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Abstract

Introduction: Obstructive sleep apnea (OSA) subjects show impaired auto-

nomic, affective, executive, sensorimotor, and cognitive functions. Brain injury

in OSA subjects appears in multiple sites regulating these functions, but the

integrity of functional networks within the regulatory sites remains unclear.

Our aim was to examine the functional interactions and the complex network

organization of these interactions across the whole brain in OSA, using regional

functional connectivity (FC) and brain network topological properties.

Methods: We collected resting-state functional magnetic resonance imaging

(MRI) data, using a 3.0-Tesla MRI scanner, from 69 newly diagnosed, treat-

ment-na€ıve, moderate-to-severe OSA (age, 48.3 � 9.2 years; body mass index,

31 � 6.2 kg/m2; apnea–hypopnea index (AHI), 35.6 � 23.3 events/h) and 82

control subjects (47.6 � 9.1 years; body mass index, 25.1 � 3.5 kg/m2). Data

were analyzed to examine FC in OSA over controls as interregional correlations

and brain network topological properties. Results: Obstructive sleep apnea sub-

jects showed significantly altered FC in the cerebellar, frontal, parietal, tempo-

ral, occipital, limbic, and basal ganglia regions (FDR, P < 0.05). Entire

functional brain networks in OSA subjects showed significantly less efficient

integration, and their regional topological properties of functional integration

and specialization characteristics also showed declined trends in areas showing

altered FC, an outcome which would interfere with brain network organization

(P < 0.05; 10,000 permutations). Brain sites with abnormal topological proper-

ties in OSA showed significant relationships with AHI scores. Conclusions: Our

findings suggest that the dysfunction extends to resting conditions, and the

altered FC and impaired network organization may underlie the impaired

responses in autonomic, cognitive, and sensorimotor functions. The outcomes

likely result from the prominent structural changes in both axons and nuclear

structures, which occur in the condition.

Introduction

Obstructive sleep apnea (OSA) is a common condition,

characterized by recurrent episodes of partial or complete

obstruction of the upper airway, with continued

diaphragmatic efforts during sleep (Peppard et al. 2000).

The disorder is accompanied by brain tissue injury,

expressed as altered white matter integrity, free water

content, brain metabolites, and regional gray matter vol-

ume in multiple brain regions, including the cerebellum,

cingulate cortex, insular cortex, hippocampus, basal gan-

glia, thalamus, frontal regions, and pre- and post-central

sensorimotor sites, responsible for autonomic, cognitive,

affective, and sensorimotor controls (Macey et al. 2002,

2008; Morrell et al. 2003, 2010; Torelli et al. 2011; Kumar

et al. 2012, 2014b). The structural changes are
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accompanied by impaired functional magnetic resonance

imaging (fMRI) responses to evoked autonomic, sensori-

motor, and ventilatory challenges (Harper et al. 2003;

Henderson et al. 2003; Macey et al. 2014), and changes in

neurons, glia, and axons may alter overall resting-state

functional organization as well. Obstructive sleep apnea

subjects show altered resting-state functional connectivity

(FC) based on voxel-level independent component analy-

sis (Zhang et al. 2013), and compromised resting-state

regional activity using regional homogeneity (Santarnec-

chi et al. 2013; Peng et al. 2014). Although previous rest-

ing-state fMRI OSA studies address local brain

dysfunction, they do not directly yield important macro-

scopic or topological changes, for example, how whole-

brain structures interact during resting states (i.e., con-

nection weights among regions), and the complex net-

work organization of these interactions (i.e., brain

network shape).

Resting-state fMRI (rs-fMRI) procedures have been

used to assess inter-regional FC, a term which refers to

temporal correlations between neuronal activity of

anatomically distinct brain regions (Friston et al. 1994).

The procedure identifies synchronized spontaneous low-

frequency (<0.1 Hz) fluctuation of blood oxygen level-

dependent (BOLD) signals across the brain in the resting

state (Biswal et al. 1995; Lowe et al. 1998; Cordes et al.

2000). Based on consistent patterns across healthy sub-

jects (Beckmann and Smith 2005; Damoiseaux et al. 2006;

De Luca et al. 2006; Fox and Raichle 2007), resting-state

FC procedures have been applied widely in various func-

tional brain network studies, ranging from psychiatric dis-

orders to neurological conditions (Fox and Greicius

2010), as well as in exploration of human brain functions

(Smith et al. 2009; Laird et al. 2013; Sadaghiani and

Kleinschmidt 2013). The procedures may be useful in

assessing functional brain networks in OSA subjects, since

the condition is accompanied by severe behavioral and

physiological sequelae.

In rs-fMRI procedures, “graph-theoretical” approaches

have been used to characterize the complex system of

functional brain networks, and to elucidate the topologi-

cal properties of such networks (Bullmore and Sporns

2009, 2012). A brain network can be represented graphi-

cally, called a “brain graph,” which consists of a set of

nodes (brain regions) and edges (connectivity between

nodes) (Sporns et al. 2000; Sporns and Zwi 2004; Bull-

more and Sporns 2009). Graph theory measures suggest

that human brain networks are organized into modular

systems, which are characterized by efficient integration

of segregated brain regions through short paths, with low

wiring costs consisting of a few densely connected hub

regions in the whole brain (Watts and Strogatz 1998;

Bullmore and Sporns 2009, 2012). Brain networks with

high global efficiency contribute to cognitive processing

through efficient integration among whole-brain regions

(Sporns and Zwi 2004), where some hubs (e.g., brain

regions concentrated by large number of connections with

the rest of whole brain) play a pivotal role showing high

cost and are especially vulnerable to aberrant disease con-

ditions (Crossley et al. 2014). These topological human

brain attributes have been found both in anatomical net-

works using diffusion tensor imaging or cortical thickness

assessments (Hagmann et al. 2007; He et al. 2007; Bassett

et al. 2008; Iturria-Medina et al. 2008; Gong et al. 2009),

and in functional networks using MEG, EEG, or fMRI

(Stam 2004; Eguiluz et al. 2005; Salvador et al. 2005;

Achard et al. 2006; Stam and Reijneveld 2007).

In this study, our aim was to investigate the functional

interactions and complex organizations across the whole

brain in newly diagnosed, treatment-na€ıve OSA subjects,

relative to age- and gender-comparable control subjects,

using FC and graph-theoretical measures. We hypothe-

sized that OSA subjects would show intrinsically abnor-

mal whole-brain FC and deficient global integration and

local segregation in functional brain organization within

regions that control autonomic, affective, executive, sen-

sorimotor, and cognitive functions over control subjects.

Methods

Design

We used a comparative cross-sectional study design to

assess resting functional interactions and the complex net-

work organization of these interactions across the whole

brain in recently diagnosed, treatment-na€ıve OSA over

control subjects.

Subjects

We investigated 69 newly diagnosed, treatment-na€ıve OSA

and 82 age- and gender-comparable control subjects. All

OSA subjects had a moderate-to-severe diagnosis [apnea–
hypopnea index (AHI) ≥15 events/h], and were recruited

from the Sleep Disorders Laboratory at the University of

California at Los Angeles (UCLA) Medical Center.

Obstructive sleep apnea subjects were not taking any car-

diovascular-altering medications (e.g., b-blockers, a-ago-
nists, angiotensin-converting enzyme inhibitors, or

vasodilators) or any mood-changing drugs (e.g., selective

serotonin reuptake inhibitors, hemodynamic-altering, or

metabolic-altering drugs). No OSA subject had a history of

neurological illness (e.g., stroke, heart failure) or psychi-

atric disorders other than the OSA condition. Control sub-

jects were healthy, without any history of neurological

issues, and were recruited from the UCLA campus and
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West Los Angeles area. We interviewed control subjects, as

well as their sleep partners (~25%), when available, to

determine the potential for sleep disordered breathing, and

control subjects suspected of having such disturbed pat-

terns, based on symptoms of snoring and gasping or with

abnormal Pittsburgh Sleep Quality Index (PSQI) and

Epworth Sleepiness Scale (ESS) scores, underwent an over-

night PSG study (n = 3). We used OSA diagnosis criteria

to categorize control subjects, who went for overnight PSG,

either control or OSA (The Report of an American Acad-

emy of Sleep Medicine Task Force. 1999). Of three control

subjects, one became OSA (AHI, 18 events/h) and two were

in the same control pool (AHI < 3 events/h). Both OSA

and control subjects were without any metallic implants,

and had no conditions contraindicated for an MRI scanner

environment. All participants gave written informed con-

sent before data acquisition and study protocol was

approved by the Institutional Review Board at the UCLA.

Examination of sleep, mood, and anxiety
symptoms

Sleep quality and daytime sleepiness were evaluated in OSA

and control subjects using the PSQI and ESS question-

naires, respectively. The Beck Depression Inventory II

(BDI-II) was used to assess depressive symptoms, and the

Beck Anxiety Inventory (BAI) was used to examine anxiety

symptoms in OSA and control subjects. Both BDI-II and

BAI are self-administered questionnaires (21 questions;

each score ranges from 0 to 3), with total scores ranging

from 0 to 63, based on mood or anxiety symptom severity.

