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Background and objective: Abnormal resting-state functional connectivity (rs-FC) between 

the central executive network and the default mode network (DMN) in patients with obstructive 

sleep apnea (OSA) has been reported. However, the effect of OSA on rs-FC within the DMN 

subregions remains uncertain. This study was designed to investigate whether the rs-FC within 

the DMN subregions was disrupted and determine its relationship with clinical symptoms in 

patients with OSA.

Methods: Forty male patients newly diagnosed with severe OSA and 40 male education- and 

age-matched good sleepers (GSs) underwent functional magnetic resonance imaging (fMRI) 

examinations and clinical and neuropsychologic assessments. Seed-based region of interest rs-FC 

method was used to analyze the connectivity between each pair of subregions within the DMN, 

including the medial prefrontal cortex (MPFC), posterior cingulate cortex (PCC), hippocampus 

formation (HF), inferior parietal cortices (IPC), and medial temporal lobe (MTL). The abnormal 

rs-FC strength within the DMN subregions was correlated with clinical and neuropsychologic 

assessments using Pearson correlation analysis in patients with OSA.

Results: Compared with GSs, patients with OSA had significantly decreased rs-FC between 

the right HF and the PCC, MPFC, and left MTL. However, patients with OSA had significantly 

increased rs-FC between the MPFC and left and right IPC, and between the left IPC and right 

IPC. The rs-FC between the right HF and left MTL was positively correlated with rapid eye 

movement (r=0.335, P=0.035). The rs-FC between the PCC and right HF was negatively cor-

related with delayed memory (r=-0.338, P=0.033).

Conclusion: OSA selectively impairs the rs-FC between right HF and PCC, MPFC, and left 

MTL within the DMN subregions, and provides an imaging indicator for assessment of cogni-

tive dysfunction in OSA patients.

Keywords: obstructive sleep apnea, functional connectivity, default mode network, functional 

MRI, cognitive impairment

Introduction
Obstructive sleep apnea (OSA) is a common sleep-related breathing disorder caused 

by repeated complete or partial collapse of the upper airway during sleep, resulting in 

intermittent hypoxia (IH), intermittent hypercapnia, and sleep fragmentation.1 Based 

on the results of populations studies, it has been found that OSA affects approximately 

5.7%–6.0% of middle-aged men and 2.4%–4.0% of middle-aged women.2,3 OSA has 

been shown to increase daytime sleepiness, road traffic accidents, stroke, hypertension, 

coronary artery disease, congestive heart failure, insulin resistance, and cardiovascu-

lar mortality.4–8 The common cognitive impairments, including impaired memory, 

learning, and attention have been commonly observed in patients with OSA, because 
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of both sleep disturbances and hypoxemia.9,10 However, the 

underlying neural mechanisms remain unclear.

Structural and functional neuroimaging techniques have 

evolved and have been used to increase our understanding 

of neurocognitive processes and structural brain differences. 

Previous voxel-based morphometry (VBM) studies have 

reported conflicting results in patients with OSA,11–18 and 

failed to fully explain the differences in the pathophysiol-

ogy or severity of disease. For example, one study failed 

to identify any regions of gray matter (GM) reduction.14 

Another study showed widespread loss of more than 20 

foci of GM concentration.17 Impaired hippocampus was a 

relatively consistent finding across different neuroimaging 

techniques in previous studies.12,13,16,17,19 The hippocam-

pus region is closely associated with neural processing of 

memory.20 Prilipko et al21 found that patients with OSA had 

a significant inactivation in the medial temporal regions 

within the default mode network (DMN) and a significant 

activation in the right ventral frontoparietal network during 

the tasks. In addition, Sweet et al22 found a deactivation in 

the posterior cingulate and right postcentral gyrus within the 

DMN during continuous positive airway pressure (CPAP) 

withdrawal during working memory tasks using functional 

magnetic resonance imaging (fMRI) in patients with OSA. 

