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A B S T R A C T

Increased jaw muscle activity during sleep, which is associated with conditions such as sleep bruxism and 
obstructive sleep apnea, is a significant clinical concern in dentistry. The present study aimed to investigate the 
factor influencing natural variations on jaw muscle activity during sleep throughout 24 h. In ten male SD rats, 
electrophysiological recording was conducted to monitor electroencephalography (EEG), electromyographic 
(EMG) activity of neck, jaw-closing (masseter), and jaw-opening (digastric) muscles while freely behaving 
throughout 24 h. Jaw muscle activity level during sleep exhibit a diurnal variation, with lower level in the light 
phase than in the early dark phase. The jaw muscle activity level was significantly higher during intermittent 
arousals than during quiet sleep period. Jaw muscle activity levels during intermittent arousals were significantly 
higher in dark phase within arousals during NREM sleep. Within intermittent arousals, jaw muscle activity level 
was negatively correlated with EEG delta power in NREM sleep or EEG theta power in REM sleep. Clustering 
analysis further revealed that multiple muscles including neck and jaw muscles are often activated within 
intermittent arousals. These findings revealed the occurrence of intermittent arousals under diurnal influences 
underlie the variations of jaw muscle activity during sleep in 24 h.

Introduction

Jaw-closing muscles play significant roles on oral motor functions 
such as mastication, by exerting the appropriate force to break down the 
food (Kato et al., 2011). During sleep, jaw-closing muscles were found to 
be activated in humans. However, excessive jaw-closing muscle activ
ities during sleep are often associated with the undesirable orodental 
problems such as tooth destruction, breakage of dental restoration and 
prostheses and orofacial pain/headaches (Kato et al., 2013b). These 
conditions have been reported in patients with sleep disorders such as 
sleep bruxism and sleep apnea. Patients with sleep bruxism have been 
reported to show an increased activity of jaw-closing muscles during 
sleep (Toyota et al., 2022). Patients with obstructive sleep apnea can 
exhibit jaw-closing muscle activities after respiratory events (Kato et al., 
2013a; Li et al., 2023).

Interestingly, the activation of jaw-closing muscles was found to 
occur in association with stage-dependent changes in sleep such as non- 
rapid eye movement (NREM) and rapid eye movement (REM) sleep as 
jaw-closing muscle activities occurred more frequently during NREM 
sleep compared to REM sleep in patients with sleep bruxism and 

obstructive sleep apnea (Kato et al., 2013a; Toyota et al., 2022). 
Moreover, in addition to state dependent changes of sleep, jaw muscle 
activation is time-related to periodic or transient arousals (i.e., cortical 
activation) in these patients (Kato et al., 2001; Kato et al., 2013a; Imai 
et al., 2021). Therefore, the fluctuations of jaw-closing muscle activities 
related to intermittent arousals over the changes in vigilance states can 
represent physiological indicators for investigating the pathophysiology 
of the conditions with excessive jaw-closing muscle activities during 
sleep.

In experimental animals, similar phenomena have been observed 
that jaw-closing muscle activities were influenced by the natural vari
ations such as diurnal changes, sleep-wake states, and arousal events. 
Research on rabbits (Langenbach et al., 2004; Grünheid et al., 2005) and 
rats (Kawai et al., 2007) has demonstrated diurnal changes in jaw- 
closing muscle activity over 24-hour periods. These studies highlight 
the effects of time-of day on jaw-closing muscle activity patterns. In
vestigations into jaw-closing muscle activity across sleep-wake states 
have been conducted in rats, mice, and guinea pigs (Burgess et al., 2008; 
Katayama et al., 2015; Kato et al., 2018). These studies have shown that 
jaw-closing muscle activity varies significantly among wakefulness, 
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NREM, and REM sleep. Furthermore, some research has explored jaw- 
closing muscle activities in association with arousals during sleep in 
guinea pigs (Kato et al., 2010; Kato et al., 2018), which suggests that 
cortical arousal can involve in the elevation of jaw-closing muscle ac
tivity during sleep. However, the comprehensive impact of these natural 
variance on jaw-opening and − closing muscle activities have not been 
fully understood in experimental animals. In order to build an animal 
model of sleep-related oromotor disorders including sleep bruxism, it is 
essential to grasp the characteristics of jaw muscle activity in natural 
sleep of rats.

