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Abstract

Childhood obstructive sleep apnea (OSA) is a sleeping disorder commonly affecting
school-aged children and is characterized by repeated episodes of blockage of the upper
airway during sleep. In this study, we performed a graph theoretical analysis on the brain
morphometric correlation network in 25 OSA patients (OSA group; 5 female; mean age,
10.1 £ 1.8 years) and investigated the topological alterations in global and regional proper-
ties compared with 20 healthy control individuals (CON group; 6 females; mean age, 10.4 £
1.8 years). A structural correlation network based on regional gray matter volume was con-
structed respectively for each group. Our results revealed a significantly decreased mean
local efficiency in the OSA group over the density range of 0.32—0.44 (p < 0.05). Regionally,
the OSAs showed a tendency of decreased betweenness centrality in the left angular
gyrus, and a tendency of decreased degree in the right lingual and inferior frontal (orbital
part) gyrus (p < 0.005, uncorrected). We also found that the network hubs in OSA and con-
trols were distributed differently. To the best of our knowledge, this is the first study that
characterizes the brain structure network in OSA patients and invests the alteration of topo-
logical properties of gray matter volume structural network. This study may help to provide
new evidence for understanding the neuropathophysiology of OSA from a topological
perspective.

Introduction

Obstructive sleep apnea (OSA) is a common sleeping disorder that is associated with neurocog-
nitive impairment, chronically fragmented sleep and intermittent hypoxemia. Detrimental
effects of OSA include daytime sleepiness, impaired work performance, increased risk of vehic-
ular and industrial accidents, and a reduced quality of life [1]. Patients with OSA may also
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experience neurocognitive problems, such as deficits in memory, attention, and visuoconstruc-
tive abilities [2]. While the pathophysiology of the involvement of central nervous system dur-
ing OSA is still under debate, and investigations applying neuroimaging methodologies to
improve our understanding of brain alteration in individuals with OSA are needed.

Previous structural magnetic resonance imaging (sMRI) studies demonstrated that OSA
patients could be found with brain structure lesions [3, 4]. Voxel-based morphometry (VBM)
studies showed that OSA patients were commonly found with hippocampal atrophies [3, 4],
and significant reduced gray matter (GM) volume in the caudate nucleus [5], left insular region
[6], the frontal and temporo—parieto—occipital cortices [7], and cerebellar regions [3] has
also been reported. Besides, after treatment, GM volume was shown to be increased in hippo-
campal and frontal regions [8]. Furthermore, other studies also revealed that patients with
OSA showed alterations in white matter integrity and functional activation in a variety of brain
areas [9-11].

In recent years, graph theoretical analysis has become increasingly popular in the neuroim-
aging field. Network parameters calculated based on the quantification method of small-world
architecture [12] have been in widespread use to describe the topological properties of net-
works of different natures. For human brain, the network quantification methods provide a
unique framework to test the differences in topological organization of brain network [13].
When the human brain is considered as a complex network with nodes representing brain
regions containing neurons and edges representing neural connections, brain network proper-
ties can be calculated. Moreover, the brain structure networks based on morphometric mea-
sures of GM volume, cortical thickness, and surface area have been found to follow a small-
world network organization as suggested by the brain networks of other connectivity modali-
ties [14, 15]. Specifically, the structural brain network constructed using the group-level mor-
phometric covariance (i.e., pair-wise correlation between different brain regions across a group
of subjects) exhibits a good balance between segregated and integrated information processing,
i.e., a small-world architecture [16]. Compared with the healthy individuals, prior research has
shown alterations in topological properties of brain structural networks under disease status
[17-19]. In OSA patients, the brain structural changes [20, 21] as well as the connectivity alter-
ation of functional modalities [22, 23] was reported in previous studies, which may lead us to
investigate the hypothetical alterations in brain structure correlation networks.

In the present study, we constructed the brain networks based on morphometric correla-
tions of GM volume for OSA patients. Firstly we assumed that the brain structure network in
OSA patients could follow a small-world organization, on which basis we applied graph theo-
retical analysis to investigate the differences in global and regional topological properties of
structural brain networks between OSA patients and healthy individuals. We hypothesized
that OSA may be accompanied by significant alterations in brain structure network properties,
specifically, in global/regional topological properties or hub distribution. To the best of our
knowledge, this is the first attempt to characterize the brain structure network in OSA patients.