Magnetic resonance spectroscopy is a useful neuroimag-

ing tool to measure changes in either the concentration or 

distribution of chemical substances. Bartlett et al23 found 

an elevated N-acetylaspartate (NAA)-to-creatine (Cr) ratio 

(NAA/Cr) and lowered Cr levels in the left hippocampus area, 

which were associated with neurocognitive performance and 

OSA severity. O’Donoghue et al24 found a decreased frontal 

NAA-to-choline (Cho) ratio (NAA/Cho) and hippocampus 

Cho/Cr ratio in patients with OSA, which persisted after 

CPAP treatment. However, in the recent years, resting-state 

fMRI (rs-fMRI)-based functional connectivity (FC) has been 

widely used for objective analysis of the brain’s functional 

connectome.25,26 Resting-state FC-based region of interest 

(ROI) has been regarded as a reliable technology.27,28 It has 

been increasingly used in studies of OSA and other sleep 

disorders.29,30 The DMN comprises multiple dissociated 

subregions, including medial prefrontal cortex (MPFC), 

posterior cingulate cortex (PCC), bilateral hippocampus 

formation (HF), bilateral inferior parietal cortices (IPC), 

and bilateral medial temporal lobe (MTL). Many studies 

have suggested that the DMN might be associated with the 

collection and evaluation of information,31 self-referential 

mental activity,32 extraction of episodic memory,33 emotion 

and anxiety,34,35 and mind wandering or daydreaming.36 

Our previous study found that patients with OSA showed 

local abnormal spontaneous activity including part of the 

DMN using amplitude of low-frequency fluctuation (ALFF) 

and regional homogeneity (ReHo) method.37,38 These find-

ings suggest that the DMN is associated with sleep disorder. 

Recent studies have confirmed abnormal rs-FC within the 

DMN subregions in various diseases, including multiple 

sclerosis, hepatic encephalopathy, and sleep deprivation.39–41 

Although numerous neuroimaging studies have been con-

ducted to identify structural and functional impairments in 

the brains of OSA patients, the effect of OSA on the intrinsic 

DMN node connectivity is still unknown. In this fMRI study, 

we hypothesized the rs-FC within the DMN subregions was 

disrupted in OSA patients.

To test the hypothesis, we first investigated the rs-FC 

patterns within DMN subregions using seed-based ROI cor-

relation analyses methods in patients with OSA and in good 

sleepers (GSs). Next, we compared the intergroup differences 

in the rs-FC within the DMN subregion in patients with OSA 

and those with GSs. Finally, we evaluated the relationships 

between the altered rs-FC within the DMN subregions 

and disease severity and neuropsychologic performance in 

patients with OSA.

Materials and methods
Subjects
Forty male patients newly diagnosed with severe OSA and 

40 male education- and age-matched GSs were included from 

the Sleep Monitoring Room of the Respiratory Department 

of The First Affiliated Hospital of Nanchang University. The 

inclusion and exclusion criteria for the patients with OSA and 

GSs were consistent with our previous studies.37,38 Inclusion 

criteria for the patients with OSA were male sex, age older 

than 22 years but younger than 60 years, and an apnea–

hypopnea index (AHI) greater than 30. Inclusion criteria for 

GSs were male sex, age older than 22 years but younger than 

60 years, and an AHI less than 5. The exclusion criteria for 

both patients with OSA and for GSs were 1) sleep disorders 

other than OSA, such as insomnia; 2) hypertension, diabetes, 

and respiratory and heart diseases; 3) neurodegenerative dis-

eases, head injury, epilepsy, psychosis, depressive disorder, 

and hypothyroidism; 4) history of cerebrovascular disease; 

5) alcohol or illicit drug abuse; 6) a structural lesion on brain 

MRI; and 7) MRI contraindications, such as claustrophobia, 

metallic implants, or devices in the body. Each candidate 

underwent a detailed clinical interview, sleep questionnaire, 

and overnight polysomnography (PSG). Informed written 

consent was obtained from all the subjects. The study was 
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approved by the Medical Research Ethics Committee of The 

First Affiliated Hospital of Nanchang University.

Overnight PSG
The day before sleep studies, all GSs and patients with OSA 

were required to abstain from drinking caffeinated or alco-

holic beverages. Overnight PSG monitoring was performed 

on all patients with OSA and GSs using the Respironics 

LE-Series physiological monitoring system (Alice 5 LE, 

Respironics, Orlando, FL, USA). PSG was recorded from 

approximately 10 pm to 6 am the next day. The electroen-

cephalogram (EEG), electrooculogram (EOG), electrocardio-

gram, chin electromyogram (EMG), oral and nasal airflow, 

thoracic and abdominal movements, body position, oxygen 

saturation (SaO
2
), and snoring were recorded. According 

to the American Academy of Sleep Medicine (AASM) 

guidelines,42 the EEG derivations (from frontal, central, 

occipital regions: F4/M1, C4/M1, O2/M1; and back up deriva-

tions: F3/M2, C3/M2, and O1/M2), EMG (located in the three 

chin electrodes and the middle of the right anterior tibialis), 

and EOG (located in the cornea and retina) were recorded. 

