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Abstract

Patients with obstructive sleep apnea (OSA) reveal functional changes in brain sites involved in
autonomic, cognitive, and mood regulations. However, it is unclear whether these brain changes
reverse with short-term positive airway pressure (PAP) treatment. Our aim was to examine

brain functional changes in response to 3-months of PAP treatment using regional homogeneity
(ReHo) measures, where increased and decreased ReHo value indicates hyper- and hypo- local
neural activities, respectively, and considered as functional deficits. We collected brain magnetic
resonance imaging data as well as mood, cognitive, and sleep variables from 17 treatment-naive
OSA at baseline and after 3-months of PAP treatment and 25 age- and gender-matched healthy
controls. Whole-brain ReHo maps were calculated and compared between OSA and controls
and OSA subjects before and after PAP treatment. At baseline, treatment-naive OSA subjects
showed higher ReHo in the bilateral thalamus, putamen, postcentral gyrus, paracentral lobule,
supplementary motor area, and right insula, and lower ReHo in the frontal and parietal cortices,
compared to controls. After 3-months of PAP treatment, abnormal sleep and mood scores
decreased significantly to normal levels. ReHo decreased in the autonomic and somatosensory
control areas, including the thalamus, putamen, postcentral gyrus, and insula, and increased in
the cognitive and affective regulatory parietal regions. The normalized ReHo was correlated with

"Address for Correspondence: Rajesh Kumar, PhD, Department of Anesthesiology, David Geffen School of Medicine at UCLA,
56-141 CHS, 10833 Le Conte Ave, University of California Los Angeles, Los Angeles, CA 90095-1763, USA, Tel: 310-206-6133;
310-206-1679, Fax: 310-825-2236, rkumar@mednet.ucla.edu.

Conflicts of interest:

Financial Disclosure: All authors have no financial conflicts of interest to declare.

Non-financial Disclosure: All authors have no non-financial conflicts of interest to declare.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 2

improved sleep quality and reduced anxiety symptoms. These findings suggest that 3-months of
PAP use can improve sleep, mood issues, and partly recover brain activities, however, longer PAP
treatment may be required to fully and permanently reverse brain functional deficits.

Keywords

Functional magnetic resonance imaging; Regional homogeneity; Sleep disordered breathing;
Autonomic; Cognition

INTRODUCTION

Obstructive sleep apnea (OSA) is a sleep disorder characterized by recurrent episodes of
complete or partial obstruction of the upper airway, with continued diaphragmatic efforts to
breathe during sleep [1]. The pattern leads to episodic oxygen desaturations accompanied
by dramatic blood pressure changes [1]. OSA is associated with an increased risk of
cardiovascular morbidity and mortality [2]. Acting through sympathetic neural mechanisms,
OSA may contribute to elevated blood pressure in a large segment of hypertensive patients.
OSA is associated with significantly increased daytime sympathetic nerve activity, which is
thought to result from the repetitive intermittent periods of hypoxemia during sleep [3]. In
addition to cardiovascular symptoms, OSA patients also show cognitive deficits, depression,
and anxiety symptoms [4]. If left untreated, OSA can result in altered cognition with
reduced attention, memory, and executive functioning, and cardiovascular diseases [5].

Positive airway pressure (PAP) is the primary non-surgical approach for treating OSA

and is effective at improving daytime sleepiness and reducing the risks of cardiovascular
complications [6]. It has been demonstrated that after 6-months of PAP treatment, patients
showed less daytime sleepiness, reduced sympathetic tones and nocturnal symptoms, and
improved mental acuity [3, 6]. Structural brain imaging studies showed partial brain white
matter integrity recovery after 3-months of PAP and moderate improvements in mood,
attention, and executive-functioning, paralleled with white matter changes [7]. Longer
treatments (more than 12 months) in OSA patients lead to changes in brain metabolite
levels, gray and white matter integrity in multiple brain regions closer to the levels seen

in good sleepers, indicating that both acute and mild brain damage can be reversed with
effective non-surgical treatments [7, 8]. Using simultaneously-recorded electrophysiological
and brain imaging data, multiple studies showed that elevated neural signal intensity in

the striatum, insula, thalamus, and sensorimotor cortex covaried with increased muscle
sympathetic nerve activity in treatment-naive OSA patients [3, 9], which falls significantly
after 6 months of PAP treatment. In addition, the reduction in resting sympathetic nerve
activity was coupled with significant lower neural activities in the related brain areas [3,
9]. However, the effects of short-term PAP treatment (i.e., less than 6 months) on brain
functions and related regional neural activities are still unclear.