Materials and Methods
Subjects

Twenty-five patients (OSA group; 5 female; mean age, 10.1 + 1.8 years; age range, 7.0-13.7)
with OSA and twenty normal controls (CON group; 6 females; mean age, 10.4 £ 1.8 years; age
range, 7.6-13.7) were included in this study (Table 1). The study protocol was approved by the
Joint Chinese University of Hong Kong—New Territories East Cluster Clinical Research Ethics
Committee and informed written consents were obtained from both subjects and their parents.
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Table 1. Demographic and neurocognitive characteristics of obstructive sleep apnea subjects (OSA)

and controls (CON).

CON (n = 20) OSA (n =25) P-value
Age [mean(range)] 10.4 (7.6-13.7) 10.1 (7.0-13.7) 0.64
Gender (Male/Female) 14/6 20/5 0.50
OAHI [mean(range)] 0.1 (0.0-1.2) 8.1 (1.2-34.2) < 0.001
ICV [mean(range)] (cm®) 1360.1 (1121.6— 1343.0 (1123.1— 0.65

1594.1) 1510.7)
Body height [mean(range)] (cm) 133.9 (119.0-154.0) 136.1 (107.0-155.0) 0.60
Body weight [mean(range)] (kg)* 35.1 (22.5-59.0) 38.1 (16.6-64.7) 0.46
BMI [mean(range)] 19.1 (13.3-25.4) 20.1 (14.5-29.1) 0.47
IQ [mean(range)] * 116.1 (97.0-132.0) 112.5 (87.0-140.0) 0.39
Trail making test (Part A) [mean(range)] * 41.2 (24.6-63.0) 46.3 (30.0-99.0) 0.34
Trail making test (Part B) [mean(range)] * 98.6 (55.0-243.0) 93.0 (61.0-160.0) 0.69
Dominant 5 rows [mean(range)] (Seconds) * 70.3 (56.0-100.9) 73.6 (57.0-98.0) 0.41
Non Dominant 5 rows [mean(range)] 76.6 (59.0-119.0) 78.9 (28.0-113.0) 0.65
(Seconds) #
Family income (>15,000 HKD monthly) * 68.8% 70.6% > 0.999
Father's education (Secondary or above) # 88.2% 89.5% > 0.999
Mother's education (Secondary or above) # 88.2% 94.1% > 0.999

#: data with 3 missing subjects in CON group and 8 missing subjects in OSA group; OAHI = obstructive
apnoea hypopnoea index; ICV = intracranial volume; BMI = body mass index; 1Q = intelligence quotient;
HKD = Hong Kong dollar

doi:10.1371/journal.pone.0139055.t001

All the children were recruited from thirteen randomly selected primary schools from Hong
Kong. A validated questionnaire [24] was finished by the parent(s) of each subject. Exclusion
criteria included: 1) being ill within 4 weeks of polysomnography (PSG); 2) suffering from car-
diac, renal, and neuromuscular diseases; 3) physician diagnosed attention deficit hyperactivity
disorder (ADHD); 4) chromosomal abnormalities; 5) undergone upper airway surgery.

The obstructive apnoea hypopnoea index (OAHI) which was defined as the total number of
obstructive apnoeas, mixed apneas, and obstructive hypopnoeas per hour of sleep was used for
grouping. Because a standard diagnostic criteria for children OSA was not well established
[25], we adopted a criterion of OAHI = 1.2 to define childhood OSA, which is a widely used
childhood OSA definition [26]: the CON group (OAHI < 1.2 and history of snoring < 3 nights
per week); OSA group (OAHI > 1.2). Moreover, subjects with primary snoring (OAHI < 1.2
and history of snoring > 3 nights per week) were not included in case of a potential of misclas-
sifying with upper airway resistance syndrome (UARS). More details on PSG and definition of
OSA were referred to the previous works [27, 28].

