Fronto-parietal and white matter haemodynamics predict cognitive outcome
in children with moyamoya independent of stroke
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ABSTRACT

Moyamoya disease is a major arteriopathy characterized by progressive steno-occlusion of the arteries of the
circle of Willis. Studies in adults with moyamoya suggest an association between abnormal fronto-parietal and
white matter regional haemodynamics and cognitive impairments, even in the absence of focal infarction.
However, these associations have not been investigated in children with moyamoya. We examined the
relationship between regional haemodynamics and ratings of intellectual ability and executive function, using
hypercapnic challenge blood oxygen level-dependent magnetic resonance imaging of cerebrovascular reactivity
in a consecutive cohort of children with confirmed moyamoya. Thirty children were included in the final
analysis (mean age: 12.55 + 3.03 years, 17 females, 15 idiopathic moyamoya and 15 syndromic moyamoya).
Frontal haemodynamics were abnormal in all regardless of stroke history and comorbidity, but occipital lobe
haemodynamics were also abnormal in children with syndromic moyamoya. Executive function deficits were
noted in both idiopathic and syndromic moyamoya, whereas intellectual ability was impaired in syndromic
moyamoya, even in the absence of stroke. Analysis of the relative effect of regional abnormal haemodynamics
on cognitive outcomes demonstrated that executive dysfunction was predominantly explained by right parietal
and white matter haemodynamics independent of stroke and comorbidity, while posterior circulation
haemodynamics predicted intellectual ability. These results suggest that parietal and posterior haemodynamics

play a compensatory role in overcoming frontal vulnerability and cognitive impairment.
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Introduction

Moyamoya disease (MMD) is a major arteriopathy of childhood characterized by progressive steno-occlusion of
the arteries of the circle of Willis. When it occurs in association with other conditions such as neurofibromatosis
type 1 (NF1) or sickle cell disease (SCD) it is known as moyamoya syndrome (MMS). Clinically, neurological
compromise in the form of transient ischaemic attacks (T1A), seizures, ischaemic or haemorrhagic stroke and

cognitive decline can occur.

Typically, lenticulostriate collaterals develop at the base of the brain to bypass the occlusion and maintain
cerebral blood flow (CBF) and cerebral perfusion pressure (CPP). In addition, CPP is maintained by a drop in
vascular resistance mediated by cerebral autoregulatory mechanisms which may be accompanied by systemic
hypertension. As the disease progresses, CPP falls, encroaching on cerebrovascular reserve. Tissue oxygen
extraction fraction is maximized and further reduction in CPP leads to disruption in tissue metabolism, with the
clinical consequence of covert or overt, cortical and/or subcortical arterial ischaemic stroke [1-4]. This state of
disrupted haemodynamics, present even in the absence of infarction, is known as ‘misery perfusion’ and has
been demonstrated using nuclear medicine studies such as positron emission tomography and CBF single
photon emission computed tomography [5,6]. However, the clinical consequences of this haemodynamic

disturbance in paediatric moyamoya have not been clearly demonstrated.

Cogpnitive decline over time [7-9] are recognized as poor outcomes of paediatric moyamoya [10-13]. However,
study findings of cognitive outcomes are often inconsistent. This is partly attributable to the clinical
heterogeneity of paediatric moyamoya. For example, demographic and pre-existing clinical factors such as age
of onset, laterality, history of stroke or TIA, moyamoya comorbidity, or surgical treatment are likely to
influence the cognitive outcomes [7,10,13-17]. Children with NF1 and SCD have recognized complex and
wide-ranged cognitive profiles that include normal function, visuo-spatial deficits and executive dysfunction
[18-20] in the absence of a diagnosis of moyamoya. This poses a challenge to understanding whether, and if so,
to what extent the haemodynamic consequences of the moyamoya vasculopathy impact cognitive outcomes in
children with MMS. However, several studies in adults and children with moyamoya (MMD and MMS) suggest

an association between moyamoya and cognitive outcomes, including progressive cognitive decline independent



of the presence of radiologic infarction [7,21,22]. These observations suggest the presence of a different

pathophysiological mechanism for the cognitive impairments than the focal stroke itself.

Advanced non-invasive functional neuroimaging techniques can be used to assess cerebral haemodynamics in
children with moyamoya. Cerebrovascular reactivity (CVR), defined as a change in CBF in response to
vasodilatory stimuli such as a hypercapnic challenge, can be measured using blood-oxygen-level-dependant
(BOLD) MR imaging in the clinical setting. Hypercapnic challenge BOLD MRI CVR provides an in vivo marker
of cerebrovascular reserve in patients with cerebrovascular disease [23-25]. A negative response to vasodilatory
stimulus and reduction in regional CBF, termed “steal”, indicates a maximized compensatory response and
potential vulnerability to a haemodynamic challenge, which suggests tissue at risk of ischaemic injury [26,27].
Qualitative and quantitative measures of BOLD MRI CVR have been shown to correlate with impaired CBF and
predict the risk of stroke [23,28-31]. In addition, quantitative CVR indices can be used to demonstrate the extent

of steal within the primary diseased vascular territory and adjacent territories [32,33].

Advantages of the BOLD MRI CVR technique include its safety profile, particularly when compared to nuclear
medicine techniques, and overall simplicity allowing for repeated assessments in children in the clinical setting
[23,34]. In particular, the breath-hold CVR technique (BH-CVR), in which endogenous alveolar carbon dioxide
naturally accumulates during short periods of voluntary apnoea, can be more readily implemented in children and

is well-tolerated [34].

In the present study, we aimed to determine whether there was an association between abnormal haemodynamics,
as measured by BH-CVR, intellectual ability and executive function in children with moyamoya, with and without
arterial ischaemic stroke. We hypothesised that in children with moyamoya, cognitive impairments and regional
CVR abnormalities would be observed even in the absence of stroke, particularly in the frontal and deep white
matter regions. Specifically, given the functional neuroanatomical relationship of executive function within the
fronto-parietal and white matter regions, we hypothesised that haemodynamic abnormality in these regions would
be more associated with executive function than intelligence. We also hypothesised that regional CVR

abnormalities and cognitive impairments would be worse in children with MMS compared to children with MMD.



Materials and Methods

Participants

A consecutive cohort of children with angiographically confirmed moyamoya, who had BH-CVRs and
neuropsychological assessments performed as part of standard institutional practice between 2000 and 2019, were
included. For the purpose of this study, moyamoya was defined according to ‘The Guidelines for Diagnosis and
Treatment of Moyamoya Disease (Spontaneous Occlusion of the Circle of Willis) [34]. Children with a
comorbidity such as NF1 or SCD were diagnosed as having moyamoya syndrome (MMS). Institutional practice
included: one to two-yearly BOLD MRI CVR studies from time of moyamoya diagnosis to time of transition to
adult services (age 18 years) and standardized neuropsychological assessments at two to three developmental time
points (typically school entry: 4-6 years; middle school: 8-10 years; and/or high school: 14-18 years). Children
with CVR performed under general anaesthesia, 0-6 months post revascularization surgery or with a history of

whole brain radiation therapy were excluded (Supplementary Figure 1).

