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Purpose: Obstructive sleep apnea (OSA) is a prevalent sleep-related breathing disorder. Research conducted on patients with OSA
using electroencephalography (EEG) has revealed a noticeable shift in the overnight polysomnography (PSG) power spectrum. To
better quantify the effects of OSA on brain function and to identify the most reliable predictors of pathological cortical activation, this
study quantified the PSG power and its association with the degree of hypoxia in OSA patients.

Patients and Methods: This retrospective study recruited 93 patients with OSA. OSA patients were divided into three groups based
on their apnea-hypopnea index (AHI) scores. The clinical characteristics and sleep macrostructure of these patients were examined,
followed by an analysis of PSG signals. Power spectral density (PSD) in five frequency bands was analyzed during nonrapid eye
movement (NREM) sleep, rapid eye movement (REM) sleep, and wakefulness. Finally, correlation analysis was conducted to assess
the relationships among PSD, PSG parameters, and serum levels of S100p and uric acid.

Results: Obstructive sleep apnea occurred during both the NREM and REM sleep phases. Except for a decrease in the duration of N2
sleep and an increase in the microarousal index, there were no significant differences in sleep architecture based on disease severity.
Compared to the mild OSA group, the theta and alpha band PSD in the frontal and occipital regions during NREM sleep and
wakefulness were significantly decreased in the moderate and severe OSA groups. Correlation analysis revealed that theta PSD in N1
and N3 stages were negatively correlated the AHI, oxygen desaturation index, Sa02<90% and microarousal index.

Conclusion: These findings imply that patients with more severe OSA exhibited considerable NREM hypoxia and abnormal brain
activity in the frontal and occipital regions. Therefore, sleep EEG oscillation may be a useful neurophysiological indicator for
assessing brain function and disease severity in patients with OSA.

Keywords: obstructive sleep apnea, OSA, quantitative EEG, polysomnography, power spectral density, nonrapid eye movement sleep,
serum markers

Introduction
Obstructive sleep apnea (OSA) is a prevalent sleep-related breathing disorder that affects many individuals.'* It is

characterized by recurrent episodes of complete or partial upper airway obstruction (apnea) during sleep, leading to sleep

3,4

fragmentation,™ intermittent hypoxia, snoring, daytime sleepiness,”® inattention, memory loss, and behavioral

abnormalities.” Chronic hypoxia associated with OSA may adversely affect nervous system function, increasing the

10-12

likelihood of structural and functional brain abnormalities and of impaired cognition.&B*16 However, despite

numerous studies, the consequences of chronic hypoxia during sleep on brain function and the related underlying
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mechanisms remain unclear. The apnea-hypopnea index (AHI) and oxygen desaturation index (ODI), two common
clinical indicators of OSA disease severity, are not consistently or strongly correlated with functional capacity, making it
challenging for clinicians to determine which patients are at risk of neurobehavioral dysfunction and require additional
treatment.®'® The potential value of quantitative electroencephalography (EEG) analysis as a biomarker of neurobeha-
vioral function has been widely demonstrated in various neuropsychiatric disorders. Sleep-related neural activity
provides important information for understanding brain function.'”' Our study hypothesized about the underlying
changes in sleep architecture and used quantitative EEG measurements to identify the most reliable predictors of aberrant
cortical activity in patients with OSA.

Numerous studies have investigated the EEG power spectrum in patients with OSA. However, we noticed that the
research findings regarding power spectral density (PSD) are currently inconsistent, and the underlying neurophysiolo-
gical mechanisms are still unclear. Previous studies have discovered that the delta power of N2 sleep was higher in the
severe OSA group compared to the simple snoring group and was associated with high AHI levels, while the power
spectrum in other frequency bands decreased.'® In another study on OSA with various severity levels, the beta-band
power spectrum of the severe OSA group during the NREM phase was higher than that of the mild OSA group, whereas
the sigma-band power spectrum shrank.”® Significantly reduced slow-wave activity, an indicator of homeostatic sleep
demand and depth, has been observed in OSA patients when compared to controls in some studies of NREM sleep, but
not in all of them.?' In addition, only few studies have examined the pattern of EEG frequency variations across the
entire sleep (NREM, REM, and waking) in individuals with varying degrees of apnea severity. Therefore, our research
aimed to provide further insight into the relationship between hypoxia and EEG characteristics in different sleep stages of
OSA patients with varying degrees of disease severity.

