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Purpose: Obstructive sleep apnea (OSA) is a common sleep-related breathing disorder that
can damage cognitive function. However, the functional network organization remains poorly
understood. The aim of this study was to investigate the topological properties of OSA patients
using a graph theoretical analysis.

Patients and methods: A total of 30 male patients with untreated severe OSA and 25 male
education- and age-matched good sleepers (GSs) underwent functional magnetic resonance
imaging (MRI) examinations. Clinical and cognitive evaluations were conducted by an expe-
rienced psychologist. GRETNA (a toolbox for topological analysis of imaging connectomics)
was used to construct the brain functional network and calculate the small-world properties
. A o, Eglob’
neuropsychological assessments were investigated in OSA patients.

and E, ). Relationships between these small-world properties and clinical and

Results: The networks of both OSA patients and GSs exhibited efficient small-world topology
over the sparsity range of 0.05-0.40. Compared with GSs, the OSA group had significantly
decreased v, but significantly increased A and 6. The OSA group’s brain network showed
significantly decreased E, 0 (P<<0.05) over the sparsity range of 0.09-0.15, but significantly
increased E, over the sparsity range of 0.23-0.40. In OSA patients, Y was significantly negatively
correlated with apnea—hypopnea index (AHI; »=—0.326, P=0.015) and Epworth Sleepiness
Scale (ESS; r=—0.274, P=0.043), A was significantly positively correlated with AHI (»=0.373,
P=0.005) and ESS (r=0.269, P=0.047), and ¢ was significantly negatively correlated with AHI
(=—0.363, P=0.007) and ESS (r=—0.295, P=0.029).

Conclusion: Our results suggest that the high degree of local integration and integrity of the
brain connections in OSA patients may be disrupted. The topological alterations of small-world
properties may be the mechanism of cognitive impairment in OSA patients. In addition, G, v,
and A could be used as a quantitative physiological index for auxiliary clinical diagnoses.
Keywords: obstructive sleep apnea, cognitive impairment, small-world, functional MRI,
topological properties

Introduction

Obstructive sleep apnea (OSA) is a common multisystem chronic disorder and the
most common type of sleep apnea, and it is characterized by recurrent episodes of
partial (hypopnea) or complete (apnea) blockage of the upper airway during sleep.
These blockages result in irregular oxygen desaturation (cyclical intermittent hypoxia),
intermittent hypercapnia, repetitive arousals, and sleep fragmentation. OSA affects
approximately 5.7%-6.0% of middle-aged men and 2.4%-4.0% of middle-aged
women.' Its prevalence in older populations is 24%-30%.? The deleterious effect
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of OSA includes excessive sleepiness, increased risk of
traffic accidents, impaired work performance, depression,
fatigue,® anxiety, a worsening quality of life, increased risk
of metabolic dysfunction,* cardiovascular disease,’ neu-
rocognitive deficits,® stroke,” and death.® The detrimental
neurocognitive effects of OSA include cognitive deficits
(eg, impaired attention and memory), psychomotor dysfunc-
tion, and decreased vigilance.”!® Sleep fragmentation and
repetitive nocturnal hypoxia have been considered the main
contributory mechanisms of neuropsychological impairment
in OSA patients, but the pathophysiological mechanism of
the neurocognitive deficits and the underlying basis for the
development of neurocognitive dysfunction in OSA patients
remain largely unclear. Neuroimaging methodologies have
been widely used to improve our understanding of cognitive
dysfunction in OSA patients.

Previous resting-state functional magnetic resonance
imaging (Rs-fMRI) studies in OSA patients have primarily
focused on functional abnormalities and structural changes
in brain regions, and they have found these changes to be
associated with cognitive function deficits. OSA patients
showed altered resting-state functional connectivity (Rs-FC)
in the cerebellar, frontal, parietal, and temporal'' areas
and selectively impaired Rs-FC between the default mode
network (DMN) and right anterior insula'*"* and the DMN
subregions.'* Previous studies have shown abnormal local
spontaneous activity in OSA patients using amplitude of
low-frequency fluctuation (ALFF)' and regional homoge-
neity (ReHo) analyses,'® providing an imaging indicator for
assessing cognitive dysfunction in OSA patients. Previous
studies demonstrated damaged gray matter concentration,
regional gray matter volume, or white matter integrity'”!®
in brain regions using diffusion tensor imaging (DTI) or
voxel-based morphometry (VBM), including the bilateral
anterior cingulate gyrus,'’ cerebellar regions,? left and right
hippocampus,? superior and inferior frontal regions,? and
anterior corpus callosum.?’ However, the brain is a complex
and advanced information processing system that coordinates
different functional brain regions. It is necessary to study the
global topological properties of brain functional networks in
OSA patients.

