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INTRODUCTION
Obstructive sleep apnea (OSA) is a common sleep disorder 

characterized by repetitive episodes of partial or complete upper 
airway obstruction during sleep, resulting in fragmented sleep 
and chronically intermittent hypoxemia; it affects at least 2-4% 
of middle-aged adults.1,2 OSA is associated with cerebrovascular 
and cardiovascular morbidity, excessive daytime sleepiness, de-
pression, anxiety, and increased risk for motor vehicle accidents.3,4

Patients with OSA exhibit impaired neural function and have 
memory, executive, attention, and motor function deficits.5 
However, the underlying neural mechanisms remain largely un-
known and have attracted much attention. Previous neuroimag-
ing studies revealed that patients with OSA showed alterations in 
gray matter volume (GMV),6-8 white matter integrity,9 metabo-
lism,7,10,11 regional cerebral blood flow (rCBF),12 activation,13-15 
and deactivation16,17 in a variety of brain areas. Furthermore, 
several of these alterations were correlated with the severity of 
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the disorder.8,10,12,14,17 However, it remains unclear whether the 
resting-state brain activity is altered in patients with OSA; such 
knowledge may improve understanding of the mechanisms of 
impaired neural functions in this disorder. Although resting-state 
brain activity can be investigated by several neuroimaging tech-
niques, the resting-state functional MRI (rs-fMRI) is the most 
widely used. Among the methods for analyzing rs-fMRI data, the 
independent component analysis (ICA) is useful as a data-driven 
method that can automatically identify several meaningful brain 
networks.18,19 Each brain network is composed of several brain 
regions with similar activity patterns, whereas different networks 
show different activity patterns.20 The resting-state brain activity 
within these brain networks is changed in many diseases.21 Some 
of these diseases are similar to OSA, such as chronic hypoxia and 
sleep deprivation.22,23 These findings lead us to hypothesize that 
resting-state brain activity is changed in OSA, which may con-
tribute to the deficits in neural functions in this disorder.

In the current study, we first compared the resting-state func-
tional connectivity (rsFC, a measure of the resting-state brain 
activity) within each of the seven brain networks between pa-
tients with OSA and healthy controls to identify brain networks 
with altered rsFC in OSA. Next, we evaluated the relationships 
between the altered rsFC in a specific brain network and the 
severity of OSA. Then, we explored whether the brain regions 
with altered rsFC also had changed GMV to determine the 
implications of the altered rsFC on OSA. Finally, we also re-
cruited 19 sleep-deprived subjects (who did not have OSA) to 
examine the effect of sleepiness on rsFC and to clarify which 
rsFC changes were specific to OSA.
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METHODS

Participants
Twenty-four treatment-naïve male patients with moderate 

to severe OSA and 21 healthy controls matched for age, sex, 
years of education, and handedness were included in this study. 
Patients were enrolled from the Sleep Laboratory of the Re-
spiratory Department of Tianjin Medical University General 
Hospital. The apnea-hypopnea index (AHI) was higher than 15 
in the patients with OSA but lower than five in the control sub-
jects. Each participant was assessed by a detailed clinical inter-
view and physical examination. Exclusion criteria for both the 
patients and controls were as follows: (1) sleep disorders other 
than OSA; (2) history of a cardiovascular disease, hyperten-
sion, diabetes mellitus, or central nervous system disorders; (3) 
age younger than 30 years or older than 60 years; (4) left-hand-
edness; (5) alcohol or illicit drug abuse, or current intake of 
psychoactive medications; (6) Mini Mental State Examination 
(MMSE) score < 24/30; (7) body weight > 125 kg; and (8) MRI 
contraindications, such as claustrophobia and metallic implants 
or devices in the body. The study was approved by the Medical 
Research Ethics Committee of Tianjin Medical University, and 
all participants provided written informed consent forms.

To examine whether functional brain changes were re-
lated to sleepiness in patients with OSA, 19 non-OSA sleep-
deprived healthy male subjects with AHI < 5 were recruited. 
The subject exclusion criteria included a history of medical, 
neurologic, psychiatric, or sleep disorders (such as OSA), past 
history of alcohol or drug abuse, and current use of psychoac-
tive medications. These individuals were scheduled for two 
rs-fMRI scans starting at 07:00. One scan was performed after 
a well-rested normal night following the individual’s habitual 
sleep schedule, and the other scan was performed after 24 h 
of total sleep deprivation. Sleep deprivation was performed 
in a separate room where these individuals were continuous-
ly monitored and checked every 10 min. These individuals 
were instructed to refrain from smoking, caffeine and alcohol 
intake, and physical exercise in the 24 h before the second 
rs-fMRI scan. Caffeine-free meals were provided during the 
sleep-deprived period.