Clinically, OSA is a widespread condition linked to alterations in the brain structure, and serological indicators can be
used as biomarkers to reflect aberrant brain function in patients with OSA. This could provide a new direction for
analyzing the correlation between serum markers and PSD. S100B (released by astrocytes) activates the advanced
glycation end product (RAGE) receptor, causing neuronal survival or death, activating astrocytes, and ultimately
promoting an inflammatory response.”>** In a meta-analysis, elevated serum S100f levels were observed in patients
with OSA, suggesting that S100B could be used as a peripheral indicator of brain damage in these patients.”* In another

.25 However, correlation studies between

clinical trial, S100B levels were found to be significantly correlated with AH
S100B and EEG signals in OSA patients are relatively lacking and need to be further explored. This study aimed to fill
this gap.

Prevention of oxidative stress is the primary reason for the neuroprotective effects of uric acid. As an antioxidant, uric
acid can scavenge free oxygen radicals, thereby reducing oxidative stress levels, protecting endothelial cell function,
reducing Ca2+ overload, and playing neuroprotective roles in various central nervous system diseases. A previous study
reported that appropriate concentrations of uric acid significantly improved cell viability and apoptosis during oxygen-
glucose deprivation (OGD)/reoxygenation and reduced production of reactive oxygen species (ROS).?® Elevated uric
acid levels were associated with OSA severity in a retrospective study,”’ but no correlation was found with PSD.

Uric acid has been associated with systemic inflammation, and recent studies have suggested that it may play
a neuroprotective role in certain contexts. Uric acid is the end product of purine catabolism in humans and is considered
the primary endogenous antioxidant in the bloodstream. It plays a crucial role in protecting against oxidative stress by
interacting with reactive oxygen species (ROS) and converting non-enzymatically to allantoin.”* > Oxidative stress is
one of the major mechanisms involved in the pathophysiology of central nervous system inflammation and neurodegen-
erative diseases. In some studies, higher levels of uric acid have been associated with a reduced risk of neurodegenerative
diseases such as Parkinson’s and Alzheimer’s.>' The protective effect of UA was also observed during CNS inflamma-
tion. In adult rat models of pneumococcal meningitis, pretreatment with UA alleviated meningeal inflammation in a dose-
dependent manner, with the severity of inflammation decreasing as a function of UA concentration as UA levels
increased to levels close to those found in humans.®>' After the establishment of middle cerebral artery occlusion in
male rats by a suture method, the injury and increase of ROS in brain tissue were observed, and the degree of brain injury
and ROS production were reduced after the addition of appropriate concentration of uric acid. However, some research
found that UA had a pro-inflammatory effect, triggering interleukin-3f-mediated inflammation by activating
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inflammasome, and its activation appears to play a central role in many pathologic inflammatory conditions.>' Hence the
role of uric acid in disease is complex and need further research.®

Therefore, this study aimed to analyze the relationship between the power spectrum of polysomnography (PSG) and
serum markers in OSA patients with varying degrees of disease severity. We hypothesized that the severity of OSA,
especially during NREM sleep, is associated with the power spectrum characteristics of overnight sleep EEG.

Materials and Methods
Study Population

In this retrospective study, 444 patients who complained of snoring and had a clinical suspicion of OSA at the Neurology
Department of the First Affiliated Hospital of Zhengzhou University, Zhengzhou, China, between 2020 and 2022 were
enrolled. Individuals with other sleep disorders (eg, central sleep apnea, rapid eye movement sleep behavioral disorder,
restless legs syndrome, narcoleptic spectral disorder, and periodic limb movement disorder) or those taking medications
within the last month known to affect sleep status (eg, hypnotics, benzodiazepines) were excluded. Individuals with apparent
artifacts in the EEG signal, and those with serious lung, kidney, liver, or brain diseases, cardiovascular disease, other
complications of OSA (eg, hyperlipidemia, metabolic syndrome, osteoporosis) were excluded (Figure 1). Clinical data and
PSG studies from 93 subjects were eventually selected and divided into three groups, according to the standards recommended
by the Chinese Medical Association: mild OSA group (5<AHI<15 events/h, N=27), moderate OSA group (15<AHI<30
events/h, N=26), and severe OSA group (30<AHI events/h, N=40) (Figure 1, Table 1). The study was conducted in accordance
with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. The study protocol was
approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University, and informed consent was waived
by our Institutional Review Board because of the retrospective nature of our study (ethics approval no. 2022 [101]). We pledge
to strictly adhere to patient data confidentiality and take all necessary measures to protect patient privacy.