Resting-state functional magnetic resonance imaging (fMRI) measures the blood-oxygen-
level dependent (BOLD) signal changes induced by spontaneous neural activities [10]. The
technique has been widely-applied in various clinical studies examining neural activities
and brain functions in OSA, and the results suggest an intrinsic neural reorganization that
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may explain the neuropsychological deterioration in the condition [11-13]. Among the fMRI
procedures, Regional homogeneity (ReHo) is a sensitive measure of local coherence of
neuronal activities, and can be used to examine regional brain functional integrity of OSA
[12, 13]. Increased and decreased ReHo measures over controls indicate hyper- and hypo-
local neural activities, respectively, and considered as functional deficits.

Our aim was to examine brain functional changes in newly-diagnosed, treatment-naive OSA
after 3-month PAP treatment using ReHo procedures. We hypothesize that PAP use will
help restore regional neural activities in areas that showed functional abnormalities in OSA
over healthy controls, and that these restored brain activities will show associations with
improved sleep quality and neuropsychological functions.

MATERIALS AND METHODS

Subjects

We recruited 17 newly-diagnosed, treatment-naive OSA subjects from the Sleep Disorders
Laboratory at the University of California at Los Angeles (UCLA) Medical Center and

25 age- and gender-comparable healthy controls from the UCLA Medical Center and the
West Los Angeles area. Demographic, sleep, mood, cognitive, and physiologic data of
OSA and control subjects are summarized in Table 1. OSA subjects were diagnosed based
on overnight polysomnography, and all OSA subjects had a moderate-to-severe disease
severity [apnea-hypopnea index (AHI) = 15 events/hour]. OSA and control subjects had
no diagnosed history of neurological illness or psychiatric disorders. We determined the
potential for sleep disordered breathing in controls by interviewing subjects, and subjects
suspected of showing such disturbed patterns were excluded. Also, any subject with a
metallic implant, weight over 285 pounds, or condition contraindicated for the MRI scanner
environment was excluded. All participants gave written informed consent before MRI
scanning or other data collection, and the study protocol was approved by the UCLA
Institutional Review Board.

Assessment of Sleep, Mood, and Cognition

We assessed sleep quality and daytime sleepiness in all OSA and control subjects using

the Epworth Sleepiness Scale (ESS) and Pittsburgh Sleep Quality Index (PSQI) self-
administered questionnaires, respectively. Higher scores on the ESS and PSQI indicate
worse sleep. Depressive symptoms were evaluated by the Beck Depression Inventory Il
(BDI-I11), and anxiety symptoms by the Beck Anxiety Inventory (BAI) in both groups. The
BDI-11 and BAI self-administered questionnaires include 21 questions (each question score
ranges from 0-3), with total scores ranging from 0-63, based on depression or anxiety
symptoms. Higher scores on the BDI-II and the BAI indicate worse depression/anxiety
status. We used the Montreal Cognitive Assessment (MoCA) test for cognitive assessment
(cognitive domains included attention, visuospatial/executive functions, memory, language,
visuospatial skills, conceptual thinking, calculations, and orientation) with a maximum score
of 30. Scores less than 26 on the MoCA indicate cognitive deficit.
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Magnetic Resonance Imaging

All participants underwent brain structural and functional MRI in a 3.0-Tesla scanner
(Siemens, Prisma Fit, Erlangen, Germany). We used foam pads on either side of the head to
minimize head motion during scanning. High-resolution T1-weighted images were acquired
using a magnetization prepared rapid acquisition gradient-echo (MPRAGE) pulse sequence
[repetition time (TR) = 2200 ms; echo time (TE) =2.34, 2.41ms; flip angle (FA) = 9°; field
of view (FOV) = 230x230 mm?Z; matrix size = 320x320; voxel size = 0.72x0.72x0.9 mm?3].
BOLD-fMRI data were collected with an echo planar imaging (EPI)-based pulse sequence
in the axial plane (TR = 2000 ms; TE = 30 ms; FA = 90°; FOV = 230x230 mm?2; matrix
size = 64x64; slice thickness = 4.2 mm; voxel size = 3.59x3.59x4.2 mm?3; volumes = 150).
During the fMRI scanning, all subjects were instructed to rest with their eyes open, without
focusing on any specific thoughts.