Polysomnography
Full nocturnal polysomnography (PSG) monitoring was per-

formed on all patients with OSA and healthy controls using the 
Compumedics E-Series Sleep System (Compumedics Sleep, 
Abbotsford, Australia). Standard electroencephalogram (EEG), 
electrooculogram (EOG), chin electromyogram (EMG), elec-
trocardiogram (ECG), oral and nasal airflow, thoracic and ab-
dominal movements, oximetry, body position, and snoring were 
recorded. In accordance with the American Academy of Sleep 
Medicine guidelines, an obstructive apnea was defined as a re-
duction in airflow ≥ 90% lasting at least 10 sec and associated 
with persistent respiratory effort; a hypopnea was defined as a 
reduction in airflow ≥ 30% lasting at least 10 sec and accom-
panied by a 4% or greater oxygen desaturation, or with EEG 
arousal.24,25 The AHI was calculated as the average of the total 
number of apnea and hypopnea events experienced per hour of 
sleep. The percentage of time with saturation of oxygen (SaO2) 
below 90% during total sleep (% total sleep time [TST] < 90%) 

was also recorded. Excessive daytime sleepiness was evaluated 
by using the Epworth Sleepiness Scale (ESS).26

MRI Data Acquisition
Imaging was performed on a 3.0 Tesla MRI system (Signa 

HDx, General Electric, Milwaukee, WI, USA). Foam pads were 
used to minimize head movements, and earplugs were used to 
reduce scanner noise. The rs-fMRI scans were performed by 
an echo planar imaging (EPI) sequence with the following pa-
rameters: repetition time = 2,000 ms, echo time = 30 ms, flip 
angle = 90°, field of view = 240 × 240 mm2, matrix = 64 × 64, 
slice thickness = 3 mm, slice gap = 1 mm. Each brain volume 
comprised 38 axial slices, and each functional run consisted of 
180 volumes. During fMRI scans, all patients were instructed 
to keep their eyes closed, to stay as motionless as possible, to 
think of nothing in particular, and not to fall asleep. High-reso-
lution three-dimensional T1-weighted images were acquired by 
a brain volume (BRAVO) sequence (repetition time = 8.1 ms, 
echo time = 3.1 ms, inversion time = 450 ms, flip angle = 13°, 
field of view = 256 × 256 mm2, matrix = 256 × 256, slice thick-
ness = 1 mm, no gap, 176 sagittal slices).

fMRI Data Preprocessing
The fMRI data were preprocessed with the Statistical Para-

metric Mapping software (SPM8; http://www.fil.ion.ucl.ac.uk/
spm/). The first 10 volumes for each patient were discarded due 
to the signal reaching equilibrium and the participants adapting 
to the scanning noise. The remaining 170 volumes were cor-
rected for acquisition time delay between different slices and 
corrected for geometric displacements according to the esti-
mated head movement and realigned to the first volume. Head 
motion parameters were computed by estimating translation in 
each direction and the angular rotation on each axis for each 
volume. Each patient had maximum displacement in any of the 
cardinal directions (x, y, z) of less than 2 mm and a maximum 
spin (x, y, z) of less than 2°. Following this step, all functional 
data were spatially normalized to the Montreal Neurological 
Institute (MNI) EPI template, resampled to 3 mm3 voxels, and 
smoothed with a 6-mm full width at half maximum (FWHM).

Independent Component Analysis
A subject order-independent group ICA (SOI-GICA)27 was 

conducted for the 45 participants using the Infomax algo-
rithm28 within the Stable and Consistent Group ICA Toolbox 
(http://www.nitrc.org/projects/cogicat/, MICA version beta 
1.2). A three-step principal component analysis was used to 
decompose the dataset into 30 components. The GICA was 
run 100 times to obtain highly robust results. Seven meaning-
ful components were identified via visual inspection, and these 
components are consistent with previous studies.19,20 The indi-
vidual-level components were obtained by back-reconstruction 
and converted into calibrated rsFC maps.29 Here, the calibrated 
rsFC reflects the degree to which the time series of a given voxel 
correlates with the mean time series of its belonging component.

Statistical Analysis for fMRI Data
For a specific spatial component, the component maps for 

all of the participants were entered into a one-sample t-test 
(P < 0.05, after correcting for multiple comparisons using a 
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family-wise error [FWE] method) to create a sam-
ple-specific component map. Each of these sample-
specific component maps was used as a spatial 
mask for its corresponding brain network. For each 
brain network of interest, a two-sample t-test was 
used to identify group differences in the rsFC in a 
voxelwise manner within the spatial mask. Multi-
ple comparisons were corrected using Monte Carlo 
simulations with a corrected threshold of P < 0.05 
(AlphaSim program in AFNI software, http://afni.
nimh.nih.gov/). The threshold of the cluster size 
was calculated by the following parameters: single 
voxel P = 0.01, 5,000 simulations, FWHM = 6 mm, 
cluster connection radius = 5 mm with each com-
ponent mask (3 mm3 resolution). Paired sample t-
test was used to compare the rsFC differences in 
the 19 subjects before and after sleep deprivation 
using the same statistical thresholds as compari-
sons between OSA patients and healthy controls.

In the brain networks showing significant group 
differences in rsFC, voxel-based partial correla-
tion analyses controlling for age were performed to 
identify brain regions whose rsFC was correlated 
with clinical variables. Multiple comparisons were corrected us-
ing the same method as in the intergroup comparison of the rsFC.