The human brain system has very diversified and impor-
tant topological properties, such as small-world properties,
high efficiency, and efficient nodes.? In graph theory, nodes
and edges connecting nodes are two basic elements of a net-
work (ie, graph), where nodes represent anatomically defined
regions, and edges indicate the relationships between those
nodes.?* Compared with the widely used Rs-fMRI analytical

methods (eg, ReHo, ALFF, Rs-FC, and independent compo-
nent analysis), graph-based network analysis allows us not
only to quantitatively characterize the global organization
but also to visualize the overall connectivity pattern among
all elements of the brain, such as brain regions. In addition,
this approach offers a better understanding of topological
reconfiguration of the brain,>’ and it plays an indispensable
role in elucidating and describing the topological properties
of the structural and functional brain network systems.

Previous studies using graph-based theoretical approaches
in several brain and psychiatric disorders, such as pediatric
post-traumatic stress disorder,?®?’ Alzheimer’s disease,?®
depression,” epilepsy,**3! and schizophrenia,*>* have shown
that patients have alterations in topological properties of brain
function. Watts and Strogatz** first proposed the small-world
network (characterized by a short path length between brain
regions and a high degree of clustering, with high global
integration between different brain regions and high local
specialization), which corresponds to an intermediate state
between a random network and a regular network.** In our
previous studies, OSA patients exhibited specific abnormal
intrinsic functional hubs, including relatively reduced voxel-
wise degree centrality (DC) in the bilateral posterior cingulate
cortex, bilateral inferior parietal lobule, and left superior
frontal gyrus, in response to destructive aspects and relatively
increased DC in the bilateral lentiform nucleus, putamen,
and bilateral cerebellum posterior lobes that are associated
with functional adaptive responses.*® Luo et al*’ constructed
the structural network based on brain gray matter volume in
childhood OSA patients and used graph theoretical analysis
to identify alterations in topological properties, decreased
local efficiency, and decreased regional properties in the
right lingual gyrus, inferior frontal gyrus, and left angular
gyrus. However, several questions remain: How has the
efficient small-world topology of OSA patients been altered,
which can be investigated using Rs-fMRI? How does OSA
affect the global topological organization of functional brain
networks? It is intriguing to investigate whether topologi-
cal abnormalities exist in the functional brain networks of
OSA patients.

We hypothesized that OSA patients may also undergo
alterations in small-world topology that are relevant to
consciousness disturbance and cognitive impairment, and
these alterations may be related to the severity of cognitive
dysfunction in OSA patients. To test our hypothesis, we
constructed functional brain networks based on graph theo-
retical analysis in OSA patients and good sleepers (GSs) and
then used graph theory analysis to investigate the topological
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properties of the functional brain networks of untreated male
patients with severe OSA. Next, we evaluated the relation-
ships between the topological properties and clinical and
neuropsychological data.

Patients and methods

Participants

The study protocol was approved by the Human Research
Ethics Committee of the First Affiliated Hospital of
Nanchang University, and written informed consent was
provided by all participants. A total of 30 untreated, newly
diagnosed, right-handed male patients affected by severe
OSA and 25 right-handed, male, education, and age-matched
GSs were recruited from the Sleep Monitoring Room of the
Respiratory Department at our hospital from June 2013 to
December 2015. The inclusion criteria for OSA patients
were as follows: 1) an apnea—hypopnea index (AHI) >30,
and 2) age older than 22 years but younger than 60 years.
GSs had to have an AHI <5, regular sleep—wake cycles,
and normal neurological and psychiatric examinations. The
exclusion criteria for both the OSA patients and GSs were as
follows: 1) other sleep disorders (primary insomnia, restless
legs syndrome, or a sleep-related eating disorder), 2) history
of clinical injury, 3) the presence of a major cardiovascu-
lar problem, 4) a structural lesion on the brain MRI scan,
5) central nervous system disorders (head injury, psychosis,
neurodegenerative diseases, hypothyroidism, epilepsy, or
depressive disorder), or 6) illicit drug or alcohol abuse. Each
participant underwent a detailed clinical interview, a cogni-
tive assessment with the Epworth Sleepiness Scale (ESS), the
Montreal Cognitive Assessment (MoCA) Chinese version,
and overnight polysomnography (PSG).