Sleep latency, total sleep time, sleep efficiency, sleep stages, 

arousal, and respiratory events were also recorded. According 

to the AASM manual, an obstructive apnea was defined as 

a reduction in airflow $90% lasting at least 10 seconds 

and associated with persistent respiratory effort; hypopnea 

was defined as a reduction in airflow $30% lasting at least 

10 seconds and accompanied with a 4% or greater oxygen 

desaturation.42 The AHI was calculated as the average of the 

total number of apnea and hypopnea events experienced per 

hour of sleep. The arousal index (AI) was computed as the 

mean number of EEG arousals per hour of sleep.

Neuropsychological assessments
All patients with OSA and GSs were evaluated with a self-

reported sleep questionnaire for excessive daytime sleepi-

ness using Epworth sleepiness scale (ESS), which asks the 

subject to rate his or her probability of falling asleep on a 

scale of increasing probability from 0 to 3 for eight different 

situations.43 A score equal to or greater than 10 demonstrates 

excessive daytime sleepiness in OSA patients. Cogni-

tive function was evaluated using the Montreal Cognitive 

Assessment (MoCA), including naming, executive function, 

calculation, attention, language, memory, abstraction, and 

orientation, with a total MoCA score lower than 26 indicating 

cognitive impairment.44 If the length of subjects’ education 

was less than 12 years, one point was added to the total score, 

as education deviation adjustment.44

MRI data acquisition
Imaging was performed on a 3.0 T MRI system with eight-

channel head coil (Siemens, Munich, Germany). Earplugs 

were used to minimize scanner noise, and foam pads were used 

to reduce head movements. First, conventional T1-weighted 

imaging and T2-weighted imaging were performed. Then, the 

rs-fMRI images were collected using an echo planar imaging 

(EPI) sequence with the following parameters: repetition time 

(TR) =2,000 ms, echo time (TE) =30 ms, thickness =4.0 mm, 

gap =1.2 mm, field of view (FOV) =230 mm ×230 mm, 

matrix =64×64, and flip angle =90°. Each brain volume 

comprised 30 axial slices, and each functional run consisted 

of 240 volumes. During rs-fMRI scans, all subjects were 

instructed to keep their eyes closed, to be still, to think of noth-

ing in particular, and not to fall asleep. Finally, high-resolution 

three-dimensional T1-weighted images were obtained by 

a brain volume sequence (TR =1,900 ms, TE =2.26 ms, 

thickness =1.0 mm, gap =0.5 mm, FOV =250 mm ×250 mm, 

matrix =256×256, flip angle =9°, 176 sagittal slices).

fMRI data preprocessing
Functional data were checked by MRIcro software (www.

MRIcro.com) to exclude defective data. The rs-fMRI data 

were analyzed using the Data Processing Assistant for 

Resting-State fMRI Advanced Edition (DPARSFA; http://

rfmri.org/DPARSFA) on the basis of MATLAB2010a 

(Mathworks, Natick, MA, USA). The first ten volumes 

of each subject were discarded due to the signal reaching 

equilibrium and the participants adapted to the scanning 

noise. The remaining 230 volumes were corrected for delay 

in acquisition time between different slices and corrected for 

geometrical displacements according to the estimated head 

movement. The Friston six-head motion parameters were 

computed by estimating translation in each direction and the 

angular rotation on each axis for each volume based on recent 

work showing that higher order models were more effective 

in removing head motion effects.45,46 Each subject showed a 

maximum displacement of less than 1.5 mm in any cardinal 

direction (x, y, z) and a maximum spin (x, y, z) of less than 

1.5°. A multiple regression method was performed to remove 

possible sources of artifacts, including six estimated motion 

parameters, ventricular and white matter regions, and global 

signal.47,48 Subsequently, all functional data were spatially 

normalized to the Montreal Neurological Institute (MNI) EPI 

template, and resampled to 3×3×3 mm3 voxels and smoothed 

with a 6 mm full width at half maximum. Finally, a temporal 

filter (0.01–0.08 Hz) was applied to reduce the effect of low-

frequency drift and high-frequency noise.
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Definition of DMN subregions
In previous research,38,49,50 we defined eight core subre-

gions within the DMN: PCC (MNI coordinates: 0, -53, 

26), MPFC (MNI coordinates: 0, 52, –6), left HF (MNI 

coordinates:  -24,  -22, -20), right HF (MNI coordinates: 

