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Primary factors
Gene

Pathologies

Normal arteries

-RNF213 polymorphism
-Others?

Secondary factors
-epigenetic change
-Inflammation?
-Autoimmunity?
-Sheer stress?
-Others?

Clinical expressions

Symptomatic vs Asymptomatic
Child onset vs Adult onset
Bilateral vs Unilateral
Progressive vs Stable
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Investigating Brain Network Characteristics Interrupted by Covert White Matter Injury
in Patients with Moyamoya Disease: Insights from Graph Theoretical Analysis

Ken Kazumata’, Khin Khin Tha?, Hisashi Narita®, Hideo Shichinohe’, Masaki Ito’, Haruto Uchino’, Takeo Abumiya’

Chronic ischemia in adult moyamoya disease (MMD) reduces
the integrity of normal-appearing white matter (WM). We
investigated whether covert WM impairment alters large-
scale brain networks and specific neural circuits associ-
ated with neurocognitive dysfunction in MMD. Forty-six
participanis (control, n = 23; MMD, n = 23) were exam-
ined using diffusion tenser imaging and streamline tractog-
raphy. Structural connectivity among 90 cortical and
subcortical brain regions was evaluated using the mean
fractional anisotropy along the fiber tracts. Graph theoretical
analysis was used to measure network parameters and inter-
regional connectivity. Global network parameters were
reduced in patients with MMD, including cluster coefficient
(controls vs. MIMD: 3.62 + 0.24 vs. 3.26 + 0.36; P < 0.0001),
characteristic path length (controls vs. MMD: 1.20 & 0.02 vs.
1.17 & 0.01; P<0.001), and small-world property (controls vs.
MMD: 3.07 £ 0.18 vs. 2.83 + 0.27; P<0.001). Reduced pairwise
connectivity was found in prefrontal neural circuits within the
middle/inferior frontal gyrus; supplementary motor area; and
insular, inferior temporal, and dorsal cingulate cortices.
Covert WM microstructural changes in patients with MMD
alter large-scale brain networks, as well as lateral prefrontal
neural circuits. Evaluation of structural connectivity may be
useful to assess the severity of chrenic ischemic injury froma
networlc perspective.

INTRODUCTION

oyamoya disease (MMD) is a progressive occlusive ce-

rebral arterial disease characterized by the presence of

netlike collaterals at the base of the brain.® Chronic
hypoperfusion in patients with MMD can develop during
childhood, subsequently affecting attention, working memory,
and executive function in young- and middle-aged adults, sug-
gesting that information transfer processes have deteriorated by
midlife in MMD.*>? Reduced cerebral blood flow to the lateral
prefrontal cortex is associated with cognitive impairment because
the dorsolateral prefrontal cortex, inferior parietal lobule, and
intraparietal sulcus form a core network associated with working
memory.®® Understanding structural changes is crucial for pre-
dicting the reversibility of neurocognitive dysfunctions after
revascularization surgery. Recently, diffusion tensor imaging (DTI)
and voxel-based morphometric analysis have revealed widespread
microstructural changes in the white matter (WM), with localized
volume reductions in the posterior cingulate in adult patients with
MMD.* This implies the disruption of neural pathways plays a
pivotal role in the neurocognitive impairments of patients with
MMD.?

Although voxel-based analysis has identified regional WM
involvement, it has not allowed direct identification of the neural
circuits affected in MMD.? Furthermore, alterations in diffusion
parameters of WM have been difficult to infer as the brain
remodels. Graph theoretical analysis enables the assessment of
the structural and functional connectivity of large-scale net-
works®™; hence changes in network parameters have been
described in aging, neurodegenerative diseases, epilepsy, and

Key words
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Graph theoretical analysis
B Moyamoya disease
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gliomas.”™”® Nevertheless, structural connectivity has rarely been
investigated in chronic ischemia. Thus describing the charac-
teristics of brain networks may be useful to expand our knowl-
edge of neurocognitive impairments secondary to chronic
ischemia.

