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Background: Excessive daytime sleepiness (EDS) is a cause of low quality of 
life among obstructive sleep apnoea (OSA) patients. Current methods of 
assessing and predicting EDS are limited due to time constraints or differences 
in subjective experience and scoring. Electroencephalogram (EEG) power 
spectral densities (PSDs) have shown differences between OSA and non-OSA 
patients, and fatigued and non-fatigued patients. Therefore, polysomnographic 
EEG PSDs may be useful to assess the extent of EDS among patients with OSA.

Methods: Patients presenting to Israel Loewenstein hospital reporting daytime 
sleepiness who recorded mild OSA on polysomnography and undertook a 
multiple sleep latency test. Alpha, beta, and delta relative powers were assessed 
between patients categorized as non-sleepy (mean sleep latency (MSL) ≥10  min) 
and sleepy (MSL <10  min).

Results: 139 patients (74% male) were included for analysis. 73 (53%) were 
categorized as sleepy (median MSL 6.5  min). There were no significant differences 
in demographics or polysomnographic parameters between sleepy and non-
sleepy groups. In multivariate analysis, increasing relative delta frequency power 
was associated with increased odds of sleepiness (OR 1.025 (95% CI 1.024–
1.026)), while relative alpha and beta powers were associated with decreased 
odds. The effect size of delta PSD on sleepiness was significantly greater than 
that of either alpha or beta frequencies.

Conclusion: Delta PSD during polysomnography is significantly associated with 
a greater degree of objective daytime sleepiness among patients with mild OSA. 
Further research is needed to corroborate our findings and identify the direction 
of potential causal correlation between delta PSD and EDS.
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Introduction

Excessive daytime sleepiness (EDS) is highly prevalent across 
populations, estimated to affect up to one in five people (1). EDS is 
associated with an increased risk of motor vehicle accidents (2, 3), 
decreased quality of life (4, 5), reduced work productivity (4, 6), and 
significant economic burden (7, 8). In addition, EDS has shown 
significant associations with psychological distress (9, 10), depression and 
bipolar disorder (11–15), and seasonal affective disorder (11). EDS is 
often associated with sleep disorders, such as insomnia, narcolepsy, or 
obstructive sleep apnoea (OSA). Among patients with OSA, a greater 
severity as judged by the apnoea-hypopnoea index (AHI) has been 
associated with EDS (16). Yet, alongside increasing OSA severity there 
appears to be a concurrent increase in comorbidities (17, 18), which are 
also associated with increased daytime sleepiness (19–22), and may thus 
confound the effect of OSA on EDS. However, EDS is common even 
among patients with only mild OSA (AHI 5–15), without concomitant 
insomnia or narcolepsy (16), and a significant proportion of patients who 
are receiving continuous positive airway pressure (CPAP) therapy still 
suffer from EDS (23–25). The current prevailing theory suggests that 
EDS in the context of OSA is caused by a combination of sleep 
fragmentation and intermittent hypoxia, which over time lead to 
neuronal damage (26). Yet, although these markers are less common 
among patients with mild OSA, these patients are still prone to EDS, and 
therefore further exploration into the potential underlying mechanisms 
is warranted. Furthermore, studies which have utilised subjective markers 
of sleepiness have found contradictory results in polysomnographic 
parameters between sleepy and non-sleepy patients (27, 28).

Alternate parameters assessed through polysomnography (PSG) 
are being increasingly investigated for their relationship with 
EDS. Oxygen desaturation severity and power spectral densities 
(PSDs) for example have shown greater correlations with EDS as 
measured via multiple sleep latency tests (MSLTs) mean sleep latency 
(MSL) than either the AHI or the oxygen desaturation index (ODI) 
(29, 30). Although power spectral analyses are commonly used to 
quantify electroencephalogram (EEG) outcomes, the association of 
these with EDS is sparsely reported, though associations with other 
somnolence or psychiatric disorders have been (31–34). Within the 
sleep field, EEG-based PSDs are typically analysed at four frequency 
bands – delta (δ) (0.5–4 Hz), theta (θ) (4–8 Hz), alpha (α) (8–12 Hz), 
and beta (β) (12–30 Hz), though the exact thresholds used between 
studies may differ. Among patients with insomnia, beta frequency 
power has been found to be  higher in non-rapid eye movement 
(NREM) stages, but lower in rapid eye movement (REM) stages 
compared to patients without insomnia (35). Among patients with 
narcolepsy, alpha power has been found to be higher in REM stages 
and delta power lower in NREM stage 1 (N1) compared to controls 
(36). Concerning EDS, one recent study reported increased delta and 
reduced alpha and beta power prior to sleep among patients classified 
as sleepy [Epworth sleepiness scale (ESS) score > 20] compared to 
non-sleepy patients (ESS score < 5) (37). Another reported greater 
alpha power among drowsy compared to non-drowsy patients (also 
assessed via ESS) – though in a resting but non-sleep state (38). To 
date, however, no studies have reported on associations between sleep 
EEG PSDs and objectively measured EDS via MSLTs which may have 
higher generalisability than subjective measures of EDS (39).

Therefore, this study aimed to describe the associations between 
objectively measured EDS and the EEG PSDs assessed over the whole 

night among patients with mild OSA. Based on previous findings in 
different patient populations, we hypothesised that during N3 and 
REM sleep, alpha PSD would be increased, and delta PSD decreased 
among suspected OSA patients with EDS compared to those without. 
Furthermore, we hypothesised there would be a significant positive 
correlation between delta PSD and MSL.

Methods

Dataset

Between the years 2001 and 2011, patients were referred to 
Loewenstein Hospital rehabilitation centre (Raanana Israel) for an 
overnight PSG [level 1 study, analysed with REMbrandt Manager 
System (Medcare CO, Amsterdam, Netherlands) and following day 
MSLT] [following AASM guidelines (40)] based on suspicion for 
OSA alongside complaints of daytime sleepiness. The PSG data were 
rescored for research purposes at Kuopio University Hospital 
according to the AASM 2007 guidelines and clinical practices at the 
time. The MSL was determined by calculating the mean of the four 
nap recordings in the MSLT.

Patient demographic and anthropometric information were 
collected by the sleep technologist prior to the PSG. From the initial 
cohort (n = 937), patients with missing demographic/clinical data 
(n = 104), absence of sleep stage scoring (n = 2), less than 6 h of total sleep 
time (n = 29), or failed MSLTs (n = 10) were excluded from the analysis. 
Furthermore, this study focused on patients with mild OSA (5 ≤ AHI 
<15 events/h), and thus 139 patients were included in the final analysis. 
Patients were categorized as ‘sleepy’ or ‘non-sleepy’ based on their MSL 
with the sleepy group including patients with an MSL <10 min.