24, -20, -22), left MTL (MNI coordinates: -43, -74, 28), 

right MTL (MNI coordinates: 47, -57, 20), left IPC (MNI 

coordinates: -29, 26, -28), and right IPC (MNI coordinates: 

29, 26, -28). Next, the average time series of a 6 mm sphere 

centered at the peak coordinate of each subregion was 

extracted from each patient with OSA and GS, and the rs-FC 

map of each pairwise subregion was obtained.

rs-FC analysis of DMN subregions
For each patient with OSA and GS, Pearson correlation coef-

ficients between the mean time series of each pairwise DMN 

subregion were computed and converted to z-values using 

Fisher’s r-to-z transformation to improve the normality.

Statistical analysis
The demographic and clinical data were compared between 

the two groups using independent sample t-test, which was 

conducted with Statistical Package for the Social Sciences 

version 19.0 (SPSS, Chicago, IL, USA). Differences were 

considered significant when P0.05.

For the rs-FC within the DMN subregions, first, a single 

sample t-test was performed on individual z-value map of the 

28 pairs of DMN subregion connectivities within each group. 

Then, we analyzed intergroup differences after adding the 

body mass index (BMI) and age as covariates of no interest 

using two independent sample t-tests. A corrected signifi-

cance level of P,0.05, using the false-positive adjustment, 

was used to determine the statistical significance.

We investigated the relationship between clinical and 

neuropsychologic assessments and the altered rs-FC value 

of pairwise subregions within the DMN in patients with 

OSA. Each significant rs-FC value was extracted and used 

for ROI-based correlation analyses with clinical variables 

using linear correlation analysis. P,0.05 was deemed sta-

tistically significant.

Results
Demographic and clinical data
There were no significant differences between patients 

with OSA and GSs in age and years of education (P.0.05; 

Table 1). The patients with OSA had significantly higher 

scores for BMI (t=7.43, P,0.001), AHI (t=17.20, P,0.001), 

SaO
2
 ,90% (t=8.03, P,0.001), AI (t=8.09, P,0.001), and 

ESS (t=12.42, P,0.001), but a significantly lower score for 

rapid eye movement (REM) sleep (t=-8.03, P,0.001) and 

MoCA (t=-5.09, P=0.036) when compared with GSs.

rs-FC of pairwise subregions within 
the DMN between patients with OSA 
and GSs
In the two groups, all pairwise DMN subregions showed 

strong correlation (Figure 1). Compared with GSs, patients 

with OSA displayed significantly decreased rs-FC between 

Table 1 Demographic and clinical data of patients with OSA and GSs

Characteristic OSA patients (N=40) GSs (N=40) t-value P-value

Mean SD Mean SD

Age, years 38.6 8.1 39.3 7.50 -0.39 0.700
Education, years 11.8 3.2 11.0 3.50 0.96 0.342
BMI, kg/m2 27.8 3.4 23.1 2.10 7.43 ,0.001
Sleep onset latency, min 10.2 8.9 18.3 9.50 -2.97 0.005
Total sleep time, min 386.2 80.1 398.3 20.20 -0.93 0.358
Sleep efficiency, % 78.6 5.3 91.3 5.80 -4.15 ,0.001
AHI/hour 59.5 20.9 2.5 1.30 17.20 ,0.001
Stage 1, % 30.4 18.8 10.0 3.80 6.73 ,0.001
Stage 2, % 38.4 15.1 38.7 6.60 0.92 0.362
Stage 3+4, % 17.0 19.3 23.2 7.90 -3.97 ,0.001
REM, % 7.2 8.0 21.3 7.70 -8.03 ,0.001
SaO2 ,90% 28.0 21.9 0.2 0.20 8.03 ,0.001
Nadir SaO2 66.0 12.4 93.6 4.72 10.57 ,0.001
AI/hour 42.5 23.4 11.7 2.90 8.09 ,0.001
ESS 12.1 3.9 3.3 2.30 12.42 ,0.001
MoCA 25.1 2.5 27.8 1.50 -5.90 ,0.001

