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Purpose: This study aimed to explore the alterations in spontaneous brain activity in obstructive sleep apnea (OSA) using percent
amplitude of fluctuation (PerAF) and investigate the relationship between abnormal spontaneous brain activity and cognitive
impairment in OSA.

Patients and Methods: Overall, 52 patients with moderate to severe OSA and 61 healthy controls (HCs) were eventually enrolled in
this study. All participants underwent resting-state functional magnetic resonance (rs-fMRI) and T1-weighted imaging. The PerAF was
calculated and compared between patients with OSA and HCs, with voxel level P < 0.001 and cluster level P < 0.05 corrected with
Gaussian Random Field was be considered statistically different. A partial correlation analysis was used to assess the relationship
between altered PerAF and clinical assessments in patients with OSA.

Results: Compared to HCs, patients with OSA had significantly lower PerAF values in the right rectal gyrus and left superior frontal
gyrus, but higher PerAF values in the right cerebellum posterior lobe and left middle frontal gyrus. The PerAF values of some specific
regions in patients with OSA correlated with sleep efficiency and Montreal Cognitive Assessment scores. Additionally, support vector
machine analysis showed that PerAF values in all differential brain regions could differentiate patients with OSA from HCs with good
accuracy.

Conclusion: Specific brain areas in OSA patients may exhibit aberrant neuronal activity, and these anomalies may be linked to
decreased cognitive performance. This discovery offers fresh perspectives on these patients’ neurocognition.
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Introduction

Obstructive sleep apnea (OSA) is a common sleep breathing disease marked by repeated, brief, and reversible constric-
tion or obstruction of the upper airway, resulting in recurrent hypotonia, hypoxemia, and sleep fragmentation. The
prevalence of OSA among women and men aged 3049 and 50-70 years is estimated to be 3% and 10%, and 9% and
17%, respectively; these numbers increase with age and body weight.'* Previous studies have revealed that not only is
OSA associated with a higher risk of motor vehicle accidents, but it also results in depression and cognitive
impairment.>* Additionally, OSA has also been linked to cognitive abnormalities in attention, executive function,
episodic memory, visuospatial and constructive abilities, and psychomotor speed; however, language skills deficits are
infrequent.”® Cognitive dysfunction associated with OSA is mainly mild cognitive impairment (MCI).” Combining
information from previous investigations on the connection between OSA and MCI revealed that patients with moderate
to severe OSA had a prevalence of MCI more than 70% and that, in MCI, all MoCA total scores were decreased except
for orientation.”® OSA is considered a risk factor for dementia because MCI has a high probability of progressing to
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dementia.
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While the particular cognitive abnormalities in OSA are becoming apparent, the fundamental processes of OSA-
related poor cognition remain unknown. Hypoxia, hypercarbia, and sleep disturbance are the primary theoretical frame-
works for cognitive damage.*!'" The evidence for these processes, however, is mixed. In a previous study, a framework
was proposed to characterize the fundamental pathophysiological processes behind these relationships, such as hypo-
perfusion, endothelial dysfunction, and neuroinflammation.” Intermittent hypoxia is important in the initiation and
amplification of these pathological processes. Another study showed that OSA is linked to poor verbal episodic memory
and microvascular damage in older adults with depression and cognitive impairments.'? Furthermore, neuroimaging
studies suggest that cognitive impairment in patients with OSA is associated with reduced fractional anisotropy values in
the frontal lobe of the right uncinate fasciculus;'? however, the specific association between the altered neuroimaging
findings in OSA and cognitive impairment remain unclear.