EEG processing

Six EEG recordings were conducted across the frontal, central, and 
occipital regions, and the placement of electrodes for these recordings 
followed the International 10–20 System guidelines (41). These signals 
were sampled at 256 Hz and imported to MATLAB 2021b (MathWorks 
Inc., Natick, Massachusetts, United States) for further analysis. The 
central EEG signals (C3-A2 and C4-A1), being more prevalent among 
the patients, were selected for comparison between the sleepy and 
non-sleepy groups. For this purpose, the EEG signals were filtered 
using a fifth-order Chebyshev Type I bandpass filter with 0.3 and 35 Hz 
cutoff frequencies. The filtered signals were divided into 30-s epochs 
according to sleep stages. The analysis included epochs identified as 
light sleep (N1 + N2), deep sleep (N3), and REM.

In frequency domain analyses, the PSD was estimated within each 
30-s epoch by Welch’s method with 50% overlap and employing a 
Hamming window with size 1,000 points. The relative PSDs were 
calculated across various frequency bands, and for this study defined as 
slow oscillation (0.3–1 Hz), delta (1–4 Hz), theta (4–8 Hz), alpha 
(8–12 Hz), beta (12–30 Hz), and gamma (30–35 Hz). Relative PSDs were 
determined by dividing the PSD values for each specific frequency band 
(alpha, beta, and delta) by the total PSD calculated over the frequency 
range of 0.3 to 35 Hz. Then, the median relative PSDs were calculated 
for each signal in each sleep stage. Based on preliminary results, the 
frequency bands delta, alpha, and beta were selected for further analysis.
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Ethics approval

Data collection and processing were approved by the Ethical 
Committee of the Loewenstein Hospital – Rehabilitation Center 
(0006-17-LOE).

Statistical analysis

The Mann–Whitney U test was used to test for statistically 
significant differences in continuous variables in demographics, 
polysomnography variables (total sleep time, night sleep latency, 
wakening after sleep onset (WASO), percentage time in NREM 
(N1 + N2 + N3) and REM stages, apnoea-hypopnea index, oxygen 
desaturation index (defined as a drop of ≥4%) and time under 90% 
oxygen saturation as a percentage of total sleep time (T90%)), and 
relative EEG frequency band powers between sleepy and non-sleepy 
groups. Furthermore, the Chi-squared test was employed to evaluate 
the statistical significance of categorical values.

To explore the predictive efficacy of EEG PSDs on EDS, six 
binomial logistic regression models were developed utilising relative 
PSD in each frequency band (alpha, beta and delta in both C3A2 and 
C4A1 channels) as the primary predictor. For the regression analyses, 
the relative band powers were scaled to the range of 0 to 100 by 

multiplying the values by 100 to make reported odds ratios (ORs) and 
95% confidence intervals (CIs) more easily interpretable and 
comparable. The models were adjusted for age, sex, BMI, REM, and 
T90. Due to potential multiple comparison issues, a p-value threshold 
of 0.01 was considered for statistical significance. Post-hoc Wilcoxon 
tests were employed to compute the effect size and to allow comparisons 
of effect between frequency bands (alpha, beta, and delta) and between 
the C3A2 and C4A1 channels. The Wilcoxon effect size was calculated 
as the z-statistic dividing by the square root of the sample size.

Results

Of the 139 patients with mild OSA included, 66 (47%) were 
categorised as non-sleepy (median MSL = 14 min) and 73 (53%) as 
sleepy (median MSL = 6.5 min). Patients in the sleepy and non-sleepy 
groups were predominantly males; however, there was a statistically 
significant difference in gender distribution between the groups 
(p = 0.007; Table  1). Sleep architecture, AHI and ODI did not 
significantly differ between sleepy and non-sleepy groups.

Significant differences in relative PSDs between sleepy and 
non-sleepy patients were noted in each sleep stage, in both C3A2 
and C4A1 channels (Figure  1, values provided in 
Supplementary Table S1). During N1 + N2 stages sleepy patients 

TABLE 1 Demographic data and sleep characteristics of sleepy and non-sleepy groups.

Demographic

All patients (n =  139) Non-sleepy (n =  66) Sleepy (n =  73) p-value

Age (years) 51 (42–57) 51 (42–58) 50 (44–57) 0.86

Male n (%) 103 (74.1%) 42 (63.6%) 61 (83.5%) 0.007

BMI (Kg/m2) 28.9 (26.3–32.6) 28.9 (26.5–32.9) 29.1 (25.9–31.5) 0.71

Normal weight

(18.5 ≤ BMI < 25)
19 (13.7%) 9 (13.6%) 10 (13.7%)

0.99

Overweight (25 ≤ BMI < 30) 59 (42.4%) 28 (42.4%) 31 (42.5%) 0.10

Obese (BMI ≥ 30) 61 (43.8%) 29 (43.9%) 32 (43.8%) 0.99

Polysomnography

Total sleep time (min) 405 (390.6–420.2) 400.2 (391.0–419.5) 407 (390.4–421.1) 0.50

