all moyamoya participants (Figure 5(c); p=—0.56,
P=0.016) and a trend in moyamoya participants
who had not undergone surgical revascularization
(Figure 5(d); p=-0.62, P=0.082); however, this
latter relationship did not meet criteria for statistical

significance. There was only a weak and non-significant
inverse relationship between CVR and OEF when con-
sidering all moyamoya patients (Figure 5(e); p=—0.13,
P=0.082) and moyamoya participants who had not
undergone surgical revascularization (Figure 5(f);
p=-—0.26, P=0.50).

Discussion

We applied non-invasive CBF-weighted imaging using
pCASL and whole-brain OEF imaging using TRUST
in participants with moyamoya and compared results
to SCA and age-matched controls. The major findings
from this study are (a) OEF is globally elevated in par-
ticipants with moyamoya compared to controls, a find-
ing that was observed both in patients with and without
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Figure 5. Relationship between cerebral blood flow (CBF), cerebrovascular reactivity (CVR), and oxygen extraction fraction (OEF)
in participants with moyamoya. A Spearman’s rho (p) was calculated to test the relationships between CBF, CVR, and OEF. A sub-
analysis was performed in only participants who had not undergone surgical revascularization (n =9; lower). CBF trended positively
with blood oxygenation level-dependent (BOLD) hypercapnia-induced cerebrovascular reactivity measured as mean gray-matter z-
statistic divided by mean change in end-tidal CO, (AEtCO,) in mmHg (Z-stat/ AEtCO,) when considering all moyamoya participants
(3; p=0.43, P=0.073) and moyamoya participants who had not undergone surgical revascularization (b; p =0.40, P=0.29). The
larger range in CBF was attributable to known, regional hyperintensity artifacts in ASL due to residual intravascular signal at the time of
imaging. CBF was inversely correlated with OEF when considering all moyamoya participants (c; p = —0.56, P=10.016) and moyamoya
participants who had not undergone surgical revascularization (d; p = —0.62, P=0.082). There was a non-significant inverse rela-
tionship between BOLD reactivity and OEF when considering all moyamoya patients (e; p=—0.13, P=0.61) and moyamoya par-
ticipants who had not undergone surgical revascularization (f; p = —0.26, P =0.50). The mean change in EtCO, during the hyercapnic
CVR study was 4.82 £ 2.15 mmHg. Additionally, the BOLD signal change during hypercapnia normalized by baseline signal strongly

correlated with z-statistic values (p=0.80, P <0.0001).
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prior surgical revascularization, and (b) an inverse rela-
tionship between whole-brain OEF and CBF in the
moyamoya participant population is robustly detect-
able. We additionally evaluated the relationship
between CVR and OEF in moyamoya participants
and found no significant relationship between our
measures of CVR and OEF.

To our knowledge, this is the first time elevated
whole-brain OEF has been reported in participants
with moyamoya using TRUST, which can be per-
formed in under 2 min and without exogenous contrast
agents. Inter-subject variation in this parameter may
provide a biomarker of hemodynamic compensation
and possibly stroke risk, which is a logical extension
of these initial findings. In our data set, there is a
range of OEF values in the age-matched, moyamoya
and SCA cohorts, which is consistent with large
ranges of previously reported OEF values in healthy
populations and patient populations with perturbed
cerebrovascular hemodynamics.'"'*** In '°O PET stu-
dies, OEF values are reported as high as 0.54 +£0.06"°
and 0.5640.117 in diseased hemispheres of patients
with intracranial steno-occlusion, and using global OEF
studies with TRUST, values in SCA adults are reported
as 0.45+0.08,'" and in patients with end-stage renal dis-
ease, values are reported as high as 0.47240.10."
In healthy populations using MRI based methods,
OEF measurements are reported within range of our
age-matched mean.*® These ranges across different popu-
lations highlight the possibility of using OEF as a bio-
marker of impairment and stroke risk, as considerable
inter-subject variation exists.

Elevated whole-brain OEF in participants with
moyamoya is an expected finding given that moyamoya
most often affects both cerebral hemispheres, and is
a progressive condition that results in widespread,
albeit variable, hypoperfusion. In participants with
moyamoya, compared to participants with SCA, the
oxygen carrying capacity of blood is normal, and the
OEF is elevated due to decreased overall delivery of
oxygenated blood to tissue (e.g. CBF).

While the moyamoya participants as a group
exhibited a strong inverse relationship between CBF
and OEF, group-level CBF was only marginally
reduced in moyamoya subjects relative to control vol-
unteers. There are several explanations for this find-
ing, which should be considered. First, while regional
variation in CBF as visualized by pCASL, consistent
with previous reports,'®?” was observed and is
expected given the underlying pathology of moya-
moya, intravascular signal from delayed blood arrival
time to collateral vessels is likely a cause of a non-
statistically significant decrease in GM CBF on aver-
age compared to age-matched controls. ASL in the
setting of very delayed bolus arrival times may lead

to focal hyperintensities in ASL signal. Multiple
groups have studied patients with moyamoya and
reported the presence of arrival time artifacts seen
in cortical gray matter using ASL in this popula-
tion.*®3? Zaharchuk et al. proposed a scoring mech-
anism for grading collateral presence based on ASL
transit time artifacts, and concluded that non-invasive
ASL can even predict the presence and intensity of
collateral flow on gold-standard catheter angiog-
raphy. The presence of arrival time artifacts in ASL
in such patients however also motivates the need for
improved methods for quantifying hemodynamic and
metabolic compensation as ASL may not be a quan-
titative marker of CBF itself in moyamoya patients
with significantly delayed arrival times. An additional
reason for this finding is that posterior circulation
CBF in patients with moyamoya is frequently pre-
served and the current study focused on global hemo-
dynamics. Therefore, while it is anticipated that ASL
provides a good indicator of CBF, it additionally
suffers from these contributions, which may bias
some of the group level findings in this study.