Here, we investigated a large-scale network for revealing
structural connectivity in controls and adult patients with MMD,
using graph theoretical analysis, DTI, and streamline tractog-
raphy. Graph theoretical analysis was performed to calculate pa-
rameters representing network organization as an extension of
DTI and streamline tractography, a recently evolved method for
analyzing structural connectivity in clinical research.” We
investigated network characteristics to determine the following:
1) whether covert WM changes can alter whole-brain organiza-
tion, 2) how diffuse WM involvement can affect specific neural
circuits, and 3) whether network parameters correlate with clinical
status, as well as neurocognitive examinations.

MATERIAL AND METHODS

Participants

The institutional ethics review board approved the study protocol,
and all subjects provided written informed consent before
participation. All participants had been subjects in a prior inves-
tigation of ours, in which we assessed multiple diffusion tensor
parameters and performed voxel-based statistical analyses.> We
have described the characteristics of these patients with MMD
previously; information is provided in supplementary material.”
Twenty-three patients (6 men and 17 women; 21—58 years; mean
age, 40.9 = 9.5 years) were enrolled between April 2012 and April
2014. The control group consisted of 23 subjects (10 men and 13
women; 25—56 years of age; mean age, 39.0 £ 8.1) who had a
mean estimated intelligence quotient (IQ) of 108.3 & 6.6. The
inclusion criteria for control subjects were the following: 1) no
clinical evidence of psychiatric or neurologic disorders, 2) a
normal IQ as assessed by the Japanese version of the Nelson Adult
Reading Test, 3) no brain' lesions identified on conventional
magnetic resonance imaging (MRI) sequences, and 4) no current
medication that could affect cognitive function. Table 1
summarizes the participant characteristics.

A neuropsychologic assessment was undertaken for all patients
with MMD studied here, which consisted of a battery sensitive to
cognitive dysfunction due to frontal lobe injury/degeneration.
Tests included the Wechsler Adult Intelligent Scale, edition 3,
Wisconsin Card Sorting test (WCST), Trail Making Test (TMT)—
parts A and B, Continuous Performance Task, Stroop test, and
Reading span test. Neuropsychologists blinded to the clinical data
performed the tests. A detailed description of the neuro-
psychologic tests and their results is provided in our previous
study,® and a brief summary of the neuropsychologic assessments
is detailed in supplementary material and Table 1.

Image Acquisition and Image Processing

MRI data were acquired using 3.0-T scanner (Achieva TX, Philips
Medical Solutions, Best, The Netherlands). Details of scan param-
eters are provided in supplementary material. Data preprocessing
procedures were performed using the FMRIB Diffusion Toolbox

 Subject Demographics and Clinical Characteristics

Npmber of subjects : 23 : 23 -
Age, years = SD (range) 39081  409+95 048
, (25-56) (21-58)
Sex (F/M) (number of subjects) ~ 13/10 17/6 035
Risk factor (DM, HT, HL) 0 5 0049
(number of subjects) : i
Symptoms (number of subjects)
Asymptomatic ’ - 13
TIA - 10
Neuropsychologic test
fa
<@ 0% 2 (8.7%) 0.49
TMT-A
87 - 3(13%)
TMTB
S0 - 6 (26%)
WSCT
,,,,,, =
<4 - 7 (30.4%)
e
2 - 8 (34.7%)
-
>3 R - 9(331%)
 Stroop -
10 - 8 (34.8%)
CPT error -
>3 - 9 (39.1%)
T
< - 9 (39.1%) »

(BFSL, version 5.0; http://www.fmrib.ox.ac.uk/fsl). A detailed
description is provided in supplementary material.

Construction of Connectivity Matrix

Whole-brain fiber tracking was performed using the fiber

assignment by continuous tracking streamline tractography algo-
rithm in the Diffusion toolkit (http://www.trackvis.org/).”*° The
automated anatomic labeling (AAL) template consisted of go
cortical and subcortical regions of interest, which were used to
construct the connectivity matrix. An adjacency matrix was

2 WWW.SCIENGCEDIRECT.cOM
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obtained by averaging fractional anisotropy (FA) by the volume of
the fiber tract connecting region. Connectivity matrices were
constructed in MATLAB R2ox2b (Mathworks, Natick, Massachu-
setts, USA), using an open-source pipeline package (http://www.
nitrc.org/projects/panda/).*