Night sleep latency (min) 8.1 (5.0–13.4) 9.4 (4.9–19.5) 7.5 (5.0–10.5) 0.02

WASO (min) 22 (11.6–43.8) 22.2 (11.0–46.5) 22.0 (12.8–38.2) 0.91

Wake (%) 8.2 (4.6–14.5) 9.4 (4.6–15.6) 8.0 (4.9–11.6) 0.45

N1 (%) 1.8 (0.4–3.5) 1.8 (0.2–3.5) 1.9 (0.5–3.5) 0.54

N2 (%) 48.1 (42.6–55.5) 48.4 (40.8–56.2) 48.0 (43.3–55.4) 0.83

N3 (%) 20.6 (15.4–26.4) 19.8 (14.5–26.6) 20.7 (17.0–25.8) 0.72

NREM (%) 72.0 (67.3–77.3) 72.1 (64.8–77.5) 71.9 (69.2–77.0) 0.95

REM (%) 18.1 (13.9–21.4) 17.7 (13.3–23.1) 18.3 (14.5–21.0) 0.32

AHI (events/h) 9.8 (7.4–12.9) 9.8 (7.3–12.9) 9.8 (7.6–12.6) 0.83

ODI (events/h) 6.8 (3.9–11.0) 6.6 (3.5–11.7) 6.9 (4.1–10.4) 0.80

T90 (%) 0.3 (0.1–1.9) 0.4 (0.1–1.9) 0.2 (0.1–1.6) 0.84

MSLT

MSL (min) 9.5 (6.4–13.9) 14.0 (11.8–16.6) 6.5 (5.1–8.1) 3e-24

Statistical significance was calculated with the Mann–Whitney U test (for continuous variables) or the Chi-squared test (for categorical variables). Bolded values were considered significant  
(p-values<0.01). All parameters are presented as median (IQR). AHI, apnea-hypopnea index; BMI, body mass index, IQR, Interquartile range; MSL, mean sleep latency; MSLT, Multiple sleep latency 
test; NREM, non-rapid eye movement sleep; ODI, oxygen desaturation index; REM, rapid eye movement sleep; T90%, percent sleep time below 90% oxygen saturation; WASO, Wake after sleep onset.
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showed significantly higher delta power, and reduced alpha and beta 
power, though the reduced alpha was only evident in the C3A2 
channel. Among sleepy patients, the C3A2 channel showed 
significantly higher delta power, and lower alpha and beta power 
than the C4A1 channel. Among non-sleepy patients however, 
though the delta power in C3A2 was significantly higher than in the 
C4A1, the beta power was also significantly greater in C3A2, with 
no difference in alpha power between channels. Similar results were 
seen in N3 stage, with sleepy patients showing significantly increased 
delta, and reduced alpha and beta, though the reduced beta was this 
time seen only in the C4A1 channel. For both sleepy and non-sleepy 
patients, delta power was higher in C3A2 compared to C4A1, while 
alpha and beta powers were lower. In REM stage, sleepy patients had 
higher delta power, and lower alpha and beta power compared to 
non-sleepy patients. There was no significant difference in delta 
power between channels, however alpha and beta power were 
significantly reduced in the C3A2 channel.

In multivariate binomial regression (adjusted for age, sex, REM, 
BMI & T90%) relative PSDs at each frequency band showed significant 
associations with odds for EDS. Increased delta power PSD 
significantly increased odds of EDS while increased alpha and beta 
powers significantly decreased the odds for EDS (Tables 2, 3).

The effect size of delta frequency PSDs was significantly stronger 
in both C3A2 and C4A1 channels than that of either alpha [mean 
overall difference C3A2 0.824 (95% CI 0.822, 0.827)) or beta (mean 
overall difference C3A2 0.827 (95% CI 0.824, 0.830)] (Table 4). The 
effect size of alpha PSD was significantly larger than that of beta 
overall and in all stages. Furthermore, within the C3A2 channel, for 
N3 and REM sleep the difference in effect size between alpha and beta 
was significantly greater than for N1 + N2 stages – however in the 
C4A1 channel the effect size difference was significantly smaller in N3 
compared to N1 + N2 and REM. As well as significant differences in 
effect sizes between frequencies, there were significant differences in 
effect sizes between channels within all frequency bands. The effect 

FIGURE 1

Comparison of the relative electroencephalogram power spectral densities (PSD) between sleepy and non-sleepy groups in N1  +  N2, N3, and REM for 
C3A2 and C4A1 channels. p  <  0.01  =  *.
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size within the C4A1 channel was significantly smaller than the C3A2 
for each frequency. For the beta frequency particularly, the effect size 
difference between channels was anywhere from two to five-fold 
greater than for the alpha and delta frequency bands.

Discussion

In this study, among patients with mild OSA, patients with a 
MSL < 10 min showed significantly higher relative PSDs in the delta 
frequency band and significantly lower PSDs in the alpha and beta bands 
compared to less sleepy patients. These differences in relative PSDs were 
consistent across sleep stages, with noted hemispherical differences. In 
multivariate models’ PSDs remained significant, independent predictors 
for EDS. However, the effect size associated with the delta frequency 

band was significantly greater than that of either the alpha or beta 
frequency bands. We chose to analyse patients with mild OSA, as EDS 
remains common among these patients despite a lower presence of 
hypoxia and sleep fragmentation, and therefore other models must 
be developed to understand and explain the underlying mechanics of 
EDS (26). Furthermore, previous studies have identified differences in 
polysomnographic variables among patients with mild OSA between 
those subjectively assessed as sleepy and non-sleepy (27, 28).

Delta waves are strongly associated with the intensity of sleep and 
are known to appear with greater power following periods of sleep 
deprivation, such that they are considered a marker of sleep drive (34, 
42–44). As such it is plausible that excessive daytime sleepiness leads to 
stronger delta wave activity during the night as opposed to causality in 
the other direction. A previous study identified similar results, among 
patients with chronic fatigue syndrome, who were shown to have 
significantly increased relative delta power (45). Although the patients 
in the previous study were not ‘sleepy’ as those in the current study but 
rather ‘fatigued’, there is some overlap between fatigue and sleepiness. 
Morisson et al. (46) and Xirometris et al. (47) also reported significantly 
greater relative delta power among patients with OSA compared to 
controls, with Xirometris et al. further reporting a significant positive 
correlation between relative delta power and ESS score. However, some 
key differences are noted in the current study – neither of these previous 
studies found a significant association between OSA/sleepiness and 
delta power in the central region specifically, whereas our study did so. 
Furthermore, our study also found significant differences in alpha and 
beta powers, whereas the previous studies did not. This may be due to 
differences in patient selection, with the current study recruiting patients 
with OSA and complaints of daytime sleepiness and comparing between 
those with an MSL <10 min, and those with an MSL ≥10 min, while the 
previous studies compared patients with OSA to controls without 
OSA. Furthermore, all patients in this study were referred on the basis 
of self-reported sleepiness, and as such our “non-sleepy” patients can 
only be considered so in this particular population context and are not 
relatable to “non-sleepy” individuals in the general population, nor to 

TABLE 2 Odds ratios (ORs) of being sleepy based on relative EEG band powers.

Channel Predictors Delta Alpha Beta

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

C3A2 Age (unit - 1 year) 1.009 (1.008–1.010) <0.001 1.007 (1.006–1.008) <0.001 1.008 (1.007–1.009) <0.001

BMI (unit - 1 kg/m2) 1.035 (1.033–1.037) <0.001 1.030 (1.029–1.032) <0.001 1.030 (1.028–1.032) <0.001

Sex (male) 4.283 (4.142–4.429) <0.001 4.034 (3.903–4.170) <0.001 4.134 (3.998–4.274) <0.001

REM 1.108 (1.072–1.146) <0.001 0.967(0.936–0.999) 0.049 1.036 (1.002–1.072) 0.037

T90% (unit - %) 1.039 (1.037–1.041) <0.001 1.036 (1.034–1.038) <0.001 1.035 (1.033–1.037) <0.001

Corresponding PSD (unit 

– 1% in scaled range)

1.025 (1.024–1.026) <0.001 1.001 (0.998–1.003) 0.594 0.983 (0.981–0.985) <0.001

C4A1 Age (unit - 1 year) 1.008 (1.007–1.011) <0.001 1.007 (1.006–1.008) <0.001 1.008 (1.007–1.009) <0.001