Data Preprocessing

We first examined anatomical scans for any serious brain pathology using high-resolution
T1-weighted images of all subjects. We also assessed fMRI data for imaging or head
motion-related artifacts before data preprocessing. None of the subjects included here
showed any serious brain injury, excessive head motion-related, or other imaging artifacts.

Prior to ReHo analysis, fMRI data were preprocessed using DPARSFA (http://rfmri.org/
DPARSF) and SPM12 (https://www.fil.ion.ucl.ac.uk/spm) software: the initial 10 brain
volumes were discarded to avoid signal saturation issues; the remaining 140 volumes were
realigned to eliminate potential head-motion, and co-registered to T1-weighted images. The
time series of each voxel was then band-pass filtered (0.01-0.08 Hz), and effects of linear
drifting trend, six rigid-body motion parameters, their first and second derivatives, and
global white matter, cerebrospinal fluid, and global brain signal changes were regressed.
Images were then spatially-normalized to a canonical Montreal Neurological Institute
space template using nonlinear transformation procedures, and spatially smoothed with a
4 mm full-width at half-maximum Gaussian kernel. Averaged cortical maps, derived from
T1-weighted images of OSA and controls, and averaged whole-brain T1-weighted images,
calculated from normalized T1-weighted images of all OSA and controls, were used for
anatomical references.

ReHo Analysis

After finishing the preprocessing steps, ReHo maps were generated using the resting-state
fMRI Data Analysis Toolkit [14]. ReHo value was determined for each voxel within

the brain by calculating the Kendall’s coefficient of concordance (KCC) of the BOLD
fMRI time course of the voxel with those of its nearest neighbors (26 voxels). Individual
ReHo maps were converted into z-scored maps with Fisher’s z transformation to improve
normality.

Network Analysis

In addition to ReHo analysis, which examines regional or local-level neural activities, we
also examined network-level neural integrity/functional connectivity (FC) changes before
and after CPAP treatment in OSA using independent component analysis (ICA). Different
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networks that are related to sleep and cognition, such as default mode network (DMN),
executive control network, and frontoparietal network (FPN), were extracted using group
ICA. Individual network component maps were converted into z-scored maps with Fisher’s
z transformation to improve normality.

Statistical Analyses

RESULTS

Demographic, sleep, mood, cognitive, and physiologic data were examined by Chi-square
(categorical values) and independent samples t-tests (humerical values) between OSA and
control subjects. We compared the z-scored ReHo maps between OSA and controls at
baseline, as well as between OSA after 3 months of PAP treatment and control subjects
using analysis of covariance (ANCOVA; covariates, age and gender; Alphasim corrected,

p < 0.05). We compared the z-scored ReHo and ICA network FC maps in OSA patients
before and after 3 months PAP treatment using paired t-tests (Alphasim corrected, p < 0.05).
Brain areas that showed significant changes in ReHo after treatment were selected as regions
of interest (ROIs). The criteria to include these regions were: (a) voxel-wise p value <
0.005, and (b) the cluster size larger than 27 voxels. Regions surviving these criteria were:
the bilateral ventral medial thalamus, bilateral putamen, bilateral postcentral gyrus, right
anterior insula, left MPFC, left precuneus, left inferior parietal lobule, left angular gyrus,
and SMA. We then examined correlations between the changes of regionally-averaged
ReHo values in these ROIls, before and after the treatment, and the changes of sleep and
neuropsychological variables using partial correlations (covariates: age and sex).

In addition, we used general linear model to explore the relationships between baseline AHI
and sleepiness and sleep quality scores (ESS and PSQI), as well as mood symptoms (BDI-II
and BAI scores).

Demographics, sleep, mood, and cognitive variables

There were no significant differences in age or gender between OSA and control groups.
OSA patients had higher BMI than control subjects. Both sleep quality and daytime
sleepiness (PSQI and ESS) and mood scores (BDI-11 and BAI) were significantly higher in
OSA at baseline over control subjects (independent samples t-tests, p<0.05; Table 1). After
3 months of PAP treatment, OSA patients showed significant decline (i.e., improved sleep
and depression symptoms) in ESS, PSQI, BDI-II, and BAI scores (paired t-tests, p<0.05;
Table 1), and showed no significant differences between OSA after PAP over controls
(independent samples t-tests, p>0.05; Table 1). No significant differences in MoCA scores
emerged between OSA before and after treatment or compared to controls (Table 1). Also,
no significant correlations were observed between baseline OSA severity, sleepiness and
sleep quality, and mood symptoms (p>0.15).