Structural and Functional MRI Acquisition

MRI data were acquired using a 1.5 or 3.0-Tesla clinical MRI scanner (Achieva, Philips, Best, the Netherlands)
equipped with an 8-channel head coil. A high-resolution 3D T1-weighted structural scan [160 slices; voxel
size=0.86x0.86x1mm3; FOV=220mm], and an axial T1 scan [25 slices; voxel size=0.43x0.43x7 mm?; FOV = 220

mm] were acquired for tissue classification.

The BH-CVR MRI protocol consisted of two separate BOLD acquisitions using an EPI-GRE sequence lasting

6.1 minutes each [25 slices; TR/TE=2000/30ms; voxel size=3.4x3.4x5mm3; FOV=220mm; 180 dynamics].

Breath-Hold CVR

The BH-CVR study protocol used has been previously described [23]. Briefly, each BH paradigm began with 10
seconds of normal breathing and then comprised of five 60-second blocks, in which breath-holding and normal

breathing were alternated. The breath-holding duration was calculated by subtracting from 60 seconds in each
6



block (Supplementary Figure 2). To assess subject compliance and motion, we monitored real-time respiration
signals using respiratory bellows throughout the scan. Patients who deviated from the instructions (i.e. unable to
breath-hold and/or breathe normally when instructed by the research technologist or observed to move

excessively) were flagged as ‘non-compliant’.

Data processing

All MRI data was transferred to an independent workstation for further processing. Post-processing was

performed using Analysis of Functional Neuro Images (AFNI, V. 16.1.04; http://afni.nimh.nih.gov/afni) and FSL

(V. 4.1.9; (http://www.fmrib.ox.ac.uk/fsl). The first two dynamics of the BOLD data were truncated and the
remaining CVR volumes were corrected for slice-timing, head motion and smoothed by a 2D 7 mm full width
half maximum Gaussian kernel. Band pass filtering was performed at lower and upper cut off frequencies of 0.01
and 0.2 Hz. Maximum displacement measurements for each volume were estimated during head motion correction
from the six rigid body motion parameters and regressed from the data as covariates in a generalized linear model.
Volumes with a maximum displacement exceeding 1.5 mm were censored and data from participants for whom
more than 1/3 of the volumes were lost were considered poor quality studies. These studies were excluded from

further analysis.

CVR Estimation

For CVR maps, the patient’s BOLD time-series in each voxel of the brain was subjected to a generalized linear
model, using the expected haemodynamic responses in cerebellar time course as a regressor. The stroke lesion
was not included in the CVR estimation. The regression coefficients (or the f weights) were then calculated for
each voxel [23,31]. Negative  weights describing an inverse relationship with the regressor represented the steal
phenomenon (Supplementary Figure 3). CVR maps consisting of voxel wise negative and positive B weights
(describing negative or positive relations with the regressor, respectively) were co-registered to the MNI space

using each patient’s T1 image.



To generate quantitative indices, the fractional voxel counts of negatively reacting voxels (fneg) were computed
[23,31] and summarized across cortical regions (frontal, parietal, temporal and occipital) and brain tissue type
(grey and white matter) in each hemisphere as defined using the Harvard-Oxford Atlas. Using the normative
means from institutional healthy control data, more than 10% of voxels with negative reactivity were considered

to represent significant steal and was the study definition of abnormality in CVR [23] (Supplementary Table 1).

Radiographic Moyamoya Characteristics

Conventional contrast and three-dimensional time-of-flight magnetic resonance angiography images were
reviewed by an experienced neuroradiologist (MSh or PM). Ischaemic infarction was described as acute or remote
and by pattern of infarction (i.e. cortical, cortical watershed, deep watershed) [35]. Moyamoya laterality was
recorded and moyamoya severity staged using Suzuki criteria, in which stage 1 to 3 are considered as early stage

of disease, compared to stage 4 to 6 [36].

Cognitive Assessments

Children aged between 6 and 16 years of age were administered the Wechsler Intelligence Scale for Children
Third Edition (WISC-111) [37] or the WISC Fourth Edition (WISC-1V) [38]. Children who were 16-years or older
at the time of assessment completed the Wechsler Adult Intelligence Scale, Fourth Edition (WAIS-1V) [39]. All
the Wechsler scales provide index scores for overall intellectual ability (Full-scale 1Q [FSIQ]), Verbal
Comprehension (VCI), Perceptual Reasoning (PRI), Working Memory (WMI), and Processing Speed (PSI), with

a normative mean score of 100 and a SD of 15.

Executive function was assessed using the Behavior Rating Inventory of Executive Function (BRIEF), a
standardized questionnaire completed by parents, which evaluates multiple aspects of executive function [40].
For participants aged 6 to 18 years, the school-age version was used which provides index scores for emotional—
behavioral symptoms (Behavior Regulation/Inhibitory Self-Control Index / [BRIS]) and cognitive symptoms
(Metacognitive Index [MI]) of executive dysfunction, as well as an overall index of executive impairment (Global

Executive Composite [GEC]). The normative sample has a mean of 50 and a standard deviation (SD) of 10. High
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scores indicate greater difficult, with scores of 60 or greater considered significantly elevated and indicative of
clinically-relevant impairment [40]. Wechsler intellectual scores and BRIEF executive function scores matched

to the closest CVR date within two years were used for analysis [23].

Statistical Analyses

Descriptive statistics (mean and standard deviation) were used to summarize CVR measures and cognitive
outcomes. To determine whether sample means were statistically different from the normative means and to
explore the differences in CVR estimates (regional fneg values) and cognitive outcomes according to clinical
presentation, parametric (one sample t-tests, independent t-tests, paired t-test) and non-parametric (Mann-Whitney
U test, Kruskal-Wallis H test, Wilcoxon Signed Rank Z test) were used, as appropriate. We used regional fneg
values, as the reproducible relationship between CVR and regional fneg values has been established in the previous
studies [23,31]. Before examining relative effects of regional CVR negativity across cortical lobes and white
matter on cognitive outcomes, Spearman’s rho correlation analyses were conducted to inspect the associations
between these two variables. For the relative effects of regional CVR negativity on intellectual ability and
executive function, the regional fneg values (bilateral frontal, parietal, temporal, occipital and white matter
regions) were entered into multivariable stepwise linear regression models to predict cognitive outcomes while
controlling for age, sex, comorbidity, the presence of stroke and moyamoya laterality. Only regional fneg values
were included in the model to avoid multicollinearity issues of CVR estimates, and VIF (variance inflation factor)
scores and tolerance values were examined. Scatterplots and P-P plots were used to determine linear associations
between independent and dependent variables, as well as homoscedasticity and normal distribution of the residuals.
Durbin-Watson statistics and Cook’s distance values were also used to determine independence of the residuals
and identify outliers. Statistical analyses were performed using SPSS version 26 software. The statistical
significance was held at p<0.05, and corrected for multiple testing using the Benjamini-Hochberg false discovery

rate in associations between CVR and cognitive outcomes.