Overnight PSG and neuropsychological

assessments

All OSA patients and GSs underwent overnight PSG before
the fMRI brain scan. Before the overnight PSG, each subject
was asked to refrain from alcoholic or caffeinated beverages
and sleep medications for at least 24 h. Overnight PSG was
conducted from 10 pm to 6 am the next morning. Standard
overnight PSG was performed on all patients with OSA and
GSs using the Respironics LE-Series Physiological Monitor-
ing System (Alice 5 LE; Respironics, Orlando, FL, USA)
in the sleep center of our hospital. The following variables
were recorded: standard electroencephalogram (EEG),
electrocardiogram (ECG), electrooculogram (EOG), chin
electromyogram (EMG), oral and nasal airflow, thoracic and
abdominal ventilatory movements, oxygen saturation (Sa0,),

body posture, and snoring. The AHI was calculated as the
average of the total number of hypopnea and apnea events
per hour during sleep. An obstructive apnea was defined as
a reduction in airflow =90% for more than 10 s associated
with continued inspiratory effort, and hypopnea was defined
as a decrease in airflow =30% lasting at least 10 s and
accompanied by 4% or greater oxygen desaturation or with
EEG arousal, according to the American Academy of Sleep
Medicine guidelines.*® All study data were scored by a PSG
technician and reviewed by an experienced sleep medicine
physician. All participants completed a self-reported sleep
questionnaire using the ESS and MoCA (Chinese version)
by an experienced psychologist. The ESS asks the participant
to rate his/her probability of falling asleep in different situ-
ations.* ESS scores range from 0 to 24, with a score higher
than 6 suggesting sleepiness, a score higher than 11 indicating
excessive sleepiness, and a score higher than 16 suggesting
risky sleep. The MoCA is a rapid screening assessment tool
for mild cognitive impairment. It can evaluate subjects’
executive function, attention, memory, naming, calculation,
language, abstraction, and orientation. The maximum pos-
sible score is 30. A score of 26 or less indicates the presence
of mild cognitive impairment. When the number of years
of schooling is less than 12, one point is added to adjust for
educational bias.*

MRI data acquisition

MRI data were obtained on a 3-T MR scanner with an
eight-channel head coil (Siemens, Erlangen, Germany) in
our hospital. All participants were required to relax, keep
their eyes closed, and not fall asleep during the MRI scans.
Earplugs and an eye patch were used to simulate a resting
state. Head movement was decreased by foam pads. Data
collection started with a series of localizer scans used to
orient the following functional scans. Then, conventional
T1-weighted imaging (repetition time [ TR]=250 ms, echo time
[TE]=2.46, field of view [FOV]=220x220 mm, slices=19,
slice thickness=5 mm, gap=1.5 mm) and T2-weighted
imaging (TR=4,000 ms, TE=113 ms, FOV=220x220 mm,
slices=19, slice thickness=5 mm, gap=1.5 mm) were
obtained. A total of 240 Rs-fMRI images from 30 contigu-
ous echo-planar imaging (EPI) scans were collected axi-
ally with the following parameters: TR=2,000 ms; TE=30;
flip angle=90°; FOV=230x230 mm; thickness=4.0 mm;
gap=1.2 mm; acquisition matrix=64x64; and 30 axial slices.
Finally, a high-resolution, three-dimensional T1-weighted
anatomical image from 176 sagittal slices (TR=1,900 ms;
TE=2.26 ms; flip angle=9°; FOV=250%x250 mm;
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thickness=1.0 mm; gap=0.5 mm; matrix=256x256) was
collected using a magnetization-prepared rapid gradient
echo sequence.

Data preprocessing

Initially, all the conventional T1- and T2-weighted imaging
was reviewed by two senior radiologists in the Department of
Radiology to exclude macrostructural brain lesions. Functional
images were checked using MRIcro software (www.MRIcro.
com) to eliminate defective data. All of the resting-state
functional images were preprocessed by DPARSFA software
(http://rfimri.org/DPARSF) and Statistical Parametric Mapping
(SPMS; http://www.fil.ion.ucl.ac.uk/spm), which is based on
MATLAB 2010a (Mathworks, Natick, MA, USA).*! Prior to
preprocessing, the first 10 volumes of Rs-fMRI images were

discarded to allow the participants to adapt to the scanning
environment and stability magnetization. For each datum, the
remnants of 230 volumes were corrected for differences in
slice acquisition times using digital imaging and communica-
tions in medicine form transformation, because higher-order
models benefit from the removal of head motion effects.*
Based on the head motion criteria, participants were excluded
if they had more than 2.0 mm of maximum displacement in
any of the x, y, or z directions and 2.0° of any angular motion
throughout the entire fMRI scan. None of the participants were
excluded. Subsequently, all functional data were spatially
normalized into standard Montreal Neurological Institute
(MNI) space using an EPI template, resampled to 3x3x3 mm*
voxels, and smoothed with a 6-mm full-width at half-max-
imum Gaussian kernel. Finally, a temporal band-pass filter
(0.01-0.08 Hz) was applied to the data to reduce the effects
of low-frequency drift, high-frequency physiological respira-
tory and cardiac noise, and time series linear detrending. To
further reduce the possible effects of confounding factors,
the six Friston head motion parameters, global signal, white
matter regions, and ventricular and cerebrospinal fluid were
regressed from the time series of all voxels by linear regres-
sion® and were then used for the functional brain network
construction and graph theory analysis.

