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Objective: The purpose of this study was to investigate the dynamic functional

network connectivity (FNC) and its relationship with cognitive function in

obstructive sleep apnea (OSA) patients from normal cognition (OSA-NC) to

mild cognitive impairment (OSA-MCI).

Materials and methods: Eighty-two male OSA patients and 48 male healthy

controls (HC) were included in this study. OSA patients were classified to

OSA-MCI (n = 41) and OSA-NC (n = 41) based on cognitive assessments.

The independent component analysis was used to determine resting-state

functional networks. Then, a sliding-window approach was used to construct

the dynamic FNC, and differences in temporal properties of dynamic FNC

and functional connectivity strength were compared between OSA patients

and the HC. Furthermore, the relationship between temporal properties and

clinical assessments were analyzed in OSA patients.

Results: Two different connectivity states were identified, namely, State I

with stronger connectivity and lower frequency, and State II with lower

connectivity and relatively higher frequency. Compared to HC, OSA patients

had a longer mean dwell time and higher fractional window in stronger

connectivity State I, and opposite result were found in State II, which

was mainly reflected in OSA-MCI patients. The number of transitions was

an increasing trend and positively correlated with cognitive assessment

in OSA-MCI patients. Compared with HC, OSA patients showed extensive

abnormal functional connectivity in stronger connected State I and less

reduced functional connectivity in lower connected State II, which were

mainly located in the salience network, default mode network, and executive

control network.
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Conclusion: Our study found that OSA patients showed abnormal dynamic

FNC properties, which was a continuous trend from HC, and OSA-NC to OSA-

MCI, and OSA patients showed abnormal dynamic functional connectivity

strength. The number of transformations was associated with cognitive

impairment in OSA-MCI patients, which may provide new insights into the

neural mechanisms in OSA patients.

KEYWORDS

obstructive sleep apnea, dynamic functional connectivity, mild cognitive impairment,
independent component analysis, brain network

Introduction

Obstructive sleep apnea (OSA) is the most common sleep-
respiratory disorder, but it is often overlooked by people
(Franklin and Lindberg, 2015). The incidence of OSA in
adult populations was reported to be approximately 6–
38%, and was higher in the elderly and obese populations
(Senaratna et al., 2017). A growing number of studies
have shown that OSA is a clinical syndrome, leading to
multisystem diseases, such as hypertension, osteoporosis,
diabetes, depression, and anxiety, among which cognitive
impairment has gradually become a concern for scholars
(Vanek et al., 2020). Cognitive disorders associated with OSA
mainly include disorders in memory, execution, vigilance,
and so on (Olaithe et al., 2018). OSA is considered one
of the potential independent risk factors for Alzheimer’s
disease (Liguori et al., 2021). Therefore, the potential neural
mechanisms of cognitive impairment in OSA patients should
have important roles in the treatment and prevention of
diseases.

Many neuroimaging studies have used magnetic resonance
imaging (MRI) techniques to explore the neural basis of
OSA, partly providing a theoretical basis for understanding
the underlying neural mechanisms (Huang et al., 2019; Lee
et al., 2019; Yan et al., 2021). In recent years, our research
group has conducted a series of neuroimaging studies of
OSA patients. Compared with healthy controls (HC), we
found default mode network (DMN) dysfunction and frontal
adaptive compensatory response in OSA patients (Li et al.,
2015), and further study found that frequency-specific local
spontaneous neural activity can be reversed in the temporal
lobe, parietal lobe, and brainstem areas after short-term
continuous positive airway pressure (CPAP) treatment (Li
et al., 2021), which provided additional information on
the underlying neural mechanisms of OSA-related cognitive
impairment and potential neuroimaging markers for clinical
treatment. In resting-state functional connectivity (FC) studies,
we found abnormal FC between insular subregions and