For each subject, the mean rsFC of each cluster with signifi-
cant group difference was extracted and used for region of in-
terest (ROI)-based group comparison and correlation analysis 
with clinical variables. The ROI-based group comparisons were 
performed using a two-sample t-test (P < 0.05). The correlation 
analyses with clinical variables were performed using a partial 
correlation method (P < 0.05) with age as covariate of no interest.

VBM Analysis
The VBM analysis was performed using the SPM8 software. 

The detailed procedures have been described in our previous 
studies.30 After spatial preprocessing, the smoothed, modulated, 
normalized GMV maps were used for statistical analysis. For 
the whole-brain analysis, voxelwise GMV differences between 
the patients with OSA and healthy controls were examined by 
using a two-sample t-test with age as covariate of no interest 
(FWE correction, P < 0.05). Then, an ROI-based partial corre-
lation analysis (controlling for age) was conducted to evaluate 
the relationship between GMV changes and clinical variables. 
Finally, the mean GMV of each cluster with significant group 
differences in the rsFC was calculated and compared between 
the two groups using a two-sample t-test (P < 0.05).

Statistical Analysis for Demographic and Clinical Variables
The demographic and clinical data were compared between 

the two groups using Statistical Package for the Social Sciences 
version 17.0 (SPSS, Chicago, IL, USA). Differences were con-
sidered significant when P was less than 0.05.

RESULTS

Demographic and Clinical Data
Demographic and clinical characteristics of each group are 

summarized in Table 1. All participants were male, right-hand-

ed, and free of any visible abnormalities on conventional MRI. 
There were no significant differences (P > 0.05) in age and 
years of education between the patients with OSA and healthy 
controls. As expected, the patients with OSA had significantly 
higher scores for body mass index (BMI) (t = 4.17, P < 0.001), 
AHI (t = 12.83, P < 0.001), %TST < 90% (t = 4.23, P < 0.001) 
and ESS (t = 9.38, P < 0.001) but a significant lower score for 
MMSE (t = -3.17, P = 0.004), compared to the controls. Sleep 
deprivation induced significant increases in ESS (3.3 ± 3.3 ver-
sus 20.5 ± 3.2, t = -16.89, P < 0.001, rested baseline versus 
sleep deprivation state) (Table S1).

Identification of the Resting-State Brain Networks
To visualize the main components of brain regions in a 

brain network, we adopted a strict statistical threshold of t > 
7 and a cluster size threshold of > 200 voxels (Figure 1). The 
seven brain networks were as follows: (1) the anterior default-
mode network (aDMN) included the medial prefrontal cortex 
(MPFC), anterior cingulate cortex, and superior frontal gy-
rus; (2) the posterior DMN (pDMN) consisted of the poste-
rior cingulate cortex (PCC) and precuneus (Pcu); (3) the left 
frontoparietal network (LFP) was mainly composed of the left 
dorsolateral prefrontal cortex (DLPFC) and inferior parietal 
lobule; (4) the right frontoparietal network (RFP) was mainly 
composed of the right DLPFC and inferior parietal lobule; (5) 
the sensorimotor network (SMN) included the bilateral primary 
sensorimotor cortices and supplementary motor areas; (6) the 
auditory network (AN) consisted of the primary and secondary 
auditory cortices and the superior temporal gyrus; and (7) the 
visual network (VN) was composed of the primary, secondary, 
and high-level visual cortices.

The rsFC Differences between the Patients with OSA and 
Healthy Controls

In the voxel-based analysis, the rsFC differences between the 
patients with OSA and healthy controls are shown in Figure 2 

Table 1—Demographic and clinical characteristics of patients with OSA and healthy controls

Characteristic
Patients with OSA Healthy controls

P Mean SD Mean SD
Age, y 44.6 7.4 40.6 11.4 0.178
Education 13.6 2.9 14.8 2.9 0.199
BMI, kg/m2 29.8 4.4 24.9 3.2 < 0.001
MMSE 29.5 0.7 30.0 0.2 0.004
AHI 54.7 19.9 2.5 1.4 < 0.001
AI 26.8 14.7 9.5 4.6 < 0.001
Stage 1, % 32.0 14.5 10.9 3.3 < 0.001
Stage 2, % 52.5 12.2 49.7 6.2 0.324
Stage 3 + 4, % 5.2 6.1 16.7 4.2 < 0.001
REM, % 10.1 4.8 22.8 5.1 < 0.001
%TST < 90% 21.7 23.9 1.0 2.7 < 0.001
ESS 15.2 7.3 1.1 1.1 < 0.001

AHI, apnea-hypopnea index; AI, arousal index; BMI, body mass index; ESS, Epworth 
sleepiness scale; MMSE, Mini Mental State Examination; OSA, obstructive sleep apnea; 
REM, rapid eye movement; SD, standard deviation; %TST < 90%, percentage of total sleep 
time spent at oxygen saturations less than 90%.
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and Table 2. Compared with the controls, the patients with OSA 
displayed decreased rsFC in the MPFC of the aDMN, the DLP-
FC of the LFP, the DLPFC of the RFP, and the left precentral 
gyrus of the SMN (P < 0.05, corrected). The significantly in-

creased rsFC was only found in the right PCC of the pDMN. 
The rsFC in the AN and VN did not show any significant differ-
ences between the two groups.