Results

Demographics and Clinical Description

In the final analysis, thirty children with BH-CVRs and standardized neuropsychological assessments conducted
within two years (median 0.37 years, range 0 to 1.96 years) met inclusion criteria (Supplemental Figure 1). Three
children contributed two studies each. These studies were two to six years apart and had matched unique
neuropsychological assessments. Demographics, clinical descriptions of the patients, and cognitive profiles are
given in Table 1. Detailed medical history and background information in each case were presented in
Supplementary Table 2. The mean age at BH-CVR was 12.6 years (SD = 3.0 years, range 6.5 — 17.1 years, median
12.62 years). Of 30 patients, 15 were diagnosed with moyamoya disease [MMD] and 15 with moyamoya
syndrome [MMS: 12 NF1, 3 SCD]. Moyamoya laterality was bilateral in 17 (55%), right-sided in 6 (24%) and
left-sided in 7 (21%). Seventeen (56.7%) presented with symptomatic stroke (MMD=9, MMS=8), four of whom
had preceding TIAs (MMD=3, MMS=1). The MR imaging pattern of stroke (MM/stroke) was cortical watershed
inall 17 children: 5 bilateral, 6 left and 6 right hemispheric. Amongst the 17 children, four had additional findings
of silent multifocal deep watershed infarction and one infarction in the left frontal cortex. None of the children
included in the study had haemorrhagic stroke. Of the 13 children without stroke (MM/no stroke: MMD=6,
MMS=7), 5 had TIAs, 4 were asymptomatic, two had headache, and two presented with other neurological
symptoms (one with a movement disorder and one with syncope of unknown aetiology). MR imaging of the 13

children without clinical stroke revealed remote infarcts in two.

Comparisons of Regional CVR negativity

Descriptive CVR estimates are summarised by brain region and tissue (specifically white matter) (Supplementary
Table 3) and the regional fneg values were compared by presence or absence of moyamoya, stroke, moyamoya

laterality, and comorbidity.

Regional CVR negativity, stroke and no stroke
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All regional fneg values in summaries of brain region and tissue were higher in children with MM/stroke and
MM/no stroke when compared to the normative means, and children with MM/stroke had higher fneg values
compared to children MM/no stroke (Table 2). However, these differences did not reach significance.
(Supplementary Figure 4). Frontal lobe fneg was greater when compared to fneg in the parietal (Z=-3.47, p=0.001),
temporal (Z=-2.382.65, p=0.021), and occipital lobes (Z==-4.31, p<0.001), demonstrating frontal predominance
of CVR abnormality, and an anterior-posterior gradient across all patients (Figure 1A). These differences were
more pronounced in children with MM/stroke, specifically in the prefrontal region along with the frontal midline
(coloured in bright yellow in Figure 1B top), but also observed in children with MM/no stroke (Figure 1B bottom).
Supplementary Figure 5 shows images of T2-FLAIR, breath-hold CVR, Angiography in two cases of children

with and without stroke.

Regional CVR negativity and Moyamoya laterality

Comparison of fneg values by hemisphere in all (MM/stroke and MM/no stroke) unilateral moyamoya cases
(N=13, 43%) demonstrated significantly higher fneg in the moyamoya hemisphere compared to the non-
moyamaoya hemispheric brain regions: frontal (Z=-2.62, p=0.018), parietal (Z=-2.69, p=0.021), and temporal (Z=-

2.27, p=0.023).

Regional CVR negativity and comorbidity in no stroke group

The effect of comorbidity was examined in thirteen children with MM/no stroke (MMD=6, MMS-NF1=7).
Children with MMD and MMS-NF1 demonstrated elevated CVR negativity predominantly in the frontal region.
In addition, fneg values were significantly higher in children with NF1 compared to children with MMD, in the

right occipital lobe (U=35, p=0.046) (Supplementary Figure 6).
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Cognitive Outcomes

Descriptive statistics for cognitive outcomes are presented in Table 3. The standardized scores of cognitive
outcomes ranged from average to severe impairment across the patients. Using the one sample t-test, children with
moyamoya demonstrated significantly lower performance in all five 1Q indices and greater impairments in two of
the three executive function summary scores (Metacognitive Index and Global Executive Composite) compared

to the normative mean.

Cogpnitive outcomes, stroke and no stroke

Between group comparisons of stroke vs. no stroke means in 1Q and executive function indices demonstrated
lower cognitive performance overall in children with MM/stroke. These differences were statistically significant
for Verbal Comprehension Index (VCI) in children with unilateral and bilateral stroke (H(3)=8.27, p=0.04)

(Supplementary Figure 7A).

Cogpnitive outcomes and moyamoya laterality

These were no significant differences in cognitive outcome between children with bilateral and unilateral

moyamoya.e

Cogpnitive outcomes and comorbidity in no stroke group

The effect of comorbidity on cognitive outcome was examined by comparison of the children with MMD and
MMS in the no stroke group. Since all children with MMS-SCD in our study had ischaemic stroke, they were
excluded from this analysis. Executive function scores were abnormal (one SD above the normative means) in

children with MMD, while 1Q scores were in the normal range. Children with MMS-NF1 deviated approximately

12



one SD from the normative means in the majority of 1Q and EF scores (Supplementary Figure 8). Between group
comparisons revealed significant differences in the following 1Q indices: FSIQ, U=2.0, p=0.005; VCI, U=3.0,
p=0.008; PRI, U=1.5, p=0.009. Executive function scores were not different in the MMD group (mean BRIEF-
GEC=61.40, SD=15.37) compared with the NF-1 group (Mean BRIEF-GEC=59.67, SD=14.84; p=0.93)

(Supplementary Table 4).

Regional CVR negativity and cognitive outcome

The correlations between regional CVR negativity and cognitive outcomes in the whole group are presented in
Supplementary Table 6. Different IQ measures were correlated with CVR negativity of multiple cortical and white
matter regions, which remained significant with correction for multiple comparisons, while none of the
correlations with EF measures survived correction for multiple comparisons. In the independent analysis of
children with and without stroke, right parietal CVR negativity was significantly associated with the VCI in 1Q

(p=-0.842, p=0.001) in children without stroke, and with GEC in EF (p=0.822, p=0.04) in children with stroke.

The relative effects of regional negative CVR by cortical lobes and white matter on intellectual ability and
executive function were explored in multivariable stepwise regression analyses without (non-adjusted) and with
(adjusted) controlling for covariates (age, sex, comorbidity, stroke presentation, and moyamoya laterality). In the
non-adjusted model, the role of right white matter CVR negativity was remarkable in explaining both 1Q and EF

across the patients, while this effect remained significant only in EF in the adjusted model.