Neurocognitive Function Assessment

In this study, the Trail Making Test (TMT) and Grooved Pegboard Test (dominant and non-
dominant 5 rows), which showed high sensitivity for OSA assessment by our previous study
[20], were adopted to reflect the cognitive function of subjects. TMT is a validated tool for
assessment of attention, speed of processing, mental flexibility and executive functions. It con-
tains two parts with Part A primarily emphasizing on the aspect of cognitive processing speed
and part B on executive functioning (see [29] and our previous work [20] for details). The
Grooved Pegboard Test which consists of a dominant hand trial and a non-dominant hand,
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examines the visual-fine motor coordination (see [20] for more details). In both TMT and
Grooved Pegboard Test, a shorter time for finishing the test reflects a better performance.
Besides, the Wechsler's Intelligence Scale for Children in Hong Kong (HK-WISC) [30] was
used to assess the intelligence quotient (IQ), which is a locally validated IQ assessment for chil-
dren. All these cognitive assessments were performed by an experienced psychologist.

MRI Acquisition

All the 45 subjects were examined using a 1.5T MRI scanner (Sonata, Siemens, Erlanger, Ger-
many) with a standard head coil. High resolution iso-voxel T1-weighted imaging (T1WT)
images covering the whole brain were obtained using the magnetization prepared rapid acqui-
sition gradient echo (MPRAGE) sequence with the following parameters: TR = 2070 ms,

TE =3.9 ms, TT = 1110 ms, flip angle = 15°, field of view = 230 x 230 mm, slice thickness = 0.9
mm (no gap), matrix = 256 x 256.

Structural Data Processing

Statistical Parametric Mapping (SPM8, Wellcome Department of Cognitive Neurology) with
the DARTEL toolbox was used to calculate the GM volume of ninety brain regions (regions of
interest, ROI) in accordance with the “Automatic Anatomical Labeling” (AAL) [31]. Firstly,
the image of each subject was visually inspected to exclude the cases with dramatic motion
artifact, and then reoriented to approximate the Montreal Neurological Institute (MNI) space.
Secondly, the brain images were segmented into GM, white matter, and cerebrospinal fluid.
Then the GM images were further normalized, Jacobian modulated, and transformed to tem-
plate space. To adapt the anatomical features of the pediatric brain, we used the TITWI tem-
plate of the pediatric template of brain perfusion (PTBP) along with its corresponding AAL
atlas, which is a population-specific template set based on the MRI data of 120 children with
7-18 years of age [32] Thirdly, an 8mm full width at half maximum (FWHM) isotropic
Gaussian kernel was used to smooth the GM images. Finally, the average GM volume within
each ROI of AAL was calculated and extracted using the WFU PickAtlas Toolbox imple-
mented in SPM8.

Correlation Matrices and Network Construction

Our correlation matrices were constructed based on pair-wise correlations between ROI
pairs (negative correlations were replaced with zero). The structural correlation between a
ROI pair of i and j was defined as the Pearson correlation coefficient between their mean GM
volumes across the subjects within a group. The linear regression was performed in each ROI
to regress out the effect of age and total brain volume. Thereafter, a correlation matrix R was
established for the CON and OSA group respectively by computing the structural correlation
between each pair of ROIs from all the ninety. Based on the matrix R, a matrix A was further
generated by binarizing the correlation coefficient with a selected threshold. The matrix A
was then considered to be an undirected graph G. The number of nodes N, two nodes of i & j,
network degree K, network density D respectively represent the number of all the ROIs, a
random pair of ROIs from the ninety, the number of edges, and the proportion of edges in
matrix A [33].

Threshold Selection

It should be noted that, if the same correlation coefficient level was adopted for two groups to
threshold the matrices R, the resulting networks would comprise different numbers of edges,

PLOS ONE | DOI:10.1371/journal.pone.0139055 September 28,2015 4/13



@’PLOS ‘ ONE

Brain Structure Network Changes in Obstructive Sleep Apnea

which would lead to the two networks uncomparable [34]. Therefore, we set the matrices R at a
range of network densities (D in—Dmax)> across which the network topologies of the OSA and
CON group were compared. Where D,,;;, was defined as the minimum density above which
both of the networks were not fragmented (0.14 for this study), and D, was set at 0.45 since
network with more than 45% edges was not likely biological [35].