Overnight PSG

Sleep apnea was confirmed by an overnight PSG.*? Six EEG signals (F3-M2, F4-M1, C1-M2, C2-M1, O1-M2, and O2-
M1), two channels of electrooculography (EOG) signals (E1-M2, E2-M2), chin EMG (EMG1-EMG2, EMG1-EMG3),
electrocardiography (ECQ), respiration (nasal pressure, airflow), oxygen saturation (SpO2), abdominal and chest move-
ment, and leg movements were recorded.” Due to limitations associated with our collection equipment and technology,
we were unable to include the central channel in our analysis.

Sleep stages and respiratory events were analyzed according to the Chinese Medical Association guidelines. The
sleep stages were divided into the NREM (N1, N2, and N3) sleep, rapid eye movement (REM) sleep, and wake stages.
Sleep-related parameters such as time in bed, total sleep time (TST), sleep latency (SL), sleep efficiency (SE), wake time
after sleep onset (WASO), and the proportion of each sleep period in total sleep (N1/TST, N2/TST, and N3/TST) were
calculated and reported in the PSG study report (Table 1).

For apnea-hypopnea index (AHI), we calculated the number of apnea and hypopnea events per hour of sleep. For
apnea-hypopnea events (AHE), it was calculated according to the total number of apnea and hypopnea event during sleep.
Oxygen desaturation index (ODI) is the number of oxygen desaturation events that occur per hour during sleep, below
a specific threshold; Micro-awakening index (MAI) refers to the number of micro-awakening per hour, including breath-
related micro-awakening, leg motion-related micro-awakening, spontaneous micro-awakening, and periodic leg motion-
related micro-awakening. A higher MAI value indicates poorer sleep continuity and lower sleep quality.

Spectral and Topographical Analysis of PSG EEG Signals

We used non-invasive electrodes to record scalp EEG signals from sleeping participants, as described in the overnight
PSG method. All EEG signals were recorded at a sampling rate greater than or equal to 200 Hz, and were stored in the
EDF format. The MATLAB software (MATLAB 2013a) was used for EEG preprocessing. A band-pass filter of 0.5-45.0
Hz was applied to the original signals in the EEGLab software. Signals from four channels (F3-M2, F4-M1, O1-M2, and
02-M1) were analyzed. Subsequently, data were processed using artifact removal and independent component analysis
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Figure | Flow chart of patient recruitment and grouping, clinical data collection, sleep EEG processing and data analysis.

(ICA) (Figure 1, step 3). We first estimated the power spectrum in 5 frequency bands (delta,1.0-4.0 Hz; theta, 4.0-8.0 Hz;
alpha, 8.0-13.0 Hz; beta,13.0-30.0 Hz; gamma, 30.0-45.0 Hz) for each 4 = 1 min segment using the Welch method."®
This is a modification of the periodogram method that produces more reliable power spectrum estimates by applying
windows, overlaps, and correlation analyses (see Figure 1, Step 4 for a flow chart). The topographical PSD variation in
the three OSA groups over the five frequency bands was also examined.
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Table | Characteristics of the Population (N = 93) Categorized by OSA Severity

Parameter Mild OSA (N=270) | Moderate OSA (N=260) | Severe OSA (N=400) | Statistics (F) P value
Demographics

Age, years 53.67x12.67 57.69+11.67 54.88x11.22 0.8215 0.443
Sex, male 14(51.9%) 21(80.8%) 35(87.5%) 6.407 0.0025 **
Body mass index, kg/m2 25.85+3.835 25.74+3.533 29.72+6.940 5.076 0.0087+*
Polysomnographic data