We employed both weighted adjacency matrices and un-
weighted adjacency matrices. The former were used to identify
group differences in inter-regional connectivity through bivariate
analyses, and the latter were used to calculate global and local
graph metrics based on complex network analyses.®™** There is
no clear definition of connectivity in terms of the mean FA along
the fiber tract between each pair of nodes. We avoided including
extremely spurious connections in calculations by applying
thresholds in the connection matrices. The adjacency matrix was
thus made binary by applying a threshold to each element of
averaged FA, from 0.1—0.35 in o.oI increments. Using the same
cost (density of the nodes) is a common approach to group
comparisons. However, because we already know that average FA
is lower in MMD than in controls, using the same cost could
nullify any subtle decrease in FA for MMD. Therefore we explored
the graph measurements for a wide range of thresholds for FA
values in each connection.

Graph Theoretical Analysis
Overall network organization and node-specific measures were
calculated using the Brain Connectivity Toolbox (BCT; https://
sites.google.com/site/bctnet/).™ Brief descriptions of each of the
network properties are provided in the supplementary material.
The clustering coefficient (CC), characteristic path length (L),
normalized CC (v = CC/CCrand), and characteristic path length
(A = L/Lrand) were computed, where CCrand and Lrand
represent the average-weighted CC and shortest path length of
100 surrogate random networks with preserved edge weights. The
small-world index (¢) was calculated as y/A. Modularity (Ci),
which quantifies the degree to which the network may be sub-
divided into delineated groups,”™ was calculated by maximizing
the number of edges in a subgroup and minimizing the number
of edges between subgroups. Degree, local CC, and between-
ness centrality (BC) were calculated to examine the local
network characteristics of each brain region in the structural
network.™

Network-based statistics (NBS) were also used to identify pairs of
regions with altered structural connectivity.** Weighted adjacency
matrices were used to express the average FA per volume
connecting each pair of nodes in the whole-brain tractography. A
detailed description of this statistical procedure has been described
elsewhere.>* Briefly, a 2-sample t-test was performed for each pair of
regions in the AAL template, on the basis of the hypothesis that the
mean value of structural connectivity is equal between groups. Pairs
of regions with a t-statistic exceeding a P value of 0.05 (reflecting t =
1.68) were identified, as well as the number of edges (connected
components). The size of the largest connected component was
recorded after a total of 5000 permutations were tested. A corrected
P value for each observed component was then calculated using an
empirical null distribution of the maximum component size. The 2
hypotheses (controls > MMD and controls < MMD) were evaluated
independently. A summary of image processing and analysis is
presented in Figure 1.

Statistical Analysis

For the global network measures (o, v, A, and Ci), the average of each
network property was calculated as the area under the curve (AUC) in
the graph generated by the network parameters and FA values used
for threshold. AUC values for each network parameter were then
compared between groups using a permutation test performed
>10,000 times. Statistical significance was defined as P < 0.05.

Post-hoc analysis was also performed to explore the altered
network properties in regions. We employed a single threshold
value of 0.28 because this value yielded the most significant dif-
ferences in small-world properties (see “Results” later). In the
regional analysis, the permutation test was performed 10,000
times for the regional network characteristics (nodal degree, BC,
and local cluster coefficient) in all go brain regions. To explore
possible alterations in regional graph measurements, FDR-
uncorrected P values < o.05 were considered statistically signifi-
cant. However, because multiple comparisons were performed,
the false discovery rate (FDR) was also calculated by Benjamini-
Hochberg methods, using the R software package (https://www.
r-project.org/).”

The procedure for analyzing local connectivity using NBS is
described earlier. Graph metrics were tested for their correlation
with neuropsychologic performance. Pearson product-moment
correlation analysis was used for associations with the Wechsler
Adult Intelligence Scale-III scores (TMT A and B) and permutation
tests with >I10,000 repetitions for the WCST, Stroop test,
continuous performance task, and reading span test. A cutoff
value was applied to the last 4 tests. For all comparisons, P < 0.05
was considered statistically significant.