Global Network Properties

In this study, we calculated network properties utilizing graph theory and chose graph theoreti-
cal measures to reflect the topological properties of the brain structural network [36]. The
quantitative method for topological architecture of a network was used here to reflect the abil-
ity of the brain network system to communicate and organize events [12]. Firstly, the charac-
teristic path length L was calculated as:

1
L= N(N —1) Zi#ecLU‘

In a graph G, L;; was the shortest path length linking i and j. Thus L was the mean of all the
shortest path lengths between two random nodes, and can be considered as a measure of net-
work integration, i.e., the ability of the network for integrating information at global level [37].
Secondly, the clustering coefficient C was defined as the mean of the local clustering coefficients
C; of all the nodes:

1 1
G = N(N, — 1) Zj,keNGil/ij’ C= ﬁzz'ecc"

Here G; is a subgraph of G, and the C is a measure of network segregation, reflecting the ability
of a network for processing information individually and locally.

The L and C were further normalized to better summarize the topological features by com-
paring to 1000 matched random networks, and then represented as A and y [12, 38, 39].

)“ = L/Lmnd7 Y= C/Cmnd

Then the small-worldness o was then defined as:
a=y/2

Moreover, the global efficiency Eg,1, and local efficiency Ej,. were introduced. Briefly, the effi-
ciency of a graph G E(G) was defined as the inverse of the harmonic mean of L; [33].

E(G) = mzfﬁwl/%

E(G) can be interpreted as Eg,p, when the whole network was considered to be the graph G.
When G represented a subgraph G;, the local efficiency Ej,. of the whole network can be thus
defined as the average of the efficiency E(G;) across all subgraphs included in the whole net-
work [33].

1
Eloc = NZieGE(Gi)

Briefly, the Eg o, measures the efficiency of information exchange at a global level. While
Ejoc reflects the connections within the subnetworks, thus reflecting the ability of a whole net-
work for regional information processing.
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Regional Network Properties and Hubs

Two nodal network measures of normalized betweenness centrality b; and normalized degree
k; were applied and compared between two groups using area under the curve (AUC) method
[40, 41]. The b; quantified the number of shortest paths of a node, thus was a measurement the
influence of a brain region over the information flow between itself and other regions. The k;
counted the number of edges of a node, thus measured the interaction of a region with the
whole brain network.

The hubs of the network in this study were defined as the nodes with high values of normal-
ized betweenness centrality (at least 1 standard deviation higher than the average betweenness).
The hubs were considered to be the brain regions playing significant roles in information trans-
ferring and integrating for whole brain communication [17].

Topological Metrics Comparison and Statistical Analysis

Differences in global and regional topological metrics (4, ¥, 0, Egiob Eioc> b1 and k;) between
OSA and CON groups were examined with a nonparametric permutation test [18, 42, 43]
implemented in the software of Graph Analysis Toolbox developed by Hosseini et al [42].
Briefly, the metrics were calculated at a given sparsity for each group. Then the subjects in both
groups were randomly assigned to either one of two groups of the same size as the original
OSA and CON groups. The correlation matrices for these two newly generated groups was
recalculated and binarized using the same threshold as in the real network. Finally the network
metrics were calculated for each random group and their differences were compared. One
thousand times of repetitions were performed to sample the permutation distributions of all
metrics differences, and a two-tailed p-value (0.05) were calculated based on its percentile posi-
tion. The regional metrics b;, and k; were compared over the density range of 0.14-0.45 using
AUC analysis. Due to the exploratory nature of this study, a less stringent threshold of

p =0.005 (uncorrected) was used to compensate for ninety times of comparisons.

Results
Demographic and Neurocognitive Information

There was no significant difference in age, gender, intracranial volume, body height, body
weight, body mass index, intelligence quotient, family income, father’s education, and mother’s
education between OSA and CON groups. Compared with CONs, OSA patients showed signif-
icantly higher OAHI (p < 0.001), as well as insignificantly longer time for finishing the TMT
(Part A) and Grooved Pegboard Test (dominant and non-dominant 5 rows). Detailed statistics
were summarized in Table 1.

Global Network Properties Changes

Over the density range of 0.14-0.45, both the networks of OSA and CON group exhibited effi-
cient small-world topology (A ~ 1, y >> 1, and ¢ > 1). The minimum density was determined
at 0.14, above which both of the networks were not fragmented. Over the density range of
0.32-0.44, the network of the OSA group showed significantly decreased E,,. (Fig 1). No statis-
tically significant difference was found in other global properties.