Magnetic resonance imaging

Brain imaging of all participants was performed using a 3.0-

Tesla MRI scanner (Siemens, Magnetom Tim-Trio, Erlan-

gen, Germany), with an 8-channel phased-array head coil.

Foam pads were used on either side of the head to reduce

head motion-related artifacts during scanning. Rs-fMRI

data were acquired with an echo planar imaging (EPI)-based

blood oxygen level-dependent (BOLD) sequence in the axial

plane [repetition time (TR) = 2000 msec; echo time

(TE) = 30 msec; flip angle (FA) = 90°; field-of-view

(FOV) = 230 9 230 mm2; matrix size = 64 9 64; voxel

size = 3.59 9 3.599 4.5 mm3; volumes = 59]. Rs-fMRI

data were acquired while participants laid resting with eyes

open, without focusing any specific thoughts, and without

sleeping for about 2 min (subjects were merely instructed

not to sleep). High-resolution T1-weighted images were col-

lected from each subject using a magnetization-prepared

rapid acquisition gradient echo (MPRAGE) pulse sequence

(TR = 2200 msec; TE = 2.2, 2.34 msec; FA = 9°;
FOV = 230 9 230 mm2; matrix size = 256 9 256,

320 9 320; voxel size = 0.9 9 0.9 9 1.0 mm3, 0.72 9

0.72 9 0.9 mm3). Proton density (PD) and T2-weighted

images were acquired in the axial plane, using a dual-echo

turbo spin-echo pulse sequence (TR = 10,000 msec; TE1,

2 = 17, 134 msec; FA = 130°; matrix size = 256 9 256;

FOV = 230 9 230 mm2; voxel size = 0.9 9 0.9 9

4.0 mm3). All MRI data were acquired at an intermediate

time from 8:00 AM to 2:00 PM.

Data preprocessing

We used the statistical parametric mapping package

(SPM8, Wellcome Department of Cognitive Neurology,

London, UK) (Friston et al. 1994) and MRIcroN software

for evaluation of images and for preprocessing of rs-fMRI

data. High-resolution T1-weighted, PD-, and T2-weighted

images of all subjects were examined for any serious brain

pathology, such as tumors, cysts, or major infarcts. Rs-fMRI

data were also assessed for imaging or head motion-related

artifacts before data processing. Obstructive sleep apnea

and control subjects included in this study did not show

any serious visible brain pathology, head motion-related, or

other imaging artifacts, which were checked through

T1-weighted, T2-weighted, and PD-weighted images.

Rs-fMRI data preprocessing steps included realignment

of EPI brain volumes for removal of any potential head

motion, co-registration to T1-weighted images, and spatial

normalization to a standard common space template using

nonlinear transformation procedures. For rs-fMRI analysis,

we discarded the initial three brain volumes to avoid signal

saturation issues, and used the remaining 56 EPI scans for

analysis. No spatial smoothing was performed on the rest-

ing-state fMRI data to avoid inflation of local connectivity

and clustering (van den Heuvel et al. 2008).

Functional network construction and
analysis

Individual whole-brain FC was determined from regional

mean fMRI time series, extracted from 116 distinct regions,

as defined by automated anatomical labeling (Tzourio-

Mazoyer et al. 2002), which consists of 90 cerebral brain

regions (45 sites in each hemisphere) and 26 cerebellar

areas (nine lobule regions in each hemisphere and eight

vermis regions), as described in Table 1. For each regional

mean fMRI time series, we applied the canonical signal pro-

cessing procedures for calculating the resting-state FC, as

outlined previously (Weissenbacher et al. 2009). After

removing effects of six rigid motions, their first derivatives,

and global signal changes in white matter, cerebrospinal

fluid, and whole brain from each time series, data were

band-pass filtered (0.009~0.08 Hz) using the fast Fourier

transform (FFT) filter. Head motion effects are often an
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issue in any resting-state FC study (Power et al. 2012; Van

Dijk et al. 2012; Yan et al. 2013), and we added the first

derivatives of the motion parameters as covariates to mini-

mize signal changes from such motion (Power et al. 2012).

Since removal of global signal still remains a controversial

issue (Murphy et al. 2009; Chai et al. 2012), we performed

additional FC analysis without global signal regression.

Finally, we defined FC (edge) as an interregional correla-

tion map among 116 preprocessed regional time series. To

improve normality, we converted individual correlation

maps into z-scored maps with Fisher’s r-to-z transforma-

tion. We compared the z-scored maps edge-by-edge

between OSA and control subjects using analysis of covari-

ance (ANCOVA), with age and gender included as covari-

ates to regress out age- and gender-related differences. All

resting-state FC analyses were performed using MATLAB-

based custom software.

Network analysis

Topological characteristics of functional brain networks of

OSA and control subjects were investigated with graph-

theoretical analyses (Rubinov and Sporns 2010; http://

www.brain-connectivity-toolbox.net/). Brain networks can

be regarded as a graph, G = (N, E), which consists of a

set of nodes N (brain regions), and a set of connections E

(FC) (Bullmore and Sporns 2009). Individual brain net-

works were constructed with a threshold of FDR < 0.05;

we retained edge weights, and referred those weights as

being connected, if the values were significant, and other-

wise set the values to zero and considered as being not

connected. We also investigated each brain connection for

network centrality (degree, strength, and betweenness),

network segregation (clustering coefficient and local effi-

ciency), and network integration (nodal and global effi-

ciency) properties (Bullmore and Sporns 2009, 2012;

Rubinov and Sporns 2010).

Degree for a brain region is defined as number of edges

linking the node to rest of the network (Rubinov and

Sporns 2010), and a higher degree value indicates func-

tional hub role of that area to integrate with other brain

regions. Strength for a brain site is defined as the sum of

edge strengths linking the node to rest of the network

(Rubinov and Sporns 2010), and larger the value shows

greater use of connection strength in communication.

Betweenness for a brain area is defined as the fraction of

shortest paths between two sites in the network passing

through the area (Rubinov and Sporns 2010), and higher

value indicates that many numbers of the shortest path

lengths pass through the region showing high influence in

the network communication. Level of functional commu-

nication efficiency between two brain sites can be

expressed as inverse of the shortest weighted path length,

Table 1. Regional abbreviation table corresponding to 116 brain

regions.

Regions Abbreviation Regions Abbreviation

Precental gyrus PrCG Supramarginal

gyrus

SMG

Superior

frontal gyrus

(dorsolateral part)

SFGdor Angular gyrus ANG

Orbitofrontal gyrus

(superior part)

OFGsup Precuneus PRCU

Middle frontal gyrus MFG Paracentral

lobule

PCL

Orbitofrontal gyrus

(middle part)

OFGmid Caudate CAU

Inferior frontal gyrus

(opercular part)

IFGop Putamen PUT

Inferior frontal gyrus

(triangular part)

IFGtr Pallidum PAL

Orbitofrontal gyrus

(inferior part)

OFGinf Thalamus THL

Rolandic operculum ROL Heschl gyrus HES

Supplementary

motor area

SMA Superior

temporal

gyrus

STG

Olfactory cortex OLF Temporal pole

(superior part)

TPsup

Superior frontal gyrus

(medial part)

SFGmed Middle

temporal gyrus

MTG

Orbitofrontal gyrus

(medial part)

OFGmed Temporal pole

(middle part)

TPmid

Rectus REC Inferior

temporal gyrus

ITG

Insula INS Cerebellar crus I CRcr-I

Anterior

cingulate cortex

ACC Cerebellar crus II CRcr-II

Middle cingulate

cortex

MCC Cerebellum III CR-III

Posterior cingulate

cortex

PCC Cerebellum IV-V CR-IV

Hippocampus HP Cerebellum VI CR-VI

Para-hippocampal

gyrus

PHG Cerebellum VIIb CR-VIIb

Amygdala AMYG Cerebellum VIII CR-VIII

Calcarine CAL Cerebellum IX CR-IX

Cuneus CUN Cerebellum X CR-X

Lingual gyrus LING Vermis I-II VM-I

Superior occipital

gyrus

SOG Vermis III VM-III

Middle occipital

gyrus

MOG Vermis IV-V VM-IV

Inferior occipital

gyrus

IOG Vermis VI VM-VI

Fusiform gyrus FFG Vermis VII VM-VII

Postcentral gyrus PoCG Vermis VIII VM-VIII

Superior parietal

gyrus

SPG Vermis IX VM-IX

Inferior parietal

lobule

IPL Vermis X VM-X
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which is the weight sum in edges that must be traversed

to go from one site to another (Latora and Marchiori

2001). Weighted efficiency for a region is defined as the

mean of inverse weighed shortest path length to the rest

of the network, and global efficiency is defined as the

average nodal efficiency (Latora and Marchiori 2001;

Achard and Bullmore 2007). Higher nodal efficiency or

shorter path length may imply that a brain region com-

municates more efficiently with the rest of the brain. The

level at which a network is organized into densely segre-

gated nodes can be quantified using the clustering coeffi-

cient (Watts and Strogatz 1998). Weighted clustering

coefficient for a node quantifies the number of existing

edges among the node’s neighbors (i.e., nodes linking the

node) divided by all their possible edges, and higher val-

ues of a brain region highlight densely connected local

structure among the neighboring areas. Efficiency related

to the weighted clustering coefficient can be quantified as

local efficiency by considering the weighted shortest path

length within the neighbors (Rubinov and Sporns 2010).