AHI, /hr 8.459+2.569 20.13+3.997 45.8+13.02 154 0.000 | ##¥*
AHI NREM, /hr 7.733+3.218 19.6244.77| 46.06+14.19 134.4 0.000 | ##¥*
AHI REM, /hr 14.39+11.41 20.06+16.73 43.35+17.94 315 0.000 | ##¥*
Total of AHE 53.48+22.71 120.7+45.68 287.5+146.8 48.76 0.000 | ##¥*
Total of AHE NREM 41.7£21.61 97.88+40.02 24141243 49.28 0.000 | ##¥*
Total of AHE REM 11.78+9.677 22.77+20.69 46.18+35.96 14.71 0.000 | ###*
MAI, /hr 2.778+2.423 3.692+2.619 9.075+7.515 14.08 0.000 | ###*
MAI NREM, /hr 2.333+2.075 3.154+2.344 7.675+6.731 12.61 0.000 | ###*
MAI REM, /hr 0.4444+0.5774 0.5+0.6481 1.275+1.569 5.765 0.0044**
OD|, /hr 6.133+3.617 15.48+8.83 31.21x15.99 39.37 0.000 | ##¥*
Sa02<90%, % 6.107+12.74 9.658x11.41 24.58+17.68 14.97 0.000 | ##¥*
Time in bed, min 542.2+57.81 513.2+77.33 542.9+70.46 1.696 0.1893
Total sleep time, min 376.4£87.91 356.9£107.1 367.1£109.6 0.2364 0.7899
Sleep latency, min 35.06+31.91 23.51+25.92 33.36+41.05 0.8771 0.4195
REM sleep latency, min 126.9+116.5 96.85+80.73 98.96x74.11 0.9836 0.3779
Sleep efficiency, % 74.51+15.89 72.74+17.74 72.15+17.33 0.1589 0.8534
WASO, min 130.8+84.85 132.8+85.2 142.4+95.35 0.1628 0.85
NREM 1% 22.28+9.395 23.92+16.26 24.47%11.19 0.2583 0.773
NREM 2% 37.49+10.42 35.18+12.06 29.08+11.68 4.876 0.0098**
NREM 3% 25.76+8.881 24.92+14.28 30.15+14.88 1.529 0.2223
REM % 14.48+6.239 15.97+7.805 17.3£7.716 1.189 0.3094
Laboratory data

S100B, pg/mL 79.28+26.22 85.20+8.277 181.3£195.1 3.098 0.0594
Uric acid, pmol/L 309+82.89 327.4+61.99 309.1£77.66 0.5239 0.5942

Notes: Data are mean * standard deviation or n (%) values. The P values represent the difference between the mild OSA group and the severe OSA group. Star
symbols represent statistical significance levels: “***” represents p < 0.0001, “**” represents p < 0.01, no stars represent p > 0.05.

Abbreviations: BMI, body mass index; AHI, apnea-hypopnea index; AHE, apnoea and hypopnoea event; ODI, oxygenation desaturation index; MAI, microarousal index;
Sa02<90%. The percentage of oxygen saturation less than 90%; WASO, wake time after sleep onset; REM, rapid eye movement; NREM, nonrapid eye movement.

Measurement of Serum S100B and Uric Acid
Three milliliters of elbow venous blood were extracted from fasting patients early in the morning before the PSG study.
An enzyme-linked immunosorbent assay (ELISA) was used to test the expression levels of serum S100B protein
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according to manufacturer instructions. Blood samples were collected in test tubes without gel inhibitors and centrifuged
at 3500 rpm at 4 °C for 15 min immediately, and then the precipitation-free liquid components were stored at —70 °C for
assay. As a result, SI00B protein was programmed by commercially available ELISA kit (S100B Human ELISA Kit,
Abnova, Germany).** Details of the SI00B ELISA can be found in the supplementary online method (http://www.
abnova.com/). Normal ranges for S100b <105 pg/mL.

Blood uric acid was measured by the Olympus Au400 automatic biochemical analyzer. Elbow venous blood was
centrifuged at 4000 r/min for 10 min. The kit used for the analysis was purchased from Shanghai Kehua-Dongling
Diagnostic Products Co., LTD., and the procedure was strictly followed according to the kit instructions. Normal ranges
for uric acid are 120~430 pumol/L.

Statistical Methods

Statistical analyses were performed using the GraphPad Prism (version 8.3.0) and SPSS (version 26.0) software. The
measured data are presented as mean * standard deviation if normally distributed, or otherwise as median with
interquartile range in brackets. Normally distributed variables were compared using a one-way analysis of variance.
ANCOVA was performed to compare the powers of each spectral bandwidth among the groups after controlling for
potential confounders, including age and sex. The significance of the comparison of the spectral powers of the groups
during total sleep was defined as P< 0.05 after Tukey multiple comparisons. To identify the relevant independent EEG
indices related to the severity of OSA, multiple regression analysis was used.