Regional Network Properties Changes

Compared with CONSs, increased b; of OSAs was found in the left olfactory and middle tempo-
ral pole, and decreased b; in the left angular gyrus, right middle frontal gyrus, and bilateral lin-
gual gyrus (p < 0.05, uncorrected). The k; was increased in the right inferior occipital gyrus,
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Fig 1. Global network properties. The normalized characteristic path length, normalized clustering
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coefficient, small-worldness, global efficiency, and mean local efficiency of obstructive sleep apnea patients

(OSAs) and normal controls (CONs) and their between-group comparisons.

doi:10.1371/journal.pone.0139055.g001

left olfactory, left postcentral gyrus, right inferior temporal gyrus, and bilateral thalamus, and
decreased in the right inferior frontal gyrus (orbital part), right middle frontal gyrus, and bilat-
eral lingual gyurs (see Table 2 for detailed statistics). Among those regions, the decreased b; in

left angular gyrus and k; in right inferior frontal and lingual gyrus were highlighted with a

p < 0.005 (Table 2 and Fig 2).
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Table 2. Between-group comparisons of obstructive sleep apnea (OSA) patients vs. controls (CON) in
regional network properties.

Betweenness Centrality Degree
names p-value names p-value
L. angular gyrus | 0.002* R. inferior frontal gyrus (orbital part) | 0.004*
R. middle frontal gyrus | 0.024 R. middle frontal gyrus | 0.028
L. lingual gyrus | 0.042 L. lingual gyrus | 0.009
R. lingual gyrus | 0.011 R. lingual gyrus | 0.002*
L. olfactory 1 0.033 R. inferior occipital gyrus 1 0.040
L. middle temporal pole 1 0.046 L. olfactory T 0.009
L. postcentral gyrus | 0.031
R. inferior temporal gyrus 1 0.029
L. thalamus 1 0.034
R. thalamus 1 0.015

L = left, R = right; 1/|: increased/decreased in OSA group compared with CON group;
*:p <0.005.

doi:10.1371/journal.pone.0139055.t002

Distribution of Hubs

Twelve and ten hub regions were identified respectively for OSA and CON groups (see detailed
information in Table 3 and Fig 3). Among these, all the hubs were different between OSA and
CON groups except that the left insular and right superior temporal gyrus were found to be
present in both groups.

Discussion

In our study, structural correlation network based on GM volume was constructed for each
group of OSA and CON respectively, and the between-group differences in structural brain

2 Betweenness Centrality
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Fig 2. Area under the curve (AUC) analysis of between-group comparison in the regional network
properties of normalized betweenness centrality and normalized degree across 0.14-0.45. The yellow-
red on the brain masks (the right half of the figure) labels the regions with higher regional metric and lightblue-
blue labels those with lower metric (p < 0.05, uncorrected) in obstructive sleep apnea patients (OSA) group
compared with control (CON) group, with the color bar represents log (1/p-value). The brain regions with a

p < 0.005 are labeled with * and illustrated with their names on the brain surfaces.

doi:10.1371/journal.pone.0139055.g002
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Table 3. Hub regions in the networks of obstructive sleep apnea patients (OSA) vs. controls (CON).

CON (n = 20) OSA (n = 25)

L. angular gyrus (ANG.L) R. angular gyrus (ANG.R)

R. inferior frontal (orbital part, IFOr.R) R. cuneus (CUN.R)

L. fusiform (FG.L) L. superior frontal gyrus (orbital part, SFOr.L)
R. fusiform (FG.R) L. insular (INS.L)

L. insular (INS.L) R. insular (INS.R)

R. lingual gyrus (LNG.R) L. olfactory (OFB.L)

R. pallidum (PLD.R) L. precuneus (PCUN.L)

R. Parahippocampal gyrus (PHIP.R) R. rectus (REC.R)

R. precuneus (PCUN.R) L. rolandic oper (RLN.L)

R. superior temporal gyrus (STG.R) L. superior temporal gyrus (STG.L)

R. superior temporal gyrus (STG.R)
R. thalamus (THL.R)

L = left, R = right.

doi:10.1371/journal.pone.0139055.t003

network properties were investigated. We found that the network of the OSA group suggested
a significantly decreased mean local efficiency. Besides, a tendency of regional topological dif-
ferences between two groups was noticed in several brain regions.