For the ROI-based analysis, the rsFC differences between the 
patients with OSA and healthy controls are shown in Figure 3 
and Table S2. Compared with the controls, the patients with 
OSA showed significantly decreased rsFC in the MPFC of the 
aDMN (P = 0.001), the DLPFC of the LFP (P < 0.001), the 
DLPFC of the RFP (P < 0.001), and the left precentral gyrus of 
the SMN (P < 0.001). The right PCC of the pDMN showed sig-
nificantly increased (P = 0.001) rsFC in the patients with OSA.

Correlations between rsFC with Group Difference and Clinical 
Variables

In patients with OSA, voxel-based partial correlation anal-
ysis showed that the AHI scores were negatively correlated 
(P < 0.05, corrected) with the rsFC of the right DLPFC of the 
RFP (Figure 4), but they were not correlated with the rsFC of 

Figure 1—Visualization of meaningful resting-state brain networks. These seven brain networks are identified by independent component analysis (ICA) 
from the 45 subjects (t > 7 and cluster size > 200 voxels). aDMN, anterior default-mode network; AN, auditory network; L, left; LFP, left frontoparietal network; 
pDMN, posterior default-mode network; R, right; RFP, right frontoparietal network; SMN, sensorimotor network; VN, visual network.

Figure 2—Significant (P < 0.05, corrected) increase (warm color) and 
decrease (cold color) in resting-state functional connectivity within each 
brain network in patients with OSA. aDMN, anterior default-mode network; 
L, left; LFP, left frontoparietal network; OSA, obstructive sleep apnea; 
pDMN, posterior default-mode network; R, right; RFP, right frontoparietal 
network; SMN, sensorimotor network.

Figure 3—Region of interest (ROI) analyses revealed significant (P < 0.05) 
changes in rsFC in patients with OSA. An asterisk indicates significant 
intergroup difference. aDMN, anterior default-mode network; HC, healthy 
controls; LFP, left frontoparietal network; OSA, obstructive sleep apnea; 
pDMN, posterior default-mode network; RFP, right frontoparietal network; 
rsFC, resting-state functional connectivity; SMN, sensorimotor network.
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other brain regions of the RFP or the rsFC of any brain regions 
of other brain networks with significant group difference. There 
were no significant correlations (P > 0.05) between the %TST 
< 90% or ESS scores and the rsFC of brain regions of interest 
in patients with OSA. In the ROI-based correlation analysis, 
we only found significant correlation (r = -0.488, P = 0.018) 
between the rsFC of right DLPFC and the AHI in patients with 
OSA (Table S3).

The GMV Differences between the Patients with OSA and 
Healthy Controls

For the whole-brain analysis, compared with healthy controls, 
the patients with OSA demonstrated reduced GMV in the left 
MPFC and left posterior inferior frontal gyrus (pIFG) (P < 0.05, 
FWE corrected) (Figure 5 and Table 3). With an uncorrected 
threshold of P < 0.0001, a reduction of GMV was also found in 
the bilateral hippocampi, the right cuneus, the right middle tem-
poral gyrus, and the left DLPFC (Figure 6 and Table S4). Then 
we extracted the mean GMV of the left MPFC and left pIFG in 
the patients with OSA, and found that there were no significant 
correlations between the GMVs of the two ROIs and the AHI, 
%TST < 90% or ESS scores (P > 0.05) (Table S5).

GMV Differences in Brain Regions with Significant Group 
Difference in the rsFC

We calculated the mean GMV of brain regions with signifi-
cant differences in the rsFC and compared them between the 
two groups using a two-sample t-test (Table S6). Compared 
with the controls, the patients with OSA showed significantly 
smaller GMV in the MPFC of the aDMN (P = 0.003) and in 
the left DLPFC of the LPF (P = 0.021) (Figure 7). Other brain 
regions of interest did not show any significant group differ-
ences in GMV.

Table 2—Brain areas with significant differences in rsFC within each brain network between patients with OSA and healthy controls

Networks Brain regions Brodmann areas Cluster size Coordinates in MNI Peak t values
aDMN MPFC 10, 11 35 6, 54, -9 -3.77
pDMN R. PCC 23 20 12, -39, 39 4.29
LFP L. DLPFC 9, 46 24 -30, 15, 45 -4.49
RFP R. DLPFC 8, 9 29 30, 18, 57 -3.99
SMN L. PreCG 6 35 -27, -24, 60 -4.27

aDMN, anterior default-mode network; DLPFC, dorsolateral prefrontal cortex; L, left; LFP, left frontoparietal network; MNI, Montreal Neurological Institute; 
MPFC, medial prefrontal cortex; OSA, obstructive sleep apnea; PCC, posterior cingulate cortex; pDMN, posterior default-mode network; PreCG, precentral 
gyrus; R, right; RFP, right frontoparietal network; rsFC, resting-state functional connectivity; SMN, sensorimotor network.

Figure 4—Correlation (P < 0.05, corrected) between the rsFC of the 
dorsolateral prefrontal cortex of the right frontoparietal network and the 
AHI scores in patients with OSA. AHI, apnea-hypopnea index; L, left; 
OSA, obstructive sleep apnea; R, right; rsFC, resting-state functional 
connectivity.