ReHo differences between treatment-naive OSA and controls

Treatment-naive OSA patients showed significantly higher ReHo signals (indicating
hyperactivity) in the bilateral ventral medial thalamus, bilateral putamen, bilateral
postcentral gyrus, paracentral lobule, supplementary motor area (SMA), right anterior, and
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posterior insula (Figure 1) in comparison to controls. OSA patients showed significantly
lower ReHo (hypo-activity) in the bilateral medial prefrontal cortex (MPFC), left superior
frontal gyrus, right superior parietal lobule, left precuneus, left inferior parietal lobule, and
left angular gyrus (Figure 1).

ReHo differences between post-treatment OSA and controls

After 3 months of PAP use, OSA patients still showed higher ReHo (hyperactivity in
comparison to controls) in the supplementary motor area and right posterior insula, and
lower (hypo-activity) ReHo in the MPFC, left superior frontal gyrus, and right superior
parietal lobule compared to healthy controls (Figure 2).

ReHo changes after PAP treatment in OSA

Significantly decreased ReHo emerged in the bilateral ventral medial thalamus, bilateral
putamen, bilateral postcentral gyrus, right anterior insula, and left MPFC after 3 months of
PAP treatment in OSA subjects. In addition, OSA patients also showed increased ReHo in
the left precuneus, left inferior parietal lobule, left angular gyrus, and SMA after 3 months
PAP treatment (Figure 3). These findings show partial recovery of several brain sites (ReHo
nearing control levels), including bilateral ventral medial thalamus, putamen, postcentral
gyrus, right anterior insula, left precuneus, left inferior parietal lobule, and left angular

gyrus.

Correlations between behavioral and ReHo changes in OSA

Decreased BAI scores (i.e., less anxiety) were correlated with ReHo signals decreasing in
comparison to baseline OSA values in the right anterior insula and bilateral putamen after 3
months PAP treatment in OSA. In addition, the decreased PSQI scores (less abnormal sleep
symptoms) were correlated with decreased ReHo in the bilateral postcentral gyrus (Table

2 and Figure 4). These results suggest association between improved behavioral symptoms
and restored regional neural activities. The changes of ReHo in other brain areas were not
significantly correlated with the behavioral variables.

Network changes after CPAP treatment in OSA

As a supplementary analysis, we evaluated FC changes before and after CPAP treatment in
OSA using ICA. Significantly increased FC between the left and right angular gyrus in the
FPN, and significantly increased FC in the precuneus cortex within the DMN, were observed
in OSA after CPAP treatment over baseline (see Supplementary Figure 1). However, none

of these FC changes were significantly correlated with BAI, BDI-II, ESS, or PSQI changes.
Also, no significant changes of FC were observed in any other networks.

DISCUSSION

In this study, we investigated whether mood, cognitive, sleep quality, and daytime sleepiness
symptoms improvements can be achieved after 3 months of PAP treatment, and whether
corresponding brain functions can be restored as early as 3 months with PAP treatment in
treatment-naive OSA patients. The findings show that after 3 months of PAP treatment,
PSQI, ESS, BAI, and BDI-I1 scores decreased significantly over baseline, reaching to the
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normal levels as in controls. Brain ReHo data show that after treatment, ReHo decreased
toward normal levels in the bilateral ventral medial thalamus, bilateral putamen, bilateral
postcentral gyrus, and right anterior insula, and ReHo increased toward normal control levels
in the left precuneus, left inferior parietal lobule, and left angular gyrus in OSA patients.
Reduced mood symptoms and improved sleep quality was associated with these normalized
brain activities.

Abnormal ReHo in treatment-naive OSA

Previous functional MRI studies in treatment-naive OSA patients using ReHo procedures
demonstrated similar results as shown here, and reported increased local neural activity
coherence in the thalamus, striatum, insula, and SMA, and decreased local coherence in
the MPFC, precuneus, and superior and inferior parietal lobe [12, 13]. The increased ReHo
in the striatal-limbic areas might be associated with altered autonomic functions and mood
dysregulation, while the decreased ReHo in the cortical areas may lead to impairments in
attention, cognition, and executive functions [12].