BMI (unit - 1 kg/m2) 1.036 (1.034–1.038) <0.001 1.032 (1.031–1.034) <0.001 1.036 (1.033–1.038) <0.001

Sex (male) 4.438 (4.291–4.591) <0.001 4.118 (3.984–4.257) <0.001 4.481 (4.332–4.634) <0.001

REM 1.078 (1.043–1.114) <0.001 0.987 (0.955–1.021) 0.460 1.093 (1.058–1.131) <0.001

T90% (unit - %) 1.041 (1.038–1.043) <0.001 1.035 (1.033–1.037) <0.001 1.035 (1.033–1.037) <0.001

Corresponding PSD (unit - 

100)

1.027 (1.026–1.028) <0.001 0.989 (0.986–0.992) <0.001 0.970 (0.968–0.971) <0.001

Binomial logistic regression analyses were adjusted for age, BMI, sex, REM, and T90%. BMI, body mass index; CI, Confidence interval; OR, odds ratio; PSD, Power spectral density; REM, 
Rapid eye movement; T90%, percentage of total sleep time under 90% oxygen saturation.

TABLE 3 Odds ratios (ORs) of being sleepy for univariate binomial 
regression.

Predictors OR (95% CI) p-value

Age (unit - 1 year) 1.002 (1.001–1.004) <0.001

BMI (unit - 1 kg/m2) 1.015 (1.013–1.016) <0.001

Sex (male) 2.977 (2.890–3.067) <0.001

REM 0.960 (0.931–0.991) 0.011

T90% (unit - %) 1.028 (1.026–1.029) <0.001

Corresponding PSD 

(unit – 1% in scaled 

range)

Delta_C3A2 1.016 (1.015–1.017) <0.001

Alpha_C3A2 0.994 (0.992–0.996) <0.001

Beta_C3A2 0.991 (0.988–0.993) <0.001

Delta_C4A1 1.017 (1.016–1.018) <0.001

Alpha_C4A1 0.989 (0.987–0.992) <0.001

Beta_C4A1 0.979 (0.978–0.981) <0.001

BMI, body mass index; CI, Confidence interval; OR, odd ratios; PSD, Power spectral density; 
REM, Rapid eye movement; T90%, percent sleep time below 90% oxygen saturation.
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those perhaps in other studies. This may also be underlying the very 
small odds ratios noted for all factors other than sex in the 
multivariate models.

It has been reported that absolute power increases across all 
frequencies in response to apnoeic events (48), thus one would expect 
to see differences in absolute band powers between patients with a 
greater AHI and those with a lower AHI, but differences in relative 
band powers may not be visible. In the current study however, there 
was no significant difference in the AHI between sleepy and 
non-sleepy groups. Additionally, there are inconsistencies within the 
literature regarding the thresholds to be used for frequency analyses 
which may vary by up to 2 Hz in either direction from AASM stated 
thresholds of 4 Hz, 8 Hz & 13 Hz (32, 47, 49–51), which may in part 
explain differences in significance and effect size of findings.

Hemispheric coherence has previously been reported to be high in 
EDS patients (52). Yet, in the current study we  noted significant 
differences between the C4A1 & C3A2 channels in both sleepy and 
non-sleepy patients, and in each of N1 + N2, N3 and REM sleep stages. 
Delta frequency relative power was lower in C4A1 compared to C3A2, 
whereas alpha and beta frequency powers were higher in C4A1 
compared to C3A2. It has been reported that during sleep onset and at 
lower levels of arousal the right hemisphere is dominant (53), yet 
we noted increased delta activity and reduced alpha and beta in the right 
hemisphere. Furthermore, we noted statistically significant differences 
in the effect size for predicting EDS between C4A1 and C3A2 channels 
in each of N1 + N2 & N3, for all frequency bands (Table  4). The 
differences were relatively small, with a combined sleep stage difference 
of 0.081 (0.078, 0.084) in the delta frequency and 0.051 (0.048, 0.054) in 
the alpha frequency. However, the difference in the beta frequency was 
significantly larger, at 0.198 (0.195, 0.201). Further research is needed to 
define if hemispheric coherence is an important aspect of EDS.

Differing brain wave patterns have been noted between patients 
with insomnia, narcolepsy and a variety of other psychiatric disorders 

in comparison to controls. A greater beta power density has been 
noted during NREM among insomnia patients compared to healthy 
sleepers (35, 54), while patients with narcolepsy show higher alpha 
power in REM than controls (36). Seemingly in contrast, the results 
from the current study show increasing alpha and beta power, 
regardless of sleep stage, are associated with significantly reduced odds 
of EDS – highlighting a potential difference in the way these disorders 
manifest on the EEG. This may be due to the use of relative as opposed 
to absolute PSDs within which the heightened delta power obscures 
the ‘true power’ of the other frequency bands. However, as alpha 
power is associated with relaxed wakefulness, and beta power with 
active wakefulness it stands to reason that these frequencies would 
be lower among ‘sleepy’ patients. Additionally, among patients with 
sleep disordered breathing, symptoms of both depression and 
paranoid ideation have been associated with greater absolute power of 
slow oscillations (defined in the cited study as 0.5–1 Hz) (55). Previous 
research has shown a significant association between depression and 
EDS (15), which may contribute to why in the current study, 
increasing delta power was associated with increased odds for EDS.

Another novel method of assessing the correlation between EEG 
signals and EDS is the odds ratio product (ORP) (56, 57). The ORP 
differs from PSDs in several key ways. First, in PSDs delta frequency 
range typically used is 0.5-4 Hz, whereas in the ORP the thresholds 
used for the lower frequencies are 0.33–2.33 Hz and 2.33–6.7 Hz. 
Secondly the ORP is calculated in 3-s intervals compared to the 30 s 
epochs of the PSDs. Finally, the ORP is defined against an external 
reference standard (56 clinical PSGs including patients with a range 
of sleep disorders) while relative PSDs are normalised within each 
patient (56). The ORP is overall a more complex measure, showing 
the relationship of the powers of different EEG frequencies within a 
single index, while in comparison PSDs show the power of a single 
frequency range. Given that there are large interindividual 
differences in power spectra, the relative PSDs will also differ 

TABLE 4 Mean differences in effect size within multivariate binomial regression between alpha, beta and delta frequencies for channels C3A2 and 
C4A1, and between channels for each of alpha, beta, and delta.