Figure 5—Significant (P < 0.05, FWE corrected) differences in GMV 
between patients with OSA and healthy controls. FWE, family-wise error; 
GMV, gray matter volume; L, left; MPFC, medial prefrontal cortex; OSA, 
obstructive sleep apnea; pIFG, posterior inferior frontal gyrus; R, right.

Table 3—Brain areas with significant differences in GMV between 
patients with OSA and healthy controls (P < 0.05, FWE corrected)

Brain regions
Brodmann 

areas
Cluster 

size
Coordinates 

in MNI
Peak t 
values

L. MPFC 11 281 -6, 33, -13 -7.03
L. pIFG 6 14 -58, 9, 13 -5.52

FWE, family-wise error; GMV, gray matter volume; L, left; MNI, Montreal 
Neurological Institute; MPFC, medial prefrontal cortex; OSA, obstructive 
sleep apnea; pIFG, posterior inferior frontal gyrus.

Figure 6—Significant (P < 0.0001, uncorrected) differences in GMV 
between patients with OSA and healthy controls. GMV, gray matter 
volume; L, left; OSA, obstructive sleep apnea; R, right.
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The rsFC Differences before and after Sleep Deprivation
The MRI data acquisition and analysis for the sleep-deprived 

subjects were the same as those for the patients with OSA. In 
the sleep-deprived subjects, the rsFC differences before and af-
ter sleep deprivation are shown in Figures 8 and 9 and Table 4. 
Paired t-tests demonstrated increased rsFC in the bilateral Pcu 
and cuneus of the pDMN, bilateral Pcu, and paracentral lobule 

of the SMN, left superior temporal gyrus (STG) and right STG 
of the AN, left lingual gyrus of the VN in the sleep-deprived 
state (P < 0.05, corrected). The significantly decreased rsFC was 
only found in the right superior frontal gyrus of the RFP, bilater-
al insula, and supramarginal gyri of the AN (P < 0.05, corrected).

DISCUSSION
This study is, to the best of our knowledge, the first to in-

vestigate the effect of OSA on resting-state brain activity using 
rs-fMRI. Three main findings are prevalent: (1) OSA specifi-
cally affected the resting-state brain activity in cognitive and 
sensorimotor-related brain networks but not the auditory and 
visual networks, and these observations were consistent with 
the prominent cognitive and motor dysfunction observed in this 
disorder; (2) we identified three types of brain alterations in 
patients with OSA by combining the structural and functional 
analyses, i.e., structural and functional deficits in the aDMN 
and LFP, functional deficit in the RFP and SMN, and functional 
compensation in the pDMN; and (3) we also identified a link 
between the altered rsFC in the RFP and disease severity in 
patients with OSA.

Were the rsFC Changes Specific to OSA or Just Reflective of 
Sleepiness?

Although we instructed the patients with OSA not to fall 
asleep, we could not absolutely exclude the effect of sleepi-

Figure 7—Significant (P < 0.05) GMV alterations in brain regions with 
significantly changed rsFC in patients with OSA. An asterisk indicates 
significant intergroup difference. aDMN, anterior default-mode network; 
GMV, gray matter volume; HC, healthy controls; LFP, left frontoparietal 
network; OSA, obstructive sleep apnea; pDMN, posterior default-mode 
network; RFP, right frontoparietal network; rsFC, resting-state functional 
connectivity; SMN, sensorimotor network.

Figure 8—Significant (P < 0.05, corrected) increased rsFC (warm color) 
within each brain network after sleep deprivation. AN, auditory network; L, 
left; pDMN, posterior default-mode network; R, right; rsFC, resting-state 
functional connectivity; SMN, sensorimotor network; VN, visual network.

Figure 9—Significant (P < 0.05, corrected) decreased rsFC (cold color) 
within each brain network after sleep deprivation. AN, auditory network; 
L, left; R, right; RFP, right frontoparietal network; rsFC, resting-state 
functional connectivity.



SLEEP, Vol. 36, No. 5, 2013 657 Resting-State Brain Activity in OSA—Zhang et al

ness on the rsFC because the patients with OSA showed exces-
sive daytime sleepiness and were prone to falling asleep, which 
might affect the rsFC.31-34 To clarify the specific rsFC changes 
in OSA, we compared rsFC changes resulting from simple 
sleep deprivation and OSA. We found four types of differences 
in rsFC changes between sleep-deprived subjects and OSA pa-
tients: (1) the aDMN and LFP showed decreased rsFC in pa-
tients with OSA but did not show any significant differences 
in sleep-deprived subjects, which suggested that the changes 
in these two networks were specific to OSA; (2) the AN and 
VN showed altered rsFC in sleep-deprived subjects, but did 
not show any significant changes in patients with OSA, which 
suggested that the changes in these two networks were specific 
to sleep deprivation; (3) the SMN showed increased rsFC in 
sleep-deprived subjects, but showed decreased rsFC in patients 
with OSA, suggesting the decreased rsFC in the SMN being 
specific to the OSA; and (4) although we found increased rsFC 
of the pDMN and decreased rsFC of the RFP in both patients 
with OSA and sleep-deprived subjects, the affected brain re-
gions were completely different (Figure 10). The rsFC changes 
in patients with OSA mainly resulted from OSA itself rather 
than excessive sleepiness.