The increased ReHo in the thalamus, putamen, insula, and motor areas in treatment-

naive OSA found here might contribute to increased sympathetic tone in the condition.
Growing evidence suggests that OSA may contribute to the initiation and progression

of hypertension, heart failure, cardiac arrythmia, and stroke [15]. Chronic sympathetic
activation appears to be a key mechanism underlying the cardiovascular morbidity in OSA
[15]. A number of studies have consistently shown that patients with OSA have high levels
of sympathetic nerve traffic [16]. During sleep, repetitive episodes of hypoxia, hypercapnia,
and obstructive apnea act through chemoreceptor reflexes and other mechanisms to increase
sympathetic drive [16]. Remarkably, the high sympathetic drive is present even during
daytime wakefulness in OSA subjects with normal breathing and no evidence of hypoxia or
chemoreflex activation is apparent [15]. Previous functional MRI studies showed increased
neural activity and functional connectivity in the thalamus, putamen, insula, and postcentral
gyrus during autonomic challenges that elicit a sequence of sympathetic activities in healthy
subjects, and the increased neural activities in the thalamo-striatal-limbic system were
associated with increased blood pressure and heart rate [17, 18]. Other studies reported

a positive correlation between muscle sympathetic nerve activity and signal intensity in

the left and right insula, and thalamus in both OSA and control subjects [9]. Moreover, in
OSA subjects, the striatum showed augmented functional MRI signal changes compared
with controls [9]. Several neural and humoral mechanisms may contribute to maintenance
of higher sympathetic activity and blood pressure, and may include chemoreflex and
baroreflex dysfunction, altered cardiovascular variability, vasoconstrictor effects of nocturnal
endothelin release, and endothelial dysfunction [15, 16]. The increased resting-state local
neural synchronization in the thalamo-striatal-limbic circuit might be associated with
autonomic dysfunction in OSA subjects.

Reduced ReHo signals were observed in the MPFC, superior frontal gyrus, superior

and inferior parietal lobule, and angular gyrus in OSA patients over controls. These
areas are important nodes of the DMN that is thought to be involved in high-

order cognition, consciousness, sleep regulations, self-referential processing, visuospatial
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attention, and executive control [19]. Previous studies showed decreased resting-state
functional connectivity and gray matter volume in the MPFC of the anterior DMN in
patients with OSA, indicating both structural and functional deficits in the MPFC, which
may be related to impaired cognitive function in the condition [13]. Decreased resting-state
the DMN activities and increased resting-state thalamo-cortical network activities are also
associated with slower reaction to stimuli and impaired daytime vigilance [19]. Moreover,
intermittent hypoxia has a negative correlation with cerebral activation in the bilateral frontal
and left parietal regions, and may be a major factor in cognitive and memory dysfunction in
OSA patients [20]. The precuneus, angular gyrus, and superior and inferior parietal lobules
play important roles in an array of advanced cognition functions, such as visuospatial
imagery, top-down attention, and episodic memory retrieval [11]. Several MRI studies
showed impaired functional connectivity between these cortical areas with subcortical
structures, such as the hippocampus and caudate nuclei, sites that are involved in mood
disorder, as well as cognitive and attention deficits found in OSA [11]. Positron emission
tomography measurements of glucose utilization also indicated that cerebral metabolism
was decreased in the precuneus and parietal cortex in OSA [21]. Other studies found that
decreased ReHo in the precuneus showed a significant correlation with sleep time in OSA,
suggesting decreased sleep time might be an important factor for dysfunction in the DMN in
OSA [13].