Global Network Measures

The structural networks of both OSA patients and normal controls followed a small-word
topological organization across a wide range of network densities. In line with previous studies,
our results have shown a small-world organization in brain structure network of healthy indi-
viduals [14, 15].

Our results showed decreased a mean local efficiency of the brain network in the OSA
group. According to previous studies, the mean local efficiency essentially quantifies how effi-
cient the communication is between the neighbors of a node i when i is removed. Therefore, it
essentially reflects the ability of fault tolerance of the network [33, 37]. Thus the current results

TG.R

ANG.R

OSA CON

Fig 3. Constructed structural networks and hubs for obstructive sleep apnea (OSA) group and control
(CON) group. The nodes are presented as spheres with the hubs are magnified in proportion to their b;
values and illustrated with the abbreviations of their names (see Table 3 for their corresponding full names).

doi:10.1371/journal.pone.0139055.g003
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may suggest a disrupted network architecture characterized by a status of higher vulnerability
of the OSAs’ brain as well as a decreased ability of the whole network for regional information
processing.

Regional Network Measures and Network Hub Analysis

Betweenness centrality and degree combined with hub analysis were used in our study to com-
pare the regional topological organization between two groups. Generally, though both the
OSA and CON showed a small-world network, the hubs included in the two networks were
largely different with only the left insular gyrus and right superior temporal gyrus being com-
mon between the two networks. The hubs of the CON network in our study were basically con-
sistent with previous findings [36]. Thus, the currently identified differences in the hub
distribution pattern perhaps underlie an altered regional topological organization of the brain
network of OSA.

Specifically, some regional findings in this study may be related to the neuropathological
characteristics of OSA. First, our results generally showed a more pronounced tendency of
change in the right hemisphere of OSA, which may be supported by a series of previous find-
ings of different modalities, e.g., resting-state functional MRI (rs-fMRI) [23], positron emission
tomography [44], VBM [7], and surface-based techniques [45]. Secondly, a deceased between-
ness centrality was noticed in the left angular gyrus, which could be in line with the previous
finding that the regional homogeneity value acquired from rs-fMRI was negatively correlated
with the sleep time in severe OSA patients [46]. Besides, given the angular gyrus is considered
to be a component of the default-mode network, the current findings may supplementally con-
firm the deficit of DMN in OSA proposed by previous studies [46, 47]. Thirdly, the change in
inferior frontal gyrus (IFG) which was identified to be significant in our study was highlighted
in at least two previous studies [48, 49] and was attributed to the language function. However,
a contradiction may be noted that a positive change was usually addressed in previous findings,
e.g., an increased activation. This finding may be interesting and possibly be a characteristic of
childhood OSA, since that the IGF which is closely related to language development in child-
hood may suggest a different alteration pattern. Fourthly, the decreased metrics of lingual
gyrus also collaborated with a series findings of different modalities [50, 51], and possibly
explained the deficit in spatial learning [52] and generating/recalling dreams [53, 54] in OSA.

Limitations

There are several limitations of this study should be addressed. Firstly, the small sample size of
this study may influence the confidence in the results. Thus future investigation with more sub-
jects included is still needed. Secondly, being different from brain network of other connectivity
metrics, the brain network based on structural correlation is not an individualized characteris-
tic but a within-group description, thus the correlation between network properties and clinical
measurements cannot be realized. Thirdly, the biological or functional significance of graph
theoretical measures (especially the structural covariance network) may remain controversial,
thus the results should be carefully interpreted.

Conclusion

In conclusion, we have investigated the brain structure network in OSA patients, which is
found to follow the small-world organization while suggests a decrease in its mean local effi-
ciency. Besides, the OSA’s network showed a tendency of decreased regional properties in the
left angular gyrus, the right lingual gyrus, and the inferior frontal gyrus. Moreover, the differ-
ence of network hub distribution also indicates an tendency of alteration in regional topological
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network organization in OSA. Our results may motivate future studies that investigate the
underlying mechanisms of OSA.

Supporting Information

S1 Data. Raw regional grey matter volume measurement from voxel-based morphometry.
This table contents the original data of age, intracranial volume, and measured grey matter vol-
ume of 90 brain regions for each subject.
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