Therefore, the aim of the present study was to examine the integrated 
effects of diurnal changes, vigilance states and intermittent arousals on 
the activity of jaw muscles over a 24-hour period in rats.

Materials and methods

Animals and surgical preparation

Ten male Sprague-Dawley rats were used in this study. The animals 
were individually housed in a light-controlled environment and climate 
(temperature: 23 ± 0.5 ◦C) with free access to food and water under a 
12 h light/dark cycle (lights on at 8:00). The Animal Experimentation 
Committee approved the protocol of the present animal study, which 
was conducted at Graduate School of Dentistry, The University of Osaka 
(approval no. R04-010). This study adheres to the ARRIVE 2.0 guide
lines as far as applicable.

Before surgery, a custom-made multiple pin socket was soldered for 
electrophysiological recording. The socket contained five channels, each 
with two pins. Two pairs of silicone-coated multistranded stainless wires 
(F = 0.3 mm) attached by stainless-steel screws (F = 1.4 mm) and three 
pairs of polyurethane-coated stainless wires (F = 0.08 mm) were sol
dered to the pins of socket as recording electrodes.

Surgery was performed in 5-week-old rats (body weight: 137.2 ± 4.7 
g) under anesthesia with combination of Medetomidine hydrochloride 
(0.375 mg/kg), Midazolam (2 mg/kg), and Butorphanol (2.5 mg/kg) 
(M/M/B; i.p.). Body temperature was maintained around 37 ◦C with a 
heating pad. An incision was made in the skin on the midline of the head 
to expose the skull after local anesthesia of 2 % lidocaine. Two holes 
were drilled onto the frontal skull and one pair of screws were fixed for 
electroencephalography (EEG) recording. Another two holes were dril
led onto the occipital bone for reference electrodes fixation. For elec
tromyogram (EMG) recording of the dorsal neck muscle, left side of 
masseter muscle (Mas, jaw-closing muscle) and anterior digastric muscle 
(Dig, jaw-opening muscle), the skin of the dorsal neck areas and sub
mandibular was incised after local anesthesia. Three pairs of wires were 
tunneled subcutaneously and inserted to the exposed muscles. Then, all 
the incisions were sutured, and the socket was fixed onto skull with 
dental resin. Buprenorphine hydrochloride (0.02 mg/kg) and Benzyl
penicillin potassium (2000 unit/rat) were intraperitoneally injected 
after surgery to avoid infection and release pain. All the rats were 
allowed to recover for 2 weeks.

Electrophysiological recording

During the recording session, each animal was placed in a noise- 
attenuated recording chamber with free access to food and water. A 
lightweight cable was connected to the multi-pin socket implanted on 
the rat’s head, while the opposite end was attached to a multichannel 
slip-ring, allowing signal collection during free movement. Recordings 
began at 20:00 and continued for 24 h. Throughout the session, elec
trophysiological signals were collected using VitalRecorder® software 
(Kissei Comtec Ltd., Matsumoto, Japan) with optimal bandwidths (EEG: 
0.3–100 Hz; EMG: 100–1000 Hz; 60-Hz hum filters for all).

Sleep scoring

Vigilance states—wakefulness (W), non-rapid eye movement 
(NREM) sleep, and rapid eye movement (REM) sleep—along with EEG 
and EMG activity, were scored in 10-second epochs using Sleepsign® 
software (Kissei Comtec Ltd.). The signals were synchronously digitized 
with a sampling rate of 512 Hz for all channels. EEG and EMG were 
amplified 1000-fold and filtered at 0.5 - 20 Hz and 20 - 100 Hz 
respectively. Vigilance states were manually classified based on EEG and 
neck muscle EMG activity by two well-trained raters. Specifically, 
wakefulness (W) was characterized by low-amplitude, high-frequency 
EEG activity and elevated neck muscle tone; NREM sleep was identified 
by high-amplitude, synchronized EEG activity with a predominance of 
delta waves and reduced neck muscle tone; and REM sleep was marked 
by desynchronized EEG activity with a predominance of theta waves and 
neck muscle atonia. A wakefulness or sleep episode was defined as four 
or more consecutive epochs. The percentage of time spent in each state, 
the number of episodes, and the duration of each episode were calcu
lated. Intermittent arousals were visually identified based on the 
disappearance of slow waves and the appearance of fast waves during 
NREM sleep (Cardis et al., 2021; Schott et al., 2023) and the disap
pearance of theta waves during REM sleep (Cardis et al., 2021; 
Bueno-Junior et al., 2023). No more than three consecutive epochs of W 
were classified as intermittent arousals during NREM sleep (ANR) or 
during REM sleep (AR). The frequency of ANR and AR was also 
determined.