Without controlling for covariates, three measures (FSIQ, VCI, WMI) in 1Q and two measures (MI, GEC) in EF
were explained by the CVR negativity in the right white matter (FSIQ, B=-85.11, p=0.01; VCI, B=-73.11,
p=0.005; WMI, B=-55.75, p=0.047; MI, B=55.06, p=0.042; GEC, B=57.79, p=0.046), suggesting this region may
be affected by the moyamoya condition in general and linked to these cognitive outcomes. The PRI in IQ was
associated with CVR negativity in the right occipital lobe (B=-97.88, p=0.022) while the PSI in 1Q with CVR
negativity in the left white matter (B=-59.23, p=0.027). The BRIS in EF was associated with the CVR negativity

in the right parietal lobe (B=70.81, p=0.005) (Supplementary Table 6).
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Upon controlling for covariates, the effects of right parietal CVR negativity on BRIS (B=70.81, p=0.005) and
white matter CVR negativity on MI and GEC (B=55.06, p=0.056; B=57.79, p=0.028) remained the same across
three EF measures (Figure 3A). In contrast, the effects of the right white matter CVR negativity were no longer
significantly associated with 1Q measures. FSIQ and VCI were associated with the right occipital lobe CVR
negativity (FSIQ, B=-64.07, p=0.038; VCI, B=-60.58, p=0.027) (figure 3B), WMI with left white matter CVR
negativity (B=-56.51, p=0.005), and PSI with the left frontal lobe CVR negativity (B=-39.79, p=0.029). PRI was

not associated with regional CVR negativity but only explained by comorbidity (Table 4).

Exploratory analysis was conducted of each moyamoya group (MMD and MMS-NF1) separately, to determine
the relative effect of comorbidity on the observed association between CVR estimates and cognitive outcomes.
MMS-SCD patients (n=3) were excluded in this exploratory analysis as they represented the most severe cases in
our cohort with ischaemic stroke with greatest CVR negativity and lowest performance overall in cognitive
outcomes. The main differences were found in the relative effects of cortical regional negative CVR on the 1Q
indices. In the separated analysis of MMS-NF1, the association between occipital lobe CVR negativity and 1Q
indices was pronounced. This association was not observed in the separated analysis of MMD. Instead, the
hypothesised effects of parietal lobe CVR negativity was prominent in explaining both 1Q and executive function

scores in MMD (Supplementary Table 7).

Discussion

In the present study, we sought to determine whether there was an association between regional cerebral
haemodynamics, as assessed by breath-hold BOLD MRI CVR and cognitive impairment, in children with
moyamoya. In keeping with our hypotheses, we demonstrated an association between fronto-parietal cortex and
white matter CVR abnormality and cognitive impairments, regardless of stroke presentation. Executive function
was particularly affected independent of moyamoya subtype and stroke presence. Intellectual ability was largely
spared in children with MMD and no stroke, but lower than expected in children with MMS-NF1 and no stroke.
Executive dysfunction was associated with all (MMD and MMS) children demonstrating significant frontal
haemodynamic abnormality. Poorer cognitive outcomes were associated with posterior circulation moyamoya and

abnormal parietal and posterior measures of abnormal CVR in children with MMD. Abnormal posterior
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haemodynamics, specifically of the occipital lobe, were also associated with poorer measures of cognitive
outcome in children with MMS-NF1. However, this was independent of posterior moyamoya involvement. Thus,
our study highlights the shared frontal vulnerability of the moyamoya condition, the important role of the posterior
circulation in maintaining intellectual ability, and the additional impact of NF1 syndrome related posterior

circulation vulnerability in children with moyamoya.

Cognitive outcomes, stroke and comorbidity

In our cohort, around 40% of all children showed significant executive function impairments on the metacognitive
index and global composite scores, suggesting that executive functioning in daily life is vulnerable in children
with moyamoya. Impairments in intellectual ability were also present in 27- 40% of the children, depending on
the specific cognitive domain examined. Children with stroke demonstrated greater CVR abnormality than those
without stroke, across all regional summaries, and more severe cognitive impairments in both 1Q and executive
function scores. Of note, abnormal CVR and cognitive impairments were still observed in children with
moyamoya and no history of stroke. Furthermore, there was a difference in CVR abnormality and cognitive
impairment in the no stroke group by moyamoya subtype. Children with MMD and no stroke exhibited
abnormality in CVR and frontal haemodynamics in association with abnormally elevated scores in executive
function. However, intellectual ability was within the normal range. These findings are in keeping with previous
literature that reports impairment in executive function in adults and children with moyamoya and no history of
stroke [7,21]. These findings also provide evidence that regional haemodynamic abnormalities are a plausible
mechanism of executive dysfunction in moyamoya. Intellectual ability, mediated by multiple broad cortical-
subcortical functional networks, was overall maintained in the no stroke MMD group. However, there was a
significant difference in the verbal comprehension ability between children with and without stroke. This may be
explained by the asymmetric and predominant involvement of the left internal carotid artery in bilateral moyamoya
disease, given its supply of the inferior frontal and superior temporal regions, which are functionally related to
verbal ability [41,42]. However, reports of verbal ability in paediatric moyamoya are variable and likely reflect

the small sample sizes, heterogeneity of comorbidities and natural history of moyamoya.
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Right fronto-parietal and white matter haemodynamic function and executive function

Studies in adults with moyamoya also suggest a relationship between cognitive impairments and regional
hypoperfusion in the absence of stroke. Kang et al. [43] employed single-photon emission computerized

tomography (SPECT) imaging with acetazolamide challenge in a cohort of 27 adults with moyamoya without

focal stroke, demonstrating an association between fronto-parietal hypoperfusion and lower visual and auditory

performance testing. Similarly, Calviere et al. [44] described an association between lower frontal CVR assessed

using dynamic susceptibility contrast perfusion magnetic resonance imaging, and cognitive impairment, in a small
cohort of adults with MMD (N=10). Su et al. [45] reported an association between cerebral perfusion (using

SPECT), regional grey and white matter microstructural abnormalities, and cognitive impairment, also in the

absence of focal infarction. The critical role of fronto-parietal cortical and white matter regions has also been
highlighted by studies examining the functional neural correlates of intellectual ability and executive function in

both clinical (e.g., preterm children) [46-49] and non-clinical (typically developing) conditions [50-53].