Results
Demographic and PSG Characteristics of OSA Patients

The demographic and PSG features of the three OSA severity groups are summarized in Table 1. The median patient age
was 55 years. Severe OSA symptoms were more likely to occur in male patients. Demographically, we observed
a difference in body mass index (BMI) between the severe OSA group and the other two groups (F (2, 72) = 5.076,
P =0.0087), which is consistent with previous reports. The AHI (NREM: F (2, 90) = 134.4, P < 0.0001; REM: F (2, 90)
= 31.50, P < 0.0001), the total of apnea and hypopnea (NREM: F (2, 90) = 49.28, P < 0.0001; REM: F (2, 90) =14.71,
P < 0.0001), and microarousal index during NREM and REM sleep (NREM: F (2, 90) = 12.61, P < 0.0001; REM: F (2,
90) = 5.765, P = 0.004) were significantly higher in the severe OSA group compared to the mild and moderate groups
(Table 1, Figure 2D-F). The ODI index (F (2, 90) = 39.37, P < 0.0001) and Sa02<90% (F (2, 90) = 14.97, P < 0.0001)
were also increased in patients with severe OSA (Table 1, Figure 2A and B). Sleep-related parameters such as time in
bed, total sleep time, REM sleep latency, sleep efficiency, and WASO did not vary significantly between groups
(Table 1). Moreover, except for a reduction in N2 sleep duration in patients with severe OSA (F (2, 90) = 4.876, P =
0.0098; Figure 2C), there was no change in sleep duration.

Comparison of Spectral EEG Powers and Topographical Analysis

The absolute PSD of the five bands in the mild, moderate, and severe OSA groups are shown in Figure 3. In NREM
sleep, reduced theta and alpha bands PSD were observed in the moderate and severe OSA groups compared to the mild
group except for the N2 sleep phase (Figure 3B). The comparative results during N1 and N3 sleep are presented in
Figure 3. In N1 sleep, reduced theta, alpha and beta band PSD was observed in the frontal region and occipital region in
the moderate and severe OSA group compared to the mild group (theta: F3: F (2, 89) = 30.697, P =0.032; F4: F (2, 89) =
30.793, P = 0.026; O1: F (2, 89) = 288.602, P = 0.003; alpha: O1: F (2, 89) = 201.349, P=0.005; beta: F3: F (2, 89) =
70.368, P = 0.014, Figure 3A). In N3 sleep, theta (F3: F (2, 88) = 23.043, P = 0.042; O1: F (2, 88) = 20.541, P = 0.046;
02: F (2, 88) =459.514, P = 0.002) and alpha bands PSD (O1: F (2, 88) = 35.358, P = 0.028, O2: F (2, 88) =93.35,P =
0.011, Figure 3C) in the frontal and occipital region were significantly decreased in the severe OSA group compared to
the mild and moderate groups. During the wake period, we also observed a same trend in alpha power over the frontal
and occipital regions in the moderate and severe OSA group (F3: F (2, 90) = 21.952, P = 0.044; O1: F (2, 90) = 19.408,
P = 0.049, Figure 3D). PSD in the REM sleep have no different changes in the three groups and data did not show here.
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Figure 2 Polysomnographic characteristics in the mild OSA group, moderate OSA group, and severe OSA group. (A) The statistical results of ODI in OSA patients with
different severity. (B) The SaO2<90% statistical results in OSA patients with different severity. (C) The percentage of time spent in different sleep periods. (D) The apnea
hypopnea index (AHI) of OSA patients with different severity during NREM and REM periods. (E) The total sleep apnea hypopnea of OSA patients with different severity
during NREM and REM periods. (F) The microarousal index of OSA patients with different severity during NREM and REM periods. Star symbols represent statistical
significance levels: “***” represents p < 0.0001, “***” represents p < 0.001, “**” represents p < 0.01, “*’ represents p < 0.05, no stars represent p > 0.05.

Figure 4 shows the topographic distribution of the absolute EEG power in the five frequency bands for the three OSA
groups. By analyzing the EEG power spectral density in the N1, N2, N3, REM sleep and wake stages of OSA patients
with different disease severities, combined with the results of hypoxic events in the PSG, we found that both changes in
brain activity and hypoxic events in OSA patients mainly occurred during the NREM phase, suggesting a possible causal
relationship between them.