We additionally performed correlation analyses between

graph-theoretical measures and AHI values, indices as

OSA disease severity.

Statistical significance for group-level
comparison

To compare each edge weight between groups, the false

discovery rate (FDR) was used to control for multiple

comparisons across all edges at the q-level of 0.05 (Gen-

ovese et al. 2002). Nodal graph-theoretical measures

between groups first were assessed with a threshold of

FDR < 0.05 to address multiple comparison problem, and

we did not find any significance. We then examined

group-level comparisons of all graph-theoretical measures

using the random permutation test in a nonparametric

fashion (Nichols and Holmes 2002), for obtaining more

accurate trends with weak level of significance, since

altered regional FC can obviously affect topological prop-

erties of OSA subjects.

For each graph-theoretical measure, we created a null

distribution of t-statistics from ANCOVA (covariates; age

and gender), using 10,000 times randomly shuffled group

labels, with the assumption of no significant differences

between OSA and control group. We compared original

t-statistic values from ANCOVA with the null distribu-

tion, and considered the resulting values significant if they

exceeded the distribution with a threshold of P < 0.05.

Results

Demographic, sleep, and other clinical
variables

Demographic, sleep-related, and other clinical variables are

described in Table 2. No significant differences in age

(P = 0.7), gender (P = 0.52), handedness (P = 0.61), or eth-

nicity (P = 0.34) appeared between OSA and control sub-

jects. However, BMI values appeared significantly higher in

OSA compared to control subjects (P = 1 9 10�11). PSQI,

ESS, BDI-II, and BAI also showed significant differences

between groups (PSQI, P = 2 9 10�17; ESS, P = 2 9 10�10;

BDI-II, P = 2 9 10�5; BAI, P = 1 9 10�5).

Whole-brain FC

Significantly altered functional connections appeared across

the whole-brain areas (FDR; P < 0.05) in OSA subjects. We

Table 2. Demographic, neuropsychological, and sleep variables of obstructive sleep apnea (OSA) and control subjects. Age, BMI, ESS, PSQI, BDI-II,

and BAI between two groups were compared using two-sample t-tests and sex ratio between two groups was compared using the Chi-square test.

Variables OSA (n = 69) Controls (n = 82) P-value

Age range (years) 31–70 29–66 –

Age (mean � SD, years) 48.3 � 9.2 47.6 � 9.1 0.7

Sex (Male:Female) 52:17 58:24 0.52

BMI(mean � SD, kg/m2) 31.0 � 6.2 25.1 � 3.5 1 9 10�11

Handedness 9 Left; 53 Right; 7 Ambidextrous 13 Left; 64 Right; 5 Ambidextrous 0.61

Ethnicity 12 Asian; 35 White;

11 Hispanic; 9 African-American;

1 White-Asian; 1 Iranian-White

23 Asian; 41 White; 10 Hispanic; 4

African-American; 1 Asian-White; 1 Iranian-White;

1 Hispanic-White; 1 El Salvador-Hispanic

0.34

AHI (mean � SD, events/h) 35.6 � 23.3 � �
ESS (mean � SD) 9.8 � 4.9 5.1 � 3.5 2 9 10�10

PSQI (mean � SD) 8.8 � 4.1 3.6 � 2.4 2 9 10�17

BDI-II (mean � SD) 8.4 � 8.1 3.7 � 4.9 2 9 10�5

BAI (mean � SD) 9.4 � 11.0 3.4 � 4.5 1 9 10�5

AHI, apnea-hypopnea index; BMI, body mass index; ESS, Epworth Sleepiness Scale; PSQI, Pittsburg Sleep Quality Index; BDI-II, Beck Depression

Inventory II; BAI, Beck Anxiety Inventory; SD, standard deviation.
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found 49 significantly decreased and 64 significantly

increased functional connections in OSA, compared to

healthy control subjects. The most affected functional con-

nections were related to cerebellar regions, but the declines

were not site specific, and appeared across whole-brain

regions. Detailed FC differences between OSA and control

groups are shown in figures (Figs. 1–3) and in the Supple-

mentary materials (Tables S1 and S2).

Altered cerebral FC in OSA

Brain networks with reduced connectivity in OSA

included interactions between the right rectus and bilat-

eral anterior cingulate cortex (ACC), between the left

insula and left supplementary motor area (SMA), between

the right rectus and bilateral ACC, and between right

para-hippocampal gyrus and right superior temporal pole.

Also, the left precentral gyrus in OSA showed decreased

FC with the left inferior frontal gyrus, right middle fron-

tal gyrus, and right inferior parietal lobule. The right

postcentral gyrus showed reduced FC with the left pre-

cuneus, and the right paracentral gyrus with the right

superior temporal gyrus. As for the motor-related basal

ganglia region, the left putamen showed reduced FC with

the right paracentral lobule, right lingual, and right cal-

carine gyrus, and left pallidum showed reduced FC with

the bilateral lingual gyri in OSA.

In contrast, enhanced FC in OSA appeared between left

para-hippocampal gyrus and right olfactory, between the

right amygdala and right superior frontal gyrus, between

the left amygdala and left precentral gyrus, between the

right para-hippocampal gyrus and left paracentral lobule,

Figure 1. Functional connectivity matrices for each group and group comparison. (A) group-averaging functional connectivity matrices for

obstructive sleep apnea (OSA) and controls. Color bar indicates z-transformed correlation coefficient and red or blue color represents positive or

negative functional connectivity, respectively. (B) group-comparing functional connectivity matrix with upper diagonal elements represents the t-

statistics corresponding to significantly changed functional connectivity among all pairs described in lower diagonal elements (FDR < 0.05). Red or

blue color represents significantly increased or decreased functional connectivity in OSA, respectively. Dots in top and right outsides of matrix

imply the regions showing significantly changed functional connectivity with one or more regions, and the regional labels are sorted by the same

order of the dots. L and R indicate left and right regions. Regional brain abbreviations are listed in Table 1.
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between the left caudate and right inferior parietal lobule,

and between the left SMA and right thalamus. Also, the

left putamen in OSA showed increased FC with the bilat-

eral ACC and bilateral medial orbitofrontal gyrus (OFG),

and increased connectivity also emerged between left pal-

lidum and left medial OFG.

In addition, increased FC in OSA emerged in tempo-

ral–parietal networks (the bilateral middle/superior tem-

poral and supramarginal gyrus, superior and middle parts

of the left temporal pole, right precuneus and inferior

parietal lobule, and left Heschl and superior parietal

gyrus). Reduced FC (middle parts of the left temporal

pole, left inferior temporal gyrus, bilateral calcarine and

lingual, and right inferior occipital gyrus) or increased FC

(the right superior occipital gyrus, right Rolandic, and

right Heschl gyrus) also appeared in temporal–occipital
networks in OSA. Lesser FC (the right inferior parietal

lobule, right supramarginal gyrus, right calcarine, and left

fusiform gyrus) and higher FC (the bilateral calcimine,

bilateral fusiform gyrus, bilateral paracentral lobule, and

Figure 2. Significantly decreased functional connectivity in obstructive sleep apnea subjects. Thicker edge lines represent more significant

differences, with a scale of �log10 (P-value) from a minimum value to 6, surviving a threshold of FDR < 0.05. A larger nodal sphere size

represents a larger number of significant edges (degree). Nodes were differentiated by different colors according to their functional categories.

Regional abbreviations are listed in Table 1.
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left pre- and post-central gyrus) were also found in pari-

etal–occipital areas of OSA subjects.

Altered cerebro-cerebellar FC in OSA

Multiple cerebellar regions showed reduced FC with cere-

bral brain areas, which included connections between the

left cerebellar lobule VIIb and left olfactory, the right

cerebellar crus II and left ACC, the left cerebellar crus I

and right insula and right supramarginal gyrus, the ver-

mis VIII and right superior OFG, the left cerebellar lobule

VI and left caudate and putamen, the vermis III and left

middle frontal gyrus, the right cerebellar crus I and right

amygdala and putamen, the left cerebellar lobule VIII and

left SMA, the right cerebellar lobule VI and right precen-

tral as well as the lingual gyri, between the vermis IX and

left pallidum, the right cerebellar lobule X and left middle

occipital gyrus, the left cerebellar lobule IX and bilateral

cuneus, and the vermis X and bilateral angular gyrus and

right precuneus.