multiple other related brain regions involved in cognitive,
emotional, and sensorimotor networks (Kong et al., 2022).
In addition, abnormal FC between hippocampal subregions
and sensorimotor network, frontoparietal network and default
mode network-related brain regions were found in OSA
patients (Liu et al., 2022). The local integration and integrity
of brain connectivity may be disrupted from small-world
networks, which can be used as quantitative physiological
indicators to assist with clinical diagnosis (Chen et al., 2017).
We found significantly reduced regional degree centrality
values in the left middle occipital gyrus, posterior cingulate,
left superior frontal gyrus and bilateral inferior parietal
lobe, and increased degree centrality values in the right
orbitofrontal cortex, bilateral posterior cerebellum, bilateral
lenticular nucleus, hippocampus, and inferior temporal gyrus,
contributing to our understanding of the neurological features
of OSA at the whole-brain network level (Li H. et al.,
2016). Meanwhile, after short-term CPAP treatment, OSA
patients have increased degree centrality values in some
brain areas such as frontal lobe, temporal lobe, and insular
lobe (Li et al., 2022). CPAP treatment can effectively
reverses the functional network damage caused by OSA
and provides potential neuroimaging markers for CPAP
treatment evaluation. Other researcher have found that
OSA patients have complex and abnormal resting-state FC
in different brain areas, including the cerebellum, frontal
lobe, parietal lobe, temporal lobe, occipital lobe, limbic
system, and basal ganglia. These abnormal FC may result
in inadequate self-discipline, executive, cognitive, emotional,
and sensorimotor responses (Park et al., 2016). Recently,
scholars have found that patients with OSA mainly affect
the cerebrocerebellar pathway, and that was associated with
sleep fragmentation and hypoxia, which was thought to
be involved in the cognitive decline in OSA (Park et al.,
2022). The study found that after 3 months of short-term
CPAP treatment, abnormal sleep, and mood scores in OSA
patients significantly decreased to normal levels, meanwhile,
spontaneous brain activity was decreased in autonomic and
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somatosensory control areas such as thalamus, putamen,
posterior central gyrus, and insula, and increased in the
cognitive and affective regulatory regions (Song et al., 2022).
The above functional MRI (fMRI) studies were all based
on the intrinsic brain activity in the resting-state of the
classical frequency band, ignoring the temporal variability and
failing to provide the necessary information to understand
the spatiotemporal features of information processing in the
human brain.

Compared with regional homogeneity, amplitude of
low frequency fluctuation and FC, independent component
analysis (ICA) is a data-driven processing method of resting-
state fMRI, without a priori assumptions, it can be used
to divide resting-state fMRI data into multiple functional
networks and to further analyze these resting-state networks
(Hu et al., 2019). The ICA methods have been widely used
in neuroscience studies, such as sleep disorders (Luo et al.,
2022), Parkinson’s disease (Zhou et al., 2020), Alzheimer’s
disease (Soheili-Nezhad et al., 2020), etc. Zhang et al.
(2013) used the ICA approach have identified seven brain
networks and found that OSA specifically affects resting-state
FC in cognitive and sensorimotor-related brain networks,
suggesting that it is a promising tool for monitoring of
neurological defects and disease progression. Some scholars
have proposed that dynamic functional network connectivity
(FNC) can reflect transient and periodic whole-brain temporal
coupling patterns (Elton and Gao, 2015). For dynamic
FNC analysis, covariance calculated across the entire sliding
time window for all participants and then clustering the
covariance into several brain connectivity states, can be used
to explore their temporal variability and network connectivity
strength (Fu et al., 2018). The dynamic FNC alterations
are associated with specific cognitive states, psychiatric
disorders, and neurological disorders [e.g., Alzheimer’s
disease (Zhao et al., 2022), major depressive disorder (Xue
et al., 2020), idiopathic generalized epilepsy (Liu et al.,
2017), and Parkinson’s disease (Fiorenzato et al., 2019)],
providing spatiotemporal features for understanding neural
mechanisms. However, there has been no report of combining
ICA with dynamic FNC to explore the neural mechanism in
OSA patients.

Based on these findings, we hypothesized that the
dynamic FNC and FC strength in OSA patients were
changes, and altered temporal properties of the dynamic
FNC in OSA was associated with the cognitive status.
Therefore, we first used the ICA method to determine the
resting-state functional networks. Second, we constructed
dynamic FNC based on resting-state network components
identified by the ICA and compared the differences
between groups. Finally, the relationship between temporal
properties and clinical evaluation was explored to reveal the
underlying neural mechanism of cognitive impairment in
patients with OSA.