Correlation Analysis Among PSD, OSA Symptom Severity, and Serum Indexes

The AHI showed a negative correlation with the theta band power of F3/4 channels in N1 sleep (AHI, F3 channel: r =
—0.3168, P = 0.0021; F4 channel: r = —0.2770, P = 0.0075; Figure 5A and B). The theta PSD of F3/4 channels in N1
sleep showed a negative correlation with ODI and Sa02<90% (ODI, F3 channel: r = —0.2712, P = 0.0089, F4 channel:
r=-0.2623, P = 0.0115; Sa02<90%, F3 channel: r = —0.2757, P = 0.0078) (Figure 5C-E). Correspondingly, the theta
PSD in the N3 sleep of O1/2 channels demonstrated a similar pattern to that of AHI Figure 5F and G). The microarousal
index (MAI) showed a negative correlation with theta PSD in the N3 sleep of O1/02 channels (Figure 5SH and I). The
beta band power during N1 sleep had no relationship with OSA-related indices. Figure 6 presents Pearson correlation
coefficients, indicating negatively correlation between AHI with theta PSD in N1/3 sleep. Additionally, ODI and
Sa02<90% was negatively correlated with theta PSD in NI sleep. Furthermore, it is interesting to note that MAI
demonstrates negative correlation with theta PSD in N3 sleep but not in N1 sleep. These results suggest that severe OSA
may alter the microstructure of the brain and may damage the central nervous system. Other power spectrum correlation
analysis results were in the Supplementary Table.

In addition, we found that S100B had positive correlations with AHI (Figure 6, r = 0.401, P = 0.018), MAI (Figure 6,
r=0.453, P =0.007) and WASO (Supplementary table, r = 0.449, P = 0.008), but negative correlations with theta power
in the N1 stage (Figure 6, F3: r = —0.424, P = 0.013) and sleep efficiency (Supplementary table, r = —0.368, P = 0.032).
Uric acid was negatively correlated with age (data did not shown), but had no significant correlation with the PSD of
each of the five frequency bands (Figure 6).
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Figure 3 Comparisons of the absolute power spectral densities (PSD) in the mild OSA group, moderate OSA group, and severe OSA group during the whole sleep stages.
The PSD of F3/F4 and O1/O2 channels in five frequency bands in OSA patients during NI (A), N2(B), N3 sleep (C) and wakefulness (D). Star symbols represent statistical
significance levels: “**” represents p < 0.01, “*” represents p < 0.05, no stars represent p > 0.05.
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Figure 4 The topographic map results in the mild OSA group, moderate OSA group, and severe OSA group in each frequency band during NI, N2, N3 and wakefulness.

Discussion

This study aimed to analyze the power spectrum of PSG EEG and its correlation with PSG parameters and serum
markers in patients with OSA of varying degrees of severity. We initially assessed whether OSA could alter sleep
architecture patterns. Except for a decrease in the duration of N2 sleep and an increase in the microarousal index, there
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Figure 5 Correlation analysis between theta band power spectral density (PSD) in NREM sleep and severity of OSA symptom. The theta band power of F3/4 channels in N |
sleep was shown negatively correlated with AHI (A and B) (F3 channel: r=—0.3168, P=0.0021, F4 channel: r=—0.2770, P=0.0075), AHI during NREM (F3 channel: r=—0.3346,
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and Microarousal index (H and I) (O1 channel: r=—0.2616, P=0.0123, O2 channel: r=—0.3052, P=0.0033).

were no significant differences in sleep architecture based on disease severity, although hypoxic events were observed
throughout the sleep stages and were more prevalent in the NREM phase. In addition, we demonstrated that NREM theta
and alpha powers over the frontal and occipital regions in N1 and N3 sleep were lower in the moderate and severe OSA
groups compared to the mild OSA group. Also, a lower NREM theta power band was negatively correlated with the
severity of OSA symptoms. This suggests that EEG oscillations may be a potential index or biomarker of OSA severity.

In a retrospective study, elevated S100b and uric acid levels were associated with OSA severity. However, no
correlation was found between EEG PSD and these serum markers. Therefore, we aimed to analyze the relationship
between the power spectrum and serum markers in patients with varying degrees of OSA severity. Indeed, our findings
indicated a relationship between S1008 and OSA. Instead, uric acid levels did not differ significantly among the three
OSA groups, suggesting that uric acid may not be a sensitive indicator of OSA severity.