Wilcoxon effect size difference (95% CI)

Channel Sleep Stages Delta vs. Alpha Alpha vs. Beta Delta vs. Beta

C3A2 N1 + N2 0.859 (0.855–0.863) 0.031 (0.027–0.035) 0.847 (0.84–0.851)

N3 0.865 (0.859–0.872) 0.374 (0.367–0.380) 0.865 (0.858–0.871)

REM 0.859 (0.853–0.866) 0.380 (0.373–0.387) 0.836 (0.828–0.843)

All sleep stages 0.824 (0.822–0.827) 0.033 (0.030–0.036) 0.827 (0.824–0.830)

C4A1 N1 + N2 0.861 (0.857–0.865) 0.232 (0.228–0.236) 0.795 (0.791–0.799)

N3 0.865 (0.858–0.872) 0.054 (0.047–0.060) 0.821 (0.814–0.827)

REM 0.858 (0.852–0.865) 0.496 (0.490–0.504) 0.767 (0.761–0.774)

All sleep stages 0.830 (0.827–0.833) 0.222 (0.219–0.225) 0.774 (0.771–0.777)

C3A2, C4A1 All sleep stages 0.827 (0.825, 0.829) 0.130 (0.128–0.132) 0.801 (0.799–0.803)

Delta Alpha Beta

N1 + N2 0.108 (0.104–0.113) 0.038 (0.034–0.043) 0.193 (0.188–0.197)

N3 0.141 (0.135–0.147) 0.124 (0.118–0.131) 0.295 (0.288–0.301)

REM 0.039 (0.032–0.046) 0.111 (0.104–0.117) 0.256 (0.249–0.263)

All sleep stages 0.081 (0.078–0.084) 0.051 (0.048–0.054) 0.198 (0.195–0.201)

All sleep stages 0.043 (0.041–0.044)

CI, Confidence interval; N1/N2/N3; non-rapid eye movement stage 1/2/3; REM, rapid eye movement.
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significantly based on the profile of the population under study (58). 
As yet however, although the ORP has shown to be significantly 
associated with ESS scores, no studies have utilised it to compare to 
following day MSLTs (59). Overall, given the novelty of the ORP, 
there is little literature testing the association between it and 
measures of sleepiness.

Limitations

Patients recruited into this study self-reported subjective sleepiness, 
and thus, although they were divided into two groups based on 
objectively assessed MSL, there is a significant difference between the 
‘non-sleepy controls’ in this study (who showed a median MSL of 
14.5 min), and what may be considered ‘non-sleepy/healthy controls’ in 
the general population. Furthermore, we utilised a 10 min MSL cut-off 
for sleepy/non-sleepy groups, which differs from the 8 min cut-off used 
in the AASM criteria for narcolepsy, nor did we consider any REM 
periods during the MSLT. This study excluded patients with moderate 
or severe OSA, which counted for 82.5% of the patient sample with 
demographic information, acceptable EEGs and successful MSLTs, and 
therefore introduced selection bias – thus these results apply only to 
mild OSA and cannot be generalised to OSA more broadly. The utilised 
dataset also lacked clinical comorbidity and medication data, which 
would have significant impacts on EDS and/or EEG activity. 
Furthermore, we did not have information on whether patients smoked, 
consumed caffeine, or drank alcohol prior to the sleep study, nor did 
we  have available any measure of subjective sleepiness such as the 
ESS. Additionally, as was explored above, relative powers were used in 
the current study, and this may limit generalisability and comparison 
to other studies which used absolute powers, or other power 
transformations. Finally, the overnight polysomnography occurred on 
only the single occasion, and thus may be limited by the first night effect 
and the patients state of sleep deprivation prior to the sleep study.

Conclusion

These results show that there are significant differences in PSDs 
between sleepy and non-sleepy patients with mild OSA as measured 
objectively via MSLT. Sleepy patients with mild OSA show significantly 
greater intensity of slow waves during the night, and correspondingly 
lesser intensity of fast waves, even after accounting for sleep stages, 
and other polysomnographic and demographic parameters. 
Furthermore, there appear to be  hemispherical differences in 
frequency band powers among patients with EDS compared to less 
sleepy patients. Further research is needed to corroborate our findings, 
and to assess both the impact of a greater severity of OSA and the 
influence of potential confounders such as cardiorespiratory 
comorbidities on these results.

Data availability statement

The data analysed in this study is subject to the following licenses/
restrictions: This manuscript utilises proprietary data. Requests to 
access these datasets should be  directed to Loewenstein Hospital 
Rehabilitation Centre.

Ethics statement

The studies involving humans were approved by Ethical 
Committee of the Loewenstein Hospital – Rehabilitation Center 
(0006-17-LOE). The studies were conducted in accordance with the 
local legislation and institutional requirements. Written informed 
consent for participation was not required from the participants or the 
participants' legal guardians/next of kin in accordance with the 
national legislation and institutional requirements.

Author contributions

TH: Methodology, Supervision, Validation, Writing – original draft, 
Writing – review & editing. MT: Methodology, Formal analysis, Writing 
– original draft. Writing – review & editing. TK: Methodology, Software, 
Supervision, Writing – review & editing, Investigation, Validation, Writing 
– original draft. MR: Writing – review & editing, Supervision. HP: Writing 
– review & editing. AO: Writing – review & editing, Data curation, 
Resources. SN: Conceptualization, Methodology, Project administration, 
Supervision, Validation, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. MR - National 
Research Agency, framework of the Investissements MIAI Artificial 
Intelligence chairs of excellence from the Grenoble Alpes (grants 
ANR-15-IDEX-02 and ANR-19-P3IA-0003), the Research Committee 
of the Kuopio University Hospital Catchment Area for the State 
Research Funding (grant numbers 5041807 and 5041797). HP - the 
Research Committee of the Kuopio University Hospital Catchment 
Area for the State Research Funding (5041812), and the Magnus 
Ehrnrooth Foundation. MT – Kuopio Area Respiratory Foundation.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1367860/
full#supplementary-material

https://doi.org/10.3389/fneur.2024.1367860
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2024.1367860/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2024.1367860/full#supplementary-material


Howarth et al. 10.3389/fneur.2024.1367860

Frontiers in Neurology 08 frontiersin.org

References
 1. Slater G, Steier J. Excessive daytime sleepiness in sleep disorders. J Thorac Dis. 