Materials and methods

Subjects

All subjects were recruited from the sleep monitoring room
at the respiratory or otolaryngology department of the First
Affiliated Hospital of Nanchang University from August 2015
to June 2018. The diagnostic criteria of OSA were based on
the American Academy of Sleep Medicine Clinical Practice
Guideline (2007) (Collop et al., 2007). The inclusion criteria for
OSA were apnea-hypopnea index (AHI) > 15/hour, male, age
20–60, and right-handedness. An AHI < 5 defined as the HC
group. The exclusion criteria for OSA patients and HC were
as follows: (1) other sleep disorders; (2) history of diabetes or
respiratory diseases; (3) history of neurodegenerative disease,
brain tumors, epilepsy, and traumatic brain injury; (4) abuse
of illicit drugs or intake of psychoactive medications; and (5)
MRI contraindications, such as metallic implants in the body,
and claustrophobia.

Polysomnography

Before polysomnography (PSG) monitoring, all participants
were asked not to drink coffee or alcohol. All subjects underwent
overnight PSG (from 22:00 to 6:00 the next morning) using
the Respironics LE-Series physiological monitoring system
(Alice 5 LE, Respironics, Orlando, FL, USA). PSG monitoring
included a standard electrooculogram, electrocardiogram,
electrocardiogram, electromyogram, snoring, body position,
nasal and oral airflow, thoracic and abdominal respiratory
movements, and oxygen saturation (SaO2), and total sleep
time, sleep latency, sleep efficiency, sleep stages, arousal index,
and respiratory events were recorded. See our previous study
for the details (Li et al., 2021). According to the American
Academy of Sleep Medicine manual, hypopnea was defined as
a 30% or greater drop in airflow, lasting ≥ 10 s, accompanied
by 4% or greater oxygen desaturation. Obstructive apnea
was described as a continuous reduction in airflow ≥ 90%
for ≥ 10 s along with evident respiratory effort. The AHI was
defined as the sum of apnea and hypopnea events per hour
during sleep.

Neuropsychological assessment

All participants completed the Montreal Cognitive
Assessment (MoCA) and the Epworth Sleepiness Scale (ESS)
assessment. The MoCA, which assesses cognitive domains
including naming, visuospatial skills, executive function,
attentional, language, delayed memory, abstraction, and
orientation, was used to assess cognitive function. The MoCA
total score is 30, with a score below 26 was considered mild
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cognitive impairment, and one point is added as a correction if
the years of education are less than 12 (Nasreddine et al., 2005).
The ESS is a very simple questionnaire for the self-assessment
of daytime sleepiness, including eight different conditions,
each with a score of 0–3, and the total score ranges from 0
to 24, and a total score of more than 6 indicates drowsiness
(Johns, 1991).

Imaging data acquisition and
preprocessing

All subjects were scanned using the 3.0 Tesla MRI
system with an 8-channel phased-array head coil (Siemens,
Munich, Germany). Before MRI scans, all subjects were told
to close their eyes, not to think about anything, and not to
fall asleep. First, conventional axial T2-weighted imaging
and axial T1-weighted imaging were performed. Then,
three-dimensional high-resolution T1-weighted images
were collected. Finally, blood oxygen level-dependent
fMRI data were collected using an echo-planar imaging
sequence and each functional contained 240 volumes. Detailed
scanning parameters are shown in Supplementary Table 1.
Foam pads and earplugs were used to reduce patient head
movement and scanner noise during scanning. Two senior
radiologists read the images to exclude gross lesions and
motion artifacts.

The Statistical Parametric Mapping (SPM121) and Data
Processing and Analysis for Brain Imaging (DPABI2) software
were used to preprocess fMRI data, which were run on
MATLAB 2018b (Mathworks, Natick, MA, USA). Image
preprocessing mainly includes the following steps: data
from DICOM to NII format; the first 10 time points
was removed in order to acclimate the participants to
the environment; slice timing correction and head motion
correction was performed, and subjects whose head motion
with maximum displacement (x, y, z) of more than 2.0 mm
and maximum angular rotation (x, y, z) of more than 2.0◦

was excluded; three-dimensional T1 imaging was segmented
into gray matter, white matter and cerebrospinal fluid
with the Diffeomorphic Anatomical Registration Through
Exponentiated Lie algebra (DARTEL); the rs-fMRI images
were normalized to the Montreal Neurological Institute space
with DARTEL and resampled to 3 mm × 3 mm × 3 mm
voxels; the images were spatially smoothed using a Gaussian
kernel of 6 mm full-width at half-maximum. We excluded
8 OSA patients as for head motion criterion. Finally,
82 male OSA patients and 48 male HC were included
in the analysis.