Resting-state functional magnetic resonance imaging (fMRI) is a method that measures spontaneous low-frequency
fluctuations in blood oxygen level-dependent (BOLD) signals when investigating the functional architecture of the
brain."* In recent years, rs-fMRI has become a key component in the investigation of neurocognitive and psychiatric
behavior, and it has been used in various disorders, including schizophrenia and Alzheimer’s disease.'>'® Using resting-
state fMRI, several studies have shown that patients with OSA demonstrate defects in resting-state functional con-
nectivity (FC). In a previous study, the thalamus, para-hippocampal gyrus, medial and superior temporal gyrus, insula,
and posterior cingulate cortex revealed a disturbed FC, whereas the left and right caudate nuclei showed an impaired FC
with the bilateral inferior frontal gyrus and right angular gyrus.'” This suggested that impaired hippocampal—cortical
function may underlie depression and anxiety among patients with OSA, whereas impaired caudate—cortical function
may indicate deficits in reward processing and cognition. Correspondingly, a previous study has revealed that the bilateral
insular lobes, right thalamus, and right anterior cingulate gyrus had considerably lower FC, whereas the right superior
and middle temporal gyrus, left posterior cingulate gyrus, and left angular gyrus had significantly higher FC.'® This
indicated that abnormalities in the FC of the hippocampal network could be a potential biomarker of neurocognitive
dysfunction in OSA. Based on these findings, OSA may be associated with an abnormal resting-state FC between
different brain regions, such as the default mode network (DMN), hippocampus, and insula; however, the region
responsible for the observed abnormal connectivity remains unclear. Our previous studies revealed that patients with
OSA exhibit altered spontaneous brain activity, especially altered regional homogeneity (ReHo) values, in the frontal
lobes and DMN.'*2° However, these results were not always consistent. The location of aberrant regional spontaneous
brain activity in patients with OSA during the resting state and its correlations with behavioral performance are critical.

The percent amplitude of fluctuation (PerAF) is a new method of fMRI analysis. Rather than detecting BOLD signals at
the voxel level, the PerAF measures the percentage of BOLD fluctuations compared to the average BOLD signal intensity at
each time point and averages these across the whole time series, directly indicating the resting state of BOLD signal
fluctuations.”’ PerAF values are less influenced by signal intensity mistakes, as they do not contain arbitrary units and are
not affected by the original signal. Hence, they are more accurate than other magnetic resonance imaging (MRI) analysis
methods, such as amplitude of low-frequency fluctuation (ALFF), ReHo, and degree centrality, and are more suitable for
subsequent statistical analysis.'***** Furthermore, because there is no confounding effect of voxel-specific fluctuation
amplitudes in the low-frequency fluctuation amplitude method, PerAF can be used for population statistical analysis.”'
PerAF is a potential approach for analyzing spontaneous BOLD activity because it can assess changes in brain activity at
the voxel level with excellent accuracy and efficiency. Recently, PerAF has been utilized extensively to investigate brain
diseases with potential functional alterations, including Moyamoya disease, type 2 diabetes mellitus, and nocturnal
enuresis.”* ¢ However, no studies related to PerAF have been performed to explore spontaneous brain activity in OSA.

Based on the above, we hypothesized that patients with OSA exhibit abnormalities in the percentage amplitude of
spontaneous brain activity oscillations, which are associated with the cognitive function. To identify the deficient domains
of neurocognition and particular brain regions with aberrant PerAF in patients with OSA, we first evaluated differences in
neurocognitive performance and PerAF between patients with OSA and healthy controls (HCs). Following that, we explored
the connection between changed PerAF values in specific brain areas and the severity of OSA and cognitive impairment in
patients. Finally, we employed a support vector machine (SVM) to determine if changed PerAF in these brain areas might be
used to distinguish patients with OSA from HCs. Our results may be a step forward to determine the relationship between
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abnormal spontaneous brain activity and cognitive impairment in OSA and to provide potential imaging indicators for better
understanding and treatment of this neurological and sleep disorder.

Materials and Methods

Participants

A total of 53 male patients newly diagnosed with OSA and 63 HCs with similar age, gender and education were
included in this study. 52 patients with moderate to severe OSA and 61 healthy controls (HCs) were eventually
enrolled in this study. 1 OSA patient and 2 HCs were excluded because of suboptimal quality of imaging data. The
HCs group was recruited through community advertisements. All patients with OSA were recruited from the sleep
monitoring room at the Department of Otolaryngology or Respiratory Department of the First Affiliated Hospital of
Nanchang University. The patients were diagnosed in accordance with the diagnostic criteria from the Clinical
Practice Guidelines for Obstructive Sleep Apnea Syndrome in Adults proposed by the American Academy of Sleep
Medicine in 2017.%” Patients with moderate to severe OSA (apnea hypoventilation index [AHI] >15) were included in
this study. All participants were male, right-handed, native Chinese speakers aged 18—65 years. The exclusion criteria
for all participants were as follows: (1) sleep disorders other than OSA; (2) history of cardiovascular disease,
respiratory disease, diabetes, hypothyroidism, or central nervous system disease (including neurodegenerative disease,
epilepsy, depression, tumors, traumatic brain injury, or infarction); (3) alcohol or illicit drug abuse or current intake of
psychotropic medications; (4) MRI contraindications such as claustrophobia, metallic implants, or cardiac pace-
makers; and (5) suboptimal quality of imaging data. 1 OSA patient and 2 HCs were excluded because of these.
Additionally, the HCs had no current or lifetime history of sleep-related disorders and no history of psychiatric,
mood, or sleep-related disorders in first-degree relatives. This study adhered to the principles of the Declaration of
Helsinki, and it was approved by the Medical Ethics Committee of the First Affiliated Hospital of Nanchang
University [2020 (94)]. All participants signed a written informed consent form for this study.