Brain network construction
We used GRETNA (www.nitrc.org/projects/gretna/), a

graph theoretical network analysis toolbox for imaging
connectomics, to construct the functional brain network.*
The entire cerebral cortex was parcellated into 90 cortical
and subcortical anatomically defined regions according
to Automated Anatomical Labeling (AAL),* and the
mean time series for each of the 90 regions was extracted.

Pearson’s correlation coefficients for each pair of regions
were computed for the mean time series for each of the
90 regions, and Fisher’s z transformation was performed to
turn the data into a z-value that was close to a normal distri-
bution. Then, the graphic model of the brain functional net-
work was constructed by a binary connection matrix, which
was converted by the z-values with a selected threshold of
the relation matrix.

Threshold selection

To construct the undirected binarized networks and ensure
that the resulting graph metrics were robust, the weights of
the brain functional network must to be thresholded; how-
ever, there is no unified standard for threshold selection.
Therefore, we employed sparsity (Sp, defined as the existing
number of edges in a graph divided by the maximum pos-
sible number of edges) instead of correlation coefficients as
the threshold metrics for all the correlation matrices in this
study. At the same time, we set the sparsity at a range of
network densities, across which the network topologies of the
OSA and GSs groups were compared. Based on the previous
studies, we set the sparsity of the brain functional network
range to 10%—50%, resulting in a more efficient functional
network that was more in line with the characteristics of
a brain functional network than a random network,* and
the number of spurious edges was minimized. Therefore,
we computed the network properties over a wide range of
sparsity (0.10= Sp =0.50),

Sp:%

where e is the existing number of edges in the network, and m
is the maximum possible number of edges in the network.

Global network properties

In this study, we used the graph theory method to reflect the
noninvasive characterization of the topological changes in
the brain functional network and calculated the properties of
the network.* Small-world network parameters, including the
clustering coefficient (C) and the characteristic path length
(Lp), can characterize small-world models and were originally
proposed by Watts and Strogatz.>* In this study, we employed
the normalized clustering coefficient (), the normalized
characteristic path length (A), small-worldness (G), and
brain network efficiency (the global efficiency, E, o and the
local efficiency, E, ) to quantify the small-world behavior
of the functional networks.
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Normalized clustering coefficients, ¥

The clustering coefficient (C) of a node i (C)) is defined as
the likelihood that the nearest neighbors of a given node i
are connected to each other.** The clustering coefficient of a
network (G) is a metric quantifying the strength of network
segregation, defined by the average of the clustering coeffi-
cients across nodes in the network. The clustering coefficient
(C,) was computed as follows:

i k (kl 1)]2( ij 1h _]h

heN

The clustering coefficient (C) is

1 .
CZEZEGGI

where £, represents the number of edges connected to the
node i, and W, is equal to the weight between node i and j; N
represents all nodes in the network. The C, values were fur-
ther normalized, and the normalized clustering coefficients,

vy=C were computed.?’

real rand’

Normalized characteristic path length, A
The characteristic path length is the most commonly used
measure of network information integration (a shorter L
indicates stronger potential integration),** and it is quantified
as the average of the shortest path length between all pairs
of nodes in the network:

1
HO=y (N-1) ZL

where N is the number of nodes in the network, and Lij is the
shortest path length between nodes i and j in a network G.
The L values were further normalized, and the normalized
characteristic path length, A=1_ /L

real ~rand’®

was computed.

Small-worldness, 6

If a network has a much higher C and a similar L compared
with 100 matched random networks, then it can be sum-
marized as a small-world network.*® The small-worldness,
G =Y/A, is typically >1 for small-world networks.>*

Small-world efficiency

Brain functional networks have economical small-world
properties that support the efficient transfer of parallel informa-
tion at relatively low cost.?* The network efficiency represents

the capacity to exchange parallel information. The global
efficiency By in a network is defined by the mean shortest
path length,* which can be measured as follows:

T
TN (N-D) A L
where L, is the shortest path length between node i and node
j in G, and N represents all nodes in the network.
The local efficiency of G, defined as the average of the
efficiency E(G)) across all subgraphs included in the entire
network, was computed as*

G)=

Z E glob

1eG

loc

where E o (G, is the global efficiency of G,, the subgraph
of the neighbors of node i.