1 https://www.fil.ion.ucl.ac.uk/spm/software/spm12/

2 http://rfmri.org/dpabi

Group independent component
analysis and resting-state network
identification

After data preprocessing, we used the group ICA function
of the fMRI Toolbox (GIFT v4.0c3) to decompose the data
into a group-level spatial function independent component.
First, principal component analysis was performed to reduce
the data dimension for subject specificity. The minimum
description length standard was used to automatically estimate
the number of independent components (ICs) (resulting in
44 ICs) for all participants. Second, to ensure the reliability
and stability of the ICs, the infomax algorithm with ICASSO
was run by repeating 20 times (Wang et al., 2020). Finally,
the subject-specific spatial maps and time courses were back-
reconstructed using group ICA, and the results were converted
to a z score for display. Based on previous studies (Allen
et al., 2014; Damaraju et al., 2014) and a publicly available
atlas by the Functional Imaging in Neuropsychiatric Disorders
Laboratory,4 25 meaningful ICs were identified and were
classified into eight functional networks by visual observation
of the ICA results. The detailed information and spatial
maps of the ICs are listed in Supplementary Table 2 and
Supplementary Figure 1.

According to Allen et al.’s (2014) study, we performed
additional postprocessing on the 25 ICs to reduce the remaining
noise. The 3dDespike algorithm5 was used for linear drift,
filtered using a fifth order Butterworth filter with a 0.15 Hz
high frequencies cut-off. Finally, we regressed out the movement
parameters.

Dynamic functional network
connectivity analysis

The sliding window technique is the most common method
to study dynamic FNC (Kim et al., 2017). We computed this
analysis using the temporal dynamic FNC toolbox V1.0a in
GIFT. First, a sliding time window approach with a window
size set to 30 TRs with a Gaussian and steps of 1 TR was
used to compute the dynamic FNC between all ICs time
courses. A total of 26,000 windowed FNC matrices (130
subjects × 200 matrices) were produced. Then, the k-means
clustering algorithm (using the squared Euclidean distance
method with a maximum of 500 iterations and 150 replicate
dynamic FNC windows) was conducted on the windowed FNC
matrices (Malhi et al., 2019). To estimate the optimal number
of clusters, a cluster validity analysis was performed using

3 https://trendscenter.org/software/gift/

4 http://findlab.stanford.edu/functional_ROIs.html

5 http://afni.nimh.nih.gov/afni
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gap and silhouette statistics on the samples of all subjects
(resulting is 2).

Statistical analysis

For demographic and clinical data, the Kolmogorov-
Smirnov test was used to test the normality of the data.
One-way analysis of variance (ANOVA) was used to assess
differences between the three groups, a p < 0.05 was
considered to be statistically significant, and the post-hoc t-test
was used to compare differences between any two groups,
Bonferroni correction.

For the dynamic FNC, we investigated the temporal
properties of dynamic FNC states by computing the mean
dwell time and fractional windows in each state, as well as
the number of transitions from one state to another. One-
way ANOVA was used to compare each of the 300 mean
dynamic FNC correlations (25 × 24/2) from each of the 2 states
between the three groups (HC, OSA-NC, OSA-MCI), age, years
of education, and head motion as covariates. In addition, three
dynamic FNC indices were extracted from all two states of
each subject (Jiang et al., 2020), namely, the fractional window
of each state, mean dwell time, and number of transitions.
Fractional window indicates the percentage of time spent in
each state out of the total time, mean dwell time reflects the
average length of time the subjects spent in a certain state,
and number of transitions refers to the number of times a
subject switched between different states. These indices were
compared by the two sample t-test, and p< 0.05 was considered
statistically significant. The two sample t-test were used to
compare the connectivity strength of each state between OSA
and HC (p < 0.01, FDR correction).

The dynamic FNC values, such as fractional window, mean
dwell time, and number of transitions, were analyzed for
correlation with clinical data using Pearson correlations (such as
MoCA, ESS, PSG) in OSA patients. The p< 0.05 was considered
statistically significant.