EEG power spectrum analysis and quantification of EMG activity

Delta power during NREM sleep and theta power during REM sleep 
are indicators of sleep depth in rodents (Vertes, 1981; Opp et al., 1997). 
To assess the power densities of the EEG spectrum during NREM and 
REM sleep, fast Fourier transformation (FFT) was applied to each 10-s 
epoch. The EEG signal was filtered using a band-pass filter with a 
range of 0.5 - 20 Hz. Spectral power was calculated from 1024-point 
windows that were multiplied by the hanning window function, 
yielding a spectral resolution of 0.50 Hz. To minimize the influence of 
artifacts, outliers—defined as values below [Q1(the 25th percentile) - 
1.5 * IQR (interquartile Range: Q3 (the 75th percentile) - Q1)] or higher 
than [Q3 + 1.5 * IQR]—were excluded from the analysis (Park and 
Chung, 2019). Then, the power of delta waves (0.5 - 4 Hz) during NREM 
sleep without arousals was compared to that within arousals (ANR), and 
the power of theta waves (4 - 9 Hz) during REM sleep without arousals 
was compared to that within arousals (AR).

EMG activities were rectified and integrated for every 10-s epoch, 
with the minimum value subtracted to eliminate baseline noise (Lu 
et al., 2005; Kato et al., 2007; Kato et al., 2015). The maximum EMG 
activity of the masseter muscle was extracted from each chewing 
episode, along with the corresponding EMG activities of the neck and 
digastric muscles within the same epoch. The mean values of these 
muscle activities were calculated and was set as 100 % to normalize 
muscle activity for each epoch.

Correlation analysis of EEG power and EMG activity during NREM and 
REM sleep

To further relate the EMG activities of neck and jaw muscles during 
sleep to cortical activity level, Huber regression was chosen for 
modeling the correlation between EEG and EMG activity during NREM 
and REM sleep in each subject due to its robustness in handling non- 
normal distributions and outliers (Huber, 1992; Owen, 2007). Unlike 
simple linear regression, which assumes normally distributed residuals 
and is sensitive to skewness, Huber regression could minimize the 
impact of extreme values by using a combination of squared loss for 
small residuals and absolute loss for large ones (Huber, 1992; Owen, 
2007). Huber regression modelling was conducted using the Robust 
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Linear Model (RLM) from the statsmodels library with Python (version 
3.11.4). The threshold value (δ) for the Huber loss function in stats
models is δ = 1.345. This value is commonly used based on the 95 % 
confidence interval of a normal distribution, meaning that approxi
mately 95 % of residuals are treated as normal, while larger residuals 
(outliers) are subjected to linear loss. Regression coefficient (β) was 
calculated to estimate the effect of EEG activity on muscle activity. t- 
values were calculated as the ratio of the regression coefficient to its 
robust standard error.

To account for the potential confounding effect of arousal duration 
on the relationship between EEG power and EMG activity, we further 
segmented each arousal episode by its duration and grouped them into 
1-epoch, 2-epoch, or 3-epoch segments. For each arousal segment, the 
minimum delta/theta power across the segment was used to represent 
EEG activity, while the maximum EMG value was used to represent 
muscle activity. This ensured that the EEG-EMG relationship was not 
biased by arousal length or within-segment variability.

To synthesize the regression results across the 10 subjects, a meta- 
analysis model (Hooijmans et al., 2014) was employed with Python to 
estimate the weighted averaged (WA) of β and t-value between EEG and 
EMG activity during NREM and REM sleep.