Abbreviations: OSA, obstructive sleep apnea; GSs, good sleepers; N, number; SD, standard deviation; BMI, body mass index; AHI, apnea–hypopnea index; REM, rapid eye 
movement; SaO2, oxygen saturation; AI, arousal index; SaO2 ,90%, percentage of total sleep time spent at oxygen saturation less than 90%; ESS, Epworth sleepiness scale; 
MoCA, Montreal Cognitive Assessment.
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the right HF and the PCC, MPFC, and left MTL. However, 

patients with OSA showed significantly increased rs-FC 

between left IPC and right IPC, and between the MPFC and 

left and right IPC (Table 2, Figure 2). Abnormal connection 

coefficients were extracted (Figure 3).

Correlations
In patients with OSA, the AHI score was significantly 

positively correlated with BMI (r=0.418, P=0.007), ESS 

(r=0.430, P=0.006), AI (r=0.732, P,0.001), and negatively 

correlated with nadir SaO
2
 (r=-0.499, P=0.001) and mean 

SaO
2
 (r=-0.467, P=0.002). BMI displayed significantly posi-

tive correlation with AI (r=0.546, P,0.001), and negative 

correlation with the nadir SaO
2
 (r=-0.613, P,0.001).

In patients with OSA, significant positive correlations 

were found between the rs-FC of the right HF with left MTL 

and the REM% (r=0.335, P=0.035). Significant negative cor-

relations were found between the rs-FC of the PCC with right 

HF and delayed memory (r=-0.338, P=0.033; Figure 4).

Discussion
Abnormal rs-FC between the right anterior insula and the two 

anticorrelated cognitive-related networks (the central execu-

tive network and the DMN) has been reported in patients with 

OSA.29 However, to the best of our knowledge, our study 

is the first to explore group differences between specific 

subregions within the DMN using seed-based ROI rs-FC 

method in patients with OSA. We found that patients with 

OSA displayed decreased rs-FC between the right HF and 

the PCC, MPFC, and left MTL, and concomitant increase in 

rs-FC between left IPC and right IPC and between the MPFC 

and left and right IPC, compared with GSs. Furthermore, 

we found that the rs-FC between the right HF and left MTL 

was positively correlated with the REM%, and the rs-FC 

between the PCC and right HF was negatively correlated 

with delayed memory. Our findings indicated aberrant rs-FC 

within the DMN subregions in patients with OSA during the 

resting state.

Obesity, age, and male sex were the main risk factors 

for OSA. Patients with OSA had significantly higher BMI 

compared with GSs in our study. Sforza et al51 found that 

patients with OSA showed significant sex differences in 

clinical symptoms, and females with OSA exhibited a lower 

AHI, less severe hypoxia, and greater peripheral fat mass, 

Figure 1 Correlation matrix of the average time series of pairwise subregions within the DMN.
Notes: The pictures represent the FC results of the 28 pairs of DMN subregions in GSs and patients with OSA respectively by one-sample t-test. Different colors stand for 
different connection coefficients.
Abbreviations: FC, functional connectivity; DMN, default mode network; GSs, good sleepers; OSAs, patients with obstructive sleep apnea; MPFC, medial prefrontal cortex; 
PCC, posterior cingulate cortex; HF, hippocampus formation; MTL, medial temporal lobe; IPC, inferior parietal cortices; R, right; L, left.

Table 2 Abnormal rs-FC of pairwise subregions within the DMN 
between patients with OSA and GSs