Results

Population and clinical characteristics

According to the grading criteria, the 82 OSA patients
were divided into 41 OSA-NC and 41 OSA-MCI. All of the
clinical data conformed to the normal distribution. The clinical
data are shown in Table 1. One-way ANOVA showed that no
significant differences were found in age, years of education,
and FD, and significant differences in BMI, AHI, nadir SaO2,
mean SaO2, AI, ESS, and MoCA were found between three
groups. The detailed results of the post-hoc t-test are shown
in Table 1. T
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Resting-state intrinsic functional
network connectivity

The spatial maps of all 25 ICs are summarized in Figure 1.
The functional networks were divided into the auditory network
(AN) (IC42), DMN (IC2, IC12, IC14, IC18, IC36), executive
control network (ECN) (IC9, IC10, IC22, IC28, IC33, IC41),
language network (LN) (IC17, IC32), sensorimotor network
(SMN) (IC35, IC39), salience network (SN) (IC19, IC24, IC44),
visual network (VN) (IC6, IC13, IC16, IC25, IC30), and
cerebellar networks (CBN) (IC23). The averaged static FNC
matrix between 25 ICs of all subjects is shown in Figure 2A. The
single sample t-test results of all subjects are shown in Figure 2B.
The stronger connections were mainly located in AN, DMN,
ECN, LN, SMN, SN, and VN.

Dynamic functional network
connectivity alterations

According to the estimate results of cluster status using
gap and silhouette statistic criterion, all the participants time-
varying dynamic FNC was clustered into two different states
by k-means clustering (k = 2). State I was characterized by less
frequency (33%) and the presence of stronger connectivity in
all networks, except for the CBN; State II was characterized
by more frequency (67%) and relatively weaker connectivity
(Figure 3).

The state- and group-specific cluster center obtained
by the k-means cluster analysis (k = 2) are shown in
Figure 4. We observed that in the HC and all OSA patients,
State I, integrated state with stronger connectivity within
and between networks located mostly in the network (AN,
DMN, ECN, LN, SMN, SN, VN); while State II, segregated
state with relatively weaker connectivity within networks
and anti-correlation connections between the ECN, SMN,
and DMN.

The differences of temporal properties of dynamic FNC
between OSA patients and HC are shown in Table 2 and
Figure 5. In OSA patients, State I occurred 17% more
often than in HC, paralleled by a proportional reduction of
State II. In OSA-MCI patients, State I was more frequently
observed than that in HC (OSA-MCI: 0.44 ± 0.35, HC:
0.22 ± 0.26, p = 0.003). OSA-MCI showed a significantly
longer mean dwell time in State I (OSA-MCI: 45.4 ± 51.6,
HC: 19.9 ± 21.2, p = 0.008). However, the opposite results
were shown in State II. There were no significant differences
between HC and OSA-NC. The number of transitions in the
three groups were 2.5 ± 2.4, 2.6 ± 1.9, 2.8 ± 2.6, respectively
(p > 0.05).

We further compared the strength of connection in
the two states between all OSA patients and HC groups,
and the results are shown in Figure 6. In the State I,

OSA patients observed 2 stronger connections and 11 lower
connections compared to HC, which included 4 within-network
connections (1 enhanced connections within ECN; and 3
lower connections within SN and ECN), and 9 between-
networks connections (1 enhanced connections between DMN-
SN, and 8 lower connections between DMN-ECN, DMN-
SN, VN-SN, SN-ECN, SMN-LN, LN-ECN). In the State
II, compared with HC, OSA patients showed 4 lower
connections, including 1 within-network connections (ECN)
and 3 between-network connections (AN-ECN, AN-CBN, and
DMN-ECN).

Correlation results

Unfortunately, no significant correlation between the
dynamic FNC of temporal properties (mean dwell time,
fractional windows, and number of transitions) and clinical
data using Pearson correlation analysis was found in all
OSA patients. However, in OSA-MCI patients, we found that
the mean dwell time in State I and State II was positively
correlated with the AHI and AI, the fractional windows
were positively associated with the AHI and AI. The number
of transitions was negatively correlated with the MoCA in
OSA-MCI patients. Detailed related results are shown in
Table 3.