Clustering analysis of EMG activity during NREM and REM sleep

Based on observations in present study, among neck, Mas and Dig 
muscles, two or three muscles could be activated within the same 10-s 
epoch of intermittent arousal during NERM and REM sleep. To further 
analyze the multiple activation of neck and jaw muscles within inter
mittent arousals, clustering analysis was combined to distinguish muscle 
contractions and muscle tone during NREM and REM sleep.

Fig. 1 - A illustrates an example of the histogram of EMG activity of 
Mas during NREM sleep throughout 24 h. The logarithmic trans
formation (log EMG values) of the EMG data was applied to neck, Mas 
and Dig during NREM and REM sleep throughout 24 h (Fig. 1 - B). The 
log-transformation can convert the skewed dataset into normality dis
tribution. A cluster analysis using Gaussian Mixture Models (GMMs) was 
then performed on the log-transformed EMG values (Fig. 1 - C). This 
analysis was conducted using the Gaussian mixture package in Scikit- 
learn (version 1.3.0) with Python (version 3.11.4). The GMM method 
employs the expectation–maximization algorithm to identify over
lapping Gaussian distributions within the dataset. The Bayesian Infor
mation Criterion (BIC) was used to determine the optimal number of 
components in the mixture model. Results from the BIC suggested that 
the log EMG values consisted of at least two components. Consistent 
with bimodal distribution of jaw muscle activity observed in human and 
mice during sleep-wake cycle (Katayama et al., 2015; Toyota et al., 

2022). Given that sleep can include periods with or without active 
muscle contractions, the two components were defined as cluster 1, 
representing estimated muscle contraction, and cluster 2, representing 
estimated muscle tone. The probability density function of these clusters 

was calculated using the following formula: f(x) = W ⋅ 1̅̅̅̅̅̅̅̅
2πσ2

√ e
−
(χ− μ)2

2σ2 

(Toyota et al., 2022). The intersection of two clusters were also detected 
by code. To assess the reproducibility of the GMM-based cluster as
signments, silhouette scores (Saranya and Poonguzhali, 2024) were 
calculated using Python code. We found consistently high silhouette 
scores of three muscles across animals during NREM (Neck: 0.65 ±
0.016; Mas: 0.62 ± 0.023; Dig: 0.66 ± 0.018) and REM sleep (Neck: 0.67 

± 0.034; Mas: 0.66 ± 0.037; Dig: 0.61 ± 0.017), suggesting the con
sistency of the classification of two clusters.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0 after 
assessing the normality of data distribution by the Shapiro-Wilk Test. 
Time-course changes of percentage in arousal frequency and EMG ac
tivities were compared by One-way repeated measures ANOVA with 
Dunnett’s multiple comparisons test or Friedman test with Dunn’s 
multiple comparisons test. EMG activities and arousal frequency during 
transition were compared by Bonferroni’s or Dunn’s post hoc. Paired t 
test or Wilcoxon matched-pairs signed rank test was conducted to 
compare sleep variables in each state between light phase and dark 
phase. The differences of EEG and EMG between NREM/REM sleep and 
arousals were also compared by Paired t test or Wilcoxon matched- 
pairs signed rank test. One-way repeated measures ANOVA with 
Tukey’s multiple comparisons test or Friedman test with Dunn’s multi
ple comparisons test was used to compare EMG activities among vigi
lance states in the dark and light phase and the differences among the 
ratio of muscle activation. The significance of differences was set at p <
0.05. A post-hoc power analysis (G*Power, Version 3.1.9.6) for a 
representative comparison yielded an effect size of dz = -1.18228 (n =
10) and a power of 0.913. As other comparisons showed similar effect 
sizes, a sample size of 10 rats was considered sufficient.

Results

Sleep architecture throughout 24 h

Fig. 2 - A shows the example of the physiological recording for 10 
min. Typically, rats fall in NREM sleep, then enter into REM sleep, and 
finally return to wakefulness. NREM sleep was characterized as high 
amplitude and low frequency EEG activity while REM sleep by low 

Fig. 1. Clustering analysis of EMG activities A: An example of the histogram of normalized EMG activity of Mas during NREM sleep throughout 24 h. B: An example 
of the histogram of logarithmic transformed value of Mas throughout 24 h. C: An example of the distribution of the clusters estimated. The red dashed lines show the 
mean value of each cluster, and the blue arrow points the intersection of two clusters. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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amplitude and high frequency EEG activity; during wakefulness, the 
muscle tone was higher than that during sleep.