Several cerebellar regions also showed increased FC

with cerebral brain areas, which included between the

Figure 3. Significantly increased functional connectivity in obstructive sleep apnea subjects. Thicker edge lines represent more significant

differences, with the scale of �log10 (P-value) from a minimum value to 6, surviving a threshold of FDR < 0.05. Larger nodal sphere size

represents a larger number of significant edges (degree). Nodes were differentiated by different colors according to their functional categories.

Regional abbreviations are listed in Table 1.
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vermis III and right para-hippocampal gyrus, amygdala,

and middle temporal gyrus, between the vermis IV and

left posterior cingulate cortex (PCC), between the vermis

VI and left inferior frontal gyrus and inferior parietal lob-

ule, between the vermis VII and right inferior temporal

gyrus, between the vermis VIII and left inferior temporal

gyrus, between the vermis IX and right PCC and left infe-

rior temporal gyrus, between the right cerebellar lobule

VI and right medial superior frontal and left inferior tem-

poral gyri, between the left cerebellar lobule VIII and left

middle temporal pole, and between the right cerebellar

lobule X and bilateral cuneus.

Altered cerebellar FC in OSA

Within cerebellar sites, FC between the vermis III and

vermis VI was significantly reduced. Increased FC was

also distributed within cerebellar sites, which included

connectivity between the left cerebellar crus II and right

cerebellar crus I, the vermis IV and right cerebellar lobule

X, as well as the vermis IX and left cerebellar lobule VIIb.

Graph-theoretical measures

While regional FC values showed both increased and

decreased functional connections in OSA over control

subjects; graph-theoretical measures appeared with only

decreased topological attributes in OSA subjects (Fig. 4).

For global network properties, global efficiency showed

significantly decreased values in OSA subjects (P = 0.04;

10,000 permutations), while local efficiency did not show

any significant differences between OSA and control

groups (Fig. 4C). Nodal properties showed decreased

trends across whole-brain regions (P < 0.05, uncorrected;

10,000 permutations). Briefly, described with a more con-

servative threshold of P < 0.01 (uncorrected; 10,000 per-

mutations), network centrality measures declined in the

bilateral hippocampus, right SMA, bilateral Rolandic

operculum, and cerebellar regions (i.e., the bilateral lobule

VI left lobule VIIb, right lobule X, and vermis IV).

Weighted clustering coefficients of OSA subjects showed

decreased values in the right para-hippocampal gyrus, left

amygdala, right caudate, left SMA, and right middle tem-

poral gyrus. Nodal efficiency in OSA subjects was reduced

in the right inferior parietal lobule, bilateral middle tem-

poral gyrus, and vermis VIII. Detailed nodal findings are

described in a Figure 4A and Table 3.

Although global topological properties (e.g., global and

local efficiency) did not show any significant correlations

with AHI values, significant relationships appeared

between nodal properties and AHI scores in OSA subjects

(Fig. 4B, P < 0.05, uncorrected; 10,000 permutations).

Figure 4. Significantly decreased global efficiency (P < 0.05, 10,000 permutations) and regional graph-theoretical measures showing decreased

trends in patients with obstructive sleep apnea (OSA) (P < 0.05 to P < 0.001, uncorrected, 10,000 permutations). (A) differences in nodal

properties, where each color represents strength, degree, weighted clustering coefficient, betweenness, and nodal efficiency, respectively. (B)

regions showing significant correlations between nodal properties and AHI values. Red colored regional labels represent negative correlations and

black colored regional labels represent positive correlations. (C) differences in global properties. OSA and NC represent OSA and normal control

group, respectively. Star (*) and N.S. represent significant and nonsignificant differences, respectively. Regional abbreviations are listed in Table 1.

ª 2016 The Authors. Brain and Behavior published by Wiley Periodicals, Inc. Brain and Behavior, doi: 10.1002/brb3.441 (9 of 17)

B. Park et al. Abnormal Whole-brain Functional Networks in OSA



AHI values were positively correlated with weighted clus-

tering coefficients of the left insula, left superior temporal

gyrus, vermis III and VII, left cerebellar lobule III and

VIIb, right putamen, and right supramarginal gyrus.

Degree or strength values of the left cerebellar lobule III/

VI/VIII, left supramarginal gyrus, right pallidum, and

Table 3. Significantly decreased nodal properties in patients with obstructive sleep apnea (P < 0.05, uncorrected, 10,000 permutations). Each

value represents the P-value.

Lobe Region Hemisphere Degree Strength Betweenness Weighted clustering coefficient Efficiency

Frontal SFGdor R 0.0328 0.0266 – – –

OFGsup L 0.0282 0.0328 – – –

R 0.0243 0.0423 – – –

OFCmid L – – 0.0143 – –

OFGinf L 0.0284 0.0229 0.0243 0.0265

OFGmed L – – 0.0135

REC L – – – 0.0208 0.0134

R 0.0117 0.0117 – – –

OLF L 0.046 0.0335 – – –

Limbic HP L 0.0001 0.0002 0.0087 – 0.0326

R – – 0.0078 0.0447

PHG R – – – 0.0036 0.0122

AMYG L – – – 0.0099

Basal ganglia CAU R – – – 0.0049 0.0191

Sensorimotor SMA L – 0.0452 0.0221 0.0084

R 0.0007 0.0013 – – 0.0216

PrCG R 0.0267 0.0456 – – –

PoCG L 0.0191 0.0404 0.0385 – –

R 0.0346 – – –

Parietal SPG L 0.043 0.0348 – – –

IPL L – – – 0.0496

R – – 0.0148 0.0201 0.0045

SMG L – – – 0.03 –

PRCU L – – 0.0486 – –

Temporal HES R – – 0.013 0.0498 –

TPsup R 0.0209 0.0077 – – 0.0142

MTG L 0.0148 0.0117 – 0.0219 0.0017

R – 0.037 – 0.0056 0.0032

ROL L 0.0032 0.0105 – – –

R 0.0081 0.0166 – – –

Tpmid R – – 0.0344 0.0219 –

ITG L – – 0.0355 – –

Cerebellum CRcr-I R 0.0257 0.0142 – – –

CR-III R 0.0417 0.0397 – – 0.0447

CR-IV L 0.0205 0.0324 – – 0.0274

CR-VI L 0.002 0.0067 – – –

R – – 0.0345 – –

CR-VIIb L – – 0.0029 – –

CR-X L – – – 0.0304 –

R – – 0.0002 – –

VM-III – 0.0364 0.0322 0.0213 – –

VM-IV – – – 0.006 – –

VM-VI – 0.0452 – 0.0223 – –

VM-VII – 0.0467 0.0303 – – –

VM-VIII – 0.0468 0.0361 – 0.0423 0.0059

VM-IX – 0.0238 – 0.0439 – –

Occipital CAL L 0.0257 – – – –

LING L 0.0359 – – – –

SOG L 0.0449 0.0247 – – –

Regional abbreviations are listed in Table 1.
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right amygdala and AHI scores showed positive correla-

tions in OSA subjects. Positive correlations emerged

between AHI values and efficiency values of the left supe-

rior and inferior temporal gyrus, vermis VII, right puta-

men, and right suparamarginal gyrus, but negative

correlation with the right SMA. We also found signifi-

cantly positive correlations between AHI values and

betweenness of the left caudate, left cuneus, vermis VII,

right Rolandic/heschl/superior temporal regions, while

negative correlations appeared between those variables of

the left superior temporal pole, left middle occipital

gyrus, and right cerebellar lobule VIIb.

Discussion

We investigated whole-brain FC and their topological

attributes in OSA and control subjects using rs-fMRI pro-

cedures. Previous studies on brain resting-state FC in

OSA subjects found local FC alterations in the middle

and dorsal prefrontal cortex, left precentral gyrus, and

PCC, decreased local FC in the frontal, temporal, and

parietal, and increased FC in the sensorimotor, thalamic,

and cerebellum regions (Santarnecchi et al. 2013; Zhang

et al. 2013; Peng et al. 2014). However, previous studies

were limited to within seven functionally defined subnet-

works only, not including the cerebellum, with indepen-

dent component analysis or limited to local FC findings

(Santarnecchi et al. 2013; Zhang et al. 2013; Peng et al.

2014), and thus, cannot directly provide important topo-

logical changes in OSA brain network. A key question in

this current study was how the OSA condition affects the

topological properties of brain network organization, as

well as individual functional interactions across the whole

brain. Our findings indicate that OSA subjects have

abnormal resting-state FC in various brain regions largely

related to autonomic, affective, executive, sensorimotor,

and cognitive regulatory functions, areas that appeared

with structural injury in previous studies of OSA subjects,

as well as areas that appeared abnormal resting-state FC

(Santarnecchi et al. 2013; Zhang et al. 2013; Peng et al.

2014). Altered FC in OSA further led to disrupted topo-

logical properties, especially for integrative aspects of

brain network organization.