Little Group Differences in Sleep Architecture

Different PSG-derived OSA diagnostic modalities have been used for several years. Patients with OSA may experience
most of their respiratory events during either REM or NREM sleep. Often, OSA is more severe during REM sleep than
during NREM sleep; however, the underlying mechanisms remain unclear. Moreover, previous studies have found that
REM-predominant OSA and NREM-predominant OSA have different physiological conditions based on common

polysomnographic pattems,1&35*39

and a marked reduction in OSA severity in slow-wave sleep. In this study, we
investigated the evolution of respiration-related hypoxia during the entire sleep period. Our findings on sleep architecture
in patients with OSA showed that the AHI, ODI, and Sa02<90% in the moderate and severe OSA groups were
significantly higher than those in the mild OSA group. NREM sleep and slow-wave sleep are considered to be closely
associated with cognition and memory. Therefore, chronic hypoxia occurring mainly in the NREM/N3 phase may cause
cognitive impairment in patients with OSA. Based on our findings, it is possible to better assist clinical staff in predicting
and preventing cognitive impairment in OSA patients through improved evaluation and treatment of hypoxia during N3
sleep. For example, administering high-flow oxygen during N3 sleep may help prevent or mitigate cognitive impairment.
The disruption of sleep structure in individuals with OSA has been extensively studied and documented. Previous
research has shown significant alterations in sleep architecture, particularly in individuals over the age of 40 with chronic
insomnia. These alterations often include a reduction in slow-wave (N3) and REM sleep, alongside an increase in light
sleep (N1) and frequent awakenings during the night.?>*° However, it is worth noting that some studies focusing on male
patients with OSA have found no significant differences in PSG parameters such as sleep efficiency, sleep latency, and
REM sleep, except for higher duration in N1 and lower duration in N3.'® Recently, a study conducted by Wulterkens et al
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Abbreviation: MAI, Microarousal index.

has revealed notable differences in the sleep structure of patients with comorbid insomnia and sleep apnea (COMISA)
compared to patients with OSA and insomnia.*' In our study, we found no significant differences in sleep structure
between patients with mild, moderate, and severe OSA, aside from the duration of N2 sleep and microarousal index.
However, it is important to acknowledge that these discrepant results regarding sleep macrostructure may be influenced
by factors such as inadequate statistical power and variations in the subjects being studied.

Reduced NREM Theta and Alpha Power in OSA Patients

In this study, we found that compared to the mild OSA group, the theta and alpha band PSD in the frontal and occipital
regions during NREM sleep and wakefulness were significantly decreased in the moderate and severe OSA groups.
Several alterations in resting-state EEG spectral domains have been identified in OSA, which could be reflected in
specific EEG biomarkers of the brain. However, previous EEG studies of OSA have yielded inconsistent results. Chronic
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intermittent hypoxia during sleep results in several alterations in resting-state EEG spectral domains, which could reflect
various brain activities in real time. Jiang et al found that in a cohort of patients with OSA, the quantitative EEG power
of the beta band was higher than that in the non-OSA group, and the delta power spectrum was lower.”’ However,
another study on OSA came to a different conclusion, reporting that in the severe OSA group low-frequency delta power
was increased, and other bands were decreased in both NREM and REM sleep.'® A topographic analysis of high-density
EEG data revealed a broadband reduction in EEG power in OSA subjects.'” These discrepant results in EEG data are
likely due to differences in the methodology and patients employed across studies.

Few studies have analyzed the pattern of changes in EEG frequencies during the entire sleep period (NREM, REM,
and wakefulness) in patients with different levels of apnea severity. By analyzing the EEG PSD in the N1, N2, and N3
sleep stages, we identified same results in theta and alpha powers, specifically in the frontal and occipital areas during N1
sleep. During N1 sleep, which is characterized as a transitional stage from wakefulness to sleep, a decrease in theta power
was observed in the frontal region. Theta oscillations (4—7 Hz) are commonly associated with relaxed mental states and
meditation.*> Additionally, the frontal cortex is involved in various cognitive processes, including attention, working
memory, and decision making. Thus, the decrease in theta power in the frontal area during N1 sleep may reflect
a reduction in cognitive processing and the initiation of sleep-related processes. This may indicate that in patients with
OSA, there are abnormal changes in frontal lobe neural activity during the transition from wakefulness to sleep. Our
findings indicate potential neurophysiological changes or underlying mechanisms associated with sleep fragmentation in
patients with OSA. This provides valuable insights for further evaluating sleep quality and exploring potential treatment
options. For example, transcranial magnetic stimulation (TMS) targeting the frontal theta waves emerges as a promising
physical therapy for future interventions.