Discussion

In this study, we used a data-driven ICA approach to
clarify the intrinsic network components in OSA patients
and for the first time to explored dynamic FNC patterns in
patients with OSA ranging from normal cognition to mild
cognitive impairment using sliding windows and the k-means
clustering method. Our main findings were as follows: (1) Two
different connectivity states were determined in all subjects,
namely, State II, segregated state with weaker connectivity
and high frequency, State I, integrated state with stronger
connectivity and low frequency; (2) Compared with HC,
OSA-MCI patients appear more frequent and had longer
mean dwell time in stronger connected State I, and lower
connected State II appears less frequently and has a shorter
mean dwell time; However, there was no significant difference
between the OSA-NC and HC. In OSA-MCI patients, there
was a trend to increase in number of transitions, and was
positively correlated with cognitive assessment; (3) OSA patients
showed more abnormal FC in stronger connected State I and
showed less reduced FC in lower connected State II. These
results suggested that alterations in dynamic FC patterns were
associated with the presence of MCI in OSA, providing new
insights into understanding neurocognitive mechanisms in
patients with OSA.
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FIGURE 1

Spatial independent component analysis was used to identify independent components. Independent component spatial maps divided on eight
functional networks (AN, DMN, ECN, LN, SMN, SN, VN, and CBN) based on their anatomical and functional properties. ICA, independent
component analysis; AN, auditory network; DMN, default mode network; ECN, executive control network; LN, language network; SMN,
sensorimotor network; SN, salience network; VN, visual network; CBN, cerebellar network.

FIGURE 2

The static functional network connectivity results. (A) The averages static functional network connectivity matrices of all subjects between
independent components pairs was produced in entire resting-state time courses. (B) The mean static functional network connectivity of all
subjects in eight network (single sample t-test) (p < 0.01, FDR correction). AN, auditory network; DMN, default mode network; ECN, executive
control network; LN, language network; SMN, sensorimotor network; SN, salience network; VN, visual network; CBN, cerebellar network.
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FIGURE 3

Results of the clustering analysis per state. Cluster centroids for each state of all participant. The total number of occurrences and percentage of
total occurrences are listed in each cluster. AN, auditory network; DMN, default mode network; ECN, executive control network; LN, language
network; SMN, sensorimotor network; SN, salience network; VN, visual network; CBN, cerebellar network.

In this study, we found that the incidence of lower
connectivity in State II in OSA patients was lower than
that in HC, along with reduced mean dwell time, while the
incidence of stronger connectivity in State I was higher than
that in HC. In previous studies of acute sleep deprivation,
increased subcortical-cortical frequency was found after acute
sleep deprivation, instead, another low connectivity state
significantly reduced frequency, reflecting changes in the
dynamics of mental activity in the brain after sleep loss (Li
et al., 2020). Other studies found that patients with Parkinson’s
disease-MCI had significantly reduced time spent in state
characterized by low connectivity compared with HC, while
these differences were not found in Parkinson’s disease-NC
patients, suggesting that dynamic FC patterns may be related
to the presence of MCI in Parkinson’s disease patients (Díez-
Cirarda et al., 2018). Previous studies of dynamic FC in patients
with schizophrenia found that medication-naive schizophrenia
patients had shorter mean dwell time and fewer fractional
windows in sparse connectivity, and longer mean dwell time
and more fractional windows in intermediate connectivity,
suggesting associations with brain network temporal dynamics
(Lottman et al., 2017). This study analyzed the changes in
dynamic FNC patterns in OSA patients from normal cognition
to mild cognitive impairment. The results showed that the
frequency of State II characterized by lower connectivity was
22% lower in OSA-MCI patients than that in HC, but not
in the OSA-NC group, indicating that OSA patients need
higher network integration. Meanwhile, we found that the
mean dwell time and fractional windows in State I and II
were positively associated with the AHI and AI in OSA-MCI
patients, which suggested that the temporal variability of the

brain functional network was related to disease severity in OSA
patients.

Furthermore, compared to the HC group, there was no
significant difference in the number of transitions between the
states in OSA patients, but there was a tendency toward an
increase in the number of transitions in OSA from normal
cognition to mild cognitive impairment. Previous studies on
Parkinson’s disease found no significant difference in status
transition in Parkinson’s disease patients without diagnosed
MCI compared to HC (Kim et al., 2017), but showed a
significantly increased number of transitions in patients with
Parkinson’s disease-MCI (Díez-Cirarda et al., 2018), which
indicated that gradual dysfunctional patterns may exist in
Parkinson’s disease patients. Another study of major depressive
disorder found no significant difference but a slight increase
in the number of transitions in major depressive disorder
patients compared with HC (Yao et al., 2019). The results of
this study were similar to findings on Parkinson’s disease and
major depressive disorder. In OSA-MCI patients, increasing
the number of transitions was positively correlated with
MoCA score, indicating that dynamic network conversion may
provide potential neural markers for cognitive deterioration in
OSA.