Polysomnography (PSG)

For an accurate diagnosis while ruling out sleep breathing disorders or underlying sleep disorders other than OSA, all HCs
and patients with OSA were required to undergo nocturnal PSG using a Respironics LE series physiological monitoring
system (Respironics Alice 5 LE, Orlando, FL, USA). A sleep specialist guides the patient through the sleep test and analyzes
and interprets the results recorded by the machine with reliable results. The day before PSG, all participants were asked to
avoid taking hypnotics, alcoholic beverages, and coffee. PSG was performed from 10 pm to 6 am the following day. The
PSG monitor assessed standard electroencephalogram (EEG)-derived values F4/M1, C4/M1, and O2/M1 from the frontal,
central, and occipital regions, as well as alternate-derived values F3/M2, C3/M2, and O1/M2. Additionally, the PSG obtained
electrooculograms from the cornea and retina, obtained a chin electromyogram from chin electrodes; obtained an electro-
cardiogram, determined the body position, monitored chest and abdominal respiratory movements, measured oral and nasal
airflow, detected snoring, and measured oxyhemoglobin saturation (SaO,). The total sleep time, sleep latency, sleep
efficiency, sleep stages, awakenings, and respiratory events were recorded. OSA was defined as a sustained decrease in
airflow of >90% for >10 s accompanied by significant respiratory effort. Hypoventilation was defined as either a >30%
decrease in airflow for >10 s accompanied by >4% oxyhemoglobin desaturation, or a >50% sustained decrease in airflow for
>10 s accompanied by >3% oxyhemoglobin desaturation, or EEG arousal. The AHI was obtained from the total number of
apnea and hypoventilation events per hour during sleep. According to the Clinical Practice Guidelines for Adult Obstructive
Sleep Apnea Syndrome proposed by the American Academy of Sleep Medicine,”® AHI from 5 to 15/h, >15/h and <30/h, and
>30/h were considered as mild, moderate, and severe OSA, respectively.

Neuropsychological Assessments

All participants completed neuropsychological assessments, including the Montreal Cognitive Assessment (MoCA) and
Epworth Sleepiness Scale (ESS). The ESS is a simple self-assessment questionnaire for daytime sleepiness that includes
eight different conditions, each with a score of 0 to 3, a total score of 0 to 24, and scores of 0, 6, 11, and 16 corresponding
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to four different sleep levels.”” The MoCA was used to assess cognitive function, which included executive function,
orientation, abstraction, attention, computation, conceptual thinking, language, and memory.30 A MoCA score of <26

points indicates MCI; otherwise, cognitive function is normal.”'

MRI Data Acquisition

All images were acquired using a 3.0 Tesla MRI system (Siemens, Munich, Germany) with an 8-channel phased-array head
coil. First, conventional axial T2-weighted imaging (repetition time [TR] = 4000 ms, echo time [TE] = 113 ms, thickness =
5 mm, gap = 1.5 mm, field of view [FOV] = 220 mm x 220 mm, slice = 19) and axial T1-weighted imaging (TR = 250 ms,
TE = 2.46 ms, thickness = 5 mm, gap = 1.5 mm, FOV = 220 mm x 220 mm, slice size = 19) were performed. High-
resolution three-dimensional (3D) T1-weighted images were then obtained using a brain volume sequence (TR = 1900 ms,
TE = 2.26 ms, thickness = 1.0 mm, gap = 0.5 mm, FOV = 250 mm x 250 mm, matrix = 256 x 256, flip angle = 9°, 176
sagittal slices). Finally, the rs-fMRI data were collected using an echo-planar imaging sequence with the following
parameters: TR = 2000 ms, TE = 30 ms, flip angle = 90°, FOV = 230 mm x 230 mm, matrix = 64, thickness = 4 mm,
gap = 1.2 mm. Each brain volume consisted of 30 axial sections, and each functional run consisted of 240 volumes. During
the MRI scan, all participants were asked to close their eyes, remain as still as possible, not think about anything, and not
fall asleep. Foam pads and earplugs were used to reduce head movement and scanner noise exposure. Two senior
radiologists analyzed the images to exclude lesions and motion artifacts visible to the naked eye.