Short-term PAP treatment and brain activities in OSA

After 3 months of PAP treatment, ReHo signals decreased in the bilateral ventral medial
thalamus, putamen, postcentral gyrus, and right anterior insula in OSA subjects, and

these areas were no longer significantly different between controls and OSA patients,
indicating restored autonomic regulation and decreased sympathetic tone. Brain fMRI
studies concurrently with muscle sympathetic nerve activity recording from percutaneously
common peroneal nerve in OSA patients demonstrated positive correlations between
sympathetic never activities and functional MRI signals from several brain sites, including
the insula, thalamus, sensorimotor cortex, and mid-cingulate cortex [9, 22]. After 6 months
of PAP treatment, muscle sympathetic nerve activity significantly reduced in OSA subjects,
and coupled BOLD signal changes within the autonomic regulatory areas also returned to
control levels [22]. Both abnormal systolic and diastolic blood pressure in OSA patients
can be reversed as early as 3 months after CPAP therapy, with progressive improvement

in cardiovascular remodeling over one year, as assessed by transthoracic echocardiography
and cardiac MRI studies [2]. Our data also highlight the effectiveness of PAP treatment for
reducing elevated sympathetic activities, one of the most significant health issues associated
with cardiovascular symptoms and elevated morbidity in OSA condition.

Previous studies reported increased ReHo in the bilateral thalamus, postcentral gyrus, and
SMA in treatment-naive OSA patients over controls [12, 13]. In this study, we showed
similar findings that short-term PAP treatment significantly reduced ReHo signals in the
bilateral thalamic nuclei and postcentral gyrus. The thalamic sites are sensitive to hypoxia
and can be alleviated by using PAP. Chronic intermittent hypoxia decreases NAA/Cr ratios
in animal studies, a reliable measure of neuronal integrity/functionality, in the thalamus [23].
Human studies showed significant negative correlations between AHI and cerebrovascular
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reactivity in the thalamus in OSA patients; however, thalamic cerebrovascular reactivity
increased with therapeutic PAP treatment [24]. Considering the fundamental role of the
thalamus in the arousal mechanism and sleep-wake transition process along with autonomic
and motor controls [25], an alteration of spontaneous diurnal behavior could represent the
effect of an aberrant overstimulation during the night, while choke sensation and increased
breathing effort components of apneic episodes induce brief and partial cortical arousal. The
incomplete electrical cortical reactivations, repeated several times during the night could
also have generated an aberrant thalamic hyperactivation during the rest condition [12].

PAP treatment can prevent microarousals and repetitive incomplete nocturnal transition from
sleep to wakefulness induced by apnea or hypopnea and thus can improve sleep quality.

As in previous studies, our results show a pattern of increased regional ReHo activities

in the bilateral postcentral gyrus and SMA in OSA patients before treatment. Short-term
PAP treatment reduced ReHo signals in the bilateral postcentral gyrus, which was further
correlated with improved sleep quality. Altered pattern of brain activity in motor and
somatosensory circuits at baseline could be linked to an increased mechanical effort that
may occur during pathological arousal in sleep, with an immediate restoration of breathing
muscle tone to waking levels [12, 13]. By improving sleep quality, there is a gradual
reduction in local coherence rearrangement in the thalamus and postcentral gyrus.

We show that OSA patients demonstrate higher levels of depression and anxiety symptoms.
The ReHo reduced significantly in the right anterior insula and bilateral putamen after 3
months PAP treatment, and the decreased ReHo signals in these areas were correlated with
reduced anxiety symptoms. Insular cortices and putamen sites are not only involved in
motor and somatosensory input integration with interoceptive autonomic action [26], but
also in affect and mood regulation, e.g., blood pressure and breath changes accompanying
emotional reactions [27]. Aberrant functional interactions between insular cortices, striatum,
and other cortical regions have been described to be associated with anxiety and depressive
symptoms in OSA [11, 28, 29]. The putamen also showed higher functional connectivity
with insula in patients with comorbid movement and anxiety disorders than healthy controls
and patients without anxiety [30]. Structural MRI studies also showed that tissue damage
occurs in the insular cortices in anxious OSA subjects vs non-anxious OSA, as indicated

by prolonged T2-relaxation values [27]. Timely PAP treatment may prevent brain injury and
oxidative and neuro-inflammatory effects on emotional regulatory brain sites in OSA [5, 31,
32], and restore tissue integrity in the internal and external capsule surrounding the putamen
and insula [33].

ReHo signals decreased significantly in the right anterior insula, but the right posterior
insula still showed hyperactivities in OSA patients after 3 months of PAP treatment.
Multiple studies support the notion that the right insular cortex is associated with
sympathetic activity, and left insular cortex with parasympathetic control [34]. They also
found differed responses in both the right and left insular cortices during autonomic
challenge between the gyri in an anterior-posterior order, with greater responses in the
anterior gyri [17, 18, 35]. These studies suggest that the right anterior insula activation

is associated with exaggerated sympathetic activities. Short-term PAP treatment can partly
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reduce the hyperactivities in the insula and associated sympathetic outflows in OSA patients,
and longer treatment may further reduce activities in the posterior part of insula.