Statistical analysis

The demographic and clinical characteristics of the OSA
patients and GSs were analyzed by independent two-sample
t-tests (significance set at P<<0.05) using IBM Statistical
Package for the Social Sciences 19.0 software (IBM SPSS
Inc., Chicago, IL, USA). Over a wide range of sparsity
values, the following brain network metrics were quantified
using GRETNA, including v, A, G, Eglob, and E,_, which were
calculated in both the OSA and GS groups. We performed
statistical comparisons of topological measures between
the two groups using a two-sample f-test (P<<0.05) for each
value. We investigated the relationship between properties
(Y, A, and ©) of the brain functional networks and clinical and
neuropsychological assessments (AHI and ESS) in patients
with OSA using a linear correlation analysis over the sparsity
range in which the small-world property was statistically sig-
nificant. P<<0.05 was considered statistically significant.

Results

Demographic and clinical characteristics

As shown in Table 1, the patients with OSA had sig-
nificantly higher scores for body mass index (BMI; 7=6.57,
P<0.001), AHI (#=15.59, P<<0.001), SaO, <90% (1=7.51,
P<0.001), arousal index (Al; 1=7.76, P<<0.001), stage 1 of
non-rapid eye movement sleep (1=6.10, P<<0.001), and ESS
(#=8.90, P<<0.001) but significantly lower scores for rapid
eye movement (REM) sleep (==—8.03, P<<0.001) and MoCA
(t=-5.09, P=0.036) than the GSs. There were no significant
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Table | Demographic and clinical characteristics of OSA patients 1801

and GSs — OSA group
GSs group

Characteristics OSA (N=30) GSs (N=25) P-value*

Age, years 383184 39.5+8.0 0.586 1.60

Education, years 11.943.1 10.8+3.8 0214

BMI, kg/m? 28.0+3.6 22.9+2.1 <0.001* < 1.40-

AHI, per hour 62.5+19.2 2.2%1.2 <0.001*

520, <90%, % 30.0+21.7 0.240.2 <0.001*

Al, per hour 4434227 11.843.0 <0.001* 1201

Total sleep time, min 365.9£39.2 397.4+24.9 0.001*

REM, % 9.5+8.7 20.416.9 <0.001* 1.00-

Stage | of NREM sleep, %  32.5%19.3 10.6+4.0 <0.001* 7T

Stage 2 of NREM sleep, %  43.3+16.7 48.616.4 0.112 8882225883303 8358

Stage 3 of NREM sleep, %  14.8+10.8 21.0+5.2 0.008* eeeeeeeeeeoeoeoeeS

ESS 1.6:4.6 L1£1.] <0.001% Sparsity

MoCA 25.7+2.3 27.1+2.3 0.033*

Notes: SaO, <90%, percentage of total sleep time spent at an oxygen satura-
tion <90%. Data presented as mean + standard deviation. *P<<0.05 is considered
statistically significant.

Abbreviations: AHI, apnea—hypopnea index; Al, arousal index; BMI, body mass
index; ESS, Epworth Sleepiness Scale; GSs, good sleepers; NREM, non-rapid eye
movement; OSA, obstructive sleep apnea; REM, rapid eye movement; MoCA,
Montreal Cognitive Assessment.

differences in age (=0.591) or education (#=0.182) between
the patients with OSA and the GSs.

Change in brain functional network
topological properties

Over the sparsity range of 0.05-0.40 (step =0.01), both the
OSA and GS groups exhibited high-efficiency small-world
topology (y= Cp/Cr >1,and A= Lp/Lr =1). Compared with
the GSs, the y of the OSA group was significantly decreased

5.00 A
— OSA group
GSs group
4.00
> 3.00+
2.00 A
1.00 4
N N Y A Y
COO T - - AN ANANNNOOMOOMHOO®M
C0O00O0CO0O0O00000O0O0O0O0O0O
Sparsity

Figure | Comparison of brain functional network y values between the OSA group
and GSs at a sparsity range of 0.05-0.40.

Notes: Compared with that of the GSs, the y of the OSA group was significantly
decreased (P<<0.05). OSA group, patients with OSA; 7y, normalized clustering
coefficient; sparsity: 0.05-0.40.

Abbreviations: OSA, obstructive sleep apnea; GSs, good sleepers.

Figure 2 Comparison of brain functional network A values between the OSA group
and GSs at a sparsity range of 0.05-0.40.

Notes: Compared with that of the GSs, the A of the OSA group was significantly
increased (P<<0.05). OSA group, patients with OSA; A, normalized shortest path
length; sparsity: 0.05-0.40.

Abbreviations: GSs, good sleepers; OSA, obstructive sleep apnea.