(2012) 4:608–16. doi: 10.3978/j.issn.2072-1439.2012.10.07

 2. Bioulac S, Micoulaud-Franchi JA, Arnaud M, Sagaspe P, Moore N, Salvo F, et al. 
Risk of motor vehicle accidents related to sleepiness at the wheel: a systematic review 
and Meta-analysis. Sleep. (2017) 40:zsx134. doi: 10.1093/sleep/zsx134

 3. Ward KL, Hillman DR, James A, Bremner AP, Simpson L, Cooper MN, et al. 
Excessive daytime sleepiness increases the risk of motor vehicle crash in obstructive 
sleep apnea. J Clin Sleep Med. (2013) 9:1013–21. doi: 10.5664/jcsm.3072

 4. Stepnowsky C, Sarmiento KF, Bujanover S, Villa KF, Li VW, Flores NM. 
Comorbidities, health-related quality of life, and work productivity among people with 
obstructive sleep apnea with excessive sleepiness: findings from the 2016 US National 
Health and wellness survey. J Clin Sleep Med. (2019) 15:235–43. doi: 10.5664/jcsm.7624

 5. Cambron-Mellott MJ, Mettam S, Li VW, Rowland JC, Castro JC. Examining the 
impact of excessive daytime sleepiness on utility scores in patients with obstructive sleep 
apnoea and/or narcolepsy in five European countries. BMC Neurol. (2022) 22:317. doi: 
10.1186/s12883-022-02827-7

 6. Mulgrew AT, Ryan CF, Fleetham JA, Cheema R, Fox N, Koehoorn M, et al. The 
impact of obstructive sleep apnea and daytime sleepiness on work limitation. Sleep Med. 
(2007) 9:42–53. doi: 10.1016/j.sleep.2007.01.009

 7. Hillman D, Mitchell S, Streatfeild J, Burns C, Bruck D, Pezzullo L. The economic 
cost of inadequate sleep. Sleep. (2018) 41:zsy083. doi: 10.1093/sleep/zsy083

 8. Léger D, Stepnowsky C. The economic and societal burden of excessive daytime 
sleepiness in patients with obstructive sleep apnea. Sleep Med Rev. (2020) 51:101275. 
doi: 10.1016/j.smrv.2020.101275

 9. Moubarac JC, Cargo M, Receveur O, Daniel M. Psychological distress mediates the 
association between daytime sleepiness and consumption of sweetened products: cross-
sectional findings in a Catholic middle-eastern Canadian community. BMJ Open. (2013) 
3:e002298. doi: 10.1136/bmjopen-2012-002298

 10. Sameer HM, Imran N, Tarar TN, Khawaja IS. Association of Excessive Daytime 
Sleepiness with Psychological Distress in medical students. Prim Care Companion CNS 
Disord. (2020) 22:19m02531. doi: 10.4088/PCC.19m02531

 11. Kaplan KA, Harvey AG. Hypersomnia across mood disorders: a review and 
synthesis. Sleep Med Rev. (2009) 13:275–85. doi: 10.1016/j.smrv.2008.09.001

 12. Hayley AC, Williams LJ, Berk M, Kennedy GA, Jacka FN, Pasco JA. The 
relationship between excessive daytime sleepiness and depressive and anxiety disorders 
in women. Aust N Z J Psychiatry. (2013) 47:772–8. doi: 10.1177/0004867413490036

 13. Adams RJ, Appleton SL, Vakulin A, Lang C, Martin SA, Taylor AW, et al. 
Association of daytime sleepiness with obstructive sleep apnoea and comorbidities 
varies by sleepiness definition in a population cohort of men. Respirology. (2016) 
21:1314–21. doi: 10.1111/resp.12829

 14. Lang CJ, Appleton SL, Vakulin A, McEvoy RD, Vincent AD, Wittert GA, et al. 
Associations of undiagnosed obstructive sleep apnea and excessive daytime sleepiness 
with depression: an Australian population study. J Clin Sleep Med. (2017) 13:575–82. 
doi: 10.5664/jcsm.6546

 15. Zhang D, Zhang Z, Li H, Ding K. Excessive daytime sleepiness in depression and 
obstructive sleep apnea: more than just an overlapping symptom. Front Psychiatry. 
(2021) 12:710435. doi: 10.3389/fpsyt.2021.710435

 16. Bjorvatn B, Lehmann S, Gulati S, Aurlien H, Pallesen S, Saxvig IW. Prevalence of 
excessive sleepiness is higher whereas insomnia is lower with greater severity of 
obstructive sleep apnea. Sleep Breath. (2015) 19:1387–93. doi: 10.1007/
s11325-015-1155-5

 17. Bonsignore MR, Baiamonte P, Mazzuca E, Castrogiovanni A, Marrone O. 
Obstructive sleep apnea and comorbidities: a dangerous liaison. Multidiscip Respir Med. 
(2019) 14:8. doi: 10.1186/s40248-019-0172-9

 18. Palomäki M, Saaresranta T, Anttalainen U, Partinen M, Keto J, Linna M. 
Multimorbidity and overall comorbidity of sleep apnoea: a Finnish nationwide study. 
ERJ Open Res. (2022) 8:00646–2021. doi: 10.1183/23120541.00646-2021

 19. Karachaliou F, Kostikas K, Pastaka C, Bagiatis V, Gourgoulianis KI. Prevalence of 
sleep-related symptoms in a primary care population — their relation to asthma and 
COPD. Prim Care Respir J. (2007) 16:222–8. doi: 10.3132/pcrj.2007.00045

 20. Koutsourelakis I, Perraki E, Bonakis A, Vagiakis E, Roussos C, Zakynthinos S. 
Determinants of subjective sleepiness in suspected obstructive sleep apnoea. J Sleep Res. 
(2008) 17:437–43. doi: 10.1111/j.1365-2869.2008.00663.x

 21. Riegel B, Ratcliffe SJ, Sayers SL, Potashnik S, Buck H, Jurkovitz C, et al. 
Determinants of excessive daytime sleepiness and fatigue in adults with heart failure. 
Clin Nurs Res. (2012) 21:271–93. doi: 10.1177/1054773811419842

 22. Enz C, Brighenti-Zogg S, Steveling-Klein EH, Dürr S, Maier S, Miedinger D, et al. 
Predictors of increased daytime sleepiness in patients with chronic obstructive 
pulmonary disease: a cross-sectional study. Sleep Disord. (2016) 2016:1089196–9. doi: 
10.1155/2016/1089196

 23. Gasa M, Tamisier R, Launois SH, Sapene M, Martin F, Stach B, et al. Residual 
sleepiness in sleep apnea patients treated by continuous positive airway pressure. J Sleep 
Res. (2013) 22:389–97. doi: 10.1111/jsr.12039

 24. Pépin JL, Viot-Blanc V, Escourrou P, Racineux JL, Sapene M, Lévy P, et al. Prevalence 
of residual excessive sleepiness in CPAP-treated sleep apnoea patients: the French multicentre 
study. Eur Respir J. (2009) 33:1062–7. doi: 10.1183/09031936.00016808

 25. Budhiraja R, Kushida CA, Nichols DA, Walsh JK, Simon RD, Gottlieb DJ, et al. 
Predictors of sleepiness in obstructive sleep apnoea at baseline and after 6 months of 
continuous positive airway pressure therapy. Eur Respir J. (2017) 50:1700348. doi: 
10.1183/13993003.00348-2017