RESULTS

Global Network Connectivity

Normalized clustering coefficients (y) and normalized character-
istic path lengths (1) were lower at all threshold levels in patients
with MMD compared with controls (Figure 2). Small-world to-
pology (0 > 1) was observed in both control subjects and patients
with MMD (see Figure 2). Mean v, A, and ¢ were significantly
lower in the MMD than in the control group (P < o.o01,
Table 2). Modularity (Ci) measurements yielded 4 subnetwork
communities in each group that included anterior (thalamo-
frontal-striatal group) and posterior modules (parietal, temporal,
and occipital group) in each hemisphere. However, mean Ci did
not reach significance. Table 2 summarizes the global
parameters and statistics.

Local Node-Based Analysis

Next, we performed local node-based analysis using an adjacency
matrix at a single FA threshold level of 0.28, where the group
difference in ¢ was significant. In the control subjects, 18 cortical
hub regions (top 20%) were revealed in the nodal degrees,
including the insula (R, L), hippocampus (R, L), precuneus (R, L),
fusiform gyrus (R, L), precentral gyrus (R, L), calcarine sulcus (R,
L), anterior and middle cingulum (R, L), and middle frontal gyrus
(MFG; R, L). Eleven of go nodes in the MMD group exhibited
decreased nodal degree, and the right MFG, left MFG, and right
precuneus were among the 18 cortical hub regions that exhibited a
significant decrease (rt. MFG; P = 0.003, It. MFG; P = 0.005, rt.
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registration

AALtemplate

Graph measures

Clustering

viodularity
ree

Centrality

Network-based statistics

Figure 1. Flow chart for the construction of a white matter network and
calculation of graph indices. The illustration was generated from a single
subject used in the study. First, an FA image in native space was
coregistered to its corresponding T1-weighted image using an affine
transformation. The individual T1-weighted image was then nonlinearly
registered to the ICBM 152 template. Then, inverse transformation
matrix was obtained and applied to an automated anatomical labeling
(AAL) template in standard space. The resultant images correspond to a
customized AAL template for the individual’s native space.
Subsequently, for every pair of regions, whole brain deterministic
tractography was performed using the Diffusion Toolkit (http://trackvis.

Adjacency Matrix
(mean FA/tract volume)

Parcellationin Native space

™~

Whole brain tractography

org/dtk/). We used the average FA of linking fibers between node i to j.
An unweighted adjacency matrix was generated by applying a threshold
value to FA from 0.10—0.35 in 0.01 increments, in which the network
edges were defined as 1 if the average FA was above the threshold and
as 0 otherwise. Overall network characteristics and node-specific
organizational characteristics were computed via the Brain Connectivity
toolbox (https://sites.google.com/site/bctnet/) and compared between
patients and healthy controls. The network-based statistics (NBS)
approach uses pairwise comparisons to localize specific brain regions in
which structural connectivity was altered in patients with moyamoya
disease.??

precuneus; P = o0.007; FDR-uncorrected, Figures 3 and 4). Five
nodes exhibited a significant decrease in BC in the MMD group
(P < o.05, FDR-uncorrected): the left and right MFG, left sup-
plementary motor area, right precuneus, and left triangular part of
the inferior frontal gyrus (IFG; P < o.05, FDR-uncorrected, see
Figures 3 and 4; Table 3). The regional CC (C) decreased in 14 of
the go nodes (P < o0.05, FDR-uncorrected, see Figure 3), and this
decrease was observed primarily in the right parieto-occipital re-
gion. Additionally, decreased C was observed in nodes of patients
with MMD that typically displayed high C values in controls, which

were primarily localized to the posterior part of the brain (see
Figures 3 and 4). Table 3 summarizes the local graph
measurements.

Network-Based Statistics

NBS identified 3 subnetworks that exhibited reduced inter-regional
connectivity in patients with MMD (P < o.05, family-wise error
corrected). Network 1 comprised 8 nodes and 7 connections.
Figure 5 illustrates the reduced pairwise connectivity observed in the
left MFG-precentral gyrus, precentral gyrus-median cingulum,

4 WWW.SCIENCEDIRECT.comM
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Figure 2. Differences in global network parameters between patients with
moyamoya disease (MMD) and controls. Data points marked with an
asterisk indicate a significant difference between groups (P < 0.05). The
clustering coefficient and characteristic path lengths were normalized to
the corresponding regular graph and averaged over 100 times. The
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in controls. Normalized characteristic path length (1) was also reduced in
patients with MMD (Figure 1B). The small-world property was observed in
both patients with MMD and controls (¢ >> 1) but was reduced in patients
with MMD. Modularity (Ci), which indicates the quality of community
segregation (a higher value indicates a network clearly separated from
others), was reduced in patients with MMD.