We further compared the strength of connections in
different states between OSA patients and the HC. We observed
that compared with HC, OSA patients showed extensive
abnormal FC in stronger connected State I and less reduced FC
in lower connected State II, mainly in intranetwork connectivity
(SN and ECN) and internetwork connectivity (mainly between
DMN, ECN, and SN). Human cognitive function relies on
efficient coordination between multiple interacting large-scale
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FIGURE 4

Functional connectivity state results. Group functional network connectivity matrices for each state (percentage of total occurrences for State I
and II: 22 and 78% in the healthy controls and 39 and 61% in the OSA groups, respectively). There are significant statistical differences between
two groups (p < 0.05). AN, auditory network; DMN, default mode network; ECN, executive control network; LN, language network; SMN,
sensorimotor network; SN, salience network; VN, visual network; CBN, cerebellar network.

functional brain networks, in which the ECN, DMN, and SN
are core networks for high-level cognitive activity. The SN
is mainly composed of the dorsal anterior cingulate cortex
and insular cortex, and is used to identify the most relevant
stimuli in internal and external stimuli and switch to the
corresponding network processing, while also participating in
various cognitive functions, such as attention control, conflict
monitoring, error monitoring and detection (Kerns et al.,
2004; Seeley et al., 2007). The ECN is mainly composed of
the dorsolateral prefrontal cortex and the posterior parietal
cortex, which plays an important role in emotional and adaptive
cognitive control. The DMN includes medial prefrontal cortex
and posterior cingulate cortex, which are mainly responsible
for autobiographical memory and self-reference processing,
and episodic memory. Studies have shown that an important

function of the SN is to adjust the flexible interactive switching
between the activation and withdrawal of the DMN and the
ECN (Sridharan et al., 2008). Specifically, in a self-related
psychological task, SN induces DMN activation and ECN
inactivation, while in a cognitive demands task, SN induced
activation of ECN and inactivation of DMN (Chiong et al.,
2013). Previous literature has described alterations in ECN
activation and DMN inactivation during working memory
tasks in patients with OSA (Prilipko et al., 2011). Previous
studies found significant positive FC between the SN and
ECN, and negative FC between the SN and DMN. This
selective impairment of resting-state FC between the SN and
the DMN, which may be the potential basis for cognitive
impairment in OSA patients (Zhang et al., 2015). Studies
have also shown the functional separation of the ECN and
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TABLE 2 The dynamic FNC temporal properties between OSA patients and HC groups.

Properties State HC OSA-NC OSA-MCI HC vs. OSA-NC
P-value

HC vs. OSA-MCI
P-value

OSA-NC vs.
OSA-MCI P-value

Mean dwell time I 19.9 ± 21.2 32.3 ± 37.1 45.4 ± 51.6 0.112 0.008 0.337

II 108.7 ± 74.0 88.2 ± 72.0 82.1 ± 78.4 0.182 0.022 0.271

Fractional windows I 0.22 ± 0.26 0.33 ± 0.32 0.44 ± 0.35 0.113 0.003 0.189

II 0.78 ± 0.26 0.67 ± 0.32 0.56 ± 0.35 0.113 0.003 0.189

Number of transitions 2.5 ± 2.4 2.6 ± 1.9 2.8 ± 2.6 0.599 0.571 0.869

OSA, obstructive sleep apnea; HC, health controls; OSA-NC, obstructive sleep apnea with normal cognition; OSA-MCI, obstructive sleep apnea with mild cognitive impairment; FNC,
functional network connectivity. The bold values indicates statistical significance.

FIGURE 5

Temporal properties of dynamic functional network connectivity states for the OSA and HC groups. (A) Percentage of total time subjects spent
in each state. (B) Mean dwell time and (C) number of transitions between states were plotted using violin plots. Horizontal black dotted lines
indicate group medians and inter-quartile range. ∗p < 0.05. OSA, obstructive sleep apnea; HC, healthy control; MCI, mild cognitive impairment;
NC, normal cognitive.
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FIGURE 6

Visualization of functional network connectivity differences in two states (p < 0.01, FDR correction). The red line represents increased functional
connectivity and the blue line represents decreased functional connectivity in OSA patients. AN, auditory network; DMN, default mode network;
ECN, executive control network; LN, language network; SMN, sensorimotor network; SN, salience network; VN, visual network; CBN, cerebellar
network.