Brain Networks with both Structural and Functional Deficits in 
Patients with OSA

OSA patients demonstrated decreased rsFC and reduced 
GMV in the MPFC of the aDMN, indicating structural and 
functional deficits. The DMN includes a set of brain regions 
that are more active during rest than during goal-directed tasks 
and is involved in a wide range of higher-order cognitive func-
tions.35 Decreased rsFC in the DMN has been reported in Al-
zheimer disease and multiple sclerosis,36,37 both of which show 
impaired episodic memory. Similarly, patients with OSA also 
show abnormal deactivation in the DMN during working mem-
ory tasks17 and episodic memory impairment.5 As a core region 
of the aDMN, the MPFC mainly supports self-referential or 
introspectively oriented mental activity, such as autobiographi-
cal memory (AM) and theory of mind.38 It was reported that 
patients with OSA had impaired AM and improvement of AM 
recall could predict the recovery from depression after contin-

uous positive airway pressure (CPAP) therapy.39 The prefrontal 
cortex was vulnerable to impairment by sleep disruption and 
intermittent hypoxia,40 and decreased task-related activation 
in the MPFC was frequently reported in this disorder.14 Ad-
ditionally, the MPFC is also involved in emotional process-
ing that exhibits deficit in patients with OSA despite adequate 
treatment and symptom improvement.41,42 The structural and 
functional impairments in the MPFC might be a candidate 
mechanism for the cognitive and emotional deficits observed 
in patients with OSA.

The frontoparietal network is also known as the frontopa-
rietal control network, or executive attention network, and is 
involved in executive control processes.43-45 Executive dysfunc-
tion was frequently reported in patients with OSA and was not 
always reversed after CPAP treatment.3,4 In this study, patients 
with OSA exhibited both structural and functional deficits in 
the left DLPFC of the LFP. The DLPFC is critical for executive 
function and highly sensitive to sleep deprivation.46 Both the 
absence of the DLPFC activation and impaired executive func-
tion have been reported in patients with OSA.13 Moreover, both 
hypometabolism and decreased GMV have been found in the 
prefrontal cortex and inferior parietal lobule of the frontopari-
etal network in patients with OSA,7 which is consistent with our 

Table 4—Brain areas with significant differences in rsFC within each brain network before and after sleep deprivation

Networks Brain regions Brodmann areas Cluster size Coordinates in MNI Peak t values
pDMN B. Pcu/Cu 19, 23, 30 464 3, -87, 36 7.31
RFP R. SFG 10, 11 15 24, 63, 3 -3.81
SMN B. Pcu/PCL 4, 5 215 -3, -45, 63 4.25
AN L. STG 21, 22 151 -57, -12, 3 5.74
AN R. STG 22 52 66, -12, -6 4.57
AN L. Insula 48 60 -36, -6, 0 -6.15
AN R. Insula 48 26 45, -3, 6 -4.90
AN R. SMG 48 21 60, -18, 21 -3.94
AN L. SMG 42, 48 18 -57, -27, 18 -3.45
VN L. LNG 18 48 -12, -66, -9 4.20

AN, auditory network; B, bilateral; Cu, cuneus; L, left; LNG, lingual gyrus; MNI, Montreal Neurological Institute; PCL, paracentral lobule; Pcu, precuneus; 
pDMN, posterior default-mode network; R, right; RFP, right frontoparietal network; rsFC, resting-state functional connectivity; SFG, superior frontal gyrus; 
SMG, supramarginal gyrus; SMN, sensorimotor network; STG, superior temporal gyrus; VN, visual network.

Figure 10—Brain regions with significantly differences in rsFC of the 
pDMN and RFP between the patients with OSA (blue) and the sleep-
deprived subjects (red). L, left; OSA, obstructive sleep apnea; pDMN, 
posterior default-mode network; R, right; RFP, right frontoparietal network; 
rsFC, resting-state functional connectivity; SD, sleep deprivation.
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finding that the frontoparietal network showed structural and 
functional impairments.

Brain Networks with Functional Deficit in Patients with OSA
Although concurrent structural and functional deficits sug-

gest a decreased possibility of functional recovery, functional 
impairment alone may indicate a higher possibility for func-
tional recovery after adequate treatment. The right DLPFC of 
the RPF and the precentral gyrus of the SMN, both of which 
showed only functional deficit in patients with OSA, may be 
candidate targets for treatments to improve behavioral perfor-
mance. As discussed previously, the functional impairment in 
the DLPFC of the RFP may contribute to the executive control 
deficits in patients with OSA. Moreover, it may also result in 
the attention deficits in these patients because the right fronto-
parietal network is critically important for processing spatial 
attention47 and is impaired in stroke patients with neglect.48 
This hypothesis is supported by findings that patients with OSA 
commonly exhibit attention deficits and tend to remit with an 
appropriate treatment.4,5 We also found a negative correlation 
between the rsFC in the right DLPFC and the AHI scores in 
patients with OSA, which is consistent with the association be-
tween attention performance and the severity of OSA.49 This 
finding suggests that the rsFC in the right DLPFC could be used 
as a biomarker to monitor disease progress or treatment effects.