We observed decreased ReHo signals in multiple frontal-parietal regions in OSA subjects
before treatment. However, the ReHo signals in the precuneus, left inferior parietal lobule,
and angular gyrus increased to normal levels after 3 months of PAP treatment. A number of
structural MRI studies have shown that treatment-naive OSA subjects are accompanied by
a range of tissue changes, including altered white matter integrity, free water content, and
regional gray matter volume changes, especially in the frontal and parietal regions that are
responsible for cognition, attention, memory, and mood regulations [36-38]. Among OSA
patients and sleep-deprived healthy volunteers, reduced attention and impaired working
memory, accompanied by lowered parietal-occipital activation, may underlie performance
decrements seen in other higher cognitive domains [39, 40], and PAP treatment can improve
these functions. Task-based fMRI studies indicated that the beneficial PAP treatment
effects on attention and working memory are associated with greater deactivation in the
right posterior insula and increased activation in the right inferior parietal lobule [40].
Consistently, our results showed short-term PAP usage can restore the resting-state neural
activities in attention, memory, and cognition regulatory areas. Other studies suggested

that even shorter treatment with PAP (one month) could lead to adaptive alterations in the
neurocognitive architecture that underlies the reduced sleepiness, and improved attention
and memory functions in OSA patients, and these improvement are correlated with partial
neural recovery occurred during short periods of PAP treatment [41].

ReHo signals in the parietal regions increased significantly after short-term treatment, but
the ReHo in the MPFC and superior frontal gyrus remained low, suggesting that longer

PAP usage might be required to fully recover the functions in these sites. MRI volumetric
measures showed no differences in gray matter or white matter volume between PAP and
sham PAP usage after 2-month treatment in OSA patients [42]. OSA patients have brain
metabolite changes in the frontal lobe detected by MRS, suggestive of decreased frontal
lobe neuronal viability and integrity [43]. Significant hypometabolism was also observed in
the cuneus, precentral gyri, and anterior cingulate in OSA patients before PAP treatment,
and after 3 months of PAP treatment, significant increases in cortical glucose metabolism
were only observed in the precentral gyri and anterior cingulate cortex [44]. However, such
improvements in hypometabolism in both areas were insufficient to reach control levels, and
hypometabolism in the bilateral prefrontal regions persisted after 3 months PAP treatment
[44]. Even after 6 months of PAP treatment, slight changes in the prefrontal metabolism
were seen [43], but cognitive impairments were not fully reversed in some OSA patients [6],
indicating that long-term administration of PAP treatment might be necessary.

In addition to regional neural activity changes, network integrity in the DMN and FPN was
also improved after CPAP treatment in OSA. The DMN and FPN play important roles in
sleep and mood, attention, and cognition regulatory functions [19]. The increased FC in
these networks after treatment suggested that improved local neural activities or normalized
ReHo may lead to overall restoration of normal brain network functions.

Sleep Med. Author manuscript; available in PMC 2023 September 13.
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Several mechanisms may underlie the beneficial effects of PAP treatment on the brain,
including the prevention of tissue injury induced by intermittent hypoxia or ischemia,

and dysfunctional brain networks caused by sleep disturbances and fragmented sleep [5,
31, 45]. Consistent PAP usage can efficiently reduce the effects of intermittent hypoxia
and hypoxemia [8], and protect the neuronal cells, axons, and glial structures [46]. PAP
treatment may also stop hypoxia from triggering endothelial cell dysfunction that can
compromise the blood brain barrier, as shown in OSA [47]; a long-term breakdown in

the blood brain barrier can promote tissue injury [46]. Our study also showed improved
sleep quality with PAP treatment in OSA patients. Sleep deficits and fragmented rapid

eye movement sleep can alter molecular signaling pathways that regulate synaptic strength,
plasticity-related gene expression, and protein translation in mood and cognition regulatory
circuitries [48]. By preventing frequent brief awakenings, and ensuing fragmented sleep,
PAP treatment can help restore cognitive and emotional functions [5].