fMRI Data Preprocessing

Raw data were examined using the MRIcro software package (www.MRlIcro.com) to screen out data with large or

incomplete image artifacts. Data processing was based on the brain imaging toolbox SPM12 and RESTplus V1.211,%!
which was run on MATLAB 2018b (MathWorks, Natick, MA, USA). First, DICOM format images, which contain
important information about the left and right hemispheres, were converted to NifTI file format. The first 10 time points
were removed, and the remaining 230 volumes were slice-time and 3D head motion-corrected. The slice timing is then
performed. All functional data were then spatially normalized to the Montreal Neurological Institute template using the
nonlinear transformation procedure of SPM12* and resampled to 3 mm x 3 mm x 3 mm voxels. Next, linear
convergence effects arising from several factors, including machine temperature and subject adaptation, were removed
and smoothed using a 6-mm full width at half maximum filter. Finally, a temporal filter (0.01-0.08 Hz) was used to
suppress the effects of low-frequency drift and high-frequency noise. To further reduce the effect of confounding factors,
a multiple regression method was used to regress interfering signals, including those from the white matter, cerebrospinal
fluid, global signal, and Friston 24-parameter head motion (six head motion parameters, six head motion parameters

before a time point, and 12 corresponding squared terms).*” >

PerAF Calculation

PerAF was successively conducted based on the preprocessed images using RESTplus. The PerAF value for each voxel
was calculated as follows:

1 n

PerdF ==Y,

ni—

Xi—H
U

x 100%

12
FTaAT

where x; is the signal intensity at the i, time point, n represents the number of time points in the series, and y is the mean

of all the values in the time series.?!

Statistical Analysis
The Kolmogorov—Smirnov test was used to test the normality of the data. The IBM SPSS software (version 26.0;
Chicago, IL, USA) was used to compare the differences between the HCs and OSA groups in terms of demographic and
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clinical data and neuropsychological assessments. For normally distributed data with homogeneity of variance, an
independent two-sample #-test was performed, and the Mann—Whitney non-parametric test was utilized for the remaining
data. P < 0.05 was used to determine statistical significance.

For PerAF, a two-sample -test was applied to analyze the differences between patients with OSA and HCs using
SPM12 and RESTplus V1.211, with head motion, age and years of education as covariates. Statistical thresholds were set
at P < 0.001 at the voxel level and P < 0.05 at the cluster level, which were corrected using Gaussian Random Field was
considered statistically different. The results were displayed using the Xjview and REST software packages.

Brain regions with significant differences based on two-sample t-tests were identified. Regions of interest (ROIs)
were saved using the REST package. For each ROI, the mean PerAF was extracted. Using partial correlation analysis
with BMI and years of education as covariates, mean PerAF values for aberrant brain areas were associated with clinical
data in patients with OSA in SPSS 26.0. It was statistically significant at p<0.05.

Participants’ Classification with SVM

In recent years, a growing number of researchers have used multivariate pattern analysis of neuroimaging data to uncover
patterns and assign individual observations to different categories.*®*” To classify the patients in this study, we employed
a multivariate pattern analysis approach noted as SVM. Here, we implement the SVM algorithm under pycharm based on
the sklearn library in Python. Individual rs-fMRI was considered as points located in a high-dimensional space defined by
the preprocessed pictures’ PerAF values. Significant clusters from the PerAF analysis results were extracted and
considered masks. This mask was applied to each preprocessed fMRI to select the normalized PerAF values as features
in the modeling. The classifier created in the present study (OSA vs HCs) is based on binary SVM. A “leave-one-subject-
out” approach was applied during the cross-validation process. The data were divided into two sets: a training set with
samples from all participants except one, and a validation set with samples from the omitted participant. To measure the
overall accuracy of SVM, this method was performed for each participant pair. The classification procedure was carried
out 52 times in total.