In our study haemodynamics, as demonstrated by CVR negativity, were most abnormal in the hemisphere directly
affected by the moyamoya, the fronto-parietal cortex and white matter, and revealed an anterior-posterior gradient
regardless of clinical presentation and moyamoya subtype. Regional comparisons of cerebral haemodynamics
between children with MMD and no stroke and children with MMS-NF1 and no stroke demonstrated comparable
location of CVR abnormality in the anterior circulation. These predominantly anterior, abnormal regional
haemodynamics mirror the functional locations of the cognitive impairments seen in paediatric moyamoya in the
absence of stroke, namely executive dysfunction. Moyamoya typically affects the anterior circulation of the circle
of Willis and the frontal, parietal and white matter brain regions. The leptomeningeal anastomotic network plays
an important role in the collateral supply of the vulnerable anterior circulation [54]. Neuroimaging studies have
reported that deficits in executive function are related to damage to the dorsolateral prefrontal cortex and anterior
cingulate cortex [55]. Hence, the association between the finding of impaired anterior circulation and executive
dysfunction is as expected. Executive function in our study was also consistently associated with right hemisphere
CVR indices. Specifically, the right parietal and white matter CVR indices were critical to explain inter-patient
variability in executive function while controlling for heterogeneous clinical presentation. This is in-line with

previous behavioural and neuroimaging studies that have shown the right hemisphere to be important for attention
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and inhibitory control [56,57]. The right inferior frontal gyrus, as a part of the fronto-parietal network, is widely
implicated in inhibitory control, as well as in the more general role of attention control, both of which are closely
linked to executive function [56], whereas intellectual ability is more globally supported by prefrontal function
and other widely distributed brain regions at a network level [58,59]. There is evidence these two psychological
constructs, intellectual ability and executive function, relate to and support each other, but are not strongly
correlated in standardised test scores, while frontal lesions do not necessarily impair 1Q [60,61]. In line with this,
our findings of right-sided, frontally predominant, anterior-posterior disrupted haemodynamics associated with
abnormal sub-scores of executive function suggest that executive function is impacted by the specific known
perfusion vulnerabilities associated with moyamoya. Hence, we suggest that misery perfusion, resulting in fronto-
parietal and white matter vulnerability, is likely a contributory mechanism to executive dysfunction in paediatric

moyamoya, regardless of the heterogeneous clinical presentation.

Of note, the left-sided frontal and white matter vulnerability was associated with two sub-scores in intellectual
ability: working memory index and processing speed index. Working memory is one of the theoretical constructs
of executive function and is comprised of flexible thinking and cognitive control. Processing speed is not
considered an executive function but is closely linked to executive function as the longer it takes to process
information, the longer it takes to perform tasks relating to executive skills. Thus, this is in line with our findings
of the association between fronto-parietal and white matter vulnerability and executive function deficit in
moyamoya. Neuroimaging studies in congenital heart disease and adult moyamoya disease also support a
relationship between frontal and white matter involvement, WMI and PSI [62,63]. The finding of an association
between lateralized abnormal haemodynamics and cognitive functions ie., abnormal left haemodynamics, WMI
and PSI, compared to abnormal right haemodynamics and parental ratings of executive dysfunction in daily life,
may be related to task-specific effects. A possible explanation for this is that WMI and PSI, in the Wechsler
intelligence scale, measure ability to attend and manipulate numeric and symbolic information presented verbally
and visually. These task-based, behavioural measurements are commonly observed to be left-sided in clinical
neuroimaging studies. This is distinct from the BRIEF scale, which is context-based, third-person reported

measurements with ecological validity [64-66].
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Spared function of posterior circulation and its compensatory role for cognitive outcomes

The role of the posterior circulation is important to consider in moyamoya. The posterior circulation is often
spared, particularly in the early stages of the disease when regional CBF shows a loss of the normal pattern of
frontal dominance. In its place, there is normal to increased CBF in the occipital region [67]. The posterior
circulation remains able to respond to haemodynamic challenges and compensate for frontal disturbances as
long as it is spared [68]. Hence, involvement of the posterior circulation can reflect vascular disease progression
[69]. Relative sparing of the posterior circulation, abnormality in anterior circulation haemodynamics and
elevated executive function scores was predominantly observed in the MMD and no stroke groups. This likely
reflects that these children were in earlier stages of the disease with relative sparing of the posterior circulation
vessels. Although children with MMS-NF1 were also in earlier stages of the disease, regional CVR abnormality
in this group included that of the posterior circulation, specifically the occipital lobe, in the absence of stroke.
Notably, the haemodynamic impairments of MMS-NF1 were associated with both executive function and
intellectual ability. Children with MMS-SCD (h=3) had the most advanced vascular disease, stroke and the most
significant cognitive impairments in the whole group. Notably, both MMS groups (MMS-SCD and MMS-
NF1/no stroke) had occipital lobe CVR abnormality, and low/abnormal 1Q scores. Therefore, we argue that
disrupted haemodynamics in the anterior circulation and executive dysfunction likely represent the shared
moyamoya condition in both (MMD and MMS) groups, whereas the impact of disease severity and comorbidity

on the posterior circulation of the brain resulted in additional impairments in intellectual ability.

Occipital haemodynamics and intellectual ability in MMS-NF1

The importance of right occipital lobe involvement in our study was an interesting finding. Functional and
structural neuroimaging studies have revealed a prominent role for the right hemisphere, including the occipital
lobe, inferior parietal lobe, and dorsolateral prefrontal cortex, in visuo-spatial processing [70]. The inefficient
recruitment of the right hemisphere network, in particular the posterior regions, has been suggested as a possible
link to recognized functional corollary of visuo-spatial deficits in individuals with NF1 [71,72]. Studies have
demonstrated significantly lower cerebral blood flow in patients with NF1, occurring most prominently in the

posterior circulation and the border zones of the middle and posterior cerebral arteries, even in the absence of
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prior strokes or underlying moyamoya disease [73]. Vasculopathy and associated steno-occlusive changes in the
cerebral microvasculature and alteration in cerebral metabolic demand in NF1 patients were suggested by the
authors. However, the reasons for more dominant perfusion deficits in the posterior circulation are still unclear.
Finally, we note that the cognitive impairments of children with MMS-NF1 observed in our cohort are comparable
to reports of children with NF1 and no moyamoya, in which 1Q is approximately 1SD lower than the general
population [74] and absolute rates of intellectual disability are only modestly elevated [75] (Supplementary Table

5).

Measuring Cerebrovascular Reactivity in Clinical Practice

Cerebral haemodynamics can be measured using transcranial Doppler ultrasound, SPECT and PET [43,44].
However, these techniques are limited by poor spatial resolution, poor reproducibility [45], capital costs and
restrictions related to use of nuclear medicine. The voluntary hypercapnic challenge BOLD MRI CVR technique
provides an in vivo measure of cerebral haemodynamics in children with moyamoya condition. In particular, the
breath-hold (BH) technique is safe, simple, and readily implementable in children with moyamoya. The
computer-controlled stimulus system can be an alternative hypercapnic challenge for the quantitative assessment
of BOLD MRI CVR. The quantification of alveolar gas concentrations by sampling the end-tidal partial
pressures of CO from the subject's exhaled breaths provides an accurate measure of CVR in young children,
although computer-controlled stimulus delivery relies on specialized equipment which can be a barrier in some
clinical settings to the adoption of this technique, [42]. Replication of our current findings is a necessary next
step toward providing evidence for the implementation of a potentially important and feasible tool for the
assessment of cognitive function, as a measure of pre-stroke ischaemic injury, and an opportunity for primary

prevention of the neurological deterioration that is a recognized consequence of this progressive disease.