MFG-insular, IFG (triangular part, orbital part)—insular, inferior
temporal (inferior temporal gyrus, fusiform gyrus)—insular (see
Figure 5; Table 4). Network 2 comprised 3 nodes and 2 connections
and exhibited reduced connectivity in the right precentral gyrus-IFG
(triangular part, rolandic operculum; see Figure 5). Network 3
consisted of 3 nodes and 2 connections, exhibiting reduced
connectivity in the superior parietal gyrus—middle occipital gyrus
and angular gyrus—middle occipital gyrus (see Figure 5). Pairwise
connectivity that was significantly reduced in patients with MMD
is summarized in Table 4.

Correlations of Graph Metrics with Neuropsychelogic
Examinations

In addition to the global graph measures, nodal degree and BC in the
MFG were used for the correlation analysis. In addition, the inter-
regional connectivity (connectivity strength) of 1 statistically sig-
nificant edges in NBS analysis was also used to analyze the imaging-
neuropsychologic data relationship. The WCST was associated with
connectivity between the triangular part of IFG and the left insula
(P = 0.03). TMT-A was associated with nodal degree in the left MFG
(r = 0.45; P < 0.05), and connectivity strength between the left

WORLD NEURDSURGERY R (HI: B-H, R 2016
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Small world (o) 3,07 (0.18) 2.83 (0.27) o 0.001
Cluster coefficient (y) 3.62 (0.24) 3.26 {0.36) 0.0001
Characteristic path length (A) 1.20 (0.02) 1.17 (0.01) 0.0007
Modularity (Ci) 0.51 (0.01) 0.50 (0.03) : 0.079

Degree

Betweenness centrality

Cluster coefficient

Rt.

Figure 3. Decreased (blue) and increased (red) local node measurements in
patients with moyamoya disease (MMD), indicating significant
between-group differences (P < 0.05, uncorrected). The size of each node
is proportional to the average value of each parameter (degree,
between-ness centrality [BC], and local cluster coefficient) in control
subjects. A decrease in degree was observed in the bilateral middle frontal
gyrus (MFQ), right precuneus (PCUN), inferior frontal gyrus triangular part
(IFGtring), supplementary motor area (SMA), paracentral lobule, superior
parietal gyrus, Heschl gyrus, olfactory cortex, inferior temporal gyrus, and

Lt. Lt. ' Rt.

fusiform gyrus. An increase in degree was observed in the caudate and
superior frontal gyrus medial orbital part (ORBsupmed). Three major
connecting nodes (blue) demonstrated significant reductions in BC, which
refers to a node located in the most frequent path between different
regions in patients with MMD. These regions were the left and right MFG,
the left SMA, and the left IFGtring and right PCUN (P < 0.05, uncorrected).
The local cluster coefficient, which refers to the fraction of a node's
neighbors that are also neighbors to each other, was reduced in the
striatum, thalamus, and parietal-occipital region of patients with MMD.
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Figure 5. Network-based statistics analyzed using adjacency matrices
composed of fractional anisotropy identified 3 subnetworks. Network 1
consists of 8 nodes and 7 connections (blue: nodes; lines:
suprathreshold edges; P < 0.05, component-wise corrected). Reduced
pairwise connectivity was observed in the left middle frontal
(MFG)-precentral (PrecG), PreCG-median cingulate (DCG),
MFG-inferior frontal (IFGtring), |FGtring-orbitofrontal (ORBinf),