Reduced psychomotor speed and manual dexterity were 
commonly reported in patients with OSA4,5 who exhibited de-
creased activation and metabolism in the motor area.12,15 The 
decreased activation in the motor area was suggested to be as-
sociated with sleep fragmentation15 and the decreased rCBF 
in motor area was correlated with the AHI scores in patients 
with OSA.12 We found functional impairment in the left motor 
cortex, suggesting that the functional deficit might be reversed 
after adequate treatment.

Brain Network with Functional Compensation in Patients with OSA
The increased rsFC without significant GMV alternation in 

the PCC of the pDMN suggests functional compensation. The 
PCC has strong reciprocal connections with other memory-
related structures, such as the hippocampus, and plays a criti-
cal role in episodic memory retrieval.50 Altered deactivation 
and metabolism in the PCC were observed in patients with 
OSA.7,16 The greater deactivation in the PCC in the treatment 
withdrawal condition has been ascribed to a compensatory 
mechanism.16 Similarly, increased rsFC in the PCC of the 
DMN was also found in patients with clinical isolated syn-
drome and mild cognitive impairment.51,52 Thus, we suggest 
that the increased rsFC in the PCC might reflect neural com-
pensation for cognitive damage.

GMV Changes across the Whole Brain in Patients with OSA
Many brain regions with significant GMV changes in pa-

tients with OSA have been identified in previous studies, 
including frontal and parietal cortex, temporal lobe, hippocam-
pus, and cerebellum.6-8 Similar to these studies, we also found 
reduced GMV in hippocampus, temporal lobe, and prefrontal 
cortex, which might partially explain the impairment in mem-
ory processes and executive functions in patients with OSA. In 
addition, we found reduced GMV in the right cuneus, which 

showed altered rCBF pattern in a previous study and might be 
associated with visual attention deficit in patients with OSA.12

Limitations
In addition to possible influence of excessive daytime sleepi-

ness on resting-state brain activity, several limitations should 
be considered when interpreting our results. First, the current 
study only recruited male patients, which prevented us from 
generalizing the results to the total population. Second, higher 
BMI was found in the patients with OSA compared to healthy 
controls, and obesity likely influenced the resting-state brain 
activity. Thus, the role of obesity in the alteration of the rsFC 
in OSA should be further studied. Finally, only patients with 
moderate to severe OSA were included in the current study, 
which may lower the representation of the average patient who 
may come to the sleep clinic. Future studies are needed to test 
whether patients with mild OSA also demonstrate altered rsFCs 
as patients with moderate to severe OSA.

CONCLUSION
In this rs-fMRI study of patients with OSA, we identified 

several brain networks in which the resting-state brain activity 
was altered in these patients. We further investigated the as-
sociation between the structural and functional alterations in 
OSA and categorized these alterations into three categories: 
structural and functional deficits, solely functional deficits, 
and functional compensation. Finally, we identified a correla-
tion between the altered rsFC and the severity of the disease 
in patients with OSA. These results suggest that rs-fMRI is a 
promising tool for understanding the neural deficits in patients 
with OSA, monitoring the disease progression, and evaluating 
treatment effects.
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SUPPLEMENTAL MATERIAL

Table S1—Demographic and clinical characteristics of sleep-deprived 
subjects

Characteristics Mean SD
Age, y 24.6 3.1
Years of education 17.7 2.1
BMI, kg/m2 22.7 1.6
MMSE 30.0 0
AHI 1.2 1.4
%TST < 90% 0.5 2.1
ESS (rested baseline) 3.3 3.3
ESS (sleep-deprived condition) 20.5 3.2

AHI, apnea-hypopnea index; BMI, body mass index; ESS, Epworth 
sleepiness scale; MMSE, Mini Mental State Examination; %TST < 90%, 
percentage of total sleep time spent at oxygen saturations less than 90%.

Table S2—Comparison of rsFC in the ROIs of brain networks with significant group 
differences between the patients with OSA and healthy controls

ROIs (Networks) OSA Controls t P 
MPFC (aDMN) 0.16 ± 0.12 0.34 ± 0.19 12.932 0.001*
R. PCC (pDMN) 0.20 ± 0.12 0.09 ± 0.07 13.959 0.001*
L. DLPFC (LFP) 0.10 ± 0.08 0.19 ± 0.10 14.402 0.000*
R. DLPFC (RFP) 0.11 ± 0.09 0.24 ± 0.12 14.718 0.000*
L. PreCG (SMN) 0.14 ± 0.09 0.31 ± 0.18 15.079 0.000*

Comparison of rsFC in the ROIs between the patients with OSA and healthy controls 
showed significant changed rsFC (P < 0.05). Significant intergroup difference is 
marked by an asterisk. The means ± standard deviations are reported. aDMN, 
anterior default-mode network; DLPFC, dorsolateral prefrontal cortex; L, left; LFP, left 
frontoparietal network; MPFC, medial prefrontal cortex; OSA, obstructive sleep apnea; 
PCC, posterior cingulate cortex; pDMN, posterior default-mode network; PreCG, 
precentral gyrus; R, right; RFP, right frontoparietal network; ROI, region of interest; 
rsFC, resting-state functional connectivity; SMN, sensorimotor network.