Results

Demographics, Clinical Characteristics, and Neuropsychological Assessments

The demographic and clinical data and neuropsychological assessments of each group are summarized in Table 1. The
OSA group had a significantly higher BMI than the HCs group and was younger than the HCs group. Regarding sleep-
related respiratory parameters, the OSA group had higher AHI, arousal index, oxygen desaturation index, total sleep
time, and N1 stage sleep, more frequently had an SaO, <90%, significantly lower N3 + 4 state sleep, rapid eye movement
(REM) sleep, mean Sa0,, and nadir Sa0,. Compared to HCs, patients with OSA had higher ESS scores and lower total
MoCA scores. 23 patients with OSA were classified as MCI according to the total MoCA score, and the remaining 26
were cognitively normal, with MCI accounting for 44.2% of the OSA patients. Additionally, patients with OSA had
poorer visual space and execution, delayed memory, language, and abstraction (Figure 1).

Inter-Group Differences in PerAF

Two-sample t-tests showed that the PerAF values in several brain regions were significantly different between the OSA
and HC groups (Table 2). In contrast to the findings in HCs, patients with OSA had significantly lower PerAF values in
the right rectal gyrus and left superior frontal gyrus but higher PerAF values in the right cerebellum posterior lobe and
left middle frontal gyrus (Figure 2).

Correlations Between Alerted PerAF and Clinical Variables in Patients with OSA

We selected regions showing significant changes in the abovementioned between-group PerAF comparisons as our ROI
(Table 2), and the correlations between PerAF and the clinical data were tested. In OSA patients, the PerAF value of the
right rectal gyrus showed significantly positive correlations with sleep efficiency (Figure 3A). The PerAF value of the left
superior frontal gyrus showed a significantly positive correlation with orientation of MoCA scores (Figure 3B).
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Table 1 Demographics, Clinical Data, Cognitive Assessment of OSA and HCs

Characteristic OSA Patients HCs Statistics p-value
(N=52) (N=61)
Demographics
Age (years) 37.0(18.0, 65.0) 42.0(24.0, 62.0) t=—2.40 0.018
Education (years) 12.0(4.0, 19.0) 12.0(5.0, 20.0) z=-2.89 0.004
Clinical data
BMI (kg/m?)? 272434 20.7£1.5 t=—12.79 <0.00 | **
Total sleep time (min)® 397.5(149.0, 517.0) | 366.3(256.0, 440.3) z=-2.06 0.040%*
Sleep efficiency (%)° 92.5(40.5, 100.0) 91.0(85.0, 97.0) z=-0.21 0.831
AHI (events/hour)® 56.3£22.0 24£1.2 t=—17.64 <0.00 I**
NI stage (%)° 30.5(0.0, 79.9) 9.3(4.9, 17.4) z=-7.10 <0.00 I**
N2 stage (%)° 39.8+13.9 40.9+6.3 t=0.56 0.580
N3+4 stage (%)° 19.7(0.0, 72.2) 29.3(20.0, 40.1) z=—4.02 <0.00 I**
REM (%)° 6.0(0.0, 35.4) 18.4(10.3, 40.8) 7=—6.82 <0.001**
$a02<90%° 21.8(0.4, 107.3) 0.0(0.0, 5.0) z=-9.09 <0.001**
Mean SaO, (%)° 92.5(78.5, 98.0) 96.0(91.0, 100.0) 7=-6.82 <0.001**
Nadir SaO2 (%)° 69.0(36.0, 87.0) 93.0(87.0, 100.0) z=-9.14 <0.00 |**
Al (events/hour)® 33.0(0.7, 105.2) 12.0(5.0, 16.0) z=—7.50 <0.00 |**
ODI (events/hour)® 58.6(4.2, 11.6) 1.8(0.2, 4.2) z=-9.13 <0.00 |**
Neuropsychological assessments
ESS, scores® 12.0(3.0, 20.0) 1.0(0.0, 5.0) z=—547 <0.00 I**
MoCA, scores® 25.5(14.0, 30.0) 28.0(26.0, 30.0) z=-9.10 <0.00 I**
MoCA: visual space and execution® 4.0(2.0, 5.0) 5.0(3.0, 5.0) z=-3.70 <0.001%*
MoCA: naming® 3.02.0, 3.0 3.02.0, 3.0 z=-0.17 0.863
MoCA: delayed memory® 3.0(0.0, 5.0 4.0(3.0, 5.0) z=—0.62 <0.001%*
MoCA: attentional function® 6.0(2.0, 6.0) 5.0(5.0, 6.0) z=—0.65 0514
MoCA: language® 2.0(0.0, 3.0) 3.0(2.0, 3.0) z=-5.37 <0.001%*
MoCA: abstract® 1.5(1.0, 2.0) 2.0(1.0, 2.0) z=-5.44 <0.001%*
MoCA: orientation® 6.0(3.0, 6.0) 6.0(5.0, 6.0) z=—0.99 0.323