Cerebellar FC changes

We found reduced FC within cerebellar areas (i.e.,

between vermis III and VI) and between multiple cerebel-

lar and other brain regions responsible for diverse brain

functions, which may contribute to various cognitive defi-

ciencies found in the condition. Cerebellar sites, the most

structurally affected areas in OSA subjects evident from

several neuroimaging studies (Macey et al. 2002, 2008;

Kumar et al. 2012), showed major aberrant FC in resting

conditions of OSA subjects, which was consistent with

altered resting regional homogeneity in OSA cerebellum

(Peng et al. 2014). As observed in previous studies, the

reduced FC in OSA was distributed in the brain sites

responsible for autonomic (Henderson et al. 2004; Macey

et al. 2006, 2008; Joo et al. 2010, 2013; Kumar et al.

2012), cognitive process and motor/visuospatial control

(Mayberg et al. 2005; Cross et al. 2008; Macey et al. 2008;

Kumar et al. 2009, 2012), executive (Macey et al. 2006,

2008; Joo et al. 2010; Kumar et al. 2012), sensorimotor

(Joo et al. 2013; Kumar et al. 2014a), and verbal perfor-

mance (Ayalon et al. 2006). Brain regions showing

increased FC were also overlapped OSA structural alter-

ations previously reported, and cerebral brain areas

increased FC with the cerebellar regions was distributed

in cognitive control circuitry, responsible for memory,

attention, language, and auditory processing.

The aberrant FC within cerebellar regions and between

cerebellar and cerebral brain sites are responsible for

diverse brain functions that may result from large alter-

ations in white matter integrity of the projections between

cerebellar and other major brain structures (Macey et al.

2008). Although the causal mechanisms altering FC

remains unclear, impaired FC within the cerebellum and

between the cerebellar and cerebral brain areas in OSA

subjects may disrupt higher order cognitive processes.

Moreover, emotion substantially affects upper airway

muscle activity, demonstrating an important interaction

between autonomic regulation and motor coordination.

Exaggerated FC in OSA subjects may contribute to synap-

tic plasticity, modifying the diverse functional compensa-

tion that appears in the condition.

Altered cerebral brain FC

Autonomic circuitry

In this study, altered FC in OSA subjects appeared

between autonomic regulatory regions, including the

ACC, OFG, rectus, putamen, and pallidum. The ACC, an

area that shows gray matter volume loss, cortical thin-

ning, and altered mean diffusivity values in OSA subjects

(Macey et al. 2008; Joo et al. 2010, 2013; Kumar et al.

2012), plays an important role in autonomic and breath-

ing regulation (Critchley et al. 2003). The medial OFG

also showed structural damage (Macey et al. 2008) and

altered connectivity emerged among the ACC, the rectus,

and putamen regions. Connections affected in the condi-

tion also included the putamen and pallidum, showing

autonomic motor deficits during blood pressure and res-

piratory challenges (Henderson et al. 2004; Macey et al.

2006; Kumar et al. 2012, 2014a). Thus, aberrant FC in
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OSA subjects may contribute to deficient autonomic reg-

ulation in the condition (Somers et al. 1995; Henderson

et al. 2002; Harper et al. 2003).

Affective circuitry

We found altered FC between various brain areas includ-

ing the insular and cingulate cortices, frontal region, hip-

pocampus, and amygdala, sites that are involved in

affective symptoms, such as depression and anxiety in

OSA (Mayberg et al. 2005; Cross et al. 2008; Macey et al.

2008; Kumar et al. 2009, 2012). The ACC, an area that

shows improvement in depressive signs on stimulation

(Mayberg et al. 2005), showed significantly increased

injury in OSA subjects with high depressive symptoms

over those without such signs (Cross et al. 2008; Kumar

et al. 2009). The hippocampus is structurally impaired in

both adult OSA subjects (Macey et al. 2002; Morrell et al.

2003; Kumar et al. 2012) and child OSA subjects (Hal-

bower et al. 2006), and shows more enhanced damage in

OSA subjects with depressive symptoms (Frodl et al.

2002; Neumeister et al. 2005). Therefore, alterations in

FC to these regions may be related to abnormal affective

conditions in OSA.

Executive and sensorimotor circuitry

Obstructive sleep apnea subjects revealed abnormal FC in

executive control regions including the ACC, caudate,

and SMA. Deficient executive function is another com-

mon characteristic of OSA subjects (Bedard et al. 1991;

Naegele et al. 1995). Although a primary role of the ACC

is autonomic and affective control, the region also influ-

ences executive functions, and deficiencies in this area

may contribute to impaired executive function in OSA

subjects. Other brain areas in OSA subjects can also con-

tribute to executive function deficits originating from

neural damage in regions including the prefrontal cortex,

caudate nuclei, and SMA (Macey et al. 2006, 2008; Joo

et al. 2010; Kumar et al. 2012), whose configurations are

well known as intrinsic executive networks, demonstrated

by the resting-state FC studies (Seeley et al. 2007).

Functional connectivity between sensorimotor regions

was also differed in OSA subjects. Impairment and disease

progression in these areas may reflect altered sensory

input from the upper airway, including the loss of tone

in the tongue musculature during inspiratory efforts of

OSA. Bilateral pre- and post-central gyri, areas that are

involved in sensorimotor control, show cortical thinning

in OSA subjects (Joo et al. 2013) and decreased resting-

state FC (Zhang et al. 2013). Other regions, including the

putamen and pallidum, which influence autonomic motor

control function (Saper 1982), may contribute to deficient

functioning in the condition. These sites show structural

injury and functional deficits during autonomic and res-

piratory challenges in OSA subjects (Henderson et al.

2004; Macey et al. 2006; Kumar et al. 2012, 2014a).

Altered functional networks appeared in sensorimotor

processing areas and may contribute to these functional

impairments in the condition. However, the FC alter-

ations during the resting state cannot be generalized out-

comes during an attention task.

Other circuits

Altered FC among temporal, parietal, and occipital sites

also appeared in OSA. Such findings are comparable with

previous studies showing affected structures in OSA sub-

jects (Macey et al. 2002, 2008; Joo et al. 2007; Yaouhi

et al. 2009; Kumar et al. 2012; Zhang et al. 2013). Also,

reduced brain metabolites, indicating tissue injury, in

temporal, parietal, and occipital regions in OSA subjects

are reported (Yaouhi et al. 2009). Among these altered

functional connectivities, abnormal networks from the

posterior parietal cortex, a site involved in attention pro-

cessing (Chan et al. 2008; Cohen et al. 2008), may be of

concern with dysfunction in the attention domain for

OSA subjects. We believe that altered FC with the right

inferior parietal lobule, implicated in attentional process-

ing (Cohen et al. 2008), may account for deficient atten-

tion in OSA subjects.

Alterations in topological attributes

The human brain is an integrative complex system, com-

posed of functional interactions across brain regions, and

brain functions are represented by optimal balance

between local specialization and global integration among

brain regional activities (Bullmore and Sporns 2009,

2012). Examining the overall brain network organization

in disease groups can provide new insight in understand-

ing disease pathology (Bassett and Bullmore 2009).

Reduced regional metabolism by brain tissue and synaptic

injury in diseased groups may lead to disrupted anatomi-

cal projection, change in FC, and eventually, an abnormal

functional brain network pattern which is less effective

and has reduced regional centrality in important brain

regions (with compensatory increase in other regional

centrality), for example, as Alzheimer’s disease (Liu et al.

2014; Wang et al. 2015), Parkinson’s disease (Olde

Dubbelink et al. 2014), and Stroke (Yin et al. 2014).

Graph-theoretical analyses thus provided a research

framework to examine brain network organization with

topological properties (Bullmore and Sporns 2009, 2012).

Global integration of information (global efficiency)

across whole-brain regions was significantly reduced in

Brain and Behavior, doi: 10.1002/brb3.441 (12 of 17) ª 2016 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.

Abnormal Whole-brain Functional Networks in OSA B. Park et al.



OSA subjects, and a trend of less efficient regional inte-

gration was apparent, as shown in results of nodal effi-

ciency with uncorrected significance level, but with a

sufficiently repeated permutation test. Regional reductions

were similarly located in regions showing abnormal FC.

Specifically, regional centralities (i.e., the degree, strength,

and betweenness) in OSA subjects were reduced in auto-

nomic (orbitofrontal region), affective (hippocampus),

executive (SMA), sensorimotor (pre- and post-central

gyri), and attention-related areas (dorsal superior frontal

gyrus and posterior parietal regions), as well as several

cerebellar areas (of 26, 14 cerebellar regions), along with

temporal and occipital areas. Among these areas, the left

hippocampus, right SMA, left Rolandic operculum, left

lobule VI, lobule VIIb, and right lobule X were strongly

affected in OSA subjects. The weighted clustering coeffi-

cients, a measure of regional segregation, in OSA subjects

were also reduced across the whole brain, and reductions

were strongly localized in affective and executive regula-

tory areas (para-hippocampal gyrus and amygdala). The

regional topological values of the autonomic (i.e., the left

insula and cerebellar regions), affective (i.e., the right

amygdala), and executive and sensorimotor (left caudate,

right SMA, right putamen, right pallidum), as well as

bilateral supramarginal/temporal/left occipital regions

were significantly correlated with disease severity mea-

sured as AHI variables of OSA subjects.