ROI 1 ROI 2 t-valuea P-value

Right hippocampal 
formation

Posterior 
cingulate cortex

-2.32 0.023

Right hippocampal 
formation

Medial prefrontal 
cortex

-2.10 0.039

Right hippocampal 
formation

Left medial 
temporal lobe

-2.05 0.043

Medial prefrontal 
cortex

Left inferior 
parietal cortex

2.49 0.015

Medial prefrontal 
cortex

Right inferior 
parietal cortex

2.59 0.012

Left inferior 
parietal cortex

Right inferior 
parietal cortex

2.70 0.009

Note: aA negative/positive t-value represents a decrease/increase of FC.
Abbreviations: rs-FC, resting-state functional connectivity; OSA, obstructive sleep 
apnea; GSs, good sleepers; ROI, region of interest; DMN, default mode network.
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and also frequently reported anxiety and depression. Previous 

studies had demonstrated that obesity and sex differences 

likely influence the resting-state brain activity.52,53 Control-

ling for the BMI and sex differences weakened the statistical 

differences in the rs-FC between patients with OSA and 

GSs. To confirm that our rs-FC findings were mainly due to 

OSA rather than obesity or sex differences, we compared the 

intergroup differences in rs-FC within the DMN subregions 

with BMI and age as covariates, and only adult male OSA 

patients were recruited. We still observed significant rs-FC 

between the right HF and PCC, MPFC, and left MTL with 

the same statistical threshold, suggesting that the reduced 

rs-FC was related to OSA rather than obesity.

Although the exact neural mechanisms underlying reduced 

rs-FC between the PCC and right HF were unknown, they may 

be related to structural or functional impairment in the PCC or 

right HF. Greicius et al54 found that the PCC plays a pivotal 

role in the DMN, which has a strong anatomical relationship 

with the rest of the DMN. Moreover, the PCC displayed a 

strong reciprocal connection and other related memory struc-

tures, such as the HF, and played a critical role in episodic 

memory retrieval.55 Previous studies found that hippocampal 

Figure 2 Compared with GSs, patients with OSA showed abnormal rs-FC of pairwise subregions within the DMN.
Notes: The blue line stands for decreased rs-FC within the DMN. The red line stands for increased rs-FC within the DMN. Undirected edges correspond to the significance 
of differences (t-values).
Abbreviations: GSs, good sleepers; OSA, obstructive sleep apnea; rs-FC, resting-state functional connectivity; DMN, default mode network; MPFC, medial prefrontal 
cortex; PCC, posterior cingulate cortex; HF, hippocampus formation; MTL, medial temporal lobe; IPC, inferior parietal cortices; R, right; L, left.

Figure 3 Mean correlation coefficient z-values of abnormal rs-FC of pairwise 
subregions within the DMN.
Note: The right stapeldiagram presents mean correlation coefficient z-values 
between patients with OSA and GSs.
Abbreviations: GSs, good sleepers; OSAs, patients with obstructive sleep apnea; 
rs-FC, resting-state functional connectivity; MPFC, medial prefrontal cortex; PCC, 
posterior cingulate cortex; HF, hippocampus formation; MTL, medial temporal lobe; 
IPC, inferior parietal cortices; R, right; L, left; DMN, default mode network.
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structural or functional impairments were relatively consistent 

across different neuroimaging techniques in OSA.12,13,16,17,19 

A few studies have showed abnormal deactivation and 

metabolism in the PCC in patients with OSA.22,56 Our previ-

ous study found that patients with OSA showed significantly 

lower ALFF value in the PCC, and displayed a significant 

positive correlations with the nadir SaO
2
, suggesting that IH 

may be an important factor underlying PCC dysfunction in 

OSA.38 Prilipko et al57 found that patients with OSA displayed 

abnormal inactivation in the DMN during working memory 

tasks and significant positive correlation with behavioral per-

formance, suggesting that inhibition of the resting activity in 

the DMN plays an important role in cognitive impairment. A 

previous study has shown greater ipsilateral HF atrophy and 

reduced FC between the ipsilateral HF and the PCC in patients 

with temporal lobe epilepsy.58 Consistent with these results, 

our study found that patients with OSA displayed significantly 

decreased rs-FC between the PCC and right HF. Furthermore, 

the rs-FC between the PCC and right HF displayed significant 

negative correlation with delayed memory score, suggesting 

that reduced rs-FC between the PCC and right HF might be 

an imaging indicator of cognitive impairment in OSA.