CONCLUSIONS

PAP treatment, as short as 3-months, can significantly improve sleep quality and reduce
daytime sleepiness, as well as reduce mood symptoms in OSA patients. Decreased ReHo in
the thalamo-striatal-cortical circuit and increased ReHo in the parietal regions of the DMN
may underlie these behavioral changes. However, hyperactivities in the supplementary motor
areas and deficits in the frontal and parietal areas persist after short-term PAP treatment,
indicating longer and consistent treatment may be required.
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STATEMENT OF SIGNIFICANCE

Brain sites regulating autonomic, cognitive, and mood functions in patients with
obstructive sleep apnea (OSA) show functional deficits. Positive airway pressure (PAP), a
primary treatment for OSA, is effective in improving OSA symptoms, but it is unknown
whether 3-month of PAP treatment can restore regional neural dysfunctions. Regional
homogeneity (ReHo), a sensitive measure of local coherence of neuronal activities, is
being reported in OSA subjects for the first time to examine the effect of 3-months PAP
treatment. The findings from this study show partial recovery of functional dysfunctions
in vital brain sites and associated improvement in sleep quality and reduced anxiety
symptoms and suggest longer PAP treatment for complete reversal of brain functional
deficits.
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Figure 1:
Brain regional homogeneity (ReHo) activity difference between treatment-naive OSA

patients and healthy controls. Areas with significantly higher or lower ReHo signals in
OSA patients are shown in warm or cold color respectively.
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Figure 2:
Brain regional homogeneity (ReHo) activity difference between OSA patients with 3-month

PAP treatment and healthy controls. Areas with significantly higher or lower ReHo signals
in OSA patients are shown in warm or cold color respectively.
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Figure 3:
Brain regional homogeneity (ReHo) activity changes in OSA patients after 3-month PAP

treatment compared to baseline. Areas with significantly higher or lower ReHo signals in
after PAP treatment are shown in warm or cold color respectively.
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Figure 4:

Correlations between the BAI (A), PSQI (B), and ReHo changes in OSA patients before and
after 3-month CPAP treatment. (A) Changes in BAI are strongly correlated with the changes
of ReHo in left and right putamen, as well as in right anterior insula. (B) The PSQI changes
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are strongly correlated with the changes of ReHo in left and right postcentral cortices.
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Demographic, sleep, mood, and cognitive variables of OSA and control subjects.

Variables OSA basdine(n=17) OSA 3-month (n=17) Controls(n=25) pvalues

Age range (years) 31.4-64.0 31.7-64.3 32.8-62.2 -

Mean age (years) 48.9+10.3 49.2+10.3 46.4+9.2 0.93/0.87/0.83
Gender (Male:Female)  8:9 8:9 12:13 1/1/0.9

BMI (kg/m?) 325+438 320+438 24835 0.79/0.0001/0.0001
AHI (events/h) 36.0 £23.3 - - -

BAI 72+51 46+4.6 38+49 0.009/0.006/0.22
BDI-II 76+43 38+43 3.8+4.9 0.005/0.004/0.68
PSQI 8.4 +3.6 6.1+4.0 3825 0.015/0.0003/0.13
ESS 86+4.0 6.1+29 53+3.6 0.007/0.008/0.40
MoCA 27.1+23 28229 27926 0.18/0.23/0.12

p values, baseline vs. 3-month/baseline vs. controls/3-month vs. controls; OSA, Obstructive sleep apnea; BMI, Body mass index; AHI, Apnea-
hypopnea index; BAI, Beck anxiety inventory; BDI-II, Beck depression inventory I1; ESS, Epworth sleepiness scale; PSQI, Pittsburgh sleep quality

index; MoCA, Montreal cognitive assessment.

Sleep Med. Author manuscript; available in PMC 2023 September 13.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Song et al.

Table 2

Correlation between behavioral variable changes and ReHo changes.

Variables Brain areas MNI coordinate Cluster size(voxels) R values pvalues
BAI Right Anterior Insula 3621 -9 44 0.54 <0.001
BAI Left Putamen -1818 -6 35 0.51 <0.001
BAI Right Putamen 1914 -3 30 0.47 <0.001
PSQI Left Postcentral Gyrus 54 -18 39 54 0.64 <0.001
PSQI Right Postcentral Gyrus 43 —27 39 65 0.86 <0.001

BAI, Beck anxiety inventory; PSQI, Pittsburgh sleep quality index.
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