(P<0.05, Figure 1), whereas the A of the OSA group
was significantly increased (P<<0.05, Figure 2). The ¢ of the
OSA group was significantly decreased (P<<0.05, Figure 3).
E, ., of the OSA group was significantly lower than that of
the GS group at the sparsity range of 0.09-0.15 (P<<0.05,
Figure 4). E,  of the OSA group was significantly higher
than that of the GS group in the sparsity range of 0.23-0.40
(P<<0.05, Figure 5).

Relationships between network

properties and clinical variables

As shown in Table 2, when the sparsity was 0.25, the dif-
ference in ¢ between the OSA patients and GSs was the
greatest. In the OSA group and the normal control group, the
differences in the small-world characteristics were greater
under the condition of a sparsity of 0.25. Therefore, we
chose the three statistical characteristics (Y, A, and 6) under
the condition of a sparsity of 0.25 for the correlation analysis
with AHI and ESS. We found that in OSA patients, y was
significantly negatively correlated with AHI (r=—0.326,
P=0.015) and ESS (r=—0.274, P=0.043), A was significantly
positively correlated with AHI (=0.373, P=0.005) and ESS
(r=0.269, P=0.047), and ¢ was significantly negatively cor-
related with AHI (»=—0.363, P=0.007) and ESS (r=—0.295,
P=0.029) at a sparsity of 0.25 (Figure 6).

Discussion
In our study, the small-world network of OSA patients
and GSs was constructed respectively, and then we used

submit your manuscript

1476

Dove

Neuropsychiatric Disease and Treatment 2017:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Disrupted small-world brain functional network topology in OSA patients

3.007 — OSA group
GSs group
2.504
© 2.00
1.50 1
1.00 -
NP CEOONDCONOND =D~ D
QOO T~ - ANANANANNOMOO®MOM®M
[cN-N-N-N-N-NoNeN-NoNoNeNoNoNoN-Noal
Sparsity

Figure 3 Comparison of brain functional network ¢ values between the OSA group
and GSs at a sparsity range of 0.05-0.40.

Notes: Compared with that of the GSs, the ¢ of the OSA group was significantly
decreased (P<<0.05). OSA group, patients with OSA; G, small-worldness; sparsity:
0.05-0.40.

Abbreviations: GSs, good sleepers; OSA, obstructive sleep apnea.

graph-based theoretical approaches to analyze the small-
world topology based on Rs-fMRI in untreated male patients
with severe OSA. The results revealed that both the OSA
patients and GSs exhibited efficient small-world networks;
however, individuals with OSA had a decreased normal-
ized clustering coefficient (y), small-worldness (), and
global efficiency (E, ) and an increased normalized shortest
path length (A) and local efficiency (E, ), which implies a
disturbance in the global integration of the functional brain
network. Furthermore, we found that some key abnormalities
in small-world network properties were related to clinical
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Figure 4 Comparison of brain functional network E_, values between the OSA
group and GSs at a sparsity range of 0.05-0.40.

Notes: Compared with that of the GSs, the E,, of the OSA group was significantly
lower in the sparsity range of 0.09-0.15 (P<<0.05). OSA group, patients with OSA;
E, . global efficiency; sparsity: 0.05-0.40.

Abbreviations: GSs, good sleepers; OSA, obstructive sleep apnea.
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Figure 5 Comparison of brain functional network E__ values between the OSA
group and GSs at a sparsity range of 0.05-0.40.

Notes: The E__ of the OSA group was significantly higher than that of the GSs in
the sparsity range of 0.23-0.40 (P<<0.05). OSA group, patients with OSA; E
efficiency; sparsity: 0.05-0.40.

Abbreviations: GSs, good sleepers; OSA, obstructive sleep apnea.

local

loc’

variables as follows: y was negatively correlated with AHI
and ESS, A was positively correlated with AHI and ESS, and
o was significantly negatively correlated with AHI and ESS.
The key question is what these abnormalities mean and how
they affect brain function.

Previous brain Rs-MRI studies in OSA patients have
revealed alterations in cerebellar, frontal, parietal, temporal,

Table 2 P-values of three statistical comparisons between OSA
patients and GSs with two-sample t-tests

Sparsity P(y) P ) P (o)
0.05 0.474 0.837 0.308
0.07 0.183 0.473 0.075
0.09 0.051 0.059 0.04
0.11 0.058 0.038 0.033
0.13 0.048 0.006 0.021
0.15 0.026 0.01 0.014
0.17 0.016 0.005 0.011
0.19 0.048 0.003 0.009
0.21 0.010 0.001 0.006
0.23 0.005 0.001 0.006
0.25 0.008 0.001 0.005*
0.27 0.010 0.001 0.006
0.29 0.005 0.002 0.007
0.31 0.009 0.006 0.007
0.33 0.004 0.013 0.007
0.35 0.005 0.014 0.006
0.37 0.007 0.031 0.006
0.39 0.003 0.058 0.007

Notes: The 6-values of both the OSA patients and GSs showed the greatest difference
at a sparsity of 0.25 based on the two-sample t-test. *The minimum P-value of brain
functional network small-worldness in both the OSA patents and GSs in the two-
sample t-test. y, normalized clustering coefficient; A, normalized shortest path length;
o, small-worldness; sparsity, 0.05-0.40.