In addition to OEF and CBF measurements, we
examined the relationship between CBF, CVR, and
OEF in moyamoya participants. Impaired CVR in
moyamoya patients has been reported previously and
is well-known.?****> The impaired CVR could be
attributable to flow-limiting stenosis at the level of
large vessels, exhausted vascular reserve capacity, or
collateral vessels not capable of responding to vaso-
active stimuli owing to fundamental differences in the
structure of these neo-angiogenic vessels relative to
healthy vessels. The ability of neoangiogenic collateral
vessels to respond to vasoactive stimuli is not well
known. In one report, a positive trend between CVR
and extent of collateral vessels was found; however, the
CVR was still reduced in hemispheres affected by steno-
occlusion, compared to individuals with normal cere-
bral vasculature.*® In our cohort, we found that
reduced CVR was not correlated with elevated OEF.
As the focus of our study was on moyamoya, CVR data
were not available from the participants with SCA.
Autoregulatory capacity in patients with impaired cere-
brovascular hemodynamics due to SCA is an area of
active investigation and preliminary studies support the
finding that patients with SCA have reduced CVR and
that patients with the highest CBF have correspon-
dently lowest CVR, which is likely due to exhausted
autoregulatory capacity.*?

While we only provide cross-sectional results to pro-
vide motivation for increased OEF as a possible bio-
marker of interest in moyamoya patients, the extension
of this method to longitudinally monitor individuals at
risk for new or recurrent stroke could provide a simple,
reproducible method for stratifying stoke risk in a
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diverse patient population and/or evaluating treatment
success of therapies.

Beyond regional CBF measurements from ASL,
OEF values from TRUST provide discrete values
reflective of energy homeostasis of the brain across a
large dynamic range. This range of values potentially
provides a gradient of disease severity, and while mean
CBF could be within normal limits, elevated OEF could
be a sensitive marker of disease.

Limitations of this study should also be considered.
First, there is heterogeneity in the moyamoya cohort
owing to the varied course of the disease, as patients
have variable degrees of stenosis and time since disease
onset. Therefore, extent of collateralization either by
way of spontaneous formation of collaterals or surgical
revascularization may affect study findings. However,
the focus of this study was alternatively to understand
whether elevated OEF was present at the tissue level
and related to CBF and CVR. The range of patients
included therefore is ideally suited to provide a range of
values to investigate these relationships. Additional
efforts in larger samples are required to better define
normal ranges of OEF values for patients with cerebro-
vascular disease of varying severity and stroke history.
To provide motivation for this future work, we evalu-
ated whether patients with prior TIAs vs. overt strokes
had differences in the degree of OEF elevation
(Supplemental Figure II) and found evidence for
higher OEF in patients with a history of overt stroke
compared to a history of TIA only, however additional
patients are required to confirm this finding. Second,
there were more females than males in the moyamoya
participant arm, as this disease predominantly affects
females. It is known that across the lifespan females
have slightly elevated CBF values compared to males,
however it is unlikely that this is a cause of significant
bias, and we performed a sub-analysis of only female
participants in the moyamoya arm and found identical
trends. Third, slightly different pCASL parameters
were employed during the course of this study
(Supplementary Table II). Importantly, in pCASL,
CBF quantification error due to post-labeling delay
(PLD) variation is low when data are sampled on the
decaying portion of the kinetic curve, which occurs
when the Ilabeling duration+PLD > bolus arrival
time. This time ranged from approximately 2.9-3.4s
in all data sets, and therefore this requirement is
expected to be met and these errors small. A recent
study compared GM CBF measures utilizing 1.5 and
2.5s PLDs with pCASL, and found no difference in
GM CBF values between the two conditions (46.67
vs. 46.86 ml/100 g/min for 1.5s and 2.5 PLDs, respect-
ively, in eight volunteers),”® and our variation in PLD is
approximately 1/3 of this range. Overall, the PLD and
label duration variation was relatively small and likely

to contribute much less to CBF variation than factors
related to steno-occlusion and anemia.>> Nonetheless,
this was a limitation of the current study. Last, while we
find it encouraging that TRUST is sensitive to detect
whole-brain elevations of OEF in moyamoya, regional
information, as is acquired using 'O PET based
approaches, has the potential to provide important
additional information in the context of hemispheric
interval stroke risk and surgical planning for revascu-
larization. A future direction is to evaluate regional
OEF using MRI in this population, as has been recently
described,** as well as integrating new methods for
high-resolution mapping of OEF.*

Conclusions

We applied a novel MRI-based approach to quantify
OEF in patients with moyamoya, and compared these
findings to data from SCA patients, who have known
elevated OEF, and to age-matched controls. OEF was
significantly elevated in moyamoya participants com-
pared to controls, similar to participants with SCA
and CBF was inversely correlated with OEF in moya-
moya participants. Elevated OEF was only weakly
related to reductions in CVR, consistent with basal
CBF level, rather than vascular reserve capacity,
being most closely associated with OEF. These results
(a) are consistent with non-invasive MRI being able to
quickly detect elevated OEF in multiple cases of
reduced oxygen delivery to tissue, (b) provide insights
regarding differing pathological hemodynamic compen-
sation mechanisms, and (c) suggest that globally ele-
vated OEF in moyamoya is present and inter-subject
variation in this parameter could be indicative of tissue-
level impairment and elevated stroke risk.
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