 26. Lal C, Weaver TE, Bae CJ, Strohl KP. Excessive daytime sleepiness in obstructive 
sleep apnea. Mechanisms and clinical management. Ann Am  Thorac Soc. (2021) 
18:757–68. doi: 10.1513/AnnalsATS.202006-696FR

 27. Oksenberg A, Goizman V, Eitan E, Nasser K, Gadoth N, Leppänen T. How sleepy 
patients differ from non-sleepy patients in mild obstructive sleep apnea? J Sleep Res. 
(2022) 31:e13431. doi: 10.1111/jsr.13431

 28. Omobomi O, Batool-Anwar S, Quan SF. Clinical and polysomnographic correlates 
of subjective sleepiness in mild obstructive sleep apnea. Sleep Vigil. (2019) 3:131–8. doi: 
10.1007/s41782-019-00068-2

 29. Kainulainen S, Töyräs J, Oksenberg A, Korkalainen H, Sefa S, Kulkas A, et al. 
Severity of desaturations reflects OSA-related daytime sleepiness better than AHI. J Clin 
Sleep Med. (2019) 15:1135–42. doi: 10.5664/jcsm.7806

 30. Kainulainen S, Töyräs J, Oksenberg A, Korkalainen H, Afara IO, Leino A, et al. Power 
spectral densities of nocturnal pulse oximetry signals differ in OSA patients with and 
without daytime sleepiness. Sleep Med. (2020) 73:231–7. doi: 10.1016/j.sleep.2020.07.015

 31. Valomon A, Riedner BA, Jones SG, Nakamura KP, Tononi G, Plante DT, et al. A 
high-density electroencephalography study reveals abnormal sleep homeostasis in 
patients with rapid eye movement sleep behavior disorder. Sci Rep. (2021) 11:4758. doi: 
10.1038/s41598-021-83980-w

 32. Grin-Yatsenko VA, Baas I, Ponomarev VA, Kropotov JD. EEG power spectra at 
early stages of depressive disorders. J Clin Neurophysiol. (2009) 26:401–6. doi: 10.1097/
WNP.0b013e3181c298fe

 33. Apsari RA, Wijaya SK. Electroencephalographic spectral analysis to help detect 
depressive disorder In: 2020 3rd international conference on biomedical engineering 
(IBIOMED). Indonesia: IEEE (2020). 13–8.

 34. Vyazovskiy VV, Olcese U, Hanlon EC, Nir Y, Cirelli C, Tononi G. Local sleep in 
awake rats. Nature. (2011) 472:443–7. doi: 10.1038/nature10009

 35. Kang JM, Cho SE, Moon JY, Kim SI, Kim JW, Kang SG. Difference in spectral 
power density of sleep electroencephalography between individuals without insomnia 
and frequent hypnotic users with insomnia complaints. Sci Rep. (2022) 12:2117. doi: 
10.1038/s41598-022-05378-6

 36. Christensen JAE, Munk EGS, Peppard PE, Young T, Mignot E, Sorensen HBD, et al. 
The diagnostic value of power spectra analysis of the sleep electroencephalography in 
narcoleptic patients. Sleep Med. (2015) 16:1516–27. doi: 10.1016/j.sleep.2015.09.005

 37. Araujo M, Ghosn S, Wang L, Hariadi N, Wells S, Carl S, et al. Machine learning 
polysomnographically-derived electroencephalography biomarkers predictive of 
epworth sleepiness scale. Sci Rep. (2023) 13:9120. doi: 10.1038/s41598-023-34716-5

 38. Breitenbach J, Baumgartl H, Buettner R. Detection of excessive daytime sleepiness 
in resting-state EEG recordings: a novel machine learning approach using specific EEG 
sub-bands and channels In: AMCIS 2020 proceedings [internet] (2020) Available at: 
https://aisel.aisnet.org/amcis2020/healthcare_it/healthcare_it/19

 39. Kendzerska TB, Smith PM, Brignardello-Petersen R, Leung RS, Tomlinson GA. 
Evaluation of the measurement properties of the Epworth sleepiness scale: a systematic 
review. Sleep Med Rev. (2014) 18:321–31. doi: 10.1016/j.smrv.2013.08.002

 40. Littner MR, Kushida C, Wise M, Davila DG, Morgenthaler T, Lee-Chiong T, et al. 
Practice parameters for clinical use of the multiple sleep latency test and the maintenance 
of wakefulness test. Sleep. (2005) 28:113–21. doi: 10.1093/sleep/28.1.113

 41. Jasper H. The ten-twenty electrode system of the international federation. 
Electroencephalagr Clin Neurophysiol Suppl. (1958) 10:371–5.

 42. Nir Y, Staba RJ, Andrillon T, Vyazovskiy VV, Cirelli C, Fried I, et al. Regional slow 
waves and spindles in human sleep. Neuron. (2011) 70:153–69. doi: 10.1016/j.
neuron.2011.02.043

 43. Long S, Ding R, Wang J, Yu Y, Lu J, Yao D. Sleep quality and Electroencephalogram 
Delta power. Front Neurosci. (2021) 15:803507. doi: 10.3389/fnins.2021.803507

 44. Davis CJ, Clinton JM, Jewett KA, Zielinski MR, Krueger JM. Delta wave power: an 
independent sleep phenotype or epiphenomenon? J Clin Sleep Med. (2011) 7:S16–8. doi: 
10.5664/JCSM.1346

 45. Guilleminault C, Poyares D, Rosa A d, Kirisoglu C, Almeida T, Lopes MC. Chronic 
fatigue, unrefreshing sleep and nocturnal polysomnography. Sleep Med. (2006) 7:513–20. 
doi: 10.1016/j.sleep.2006.03.016

 46. Morisson F, Lavigne G, Petit D, Nielsen T, Malo J, Montplaisir J. Spectral analysis 
of wakefulness and REM sleep EEG in patients with sleep apnoea syndrome. Eur Respir 
J. (1998) 11:1135–40. doi: 10.1183/09031936.98.11051135