Abbreviations: GSs, good sleepers; OSA, obstructive sleep apnea.
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Figure 6 Correlations between three statistical characteristics of the brain functional network of OSA patients and the AHI and ESS score.

Notes: At a sparsity of 0.25, in OSA patients, Y was significantly negatively correlated with AHI (=—0.326, P=0.015) and ESS (r=—0.274, P=0.043), A was significantly positively
correlated with AHI (r=0.373, P=0.005) and ESS (r=0.269, P=0.047), and ¢ was significantly negatively correlated with AHI (r=—0.363, P=0.007) and ESS (r=—0.295, P=0.029).
v, normalized clustering coefficient; A, normalized shortest path length; G, small-worldness.

Abbreviations: AHI, apnea—hypopnea index; ESS, Epworth Sleepiness Scale; OSA, obstructive sleep apnea.
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thalamic, middle and dorsal prefrontal cortex, left precentral
gyrus, and posterior cingulate cortex regions.!'”'*1® OSA
patients have abnormal Rs-FC in various brain regions that
are related to affective, autonomic, sensorimotor, executive,
and cognitive regulatory functions.!! However, previous
studies were limited to individual brain regions, functionally
defined subnetworks, local FC, or independent component
analysis,"'* which cannot directly demonstrate important
topological changes in whole-brain functional networks in
OSA patients. The key question in this study was how OSA
affects the topological properties of brain functional networks
as well as the relationships between brain network properties
and clinical and neuropsychological data.

Previous studies have demonstrated that sex differences,
obesity, depression, and anxiety may affect resting-state brain
activity.’®>! Sforza et al® found that female OSA patients
exhibited a lower AHI, had less severe hypoxia, and fre-
quently reported depression and anxiety, while being male
is a major risk factor for OSA. Thus, only untreated male
patients with severe OSA were recruited for our study, which
could rule out potential confounders of sex differences,”
depression and anxiety, severity, and treatment to improve the
credibility of the results. The AHI, as a means of measuring
disease severity in OSA patients, is widely used as a reference
in resting-state brain activity studies with OSA patients.'
Increased daytime sleepiness, which is a common feature
of OSA, may affect the brain functional network. Previous
studies have shown that the Rs-FC changes in patients with
OSA were specific not to excessive sleepiness but to OSA
itself.!2!3 The ESS* is a useful questionnaire for measuring
the general level of daytime sleepiness, which can estimate
the probability of falling asleep in many situations: the ESS
score increased with increased OS A severity. In this study, we
evaluated the relationships between the vy, A, and G properties
of brain functional networks and AHI and ESS using a linear
correlation analysis to determine the relationships between
topological properties and clinical neuropsychological data.

Human brain information processing is divided into
functional separation and functional integration. Functional
separation refers to the fact that a task is divided into
several components and then distributed to the various
functional areas. Functional integration is the implementation
of each functional area, and the results are then integrated
and fed back to the cerebral center.*® Neural systems have the
characteristics of a network, and these characteristics are con-
sistent not with a rules network or random network, but with a
small-world network. The small-world network is a crucially
optimized network model used to describe the organizing

principles that govern a wide variety of complex economic,
social, and biological networks.’* Small-world networks
have both the shortest path length, similar to those of random
networks, and a high clustering coefficient, which resembles
regular networks, ensuring highly efficient information pro-
cessing at the local and global levels.* A small-world network
can be described by high local clustering and a low shortest
path length between any pair of nodes.** In our study, both
the OSA patients and GSs exhibited high-efficiency small-
world topology (Y= Cp/Cr >1,and A= Lp/Lr =1) according
to previous studies,” but the decreased ¢ was found in the
OSA patients. In addition, ¢ was significantly negatively cor-
related with the ESS and AHI. It is generally accepted that
the integration and transmission of information are the basis
of cognitive processing. Small-worldness, as measured by G,
essentially reflects the balance of differentiation and integra-
tion in a network. The current results may reflect the imbal-
ance of differentiation and integration in the brain networks of
OSA patients. Thus, it was further confirmed that OSA would
interfere with neural network structure and cognitive and
emotional processing in untreated male patients with severe
OSA, also indicating that ¢ could be used as a quantitative,
physiological index for auxiliary clinical diagnosis.