Study Limitations

The main limitation of our study is the relatively small sample size. In our no stroke cohort, children with MMS-

NF1 demonstrated significantly lowered performance in both 1Q and executive function, but there were no
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differences between our NF1/no stroke/moyamoya findings and published study data of children with NF1 only.
However, to our knowledge, our study is the largest single centre North American cohort of children with this
relatively rare condition, in whom functional BOLD MRI CVR imaging and neuropsychological assessments
were conducted as standard of care in a consecutive cohort of children regardless of presentation. Multi-centre
collaboration is needed to achieve larger numbers and to investigate longitudinal effects of disease on cognitive

outcomes.

The neuropsychological assessment that we used in this study included standardized and validated performance-
based testing and parental report for daily-based behaviours. These provided standardized norms to understand
the impact of the disease condition(s) on an individual’s cognitive profile. However, intellectual ability and
executive function only explain very basic cognitive function and have limitations to capture complex cognitive
decline process in each individual. Thus the findings in this study should be interpreted and applied in a limited

manner in describing the associations between cerebral haemodynamics and cognitive outcomes.

Conclusions

In summary, our findings suggest that executive dysfunction is associated with fronto-parietal and white matter
haemodynamics, while posterior circulation haemodynamics are associated with intellectual ability. Finally, our
study suggests that parietal and posterior haemodynamics play a role in the prevention of cognitive impairment

and ischaemic brain injury.

Acknowledgements

Image processing and analysis was supported by the Stroke Imaging Laboratory for Children, The Hospital for

Sick Children, Toronto.

20



References

1. Ikezaki K, Matsushima T, Kuwabara Y, Suzuki S, Nomura T, Fukui M. Cerebral circulation and oxygen
metabolism in childhood moyamoya disease: a perioperative positron emission tomography study. J Neurosurg.

1994,81:843-50.

2. Grant DA, Franzini C, Wild J, Eede KJ, Walker AM. Autoregulation of the cerebral circulation during sleep in

newborn lambs. J Physiol. John Wiley & Sons, Ltd; 2005;564:923-30.

3. Derdeyn CP, Shaibani A, Moran CJ, Cross DT, Grubb RL, Powers WJ. Lack of Correlation Between Pattern
of Collateralization and Misery Perfusion in Patients With Carotid Occlusion. Stroke. Lippincott Williams and

Wilkins; 1999;30:1025-32.

4. Derdeyn C, Videen T, Yundt K, Fritsch S, Carpenter D, Grubb R, et al. Variability of cerebral blood volume

and oxygen extraction: stages of cerebral haemodynamic impairment revisited. Brain. 2002;125:595-607.

5. Baron JC, Bousser MG, Rey A, Guillard A, Comar D, Castaigne P. Reversal of focal “misery-perfusion
syndrome” by extra-intracranial arterial bypass in hemodynamic cerebral ischemia. A case study with 150

positron emission tomography. Stroke. 1981;12:454-9.

6. Ohtaki M, Uede T, Morimoto S, Nonaka T, Tanabe S, Hashi K. Intellectual functions and regional cerebral
haemodynamics after extensive omental transplantation spread over both frontal lobes in childhood moyamoya

disease. Acta Neurochir (Wien). Springer; 1998;140:1043-53.

7. Williams TS, Westmacott R, Dlamini N, Granite L, Dirks P, Askalan R, et al. Intellectual ability and executive

function in pediatric moyamoya vasculopathy. Dev Med Child Neurol. 2012;54:30-7.

8. Isono M, Ishii K, Kamida T, Inoue R, Fujiki M, Kobayashi H. Long-term outcomes of pediatric moyamoya

disease treated by encephalo-duro-arterio-synangiosis. Pediatr Neurosurg. 2002;36:14-21.

9. Hogan AM, Kirkham FJ, Isaacs EB, Wade AM, Vargha-Khadem F. Intellectual decline in children with

moyamoya and sickle cell anaemia. Dev Med Child Neurol. 2005;47:824-9.

10. Ishii R, Takeuchi S, Tanaka R. Intelligence in Children With Moyamoya Disease: Evaluation After Surgical

Treatments With Special Reference to Changes in Cerebral Blood Flow. Stroke. 1984.

21



11. Imaizumi T, Hayashi K, Saito K, Osawa M, Fukuyama Y. Long-term outcomes of pediatric moyamoya disease

monitored to adulthood. Pediatr Neurol. 1998;18:321-5.

12. Imaizumi C, Imaizumi T, Osawa M, Fukuyama Y, Takeshita M. Serial Intelligence Test Scores in Pediatric

Moyamoya Disease. Neuropediatrics. 1999;30:294-9.

13. Lee JY, Phi JH, Wang K-C, Cho B-K, Shin M-S, Kim S-K. Neurocognitive Profiles of Children with

Moyamoya Disease before and after Surgical Intervention. Cerebrovasc Dis. 2011;31:230-7.

14. Matsushima Y, Aoyagi M, Nariai T, ... YT-C neurology and, 1997 U. Long-term intelligence outcome of
post-encephalo-duro-arterio-synangiosis childhood moyamoya patients. Clin Neurol Neurosurg. 1997;99:S147-

50.

15. Matsushima Y, Aoyagi M, Masaoka H, Suzuki R, Ohno K. Mental outcome following
encephaloduroarteriosynangiosis in children with moyamoya disease with the onset earlier than 5 years of age.

Childs Nerv Syst. 1990;6:440-3.

16. Bowen M, Marks MP, Steinberg GK. Neuropsychological recovery from childhood moyamoya disease. Brain

Dev. Elsevier; 1998;20:119-23.

17. Karzmark P, Zeifert PD, Tan S, Dorfman LJ, Bell-Stephens TE, Steinberg GK. Effect of moyamoya disease

on neuropsychological functioning in adults. Neurosurgery. 2008;62:1048-51.

18. Ibrahim AFA, Montojo CA, Haut KM, Karlsgodt KH, Hansen L, Congdon E, et al. Spatial working memory
in neurofibromatosis 1: Altered neural activity and functional connectivity. Neurolmage Clin. Elsevier Inc.;

2017;15:801-11.

19. Payne JM, Hyman SL, Shores EA, North KN. Assessment of executive function and attention in children with
neurofibromatosis type 1: Relationships between cognitive measures and real-world behavior. Child

Neuropsychol. 2011;17:313-29.

20. Hijmans CT, Fijnvandraat K, Grootenhuis MA, van Geloven N, Heijboer H, Peters M, et al. Neurocognitive
deficits in children with sickle cell disease: a comprehensive profile. Pediatr Blood Cancer. John Wiley & Sons,

Ltd; 2011;56:783-8.

22



21. Karzmark P, Zeifert PD, Bell-Stephens TE, Steinberg GK, Dorfman LJ. Neurocognitive Impairment in Adults

With Moyamoya Disease Without Stroke. Neurosurgery. Oxford University Press (OUP); 2012;70:634-8.