Reduced regional centrality of brain networks in OSA

subjects emphasizes a diminished integrative and commu-

nicative hub role in the functional brain network.

Reduced regional-weighted clustering coefficients of brain

networks in OSA subjects indicate weakened functional

specialization as changed to local structure sparsely con-

nected among the neighboring areas. The changes in

regional topological properties of brain networks in OSA

subjects, even if they show weak reduction, may entirely

lead to reduced, or less efficient global integration of

information. These deficiencies may be attributable to

breakdown of optimal or efficient balance between func-

tional integration and specialization by aberrant FC in the

condition. However, the lack of appearance of differences

in local efficiency in brain networks in OSA subjects

might be due to plastic reorganization.

Limitations and methodological
considerations

Several methodological issues need to be addressed. We

used nonparametric permutation tests to assess graph-the-

oretical measures, while we examined whole-brain FC in

OSA over control subjects with a threshold of P < 0.05,

FDR correction for multiple comparisons in a parametric

manner. Graph-theoretical measures did not show

significant differences between OSA and control subjects,

based on an FDR < 0.05 using parametric techniques.

However, significantly decreased global efficiency per se

implies a significant large-scale decline in functional net-

work organization of OSA, which may be originated from

decreased nodal graph-theoretical measures, even with

weak significance level. Therefore, we documented trends

of nodal properties showing a weak significance level.

We performed weight-conserving graph-theoretical

analyses, with a network-forming threshold of

FDR < 0.05, to avoid arbitrary threshold selection needed

for network binarization. Although we constructed indi-

vidual brain networks with a spatial scale by parcellating

the whole brain into 116 regions, widely used in brain

network studies, further studies are required to compare

the current findings using different spatial scales or par-

cellations, since their uses could reveal different graph-

theoretical results as shown in other studies (Wang et al.

2009; Fornito et al. 2010; Hayasaka and Laurienti 2010;

Zalesky et al. 2010). In this study, we used temporal scale

of 120 sec as relatively short length of time series, which

could not fully address temporal stability, assumed in FC

studies. However, network data constructed in this study

may be acceptable and supplemented with a large number

of subjects. We removed, through regression, the effect of

global BOLD signals in calculating resting-state FC. This

procedure can effectively reduce nonneural noise (Power

et al. 2014) and can improve the specificity in FC (Fox

et al. 2005; Smith et al. 2009). The removal process

remains a controversial issue, since those signals could

potentially induce the negative correlations (Murphy et al.

2009; Chai et al. 2012). Thus, we performed additional

analysis without global signal regression on FC study

(Figure S1). In the additional results, overall FC patterns

by group comparison were highly similar between with

and without global signal regression. Also, we found

highly similar increased FC patterns in OSA subjects

between with and without global signal regression, while

we found different decreased FC pattern – but including

similar regions – in OSA. However, we regarded global

signal regression as an essential noise reduction step, since

global signal accounts for widely shared variance and its

large fraction may be concerned with residual effects of

head motion or respiration (Birn et al. 2006; Power et al.

2012; Thomas et al. 2014). Another issue that should be

acknowledged is that pathological mechanisms on the

increased FC outcomes in OSA is still unclear, and the

authors did not verify the absence of sleep and the altered

outcomes; this study was designed for single time mea-

surement in each subject, which may not reflect on sleep-

related dysfunction. Another limitation includes nonavail-

ability of overnight PSG data from all control subjects to

diagnose any potential OSA condition. Only limited
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number of controls underwent for overnight PSG study,

and some controls may have been included here with

undiagnosed OSA condition.

Conclusions

Recently diagnosed, treatment-na€ıve OSA subjects showed

complex, aberrant functional connectivities in the resting

state in various brain regions regulating autonomic, affec-

tive, executive, sensorimotor, and cognitive functions.

OSA-related functional connection changes further led to

disrupted topological properties, both for functional inte-

gration and specialization aspects of brain network orga-

nization. The altered FC and reorganization of brain

networks may affect both parasympathetic and sympa-

thetic interactions, as well as sensorimotor integration, all

of which are affected in OSA. The functional network-

level changes likely result from the prominent structural

changes in these regions described earlier in the condi-

tion.

Acknowledgments

We thank R. K. Harper, K. Harada, and R. Vig for

assistance with data collection and editorial service. This

work was supported by National Institutes of Health R01

HL-113251 and R01 NR-015038.

Conflict of Interest

None declared.

References

Achard, S., and E. Bullmore. 2007. Efficiency and cost of

economical brain functional networks. PLoS Comput. Biol.

3:e17.

Achard, S., R. Salvador, B. Whitcher, J. Suckling, and E.

Bullmore. 2006. A resilient, low-frequency, small-world

human brain functional network with highly connected

association cortical hubs. J. Neurosci. 26:63–72.
Ayalon, L., S. Ancoli-Israel, Z. Klemfuss, M. D. Shalauta, and

S. P. Drummond. 2006. Increased brain activation during

verbal learning in obstructive sleep apnea. NeuroImage

31:1817–1825.
Bassett, D. S., and E. T. Bullmore. 2009. Human brain networks

in health and disease. Curr. Opin. Neurol. 22:340–347.
Bassett, D. S., E. Bullmore, B. A. Verchinski, V. S. Mattay, D.

R. Weinberger, and A. Meyer-Lindenberg. 2008. Hierarchical

organization of human cortical networks in health and

schizophrenia. J. Neurosci. 28:9239–9248.
Beckmann, C. F., and S. M. Smith. 2005. Tensorial extensions

of independent component analysis for multisubject FMRI

analysis. NeuroImage 25:294–311.

Bedard, M. A., J. Montplaisir, F. Richer, I. Rouleau, and J.

Malo. 1991. Obstructive sleep apnea syndrome: pathogenesis

of neuropsychological deficits. J. Clin. Exp. Neuropsychol.

13:950–964.

Birn, R. M., J. B. Diamond, M. A. Smith, and P. A. Bandettini.

2006. Separating respiratory-variation-related fluctuations

from neuronal-activity-related fluctuations in fMRI.

NeuroImage 31:1536–1548.
Biswal, B., F. Z. Yetkin, V. M. Haughton, and J. S. Hyde.

1995. Functional connectivity in the motor cortex of resting

human brain using echo-planar MRI. Magn. Reson. Med.

34:537–541.
Bullmore, E., and O. Sporns. 2009. Complex brain networks:

graph theoretical analysis of structural and functional

systems. Nat. Rev. Neurosci. 10:186–198.

Bullmore, E., and O. Sporns. 2012. The economy of

brain network organization. Nat. Rev. Neurosci.

13:336–349.
Chai, X. J., A. N. Castanon, D. Ongur, and S. Whitfield-

Gabrieli. 2012. Anticorrelations in resting state

networks without global signal regression. NeuroImage 59:

1420–1428.
Chan, R. C., D. Shum, T. Toulopoulou, and E. Y. Chen. 2008.

Assessment of executive functions: review of instruments

and identification of critical issues. Arch. Clin.

Neuropsychol. 23:201–216.
Cohen, R., S. Salloway, and L. Sweet. 2008. Neuropsychiatric

aspects of disorders of attention. Pp. 405–444 in S. C.

Yudofsky, R. E. Hales, eds. Textbook of neuropsychiatry.

American Psychiatric Press, Washington, DC.

Cordes, D., V. M. Haughton, K. Arfanakis, G. J. Wendt, P. A.

Turski, C. H. Moritz, et al. 2000. Mapping functionally

related regions of brain with functional connectivity MR

imaging. AJNR Am. J. Neuroradiol. 21:1636–1644.
Critchley, H. D., C. J. Mathias, O. Josephs, J. O’Doherty, S.

Zanini, B. K. Dewar, et al. 2003. Human cingulate cortex

and autonomic control: converging neuroimaging and

clinical evidence. Brain 126:2139–2152.
Cross, R. L., R. Kumar, P. M. Macey, L. V. Doering, J. R.

Alger, F. L. Yan-Go, et al. 2008. Neural alterations and

depressive symptoms in obstructive sleep apnea patients.

Sleep 31:1103–1109.

Crossley, N. A., A. Mechelli, J. Scott, F. Carletti, P. T. Fox, P.

McGuire, et al. 2014. The hubs of the human connectome

are generally implicated in the anatomy of brain disorders.

Brain, 137:2382–2395.

Damoiseaux, J. S., S. A. Rombouts, F. Barkhof, P. Scheltens, C.

J. Stam, S. M. Smith, et al. 2006. Consistent resting-state

networks across healthy subjects. Proc. Natl Acad. Sci. USA

103:13848–13853.

De Luca, M., C. F. Beckmann, N. De Stefano, P. M. Matthews,

and S. M. Smith. 2006. fMRI resting state networks define

distinct modes of long-distance interactions in the human

brain. NeuroImage 29:1359–1367.

Brain and Behavior, doi: 10.1002/brb3.441 (14 of 17) ª 2016 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.