Previous studies have shown that the MTL subsystem, 

composed of the MPFC, posterior IPC, retrosplenial cortex, 

parahippocampal cortex, and HF, showed increased activity 

in participants during episodic decisions and that the MPFC 

was the most important nodal hub.59 Zhang et al60 found 

that patients with OSA demonstrated decreased rs-FC and 

reduced GMV in the MPFC using independent component 

analysis and VBM methods, respectively, suggesting that the 

structural and functional impairments in the MPFC might be 

a candidate mechanism for the cognitive and emotional defi-

cits. A previous study showed reduced FC between the MPFC 

and the HF in patients with depression and schizophrenia.61 

The prefrontal cortex and HF were vulnerable to impairment 

by sleep disruption and IH,62,63 and decreased task-related 

activation in the MPFC and hippocampal atrophy were fre-

quently reported in patients with OSA.64,65 The hippocampus 

and MPFC play distinct and important roles in emotional 

processing, spatial memory, and navigation.66,67 Our study 

found that OSA was associated with significantly decreased 

rs-FC between the right HF and the MPFC, probably related 

to IH and sleep fragmentation, respectively, resulting in 

neuronal deficits in the HF and the MPFC.68,69

A previous study has found that cerebrovascular reac-

tivity of the MTL was negatively correlated with duration 

of nocturnal hypoxemia, suggesting a possible pathophysi-

ological mechanism for hippocampal injury.70 The volume 

of the HF and the MTL atrophy were also reported, which is 

associated with memory impairment.71 Consistent with the 

previous study, our study found significantly decreased rs-FC 

between right HF and left MTL in patients with OSA. We 

also found that the rs-FC between the right HF and left MTL 

was positively correlated with REM sleep. REM sleep has 

Figure 4 Scatter plots demonstrate significant correlations between the rs-FC of pairwise subregions within the DMN and OSA severity and neuropsychologic scores in 
patients with OSA.
Notes: The rs-FC between the PCC and right HF displays significant negative correlation with delayed memory score (A). The rs-FC between the right HF and left MTL 
demonstrates significant positive correlation with REM (B).
Abbreviations: OSA, obstructive sleep apnea; rs-FC, resting-state functional connectivity; REM, rapid eye movement; PCC, posterior cingulate cortex; HF, hippocampus 
formation; MTL, medial temporal lobe; DMN, default mode network.
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been shown to be necessary for cortical synaptic plasticity 

and for the acquisition of spatial and nonspatial memory.72 

Fragmented REM sleep resulting from REM-sleep-specific 

respiratory events and related arousal might have resulted 

in low REM sleep amount in patients with OSA. Low REM 

sleep may play an important role in the HF and the MTL for 

memory impairment in patients with OSA.

The IPC is implicated in attention processing,73 and is 

unintentionally or obligatorily occupied in the recall, con-

solidation, and retrieval of episodic memory information.74,75 

Previous studies described overactivation of the right IPC 

during a two-back verbal working memory after acute with-

drawal from positive airway pressure treatment in OSA.76 

Similarly, Ayalon et al77 found that patients with OSA had 

increased brain activation in the left IPC, and was negatively 

correlated with recall during verbal learning task, suggesting 

that patients with OSA displayed an adaptive compensatory 

recruitment response. Consistent with the findings, our study 

found that patients with OSA had significantly increased 

rs-FC between left and right IPC, and between the MPFC 

and left and right IPC. These brain regions may be involved 

in an adaptive compensatory response for cognitive impair-

ment in patients with OSA.

Limitations
Several limitations should be considered when interpret-

ing our results. First, considering the convention of sample 

collection and homogeneity, we only recruited adult males 

with severe OSA. Females, children, and mild-to-moderate 

OSA cases need to be investigated in future studies. Previous 

observational studies demonstrated that children with OSA 

had increased executive dysfunction and depression symp-

toms compared with the normal children.78,79 However, the 

underlying neural mechanism is not clear. Second, we only 

observed the rs-FC within the DMN subregions. Diffusion 

tensor imaging technology enables elucidation of the ana-

tomical basis of abnormal rs-FC within the DMN subregions. 

Finally, we only studied the abnormal rs-FC within the DMN 

subregions before treatment in OSA. Additional investiga-

tions are needed to explore whether the abnormal rs-FC within 

the DMN subregions can be improved after treatment.

Conclusion
In this study, we investigated alterations in connectivity 

of pairwise subregions within the DMN in patients with 

OSA using seed-based ROI rs-FC methods. We found that 

OSA selectively impairs the rs-FC between right HF and 

PCC, MPFC, and left MTL within the DMN subregions, 

thereby providing an imaging indicator for the assessment 

of cognitive dysfunction in patients with OSA.
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