 47. Xiromeritis AG, Hatziefthimiou AA, Hadjigeorgiou GM, Gourgoulianis KI, 
Anagnostopoulou DN, Angelopoulos NV. Quantitative spectral analysis of vigilance 

https://doi.org/10.3389/fneur.2024.1367860
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.3978/j.issn.2072-1439.2012.10.07
https://doi.org/10.1093/sleep/zsx134
https://doi.org/10.5664/jcsm.3072
https://doi.org/10.5664/jcsm.7624
https://doi.org/10.1186/s12883-022-02827-7
https://doi.org/10.1016/j.sleep.2007.01.009
https://doi.org/10.1093/sleep/zsy083
https://doi.org/10.1016/j.smrv.2020.101275
https://doi.org/10.1136/bmjopen-2012-002298
https://doi.org/10.4088/PCC.19m02531
https://doi.org/10.1016/j.smrv.2008.09.001
https://doi.org/10.1177/0004867413490036
https://doi.org/10.1111/resp.12829
https://doi.org/10.5664/jcsm.6546
https://doi.org/10.3389/fpsyt.2021.710435
https://doi.org/10.1007/s11325-015-1155-5
https://doi.org/10.1007/s11325-015-1155-5
https://doi.org/10.1186/s40248-019-0172-9
https://doi.org/10.1183/23120541.00646-2021
https://doi.org/10.3132/pcrj.2007.00045
https://doi.org/10.1111/j.1365-2869.2008.00663.x
https://doi.org/10.1177/1054773811419842
https://doi.org/10.1155/2016/1089196
https://doi.org/10.1111/jsr.12039
https://doi.org/10.1183/09031936.00016808
https://doi.org/10.1183/13993003.00348-2017
https://doi.org/10.1513/AnnalsATS.202006-696FR
https://doi.org/10.1111/jsr.13431
https://doi.org/10.1007/s41782-019-00068-2
https://doi.org/10.5664/jcsm.7806
https://doi.org/10.1016/j.sleep.2020.07.015
https://doi.org/10.1038/s41598-021-83980-w
https://doi.org/10.1097/WNP.0b013e3181c298fe
https://doi.org/10.1097/WNP.0b013e3181c298fe
https://doi.org/10.1038/nature10009
https://doi.org/10.1038/s41598-022-05378-6
https://doi.org/10.1016/j.sleep.2015.09.005
https://doi.org/10.1038/s41598-023-34716-5
https://aisel.aisnet.org/amcis2020/healthcare_it/healthcare_it/19
https://doi.org/10.1016/j.smrv.2013.08.002
https://doi.org/10.1093/sleep/28.1.113
https://doi.org/10.1016/j.neuron.2011.02.043
https://doi.org/10.1016/j.neuron.2011.02.043
https://doi.org/10.3389/fnins.2021.803507
https://doi.org/10.5664/JCSM.1346
https://doi.org/10.1016/j.sleep.2006.03.016
https://doi.org/10.1183/09031936.98.11051135


Howarth et al. 10.3389/fneur.2024.1367860

Frontiers in Neurology 09 frontiersin.org

EEG in patients with obstructive sleep apnoea syndrome. Sleep Breath. (2011) 15:121–8. 
doi: 10.1007/s11325-010-0335-6

 48. Zhou G, Pan Y, Yang J, Zhang X, Guo X, Luo Y. Sleep electroencephalographic 
response to respiratory events in patients with moderate sleep apnea–hypopnea 
syndrome. Front Neurosci. (2020) 14:310. doi: 10.3389/fnins.2020.00310

 49. Fraiwan L, Lweesy K, Khasawneh N, Fraiwan M, Wenz H, Dickhaus H. 
Classification of sleep stages using multi-wavelet time frequency entropy and LDA. 
Methods Inf Med. (2010) 49:230–7. doi: 10.3414/ME09-01-0054

 50. Delimayanti MK, Purnama B, Nguyen NG, Faisal MR, Mahmudah KR, Indriani 
F, et al. Classification of brainwaves for sleep stages by high-dimensional FFT features 
from EEG signals. Appl Sci. (2020) 10:1797. doi: 10.3390/app10051797

 51. Coatanhay A, Soufflet L, Staner L, Boeijinga P. EEG source identification: frequency 
analysis during sleep. C R Biol. (2002) 325:273–82. doi: 10.1016/S1631-0691(02)01438-5

 52. Reimão R. Night sleep electroencephalogram power spectral analysis in excessive 
daytime sleepiness disorders. Arq Neuropsiquiatr. (1991) 49:128–35. doi: 10.1590/
S0004-282X1991000200002

 53. Casagrande M, Bertini M. Night-time right hemisphere superiority and daytime 
left hemisphere superiority: a repatterning of laterality across wake–sleep–wake states. 
Biol Psychol. (2008) 77:337–42. doi: 10.1016/j.biopsycho.2007.11.007

 54. Spiegelhalder K, Regen W, Feige B, Holz J, Piosczyk H, Baglioni C, et al. Increased 
EEG sigma and beta power during NREM sleep in primary insomnia. Biol Psychol. 
(2012) 91:329–33. doi: 10.1016/j.biopsycho.2012.08.009

 55. Kang JM, Cho SE, Lee GB, Cho SJ, Park KH, Kim ST, et al. Relationship between 
the spectral power density of sleep electroencephalography and psychiatric symptoms 
in patients with breathing-related sleep disorder. Clin Psychopharmacol Neurosci. (2021) 
19:521–9. doi: 10.9758/cpn.2021.19.3.521

 56. Younes M. New insights and potential clinical implications of the odds ratio 
product. Front Neurol. (2023) 14:1273623. doi: 10.3389/fneur.2023.1273623

 57. Younes M, Ostrowski M, Soiferman M, Younes H, Younes M, Raneri J, et al. Odds 
ratio product of sleep EEG as a continuous measure of sleep state. Sleep. (2015) 
38:641–54. doi: 10.5665/sleep.4588

 58. Tucker AM, Dinges DF, Van Dongen HPA. Trait interindividual differences in the 
sleep physiology of healthy young adults. J Sleep Res. (2007) 16:170–80. doi: 
10.1111/j.1365-2869.2007.00594.x

 59. Younes M, Gerardy B, Pack AI, Kuna ST, Castro-Diehl C, Redline S. Sleep 
architecture based on sleep depth and propensity: patterns in different demographics 
and sleep disorders and association with health outcomes. Sleep. (2022) 45:zsac059. doi: 
10.1093/sleep/zsac059

https://doi.org/10.3389/fneur.2024.1367860
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1007/s11325-010-0335-6
https://doi.org/10.3389/fnins.2020.00310
https://doi.org/10.3414/ME09-01-0054
https://doi.org/10.3390/app10051797
https://doi.org/10.1016/S1631-0691(02)01438-5
https://doi.org/10.1590/S0004-282X1991000200002
https://doi.org/10.1590/S0004-282X1991000200002
https://doi.org/10.1016/j.biopsycho.2007.11.007
https://doi.org/10.1016/j.biopsycho.2012.08.009
https://doi.org/10.9758/cpn.2021.19.3.521
https://doi.org/10.3389/fneur.2023.1273623
https://doi.org/10.5665/sleep.4588
https://doi.org/10.1111/j.1365-2869.2007.00594.x
https://doi.org/10.1093/sleep/zsac059

	Excessive daytime sleepiness is associated with relative delta frequency power among patients with mild OSA
	Introduction
	Methods
	Dataset
	EEG processing
	Ethics approval
	Statistical analysis

	Results
	Discussion
	Limitations
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