Notes: *Student’s t-test (data are shown as mean + SD). ®Mann-Whitney U-test [data are shown as median (minimum and maximum)].
Sa02<90%, percentage of total sleep time spent at oxygen saturation less than 90%. *p < 0.05 and **p < 0.001.
Abbreviations: OSA, obstructive sleep apnea; HCs, healthy controls; N, number; SD, standard deviation; BMI, body mass index; AHI, apnea-
hypopnea index; REM, rapid eye movement; SaO,, oxygen saturation; Al, arousal index; ODI, oxygen desaturation index; ESS, Epworth
Sleepiness Scale; MoCA, Montreal Cognitive Assessment.

SVM Classification Results

PerAF in the brain regions of patients with OSA were significantly different from those in HCs. The SVM classification
between the OSA and HC groups achieved a classification accuracy of 88.70% (sensitivity, 84.91%; specificity, 91.94%;
AUC, 96.59%; P < 0.001) (Figure 4).
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Figure | Significant differences in neurological assessment between OSA patients and HC. **Means the statistical significance p < 0.001.
Abbreviations: MoCA, Montreal Cognitive Assessment; ESS, Epworth Sleepiness Scale.

Discussion
In this research, we used correlation and SVM analyses to investigate the functional relevance of variations in PerAF
values in the brain areas of moderate to severe OSA and HCs. The results showed that, compared with HCs, PerAF
values in OSA patients were decreased in the right rectal gyrus and left superior frontal gyrus, but were increased in the
right cerebellum posterior lobe and left middle frontal gyrus. These results suggest that patients with OSA not only
develop specific cognitive impairments, but also have abnormal PerAF in multiple brain regions. Furthermore, abnormal
PerAF values in right rectal gyrus and left superior frontal gyrus were significantly associated with the MoCA scores and
sleep efficiency. Therefore, abnormal neural activity in these brain regions may be an important clue of cognitive
dysfunction in patients with OSA. Additionally, SVM analysis showed that the PerAF values for all differential brain
regions in these patients could be used to differentiate them from HCs with good accuracy, sensitivity, and specificity.
In this study, only male OSA patients participated, and OSA patients had a lower age and BMI than HCs. Obesity and
OSA may have an effect on resting-state brain activity.>*>° However, some studies have suggested that changes in
resting-state brain activity in OSA patients are caused by OSA itself rather than obesity.'”*° Nevertheless, in this study
we included BMI as a covariate to mitigate its effect, and thus, we hypothesized that although there was a difference in
BMI between OSA patients and healthy controls, this change was caused by OSA rather than obesity.

Table 2 Significant Difference of PerAF Between OSA Patients and HCs

Comparisons Brain Area L/R Statistical Values MNI Coordinates of Peak Voxel
Cluster Size t-value X Y z
OSA>HC
| Cerebellum Posterior Lobe R 73 5.0016 9 -57 -60
2 Middle Frontal Gyrus L 48 4.6419 -39 42 30
OSA<HC
| Rectal Gyrus R 103 —4.7438 3 36 -21
2 Superior Frontal Gyrus L 33 —5.2546 —24 51 —-15

Notes: All clusters were reported with a voxel-level threshold of P < 0.001, GRF correction, and cluster-level of P < 0.05, two tailed.
Abbreviations: PerAF, percent amplitude of fluctuation; OSA, obstructive sleep apnea; HCs, healthy controls; MNI, Montreal Neurological Institute; L, left; R, right.
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Figure 2 Comparison of the PerAF signal in patients OSA and HCs. (A and B) The different brain regions were observed in the right rectal gyrus, left superior frontal gyrus,

right cerebellum posterior lobe and left middle frontal gyrus in the OSA group. The red areas denote higher PerAF brain regions, and the blue areas denote lower PerAF
brain regions. (C) The mean PerAF values in the 2 groups.

Abbreviations: OSA, obstructive sleep apnea; HCs, healthy controls; PerAF, percent amplitude of fluctuation; L, left; R, right.
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Figure 3 In OSA patients, there was a significant correlation between mean PerAF values with intergroup differences (OSA patients vs HCs) and clinical assessments. (A)

The correlation between mean PerAF values in right Rectal Gyrus and sleep efficiency. (B) The correlation between mean PerAF values in left Superior Frontal Gyrus and
orientation.