Abnormal Whole-brain Functional Networks in OSA B. Park et al.



Eguiluz, V. M., D. R. Chialvo, G. A. Cecchi, M. Baliki, and A.

V. Apkarian. 2005. Scale-free brain functional networks.

Phys. Rev. Lett. 94:018102.

Fornito, A., A. Zalesky, and E. T. Bullmore. 2010. Network

scaling effects in graph analytic studies of human resting-

state FMRI data. Front. Syst. Neurosci. 4:22.

Fox, M. D., and M. Greicius. 2010. Clinical applications of

resting state functional connectivity. Front. Syst. Neurosci.

4:19.

Fox, M. D., and M. E. Raichle. 2007. Spontaneous fluctuations

in brain activity observed with functional magnetic

resonance imaging. Nat. Rev. Neurosci. 8:700–711.
Fox, M. D., A. Z. Snyder, J. L. Vincent, M. Corbetta, D. C.

Van Essen, and M. E. Raichle. 2005. The human brain is

intrinsically organized into dynamic, anticorrelated

functional networks. Proc. Natl Acad. Sci. USA 102:9673–
9678.

Friston, K. J., A. P. Holmes, K. J. Worsley, J. P. Poline, C. D.

Frith, and R. S. Frackowiak. 1994. Statistical parametric

maps in functional imaging: a general linear approach.

Hum. Brain Mapp. 2:189–210.

Frodl, T., E. M. Meisenzahl, T. Zetzsche, C. Born, C. Groll, M.

Jager, et al. 2002. Hippocampal changes in patients with a

first episode of major depression. Am. J. Psychiatry

159:1112–1118.

Genovese, C. R., N. A. Lazar, and T. Nichols. 2002.

Thresholding of statistical maps in functional neuroimaging

using the false discovery rate. NeuroImage 15:870–878.
Gong, G., P. Rosa-Neto, F. Carbonell, Z. J. Chen, Y. He, and

A. C. Evans. 2009. Age- and gender-related differences in

the cortical anatomical network. J. Neurosci. 29:15684–

15693.

Hagmann, P., M. Kurant, X. Gigandet, P. Thiran, V. J.

Wedeen, R. Meuli, et al. 2007. Mapping human whole-

brain structural networks with diffusion MRI. PLoS One 2:

e597.

Halbower, A. C., M. Degaonkar, P. B. Barker, C. J. Earley, C.

L. Marcus, P. L. Smith, et al. 2006. Childhood obstructive

sleep apnea associates with neuropsychological deficits and

neuronal brain injury. PLoS Med. 3:e301.

Harper, R. M., P. M. Macey, L. A. Henderson, M. A. Woo, K.

E. Macey, R. C. Frysinger, et al. 2003. fMRI responses to

cold pressor challenges in control and obstructive sleep

apnea subjects. J. Appl. Physiol. 94:1583–1595.

Hayasaka, S., and P. J. Laurienti. 2010. Comparison of

characteristics between region-and voxel-based network

analyses in resting-state fMRI data. NeuroImage 50:499–508.
He, Y., Z. J. Chen, and A. C. Evans. 2007. Small-world

anatomical networks in the human brain revealed by

cortical thickness from MRI. Cereb. Cortex 17:2407–2419.

Henderson, L. A., P. M. Macey, K. E. Macey, R. C. Frysinger,

M. A. Woo, R. K. Harper, et al. 2002. Brain responses

associated with the Valsalva maneuver revealed by

functional magnetic resonance imaging. J. Neurophysiol.

88:3477–3486.

Henderson, L. A., M. A. Woo, P. M. Macey, K. E. Macey, R.

C. Frysinger, J. R. Alger, et al. 2003. Neural responses

during Valsalva maneuvers in obstructive sleep apnea

syndrome. J. Appl. Physiol. 94:1063–1074.
Henderson, L. A., C. A. Richard, P. M. Macey, M. L.

Runquist, P. L. Yu, J. P. Galons, et al. 2004. Functional

magnetic resonance signal changes in neural structures to

baroreceptor reflex activation. J. Appl. Physiol. (1985)

96:693–703.

van den Heuvel, M. P., C. J. Stam, M. Boersma, and H. E.

Hulshoff Pol. 2008. Small-world and scale-free organization

of voxel-based resting-state functional connectivity in the

human brain. NeuroImage 43:528–539.

Iturria-Medina, Y., R. C. Sotero, E. J. Canales-Rodriguez, Y.

Aleman-Gomez, and L. Melie-Garcia. 2008. Studying the

human brain anatomical network via diffusion-weighted

MRI and Graph Theory. NeuroImage 40:1064–1076.

Joo, E. Y., W. S. Tae, S. J. Han, J. W. Cho, and S. B. Hong.

2007. Reduced cerebral blood flow during wakefulness in

obstructive sleep apnea-hypopnea syndrome. Sleep 30:1515–

1520.

Joo, E. Y., W. S. Tae, M. J. Lee, J. W. Kang, H. S. Park, J. Y.

Lee, et al. 2010. Reduced brain gray matter concentration in

patients with obstructive sleep apnea syndrome. Sleep

33:235–241.

Joo, E. Y., S. Jeon, S. T. Kim, J. M. Lee, and S. B. Hong. 2013.

Localized cortical thinning in patients with obstructive sleep

apnea syndrome. Sleep 36:1153–1162.
Kumar, R., P. M. Macey, R. L. Cross, M. A. Woo, F. L. Yan-

Go, and R. M. Harper. 2009. Neural alterations associated

with anxiety symptoms in obstructive sleep apnea syndrome.

Depress. Anxiety 26:480–491.
Kumar, R., A. S. Chavez, P. M. Macey, M. A. Woo, F. L. Yan-

Go, and R. M. Harper. 2012. Altered global and regional

brain mean diffusivity in patients with obstructive sleep

apnea. J. Neurosci. Res. 90:2043–2052.
Kumar, R., S. Farahvar, J. A. Ogren, P. M. Macey, P. M.

Thompson, M. A. Woo, et al. 2014a. Brain putamen volume

changes in newly-diagnosed patients with obstructive sleep

apnea. Neuroimage Clin. 4:383–391.

Kumar, R., T. T. Pham, P. M. Macey, M. A. Woo, F. L. Yan-

Go, and R. M. Harper. 2014b. Abnormal myelin and axonal

integrity in recently diagnosed patients with obstructive

sleep apnea. Sleep 37:723–732.

Laird, A. R., S. B. Eickhoff, C. Rottschy, D. Bzdok, K. L. Ray,

and P. T. Fox. 2013. Networks of task co-activations.

NeuroImage 80:505–514.
Latora, V., and M. Marchiori. 2001. Efficient behavior of

small-world networks. Phys. Rev. Lett. 87:198701.

Liu, Y., C. Yu, X. Zhang, J. Liu, Y. Duan, A. F. Alexander-

Bloch, et al. 2014. Impaired long distance functional

ª 2016 The Authors. Brain and Behavior published by Wiley Periodicals, Inc. Brain and Behavior, doi: 10.1002/brb3.441 (15 of 17)

B. Park et al. Abnormal Whole-brain Functional Networks in OSA



connectivity and weighted network architecture in

Alzheimer’s disease. Cereb. Cortex 24:1422–1435.

Lowe, M. J., B. J. Mock, and J. A. Sorenson. 1998. Functional

connectivity in single and multislice echoplanar imaging

using resting-state fluctuations. NeuroImage 7:119–132.
Macey, P. M., L. A. Henderson, K. E. Macey, J. R. Alger, R. C.

Frysinger, M. A. Woo, et al. 2002. Brain morphology

associated with obstructive sleep apnea. Am. J. Respir. Crit.

Care Med. 166:1382–1387.

Macey, K. E., P. M. Macey, M. A. Woo, L. A. Henderson, R.

C. Frysinger, R. K. Harper, et al. 2006. Inspiratory loading

elicits aberrant fMRI signal changes in obstructive sleep

apnea. Respir. Physiol. Neurobiol. 151:44–60.

Macey, P. M., R. Kumar, M. A. Woo, E. M. Valladares, F. L.

Yan-Go, and R. M. Harper. 2008. Brain structural changes

in obstructive sleep apnea. Sleep 31:967–977.
Macey, P. M., R. Kumar, J. A. Ogren, M. A. Woo, and R. M. Harper.

2014. Global brain blood-oxygen level responses to autonomic

challenges in obstructive sleep apnea. PLoS One 9:e105261.

Mayberg, H. S., A. M. Lozano, V. Voon, H. E. McNeely, D.

Seminowicz, C. Hamani, et al. 2005. Deep brain stimulation

for treatment-resistant depression. Neuron 45:651–660.
Morrell, M. J., D. W. McRobbie, R. A. Quest, A. R. Cummin,

R. Ghiassi, and D. R. Corfield. 2003. Changes in brain

morphology associated with obstructive sleep apnea. Sleep

Med. 4:451–454.
Morrell, M. J., M. L. Jackson, G. L. Twigg, R. Ghiassi, D. W.