Our results showed an increased A in OSA patients, and
A was positively correlated with AHI and ESS. According to
previous studies, Lp represents the long-distance connection
property of the network and measures the information trans-
mission capacity of the network.?* Thus, the current results
indicated that as the long-distance connectivity of OSA
patients decreased, the information transmission capacity of
the network declined and the global features of the network
were reduced. The transmission and integration of normal,
long-distance information between different functional areas
may be impeded. Our results showed decreased 7y values in
OSA patients, and y was negatively correlated with AHI
and ESS, indicating that the network connectivity of OSA
patients was decreased and the degree of the network colony
was decreased. This result reflected the decline in functional
differentiation in the entire brain, suggesting that highly
localized integrity and the integrity of the brain connections
in OSA patients may be impaired.

E is a measure of the rate of network information
transmission, representing the capacity for information
exchange.*** Our study revealed decreased E,, in OSA
patients, suggesting that OSA patients have a reduced capac-
ity for information integration between distant brain regions
and reduced efficiency of information dissemination in the
global network. These results indicate that the topological
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properties of small-world networks in patients with OSA
are significantly altered, which may lead to cognitive defi-
cits in their daily lives, such as executive function decline,
impaired attention, decreased vigilance, and motor coordina-
tion dysfunction. Using transcranial magnetic stimulation,
Lanza et al*>” found that OSA patients showed slower
cortical-spinal system conductivity and hypoexcitability of
cortical motor areas than GSs and patients with other sleep-
related disorders (eg, restless legs syndrome). They also
found that OSA patients exhibited global hypoexcitability of
the stimulated cortex and slower central motor conductivity,
which is in line with the results of the current study. Moreover,
previous studies' revealed a significant reduction in FC within
the network of the posterior DMN, the right frontoparietal
network, and the sensorimotor network in OSA patients.

E, represents the ability to exchange information only
within the neighbors of a given node in a network, reflect-
ing the capacity to pass information through the network
and the tolerance of the network to faults.***° Our results
showed increased E, _in the brain network in the OSA group,
although the E, in OSA patients was reduced, which may
indicate that although the efficiency of global information
processing in OSA patients is reduced, the efficiency of local
brain region function compensates for this reduction.

Thus, the current results may suggest a disrupted network
architecture in OSA patients characterized by higher levels
of vulnerability in the brain and a decreased capacity of the
whole network for regional information processing.’” The
small-world model reflects an optimal balance of local dis-
sociation and global brain integration. In addition, compared
with a small-world network, a random network has fewer
modular information processing nodes and less default
storage.* Our results suggest that an obstacle to the balance
of the brain functional network exists in OSA patients.

Limitations

In this study, the altered small-world properties of OSA
patients were revealed by graph theory, but there are several
limitations that should be addressed. First, this study included
only adult males with severe OSA. However, OSA is present
not only in adult males but also in women and children, and
patients with mild-to-moderate OSA were not included in
this study. Thus, future investigations with different popula-
tions and different OSA severities are still needed. Second,
the small sample size in this study may affect confidence
in the results, and more data must be collected for further
analysis. Third, we explored only the global topological

properties of the brain small-world networks in this study.
We plan to explore the functional network changes in specific
brain regions in OSA patients from different nodes in future
studies. Fourth, the AAL template was used to construct the
brain functional network in this study. Because of the low
resolution of the template, a finer and more complex template
should be constructed in a future study. Fifth, we only used
MoCA to estimate the cognitive function of OSA patients, a
more detailed neuropsychological assessment questionnaire
probing different cognitive abilities and domains must be
used to disclose more interesting data for further analysis.
Finally, although none of the OSA patients in our study had
a depression or anxiety disorder, we did not conduct an emo-
tional evaluation. Previous studies have reported that OSA
was related to anxiety and depression,*® which may affect the
topological properties of the brain functional network.

Conclusion

In our study, graph-based theoretical approaches were
applied to investigate altered small-world topology based
on Rs-fMRI in OSA patients. We found that OSA patients
exhibited an efficient small-world network, but the ¢ was
significantly decreased. Individuals with OSA exhibited a
decreased yand E and an increased A and E,_ . Furthermore,
v was negatively correlated with AHI and ESS, A was posi-
tively correlated with AHI and ESS, and ¢ was significantly
negatively correlated with AHI and ESS, which revealed
the relationships between small-world network properties
and clinical variables. We speculate that the high degree
of local integration and integrity of the brain connections
in OSA patients may be disrupted, and the transmission
and integration of long-distance information may be ham-
pered in different brain functional areas. The differentiation
and integration of brain networks in patients with OSA are
imbalanced, suggesting that these may be the mechanisms of
cognitive impairment in patients with OSA. In addition, ©,
v, and A could be used as quantitative physiological indexes
for auxiliary clinical diagnoses.
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