Our study showed a decrease in both theta and alpha powers in the frontal and occipital area during N3 sleep.
Occipital theta/alpha oscillations (4—13 Hz) are associated with visual processing and attention. This reduction in the
visual area may reflect a downregulation of sensory input, further indicating a shift towards deeper sleep stages
characterized by reduced responsiveness to external stimuli. Moreover, sleep-related processes such as memory con-
solidation, synaptic pruning, and neural regeneration may contribute to the stage-specific modulation of theta and alpha/
spindle power. One possible explanation for this difference in stage-specific distribution may be related to the synchro-
nization of neural networks. Different cortical regions may exhibit varying degrees of synchronization during specific
sleep stages, resulting in differences in EEG power distribution. Another potential explanation could be the generation
and modulation of neurotransmitters that play a role in sleep regulation. Changes in theta power distribution during sleep
stages can be influenced by neurotransmitter release and receptor activity.*> Future studies investigating the specific
contributions of neurotransmitters such as serotonin, acetylcholine, and norepinephrine may provide insights into these
stage-specific distribution differences.

OSA is Negatively Associated with Reduced NREM Theta Power

It is not known whether the sleep periods of severe hypoxia are accompanied by differences in electrical activity. Therefore,
we further analyzed the correlation between brain electrical activity and hypoxic events during different sleep stages.

We found that reduced theta band PSD in N1, and N3 were negatively correlated with AHI, ODI and microarousal
index, indicating that abnormal EEG activity in the frontal and occipital regions may be a potential indicator of OSA
severity. Moreover, decreased theta and alpha bands EEG activity during NREM sleep may also reflect an increased OSA
severity. Our findings provide objective neurophysiological evidence of pathological cortical activity during NREM sleep
that may be associated with different levels of OSA severity.

OSA is closely associated with the development of several cardiovascular and metabolic diseases, including
hypertension, diabetes, and obesity. In addition, untreated OSA leads to neurobehavioral dysfunctions such as cognitive
impairment and daytime sleepiness, to which EEG activity is related.** Reduced theta activity during NREM sleep in
healthy subjects predicts sleepiness, while reductions in sleep spindle density and sigma band power in older adults are
related to the weakening of learning and memory processes during aging.*> Although the mechanisms underlying the
slowing of sleep EEG activity in patients with OSA are unclear, imaging and EEG studies have shown that hypercapnia
results in altered brain activity and in a reduction in functional connectivity magnetic resonance imaging indices.*® Thus,

Nature and Science of Sleep 2023:15 heeps: 989

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

further investigation into the relationship and mechanisms between EEG spectral power and sleep apnea symptoms in
OSA is necessary.

Limitations

Our study has several limitations that should be acknowledged. First, it relied on a relatively small sample size of 93
participants, which may have led to an increased likelihood of type two statistical errors. However, there was little
difference in sample size among the three OSA groups, and the obtained results were significant (Table 1, Figure 3). In
the future, we plan to collaborate with other clinical centers to include more patients and further improve our study.

Owing to limitations associated with our collection equipment and technology, we could only use frontal and occipital
EEG electrodes, which may fail to detect more regional brain activity in detail. Multichannel EEG recordings may
provide more spatial information and more accurate topographical maps. Therefore, future studies employing high-
density EEG recordings are required.

It is also important to recognize that this study only demonstrated associations between sleep-breathing conditions
and PSG parameters with EEG PSD, and these data do not prove causality. However, EEG oscillations have been used as
an important indicator to assess brain activity. Previous studies have shown that sleep EEG abnormalities and cognitive
performance in OSA were reversible after 6 months of continuous positive airway pressure treatment.'*'*33474% Thys,
the decrease in PSD observed in our study may have been caused by brain tissue damage due to chronic hypoxia.
Designing interventions that directly target EEG biomarkers associated with OSA and/or specific symptom dimensions to
improve clinical outcomes is a promising approach.

Furthermore, it is important to consider the potential changes in PSD throughout the night, as sleep organization and
the brain circuits involved vary from the initial sleep cycles to the later sleep periods. For example, Heinzer et al showed
that N3 power in patients with OSA was decreased in the first and second NREM episodes and positively correlated with
sleep latency in the multiple sleep latency test.*' Further research in this area may provide valuable insights into the
dynamics of sleep and its impact on brain activity.

Conclusion

In summary, hypoxic events were observed throughout the sleep stages in patients with OSA. Except for a decrease in the
duration of N2 sleep and an increase in the microarousal index, there were no significant differences in sleep architecture
based on disease severity. Reduced frontal and occipital theta band power during NREM sleep correlated closely with the
degree of hypoxia in patients with OSA, may reflect pathological cortical activation, and could be a potential neuro-
physiological predictor of disease severity in patients with OSA.
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