DMN brain regions in OSA patients (Harper et al., 1985). Our
previous study found reduced DMN network connectivity and
topological reorganization in patients with OSA (Li H. J. et al.,
2016; Chen et al., 2018), which may underlie the cognitive
deficits in patients with OSA. Some scholars have also found
that the FC of the SN, bilateral ECN and DMN in OSA
patients is decreased, which is related to autonomic disorders,
suggesting that autonomic dysfunction in OSA is associated
with central autonomic network alterations (Lin et al., 2020).
Similar to these findings, this study found that OSA patients had
lower connections within the SN and ECN, and internetwork

connections between the DMN, ECN and SN, indicating that
FNC was separated and integration ability decreased, which
may be the basis of advanced cognitive impairment in OSA
patients, and further supplemented the mechanism of cognitive
impairment in OSA from a dynamic perspective of OSA
patients.

Moreover, our study also found that VN-SN, SMN-
LN, LN-ECN, AN-ECN, and AN-CBN network connections
were decreased in OSA patients. The AN, SMN, VN, and
LN are low-level perceptual networks that mainly receive
external stimuli and play a central role in information

TABLE 3 Correlations between temporal properties of dynamic FNC and clinical characteristics in OSA-MCI patients.

AHI Nadir SaO2 Mean SaO2 AI Sleep efficiency ESS MoCA

Mean dwell time in State I r value 0.323 −0.200 −0.257 0.383 0.006 0.020 0.058

p-value 0.040 0.210 0.105 0.014 0.969 0.902 0.721

Mean dwell time in State II r value −0.325 0.210 0.160 −0.32 0.162 −0.183 0.162

p-value 0.038 0.187 0.317 0.041 0.311 0.252 0.312

Fractional windows in State I r value 0.363 −0.238 −0.248 0.376 −0.066 0.143 −0.143

p-value 0.020 0.134 0.118 0.016 0.682 0.373 0.372

Fractional windows in State II r value −0.363 0.238 0.248 −0.376 0.066 −0.143 0.143

p-value 0.020 0.134 0.118 0.016 0.682 0.373 0.372

Number of transitions r value 0.139 0.013 0.156 −0.086 −0.199 0.135 −0.326

p-value 0.387 0.937 0.331 0.595 0.212 0.399 0.038

AHI, apnea hypopnea index; SaO2 , oxygen saturation; AI, arousal index; ESS, Epworth Sleepiness Scale; MoCA, Montreal Cognitive Assessment. The bold values indicates statistical
significance.
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transmission in the external environment (Shang et al., 2014).
The reduced FC between the VN and the SN may reflect that
the OSA exhibits poor visual information processing power. The
reduced functional network of SMN-LN, LN-ECN, and AN-
ECN indicate decreased receptivity to external stimuli, which
affects higher cognitive function.

Some limitations should be considered in our study. First,
due to gender differences in outpatients, we collected more
male OSA patients, while female and children OSA patients
were collected in smaller numbers, so female and children
patients were excluded from our analysis. It is difficult to
generalize this conclusion to the whole OSA population.
Second, similar to most ICA studies thus far that have
focused on gray matter, while ignoring the physiological
significance of white matter signals, our study only explored
changes in the temporal properties of dynamic FNC in
gray matter. However, recent studies have confirmed that
white matter fMRI signals contain rich spatiotemporal
information similar to those found in gray matter (Wang
et al., 2022). Finally, our study is only a cross-sectional
study, and it is not clear how CPAP therapy affects the
dynamic FNC attributes in OSA patients. In the future,
female and children with OSA should be included, the
dynamic FNC of white matter brain regions may provide
additional information from whole brain network, and
longitudinal studies would provide more information for
clinical treatment.

Conclusion

This study was the first to use the combined ICA
and dynamic FNC methods to investigate dynamic temporal
properties in OSA patients from normal cognition to mild
cognitive impairment. In OSA-MCI patients, we found
that temporal properties of dynamic FNC (mean dwell
time and fractional window) were altered, and number
of transformations were associated with cognitive state.
It was also found that OSA patients showed abnormal
high-level cognitive network connections in the stronger
connected State I, mainly between the SN, DMN, and
ECN. These abnormalities may be neuroimaging mechanisms
in OSA-MCI patients, providing new insights into our
understanding of cognitive impairment in OSA patients,
and future studies should consider using dynamic FNC to
predict MCI in OSA.
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