IFGtring-insular {INS), and INS-inferior temporal (ITG). Network 2
consists of 3 nodes and 2 connections, and reduced pairwise
connectivity was observed in the right precentral (PreCG)-rolandic
operculum (ROL) and PreCG-IFG (IFGoperc). Network 3 consists of 3
nodes and 2 connections, and reduced pairwise connectivity was
observed in the right superior parietal (SPG)-middle occipital (MOG),
and angular (ANG)-MOG.
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attention were selectively affected. The investigation expands our
knowledge with respect to overall brain architecture, as well as the
neural substrates underlying cognitive dysfunction in patients
with MMD.**

Interpretations of Graph Theoretical Measurements

Graph theoretical analysis provides metrics that indicate segre-
gation and integration of distant cortical regions.” We found
the small world property in both control subjects and patients
with MMD; however, this property was reduced in patients
with MMD. The decline of the small world property is
attributed to a decrease in local segregation with preserved
global integration, indicating changes toward more random
organization in the overall brain network. Brain network
organization has been extensively studied in Alzheimer
disease, schizophrenia, and multiple sclerosis.” Despite their
differences in pathology, these diseases demonstrate similar
patterns of global network changes, namely increased path
length.”> In contrast to this observation in other disease
states, the decline in the global cluster coefficient and a
small-world topology with reduced characteristic path length
may be a unique network configuration in patients with MMD.
Furthermore, reduced degree and BC in the MFG and pre-
cuneus are consistent with vulnerability of network nodes with
high connectivity (i.e., hubs).”*

Although reduced regional cerebral blood flow and impaired
cognitive function show a strong predilection for the frontal lobe,
no specific WM pathways have been identified in association with
vascular cognitive impairment secondary to MMD.*>2%27 Here, we
identified the MFG; insular, dorsal cingulate cortex; and premotor
cortex as core structures that undergo network reorganization in
patients with MMD. The MFG is connected with the frontopolar
region, supplementary motor area, premotor cortex, and IFG by
intralobar short range U-shaped tracts and comprises the frontal
longitudinal system as an extension of the superior longitudinal
fasciculus.”® Previous study using task-induced functional MRI
revealed 2 distinct networks, including frontoparietal and cingulo-

opercular components,”® which are considered to participate
independently in goal-directed behavior.>® The frontoparietal
network consists of the dorsolateral prefrontal cortex, inferior
parietal lobe, dorsal frontal cortex, inferior parietal sulcus,
precuneus, and middle cingulate cortex. The cingulo-opercular
network includes the anterior prefrontal cortex, anterior insula/
frontal operculum, dorsal anterior cingulate cortex/medial supe-
rior frontal cortex, and thalamus.3° The frontoparietal network is
activated when initiating tasks, while the cingulo-opercular
network is activated during stable maintenance of a task.>® A
recent study using resting-state functional MRI isolated the
salience network (SN) from the executive network, which is
associated with the identification of cognitively relevant events so
as to guide flexible behavior.?" Network-based statistical analysis
in the present study revealed that networks 1 and 2 partly or
entirely include regions such as middle frontal gyrus (MFG),
insular, operculum, and dorsal cingulum. These regions are core
nodes of either the executive or salience networks. Network 1
included connections that could be associated with executive
dysfunction (MFG-precentral), attention deficit, and impaired
working memory. Although a smaller number of regions was
identified as exhibiting reduced connections in the right hemi-
sphere, we speculate that Network 2 represents portions of the
cingulo-opercular network. However, we were not able to find
functional associations for Network 3 because there is no known
neuropsychologic impairment attributable to the occipital regions
in adult MMD.

Clinical Applications

Graph theoretical analysis can be performed using structural (Tz,
DTI) and functional (resting state or task-enforced functional)
MRI data. Various graph-theoretical metrics can demonstrate the
organization of brain networks, which could predict current or
future cognitive impairment in chronic ischemia. In this study,
however, none of the global network measures was correlated with
the neuropsychologic examination scores. Impaired connections
would affect neurocognition to differing degrees. The lack of
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correlations suggests that weighting of specific connections may
be necessary. Nevertheless, we speculate that graph metrics can
serve as imaging markers for longitudinally tracking the integrity
of whole brain organization within patients. In particular, preop-
erative and postoperative evaluations using graph metrics may
shed light on the mechanisms underlying cognitive changes
associated with revascularization surgery.