Abbreviation: PerAF, percent amplitude of fluctuation.

The present study showed that patients with OSA had higher ESS scores and lower stage 3 + 4 sleep and REM sleep,
indicating that these patients are more likely to experience daytime sleepiness due to poor sleep efficiency. The MoCA
scores of these patients were significantly lower than those of HCs, especially in terms of visual space and execution,
delayed memory, language, and abstraction. This implies that patients with OSA may have impairments in visual space
and execution, memory, language, and abstract thinking, which are in accordance with those of previous studies.**
A previous research showed a significant cognitive impairment in patients with OSA, especially in attention, executive

function, episodic memory, and visuospatial and constructional abilities.* In addition, the authors of another study
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Figure 4 ROC curve analysis of mean PerAF values for all differential brain areas. The AUC was 96.59%, sensitivity was 84.91%, specificity was 91.94%.
Abbreviations: ROC, receiver operating characteristic; AUC, area under the ROC curve; PerAF, percentage amplitude of fluctuations.

conducted an exhaustive review of the current literature on OSA and cognitive performance, and noted that there is
impairment in attention, long-term verbal and visual memory, and all aspects of executive functioning.*® Based on these
studies and the results of the present study, we speculated that OSA patients may have impaired cognitive function and
altered resting-state function in some brain regions.

Difference in PerAF Between Patients with OSA and HCs

The PerAF values of the left superior frontal gyrus and right rectal gyrus were significantly lower in patients with OSA,
suggesting decreased spontaneous neural activity. Motor tasks, working memory, introspection, and high-order cognition
are mostly promoted by the superior frontal gyrus.*' Several studies have revealed that the different parts of the superior
frontal gyrus are involved in the DMN, and the cognitive control network (CCN) pins it as a point of interconnection to
these two networks.*' The CCN, also known as the frontoparietal control system, facilitates executive function in
a variety of domains.** The DMN is hypothesized to be involved in a variety of sophisticated cognitive tasks, including
visuospatial imagery, consciousness, attention, adaptability, episodic memory, executive cognitive control, and behavioral
inhibition.**** In a recent review, it was found that most OSA findings implicate dysfunction in the DMN and other
cognitive networks.* Additionally, another study and our previous study reported that patients with OSA showed
decreased ReHo in the superior frontal gyrus that was correlated with cognitive impairment, which partially overlaps
with our findings.?**® Similar to these studies, we found that the PerAF values in the left superior frontal gyrus were
positively correlated with the MoCA scores in orientation, suggesting that OSA-induced functional abnormalities in the
left superior frontal gyrus may be associated with abnormalities in the DMN or other cognitive networks, and the exact
association is yet to be further confirmed.

The role of the rectal gyrus in patients with OSA is unclear; however, relevant studies suggest that reduced gray
matter volume and the functional response in the orbital frontal cortex in patients with OSA may demonstrate that the
orbital frontal cortex is a fragile and sensitive area in the brain.*” The orbital frontal cortex is a crucial structure that
facilitates cognitive functions, integrates cognitive and emotional processes, and guides decision-making.*® Our study
found that a decrease in PerAF values in the right rectal gyrus in patients with OSA was correlated with sleep efficiency,
and a recent study showed that poor sleep quality and hypoxia during sleep may lead to gray matter atrophy in the
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orbitofrontal cortex, resulting in cognitive deficits and emotional problems in OSA patients,*” which may be associated
with the degenerative process in the orbital frontal cortex of patients with OSA. However, the exact mechanism remains
unclear and requires further study.

Additionally, the PerAF value of the left middle frontal gyrus was higher in patients with OSA than in HCs. The
middle frontal gyrus has been associated with multiple attention-related processes, and the right middle frontal gyrus is
linked to ventral attention processing and the ventral attention network (VAN), and it is conceived to operate as a bridge
between the dorsal attention network (DAN) and the VAN during attention processing®® The left middle frontal gyrus,
like the right middle frontal gyrus, is engaged during attention reorientation activities. The middle frontal gyrus is
activated bilaterally in both the DAN and VAN, with distinct regions of the middle frontal gyrus participating in both
networks.’® The VAN has been proposed to be responsible for bottom-up visual attention processing in a sensory-driven
fashion, and the DAN facilitates top-down visual attention processing in a stimulus-driven manner.’’ However, the
relationship between the right middle frontal gyrus and cognitive function in OSA patients is unclear, but a recent study
found that children with OSA showed decreased ALFF in the left middle frontal gyrus, which was significantly related to
multiple sleep parameters.> However, in the present study, we found that increased PerAF values in the left middle
frontal gyrus had no statistically correlation existed with sleep characteristics or cognitive function testing. This contra-
diction may point to a difference in the role of middle frontal gyrus in OSA in adults and children.