Table S3—Correlation between rsFC in the ROIs and disease severity of patients with OSA

ROIs (Networks)
AHI %TST < 90% ESS

r P r P r P 
MPFC (aDMN) 0.273 0.208 -0.137 0.534 0.018 0.936
R. PCC (pDMN) -0.046 0.834 -0.073 0.740 0.211 0.334
L. DLPFC (LFP) 0.244 0.261 -0.150 0.494 0.022 0.922
R. DLPFC (RFP) -0.488 0.018* 0.367 0.085 -0.384 0.070
L. PreCG (SMN) -0.248 0.253 -0.102 0.643 0.118 0.593

Partial correlation analysis (controlling for age) between rsFC in the ROIs and disease severity of OSA 
patients showed significant correlation (P < 0.05). Significant correlation is marked by an asterisk. 
The means ± standard deviations are reported. aDMN, anterior default-mode network; AHI, apnea-
hypopnea index; DLPFC, dorsolateral prefrontal cortex; ESS, Epworth Sleepiness Scale; L, left; LFP, left 
frontoparietal network; MPFC, medial prefrontal cortex; OSA, obstructive sleep apnea; PCC, posterior 
cingulate cortex; pDMN, posterior default-mode network; PreCG, precentral gyrus; R, right; RFP, 
right frontoparietal network; ROI, region of interest; rsFC, resting-state functional connectivity; SMN, 
sensorimotor network; %TST < 90%, percentage of time with SaO2 below 90% during total sleep.
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Table S4—Brain areas with significant differences in GMV between patients with OSA and control subjects 
(P < 0.0001, uncorrected)

Brain regions Brodmann areas Cluster size Coordinates in MNI Peak t values
MPFC 10, 11 1,173 -6, 33, -13 -7.03
L. pIFG 6, 48 279 -58, 9, 13 -5.52
L. HIP 35 226 -13, -13, -18 -5.41
R. HIP 28, 35 273 16, -7, -15 -5.34
R. Cuneus 18 161 16, -67, 19 -5.16
R. MTG 21 111 67, -51, 3 -5.15
L.DLPFC 9, 46 49 -28, 25, 36 -4.95

DLPFC, dorsolateral prefrontal cortex; GMV, gray matter volume; HIP, hippocampus; L, left; MNI, Montreal 
Neurological Institute; MPFC, medial prefrontal cortex; MTG, middle temporal gyrus; OSA, obstructive sleep 
apnea; pIFG, posterior inferior frontal gyrus; R, right.

Table S6—Comparison of GMV in the ROIs of brain networks with significantly 
changed rsFC between the patients with OSA and the controls

ROIs (Networks) OSA Controls t P 
MPFC (aDMN) 0.47 ± 0.05 0.52 ± 0.05 9.660 0.003*
R. PCC (pDMN) 0.44 ± 0.07 0.47 ± 0.08 1.177 0.284
L. DLPFC (LFP) 0.55 ± 0.09 0.62 ± 0.06 5.709 0.021*
R. DLPFC (RFP) 0.39 ± 0.06 0.41 ± 0.03 2.067 0.158
L. PreCG (SMN) 0.31 ± 0.06 0.35 ± 0.04 2.941 0.094

Comparison of GMV in the ROIs between the patients with OSA and healthy 
controls showed significant changed GMV (P < 0.05). Significant intergroup 
difference is marked by an asterisk. The means ± standard deviations are 
reported. aDMN, anterior default-mode network; DLPFC, dorsolateral prefrontal 
cortex; GMV, gray matter volume; L, left; LFP, left frontoparietal network; MPFC, 
medial prefrontal cortex; OSA, obstructive sleep apnea; PCC, posterior cingulate 
cortex; pDMN, posterior default-mode network; PreCG, precentral gyrus; R, right; 
RFP, right frontoparietal network; ROI, region of interest; rsFC, resting-state 
functional connectivity; SMN, sensorimotor network.

Table S5—Correlations between GMV of the ROIs with significant changes and disease severity of 
patients with OSA

ROIs
AHI %TST < 90% ESS

r P r P r P 
L. MPFC 0.017 0.940 -0.079 0.719 -0.066 0.765
L. pIFG -0.148 0.500 -0.200 0.361 -0.270 0.213

Partial correlation analysis (controlling for age) between GMV of the ROIs and disease severity of 
patients with OSA showed no significant correlation (P > 0.05). AHI, apnea-hypopnea index; ESS, 
Epworth Sleepiness Scale; GMV, gray matter volume; L, left; MPFC, medial prefrontal cortex; OSA, 
obstructive sleep apnea; pIFG, posterior inferior frontal gyrus; ROI, region of interest; %TST < 90%, 
percentage of time with saturation of oxygen below 90% during total sleep.