McRobbie, R. A. Quest, et al. 2010. Changes in brain

morphology in patients with obstructive sleep apnoea.

Thorax 65:908–914.
Murphy, K., R. M. Birn, D. A. Handwerker, T. B. Jones, and

P. A. Bandettini. 2009. The impact of global signal

regression on resting state correlations: are anti-correlated

networks introduced? NeuroImage 44:893–905.
Naegele, B., V. Thouvard, J. L. Pepin, P. Levy, C. Bonnet, J. E.

Perret, et al. 1995. Deficits of cognitive executive functions

in patients with sleep apnea syndrome. Sleep 18:43–52.

Neumeister, A., S. Wood, O. Bonne, A. C. Nugent, D.

A. Luckenbaugh, T. Young, et al. 2005. Reduced

hippocampal volume in unmedicated, remitted

patients with major depression versus control subjects.

Biol. Psychiatry 57:935–937.

Nichols, T. E., and A. P. Holmes. 2002. Nonparametric

permutation tests for functional neuroimaging: a primer

with examples. Hum. Brain Mapp. 15:1–25.
Olde Dubbelink, K. T., A. Hillebrand, D. Stoffers, J. B. Deijen,

J. W. Twisk, C. J. Stam, et al. 2014. Disrupted brain

network topology in Parkinson’s disease: a longitudinal

magnetoencephalography study. Brain, 137:197–207.
Peng, D. C., X. J. Dai, H. H. Gong, H. J. Li, X. Nie, and W.

Zhang. 2014. Altered intrinsic regional brain activity in male

patients with severe obstructive sleep apnea: a resting-state

functional magnetic resonance imaging study.

Neuropsychiatr. Dis. Treat. 10:1819–1826.

Peppard, P. E., T. Young, M. Palta, and J. Skatrud. 2000.

Prospective study of the association between sleep-

disordered breathing and hypertension. N. Engl. J. Med.

342:1378–1384.
Power, J. D., K. A. Barnes, A. Z. Snyder, B. L. Schlaggar, and

S. E. Petersen. 2012. Spurious but systematic correlations in

functional connectivity MRI networks arise from subject

motion. NeuroImage 59:2142–2154.
Power, J. D., A. Mitra, T. O. Laumann, A. Z. Snyder, B. L.

Schlaggar, and S. E. Petersen. 2014. Methods to detect,

characterize, and remove motion artifact in resting state

fMRI. NeuroImage 84:320–341.
Rubinov, M., and O. Sporns. 2010. Complex network

measures of brain connectivity: uses and interpretations.

NeuroImage 52:1059–1069.

Sadaghiani, S., and A. Kleinschmidt. 2013. Functional

interactions between intrinsic brain activity and behavior.

NeuroImage 80:379–386.
Salvador, R., J. Suckling, M. R. Coleman, J. D. Pickard, D.

Menon, and E. Bullmore. 2005. Neurophysiological

architecture of functional magnetic resonance images of

human brain. Cereb. Cortex 15:1332–1342.
Santarnecchi, E., I. Sicilia, J. Richiardi, G. Vatti, N. R.

Polizzotto, D. Marino, et al. 2013. Altered cortical and

subcortical local coherence in obstructive sleep apnea: a

functional magnetic resonance imaging study. J. Sleep Res.

22:337–347.

Saper, C. B. 1982. Convergence of autonomic and limbic

connections in the insular cortex of the rat. J. Comp.

Neurol. 210:163–173.
Seeley, W. W., V. Menon, A. F. Schatzberg, J. Keller, G. H.

Glover, H. Kenna, et al. 2007. Dissociable intrinsic

connectivity networks for salience processing and executive

control. J. Neurosci. 27:2349–2356.
Smith, S. M., P. T. Fox, K. L. Miller, D. C. Glahn, P. M. Fox,

C. E. Mackay, et al. 2009. Correspondence of the brain’s

functional architecture during activation and rest. Proc. Natl

Acad. Sci. USA 106:13040–13045.

Somers, V. K., M. E. Dyken, M. P. Clary, and F. M. Abboud.

1995. Sympathetic neural mechanisms in obstructive sleep

apnea. J. Clin. Invest. 96:1897–1904.
Sporns, O., and J. D. Zwi. 2004. The small world of the

cerebral cortex. Neuroinformatics 2:145–162.
Sporns, O., G. Tononi, and G. M. Edelman. 2000. Theoretical

neuroanatomy: relating anatomical and functional

connectivity in graphs and cortical connection matrices.

Cereb. Cortex 10:127–141.
Stam, C. J. 2004. Functional connectivity patterns of human

magnetoencephalographic recordings: a ‘small-world’

network? Neurosci. Lett. 355:25–28.

Brain and Behavior, doi: 10.1002/brb3.441 (16 of 17) ª 2016 The Authors. Brain and Behavior published by Wiley Periodicals, Inc.

Abnormal Whole-brain Functional Networks in OSA B. Park et al.



Stam, C. J., and J. C. Reijneveld. 2007. Graph theoretical

analysis of complex networks in the brain. Nonlinear

Biomed. Phys. 1:3.

The Report of an American Academy of Sleep Medicine Task

Force. 1999. Sleep-related breathing disorders in adults:

recommendations for syndrome definition and measurement

techniques in clinical research. The Report of an

American Academy of Sleep Medicine Task Force. Sleep,

22:667–689.

Thomas, J. B., M. R. Brier, R. J. Bateman, A. Z. Snyder, T. L.

Benzinger, C. Xiong, et al. 2014. Functional connectivity in

autosomal dominant and late-onset Alzheimer disease.

JAMA Neurol. 71:1111–1122.

Torelli, F., N. Moscufo, G. Garreffa, F. Placidi, A. Romigi, S.

Zannino, et al. 2011. Cognitive profile and brain

morphological changes in obstructive sleep apnea.

NeuroImage 54:787–793.

Tzourio-Mazoyer, N., B. Landeau, D. Papathanassiou, F.

Crivello, O. Etard, N. Delcroix, et al. 2002. Automated

anatomical labeling of activations in SPM using a

macroscopic anatomical parcellation of the MNI MRI

single-subject brain. NeuroImage 15:273–289.
Van Dijk, K. R., M. R. Sabuncu, and R. L. Buckner. 2012. The

influence of head motion on intrinsic functional

connectivity MRI. NeuroImage 59:431–438.

Wang, J., L. Wang, Y. Zang, H. Yang, H. Tang, Q. Gong, et al.

2009. Parcellation-dependent small-world brain functional

networks: a resting-state fMRI study. Hum. Brain Mapp.

30:1511–1523.

Wang, J., X. Wang, Y. He, X. Yu, H. Wang, and Y. He. 2015.

Apolipoprotein E epsilon4 modulates functional brain

connectome in Alzheimer’s disease. Hum. Brain Mapp.

36:1828–1846.

Watts, D. J., and S. H. Strogatz. 1998. Collective dynamics of

‘small-world’ networks. Nature 393:440–442.

Weissenbacher, A., C. Kasess, F. Gerstl, R. Lanzenberger, E.

Moser, and C. Windischberger. 2009. Correlations and

anticorrelations in resting-state functional connectivity MRI:

a quantitative comparison of preprocessing strategies.

NeuroImage 47:1408–1416.
Yan, C. G., B. Cheung, C. Kelly, S. Colcombe, R. C. Craddock,

A. Di Martino, et al. 2013. A comprehensive assessment of

regional variation in the impact of head micromovements

on functional connectomics. NeuroImage 76:183–201.

Yaouhi, K., F. Bertran, P. Clochon, F. Mezenge, P. Denise, J.

Foret, et al. 2009. A combined neuropsychological and brain

imaging study of obstructive sleep apnea. J. Sleep Res.

18:36–48.

Yin, D., F. Song, D. Xu, L. Sun, W. Men, L. Zang, et al. 2014.

Altered topological properties of the cortical motor-related

network in patients with subcortical stroke revealed by

graph theoretical analysis. Hum. Brain Mapp. 35:3343–3359.

Zalesky, A., A. Fornito, I. H. Harding, L. Cocchi, M. Yucel, C.

Pantelis, et al. 2010. Whole-brain anatomical networks: does

the choice of nodes matter? NeuroImage 50:970–983.
Zhang, Q., D. Wang, W. Qin, Q. Li, B. Chen, Y. Zhang, et al.

2013. Altered resting-state brain activity in obstructive sleep

apnea. Sleep 36:651–659B.

Supporting Information

Additional supporting information may be found in the

online version of this article:

Figure S1. Group comparison results without global sig-

nal regression.

Table S1. Significantly decreased functional connectivity

in patients with OSA (FDR < 0.05).

Table S2. Significantly increased functional connectivity

in patients with OSA (FDR < 0.05).

ª 2016 The Authors. Brain and Behavior published by Wiley Periodicals, Inc. Brain and Behavior, doi: 10.1002/brb3.441 (17 of 17)

B. Park et al. Abnormal Whole-brain Functional Networks in OSA