Limitations

First, DTI and deterministic tractography have been applied in
previous clinical investigations,™*® but the method for calculating
interregional connectivity is not well established.”™3* Addition-
ally, DTI is hampered by crossing and kissing of fibers when
attempting to reconstruct multiple diffusion-orientations in-single
voxels. Second, U fibers -connecting adjacent gyri have also been
speculated to be vulnerable in ischemia, but this was not taken
into consideration in the current analyses. Third, the most severe
limitation lies in the definition of interregional connectivity. Pre-
vious studies have used binarization of connectivity matrices with
a cut-off value of 3 for the number of tract fibers when using
deterministic tractography. While this approach eliminates
spurious tracts from the analysis, the approach does not take into
account subtle alterations in WM tracts with abundant fibers. In
addition, adjusting the number of edges in the connection matrix
(wiring cost) between patients and controls should be considered
in group comparisons.®® However, applying the same number of
edges in a matrix consisting of FA values leads to a disregard of
subtle reductions in FA values observed in MMD patients.?

Therefore we applied a threshold to the connectivity matrix to
generate a binary matrix, which led us to identify consistent
relationships between patients with- MMD and controls.
Nevertheless, our results should be interpreted as preliminary
because the differences did not reach significant level at all
threshold values. Finally, cortico-subcortical parcellation is an
issue. It has been a matter of debate whether the lateral prefrontal
cortex should be considered unitary or heterogeneous in func-
tion,3** and current approaches for investigating the relationship
between neurocognitive performance and network parameters
may oversimplify the rather complex nature of brain functioning.

In conclusion, we used graph theoretical analysis to analyze
brain networks in patients with MMD. Using this approach, we
described whole-brain organization and local connectivity associ-
ated with cognitive impairment. Describing changes in brain or-
ganization in patients with MMD may be potentially useful for
monitoring the progression of their cognitive impairment and
understanding the capacity for neuroplasticity.
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SUPPLEMENTARY MATERIAL

Patients

Patients with MMD in the study were diagnosed with MMD ac-
cording to diagnostic criteria and the guidelines for MMD outlined
by the Research Committee on Spontaneous Occlusion of the
Circle of Willis (Research Committee on the Pathology and
Treatment of Spontaneous Occlusion of the Circle of Willis. In-
clusion criteria included the following: 1) >20 years of age, 2) no
apparent neurologic deficit due to stroke, and 3) no comorbid
illness that affected cognitive function. Exclusion criteria included
the following: 1) quasi-moyamoya syndrome with conditions such
as Down syndrome or neurofibromatosis and 2) cerebral in-
farctions >8 mm.

Assessment of the Neurocognitive Function

The interval between the neuropsychological tests and MRI was
<1 month. The WAIS-III provides the index scores for overall
intellectual ability (full-scale IQ; fIQ), verbal IQ, and motor IQ.
Four index scores representing major components of intelligence
such as verbal Comprehension Index (VC), perceptual reasoning
index (PR), working memory index (WM), and processing speed
index (PS) were also used in cognitive assessments. The WCST
measures the ability for strategic planning, organized search, and
utilization of environmental feedback to shift cognitive sets.”
Three indicators were calculated, including categories achieved
(CA), perseverative errors in Milner (PEM), and Nelson (PEN).
The Trail Making Test, Parts A and B assess the speed of
information processing and executive functioning, respectively.
The time to complete TMT-A and TMT-B was measured, and
the differences in score between TMT-A and TMT-B (B-A) were
calculated. The CPT measures a person’s sustained and selective
attention and impulsivity. The reaction time (RT) and number of
omission errors were measured. The Stroop test measures sus-
tained attention. A reaction time delay was examined in naming
the color of the word printed in an unmatched color. The RST is a
complex verbal test, which evaluates both storage and processing
(i.e., reading) elements of working memory.> The scores are
expressed as the total number and proportion of words
correctly recalled. We used cut-off values to classify patients on
the basis of neuropsychologic tests described in the previous
article.3