According to the available evidence, the frontal lobe is the upper cortex of cognitive executive function and is
involved in emotion, language, attention, working memory, problem-solving skills, impulse control, and social conduct.
The impact of impaired prefrontal cortex function in cognitive impairment in schizophrenia has been reported.’*>* The
prefrontal cortex and insula may be important areas in OSA and are strongly associated with disease severity.”> Taken
together, we hypothesize that there is some association between the frontal lobes and cognitive function in OSA,
although the exact process behind this association is not clear.

The PerAF values of the right cerebellum posterior lobe were significantly higher in patients with OSA. Cerebellar
malfunction significantly affects the regulation of the sleep-wakefulness transition.”® Combined with our previous
findings,? the increase in PerAF values in the right cerebellum posterior lobe may be compensatory to hypoxia caused
by sleep fragmentation. But the increased intensity of spontaneous neural activities were have no correlation with sleep
characteristics and cognitive function testing in present study. The relationship between the cerebellum and cognitive
function in OSA is unclear. A recent study showed that patients with OSA showed reduced FC in cerebrocerebellar
connections linking different functional networks, they speculated that the cerebellum may influence cognitive function
in patients with OSA by affecting the DMN and other cognitive networks.>” Our previous study found that patients with
OSA exhibit FC disorders from the dorsal anterior insula to the bilateral posterior cerebellar lobes, and that the insular
cortex is a cortical regulatory area involved in dyspnea and cognitive, emotional, and sensorimotor functions, this
suggests that cerebellar dysfunction due to OSA may further impair cognitive function by affecting the function of the
insula and its subregions.’® However, the present study did not find a correlation between changes in spontaneous activity
in the posterior cerebellum and cognitive scale scores. Hence, further studies are required.

Potential Clinical Value of SVM Analysis

In the present study, we performed an SVM analysis of all differential brain regions and PerAF values in patients with
OSA to investigate the possibility of using the altered PerAF values to differentiate them from HCs. The SVM analysis
showed that the PerAF values in different brain regions can differentiate patients with OSA from HCs with high
accuracy, sensitivity, and specificity. SVM is a promising analytical method for classifying individual observations
into different groups based on high-dimensional data and has the potential to produce highly translatable results in
clinical practice, both diagnostic and therapeutic.’® SVM has been applied in biomedical applications to differentiate
patients from HCs in the diagnosis of various disorders, such as Alzheimer’s disease and schizophrenia.®®®' Our results
showed that PerAF values in different brain regions had good accuracy, specificity, and sensitivity (>77%) for
differentiating patients with OSA from HCs, suggesting that PerAF can be used as an imaging biomarker to differentiate
patients with OSA from HCs.
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Limitations

The present study had several limitations. First, we only investigated changes in the low-frequency amplitudes of the
brain and did not explore the altered functional connectivity between regions with abnormal spontaneous brain activity
and other regions. Second, due to the high BMI of OSA patients, the effect of this factor cannot be completely avoided,
although we try to control it. Finally, although we told patients not to sleep before the scan and asked them if they were
asleep during the scan. However, it was not possible to fully guarantee the presence of short sleep in some patients, which
is a limitation of the study. In the future, we intend to refine our study by using multiple resting-state fMRI methods and
to expand the sample size by including female patients. Subsequent studies will also investigate whether resting-state
functional indicators can distinguish whether OSA patients have cognitive impairment.

Conclusion

Using resting-state fMRI data, we found altered spontaneous brain activity in OSA based on PerAF. The frontal lobe and
cerebellum are two areas with abnormal neuronal activity in OSA. Additionally, we found that PerAF alterations in the
superior frontal gyrus and rectal gyrus were correlated with the MoCA scores in OSA. This discovery may open up new
avenues for research into OSA patients’ neurocognition by pointing to a connection between aberrant frontal lobe
spontaneous activity and decreased cognitive performance. Furthermore, patients with OSA can be differentiated from
HCs based on the PerAF values by SVM analysis.
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