22. Quon JL, Kim LH, MacEachern SJ, Maleki M, Steinberg GK, Madhugiri V, et al. Early diffusion magnetic
resonance imaging changes in normal-Appearing brain in pediatric moyamoya disease. Neurosurgery. Oxford

University Press; 2020;86:530-7.

23. Dlamini N, Shah-Basak P, Leung J, Kirkham F, Shroff M, Kassner A, et al. Breath-Hold Blood Oxygen Level-
Dependent MRI: A Tool for the Assessment of Cerebrovascular Reserve in Children with Moyamoya Disease.

Am J Neuroradiol. 2018;39:1717-23.

24. Spano VR, Mandell DM, Poublanc J, Sam K, Battisti-Charbonney A, Pucci O, et al. CO2 blood oxygen level-
dependent MR mapping of cerebrovascular reserve in a clinical population: Safety, tolerability, and technical

feasibility. Radiology. 2013;266:592-8.

25. Pillai JJ, Mikulis DJ. Cerebrovascular reactivity mapping: An evolving standard for clinical functional

imaging. Am. J. Neuroradiol. American Society of Neuroradiology; 2015. p. 7-13.

26. 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. p. 2884—

91.

27. Jackman K, ladecola C. Neurovascular regulation in the ischemic brain. Antioxidants Redox Signal. Mary

Ann Liebert Inc.; 2015. p. 149-60.

28. Yonas H, Pindzola RR, Meltzer CC, Sasser H. Qualitative versus quantitative assessment of cerebrovascular

reserves. Neurosurgery. Lippincott Williams and Wilkins; 1998;42:1005-12.

29. Ogasawara K, Okuguchi T, Sasoh M, Kobayashi M, Yukawa H, Terasaki K, et al. Qualitative versus
quantitative assessment of cerebrovascular reactivity to acetazolamide using iodine-123-N-isopropyl-p-
iodoamphetamine SPECT in patients with unilateral major cerebral artery occlusive disease. AJINR Am J

Neuroradiol. 2003;24:1090-5.

30. Dlamini N, Slim M, Kirkham F, Shroff M, Dirks P, Moharir M, et al. Predicting Ischemic Risk Using Blood

23



Oxygen Level-Dependent MRI in Children with Moyamoya. Am J Neuroradiol. 2020;41:160-6.

31. Heyn C, Poublanc J, Crawley A, Mandell D, Han JS, Tymianski M, et al. Quantification of Cerebrovascular
Reactivity by Blood Oxygen Level-Dependent MR Imaging and Correlation with Conventional Angiography in

Patients with Moyamoya Disease. Am J Neuroradiol. 2010;

32. Han JS, Mikulis DJ, Mardimae A, Kassner A, Poublanc J, Crawley AP, et al. Measurement of cerebrovascular
reactivity in pediatric patients with cerebral vasculopathy using blood oxygen level-dependent MRI. Stroke.

2011;42:1261-9.

33. Dlamini N, Yau I, Westmacott R, Shroff M, Armstrong D, Logan W, et al. Cerebrovascular Reactivity and
Intellectual Outcome in Childhood Stroke With Transient Cerebral Arteriopathy. Pediatr Neurol. Elsevier;

2017;69:71-8.

34. Hashimoto N, Tominaga T, Miyamoto S, Nagata I, Houkin K, Suzuki N, et al. Guidelines for Diagnosis and
Treatment of Moyamoya Disease (Spontaneous Occlusion of the Circle of Willis). Neurol Med Chir (Tokyo).

Japan Neurosurgical Society; 2012;52:245-66.

35. Rafay MF, Armstrong D, Dirks P, MacGregor DL, DeVeber G. Patterns of Cerebral Ischemia in Children

With Moyamoya. Pediatr Neurol. Elsevier; 2015;52:65-72.

36. Suzuki J, Takaku A. Cerebrovascular moyamoya disease: Disease showing abnormal net-like vessels in base

of brain. Arch Neurol. American Medical Association; 1969;20:288-99.

37. Wechsler D. Wechsler Intelligence Scale for Children. 3rd edn. San Antonio, TX: The Psychological

Corporation; 1991.

38. Wechsler D. Wechsler intelligence scale for children (WISC). 4th edn. San Antonio, TX: Harcourt

Assessment; 2004.

39. Wechsler D. The Wechsler adult intelligence scale. 3rd edn. San Antonio, TX: The Psychological Corporation;

1997.

40. Gioia G, Isquith P, Guy S, Kenworthy L. BRIEF: Behavior rating inventory of executive function professional

manual. Lutz, FL: Psychological Assessment Resources, Inc; 2000.

24



41. Mugikura S, Takahashi S, Higano S, Shirane R, Sakurai Y, Yamada S. Predominant involvement of ipsilateral

anterior and posterior circulations in moyamoya disease. Stroke. 2002;33:1497-500.

42. Tomasi D, Volkow ND. Resting functional connectivity of language networks: Characterization and

reproducibility. Mol Psychiatry. Nature Publishing Group; 2012;17:841-54.

43. Kang CG, Chun MH, Kang JA, Do KH, Choi SJ. Neurocognitive dysfunction according to hypoperfusion
territory in patients with moyamoya disease. Ann Rehabil Med. Korean Academy of Rehabilitation Medicine;

2017;41:1-8.

44. Calviere L, Catalaa I, Marlats F, Viguier A, Bonneville F, Cognard C, et al. Correlation between cognitive
impairment and cerebral hemodynamic disturbances on perfusion magnetic resonance imaging in European adults

with moyamoya disease. J Neurosurg. 2010;113:753-9.

45, Su J Bin, Xi S Da, Zhou SY, Zhang X, Jiang SH, Xu B, et al. Microstructural damage pattern of vascular
cognitive impairment: A comparison between moyamoya disease and cerebrovascular atherosclerotic disease.

Neural Regen Res. Wolters Kluwer Medknow Publications; 2019;14:858-67.

46. Fiske A, Holmboe K. Neural substrates of early executive function development. Dev. Rev. Mosby Inc.; 2019.

p. 42-62.

47. Kalpakidou AK, Allin MPG, Walshe M, Giampietro V, McGuire PK, Rifkin L, et al. Functional neuroanatomy
of executive function after neonatal brain injury in adults who were born very preterm. PLoS One. Public Library

of Science; 2014;9.

48. Woodward LJ, Clark CAC, Pritchard VE, Anderson PJ, Inder TE. Neonatal white matter abnormalities predict
global executive function impairment in children born very preterm. Dev Neuropsychol. Taylor & Francis Group

; 2011;36:22-41.

49. Wang Q, Cheung C, Deng W, Li M, Huang C, Ma X, et al. Fronto-parietal white matter microstructural deficits
are linked to performance 1Q in a first-episode schizophrenia Han Chinese sample. Psychol Med. Psychol Med;

2013;43:2047-56.