Scan Parameters

Ti-weighted, sagittal, 3-dimensional, magnetization-prepared
rapid acquisition gradient echo sequences that covered the
entire brain (128 slices, slice thickness 1.33 mm, repetition time
[TR] 2530 ms, echo time [TE] 3.39 ms, inversion time 1100 ms,
flip angle 7°, acquisition matrix 256 x 256, field of view [FOV]
256 x 256 mm?, average 1) were acquired. Diffusion tensor
images were acquired using a single-shot echoplanar imaging
sequence that covered the whole brain (49 axial slices, slice
thickness 2.5 mm with no interslice gap, TR 7200 ms, TE 104
ms, flip angle go°, 32 diffusion directions with b 1000 s/mm?,
and an additional image without diffusion weighting [i.e., b o s/
mm?], acquisition matrix 128 x 128, FOV 230 X 230 mm?
average 1).

Preprocessing Imaging Data

Data preprocessing included eddy current and motion artifact
correction of DTI data, calculation of the diffusion tensor, and
estimation of the probabilistic distribution of fiber orientations for
each voxel. Eddy current distortions and motion artifacts in the
DTI dataset were corrected by applying affine alignment of each
diffusion-weighted image to the b o image. After this, the diffu-
sion tensor elements were estimated by solving the Stejskal and
Tanner equation, and then the reconstructed tensor matrix was
diagonalized to obtain 3 eigen values (1, 2, and 3) and eigen
vectors. The probabilistic distribution of fiber orientations for
each voxel was estimated with a 2-tensor model.*>

Construction of Connectivity Matrix

A whole-brain fiber tracking was performed using the fiber
assignment by continuous tracking streamline tractography algo-
rithm in the Diffusion toolkit (http://vvww.tmckvis.org/).ﬁ’7 Stop
angle threshold was set to 35°. Anatomic parcellation was per-
formed using automated anatomic labeling (AAL).® A linear
transformation was applied within each subject’s DTI image
(b = o) and Tr-weighted image. The individual Tr-weighted im-
age was then nonlinearly registered to the ICBM 152 template
(Montreal Neurological Institute). Then, the inverse trans-
formation matrix was obtained and applied to the AAL template in
standard space. Ninety cortical and subcortical ROIs were used for
constructing the connectivity matrix. The whole-brain tractog-
raphy described earlier yields several parameters representing
connectivity in each pair of nodes across go brain regions. An
adjacency matrix was obtained by averaging FA by the volume of
the fiber tract connecting region. Construction of connectivity
matrices was performed in MATLAB R2o12b (Mathworks, Natick,
USA) and an open-source pipeline package (http://www.nitrc.org/
projects/panda/).®

Parameters of Graph Theoretical Analysis

Global networks are characterized by parameters associated with
integration (Eg; global efficiency, L; characteristic path length, A);
segregation (El; local efficiency, Ci; modularity, CC; cluster coeffi-
cient, v; normalized cluster coefficient); and architecture (C, 0;
small-world property, Hubs). The clustering coefficient is the
number of connections that exist between the nearest neighbors of a
node as a proportion of the maximum number of possible con-
nections.™® The characteristic path length (L) is the average shortest
path, where path represents the minimum number of edges that
must be traversed to go from one node to another.” Global
efficiency (Eg) is the inverse of path length (L).** A network with
high clustering (CC) in a relatively low diameter (L) is referred to
as a small world (0).”° In the present study, the clustering
coefficient, characteristic path length, normalized clustering
coefficient (Y = CC/CC rand), and characteristic path length (A =
L/Lrand) were computed, where Crand and Lrand represent the
average weighted clustering coefficient and shortest path length
of 100 surrogate random networks with preserved edge weights.
Modularity (Ci) quantifies the degree to which the network may
be subdivided into delineated groups.” Ci is calculated by
maximizing the number of edges in a subgroup and minimizing
the number of edges between subgroups.
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Degree, local clustering coefficient, and between-ness centrality
(BC) were calculated to examine the local network characteristics
of each brain region in the structural network.™ Degree indicates
the number of edges in the graph. BC is the fraction of all shortest

paths in the network that contain a given node.™ Nodes with high
BC values participate in a large number of shortest paths. A
detailed description regarding the data analysis using DTI and
graph theory has been provided in previous literature, >
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