50. Ohtani T, Nestor PG, Bouix S, Newell D, Melonakos ED, McCarley RW, et al. Exploring the neural substrates

25



of attentional control and human intelligence: Diffusion tensor imaging of prefrontal white matter tractography in

healthy cognition. Neuroscience. Elsevier Ltd; 2017;341:52-60.

51. Burgess PW, Stuss DT. Fifty Years of Prefrontal Cortex Research: Impact on Assessment. J Int Neuropsychol

Soc. Cambridge University Press; 2017;23:755-67.

52. Ohtani T, Nestor PG, Bouix S, Saito Y, Hosokawa T, Kubicki M. Medial frontal white and gray matter

contributions to general intelligence. PLoS One. Public Library of Science; 2014;9.

53. Goh S, Bansal R, Xu D, Hao X, Liu J, Peterson BS. Neuroanatomical correlates of intellectual ability across

the life span. Dev Cogn Neurosci. Elsevier; 2011;1:305-12.

54. Sasagawa A, Mikami T, Hirano T, Akiyama Y, Mikuni N. Characteristics of cerebral hemodynamics assessed

by CT perfusion in moyamoya disease. J Clin Neurosci. Churchill Livingstone; 2018;47:183-9.

55. Robinson H, Calamia M, Gléascher J, Bruss J, Tranel D. Neuroanatomical correlates of executive functions: A
neuropsychological approach using the EXAMINER battery. J Int Neuropsychol Soc. Cambridge University

Press; 2014;20:52-63.

56. Hampshire A, Chamberlain SR, Monti MM, Duncan J, Owen AM. The role of the right inferior frontal gyrus:

inhibition and attentional control. Neuroimage. Academic Press; 2010;50:1313-9.

57. Spagna A, Kim TH, Wu T, Fan J. Right hemisphere superiority for executive control of attention. Cortex.

Masson SpA; 2020;122:263-76.

58. Luders E, Narr KL, Thompson PM, Toga AW. Neuroanatomical correlates of intelligence. Intelligence. NIH

Public Access; 2009;37:156—-63.

59. Wechsler D. The measurement of adult intelligence. Meas. adult Intell. (3rd ed.). Williams & Wilkins Co;

2007.

60. Damasio A, Anderson S. The frontal lobes. In: Heilman K, Valenstein E, editors. Clin Neuropsychol. Oxford

University Press; 2010. p. 404-46.

61. Ardila A, Pineda D, Rosselli M. Correlation between intelligence test scores and executive function measures.

Arch Clin Neuropsychol. 2000;15:31-6.

26



62. Ehrler M, Latal B, Kretschmar O, von Rhein M, O’Gorman Tuura R. Altered frontal white matter
microstructure is associated with working memory impairments in adolescents with congenital heart disease: A

diffusion tensor imaging study. Neurolmage Clin. Elsevier Inc.; 2020;25.

63. Kazumata K, Tha KK, Narita H, Kusumi I, Shichinche H, Ito M, et al. Chronic ischemia alters brain
microstructural integrity and cognitive performance in adult moyamoya disease. Stroke. Lippincott Williams and

Wilkins; 2015;46:354-60.

64. Krukow P, Jonak K, Karakuta-Juchnowicz H, Podkowinski A, Jonak K, Borys M, et al. Disturbed functional
connectivity within the left prefrontal cortex and sensorimotor areas predicts impaired cognitive speed in patients

with first-episode schizophrenia. Psychiatry Res - Neuroimaging. Elsevier Ireland Ltd; 2018;275:28-35.

65. Gayda M, Gremeaux V, Bherer L, Juneau M, Drigny J, Dupuy O, et al. Cognitive function in patients with
stable coronary heart disease: Related cerebrovascular and cardiovascular responses. PLoS One. Public Library

of Science; 2017;12.

66. Glascher J, Tranel D, Paul LK, Rudrauf D, Rorden C, Hornaday A, et al. Lesion Mapping of Cognitive

Abilities Linked to Intelligence. Neuron. Neuron; 2009;61:681-91.

67. Lee M, Zaharchuk G, Guzman R, Achrol A, Bell-Stephens T, Steinberg GK. Quantitative hemodynamic
studies in moyamoya disease. Neurosurg Focus. Journal of Neurosurgery Publishing Group (INSPG);

2009;26:ES5.

68. Baltsavias G, Khan N, Valavanis A. The collateral circulation in pediatric moyamoya disease. Child’s Nerv

Syst. Springer Verlag; 2015;31:389-98.

69. Suzuki J, Takaku A. Cerebrovascular “Moyamoya" Disease: Disease Showing Abnormal Net-Like Vessels in

Base of Brain. Arch Neurol. 1969;20:288-99.

70. Wiesman Al, Wilson TW. The impact of age and sex on the oscillatory dynamics of visuospatial processing.

Neuroimage. Academic Press Inc.; 2019;185:513-20.

71. Billingsley RL, Jackson EF, Slopis JM, Swank PR, Mahankali S, Moore BD. Functional MRI of visual-spatial

processing in neurofibromatosis, type 1. Neuropsychologia. Elsevier Ltd; 2004;42:395-404.

27



72. Clements-Stephens AM, Rimrodt SL, Gaur P, Cutting LE. Visuospatial processing in children with

neurofibromatosis type 1. Neuropsychologia. NIH Public Access; 2008;46:690-7.

73. Yeom KW, Lober RM, Barnes PD, Campen CJ. Reduced cerebral arterial spin-labeled perfusion in children

with neurofibromatosis type 1. Am J Neuroradiol. American Society of Neuroradiology; 2013. p. 1823-8.

74. Hyman SL, Shores A, North KN. The nature and frequency of cognitive deficits in children with

neurofibromatosis type 1. Neurology. Lippincott Williams and Wilkins; 2005;65:1037-44.

75. Vogel AC, Gutmann DH, Morris SM. Neurodevelopmental disorders in children with neurofibromatosis type

1. Dev Med Child Neurol. Blackwell Publishing Ltd; 2017;59:1112-6.

Figure legends

Figure 1. fneg summarized by cortical lobes in children with and without ischaemic stroke

(1A) Frontal, parietal, temporal and occipital fneg values averaged bilateral information were summarized in
children with and without ischaemic stroke. In both groups, significantly high CVR negativity (fneg > 10%) was
observed across all cortical regions. There were no significant differences between the groups, but frontal fneg
values were significantly greater compared to other cortical regions; (1B) The CVR negativity was more
pronounced in children with stroke, specifically in the prefrontal region, which extended along the frontal midline

(coloured in bright yellow), but these differences did not differ significantly in children with and without stroke.

Figure 2. The association between the regional fneg and cognitive outcomes

(2A) fneg in the right occipital region was significantly associated with full-scale 1Q score regardless of the stroke
history and comorbidity; (2B) fneg in the right white matter region was significantly associated with global

executive function score regardless of the stroke history and comorbidity.
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