The sleep architecture differed between dark and light phases. The 
total time spent in wakefulness predominated during dark phase (t(9) =
7.395, p < 0.001). The mean duration of wakefulness episode was 
significantly longer during dark phase than during light phase (t(9) =
5.928, p < 0.001), though there were fewer wakefulness episodes in 
dark phase (t(9) = 3.354, p = 0.008). Rats spent significantly more time 
in NREM sleep during light phase than that during dark phase (t(9) =
7.255, p < 0.001) since the mean duration of each NREM sleep episode 
during light phase was significant longer than that during dark phase (t 
(9) = 2.322, p = 0.05). The number of NREM sleep episodes was sig
nificant higher during light phase than during dark phase (t(9) = 4.857, 
p < 0.001). However, under this experimental condition, there was no 
difference of the time spent for REM sleep between light and dark phase 
(t(9) = 1.903, p = 0.09) (Fig. 2 - B, C, D).

Time-course change of EMG activities in sleep-wake cycle

The average EMG activities of neck, Mas, and Dig muscle for 4-hour 
periods were analyzed across 24 h (Fig. 3), with comparisons to 20:00- 
23:00. Neck EMG activities did not show no time-course changes. Mas 
EMG activity during wakefulness (χ2(5) = 19.20, p = 0.002) was 
significantly higher in the initial period of dark phase (20:00-23:00) 
than in the initial (8:00-11:00: Dunn’s post hoc, p = 0.006) and inter
mediate 4-hour period (12:00-15:00: Dunn’s post hoc, p = 0.003) of 
light phase. Besides, the Mas EMG activity during wakefulness dropped 
within the transition period from dark phase (4:00-7:00) to light phase 
(8:00-11:00) (Dunn’s post hoc, p = 0.01). The Mas EMG activity during 
NREM sleep (χ2(5) = 12.06, p = 0.03) was significantly higher in the 
initial period of dark phase than in the initial (Dunn’s post hoc, p = 0.01) 
and intermediate 4-hour period (Dunn’s post hoc, p = 0.02) of light 
phase. However, there was no significant difference during phase tran
sition. The Dig EMG activity during wakefulness and NREM sleep (F 
(5,45) = 2.701, p = 0.03) was significantly higher in the initial period of 
dark phase than in the initial (Dunnett’s post hoc, p = 0.02) and 

intermediate 4-hour period (Dunnett’s post hoc, p = 0.02) of light phase. 
The Dig EMG activities dropped within the transition period from dark 
phase (Bonferroni’s post hoc, p = 0.03) to light phase. The Dig EMG 
activity during NREM sleep (F(5,45) = 3.256, p = 0.01) was signifi
cantly higher in the initial period of dark phase than in the initial 
(Dunnett’s post hoc, p = 0.005) and intermediate 4-hour period (Dun
nett’s post hoc, p = 0.005) of light phase. However, there was no sig
nificant difference during phase transition. In REM sleep, there was no 
significant difference in time-course manner for three muscles. In gen
eral, the EMG activities of three muscles in wakefulness were signifi
cantly 4 to 7 times higher than that in NREM and REM sleep, but there 
was no significant difference in EMG activities of three muscles between 
NREM and REM sleep (Fig. 3).

Arousals frequency, EEG and EMG activations within arousals

Compared to 20:00-23:00 (F(5,45) = 6.270, p < 0.001), the fre
quency was significantly higher in 8:00-11:00 (Dunnett’s post hoc, p =
0.045) and 12:00-15:00 (Dunnett’s post hoc, p = 0.005) (Fig. 4 - A). 
Besides, it also increased significantly during the transition period from 
dark phase to light phase (Bonferroni’s post hoc, p = 0.028) (Fig. 4 - B). 
Therefore, the average frequency of ANR during light phase was 
significantly higher than that during dark phase (Wilcoxon test, p =
0.002). However, the frequency of AR did not differ over 24 h (Fig. 4 - A, 
B). Considering the diurnal variation in sleep amount, the variation in 
arousal frequency reflects differences in sleep time rather than a direct 
time-of-day effect.

The delta power was significantly lower within ANR than without 
ANR (dark: t(9) = 7.060, p < 0.001; light: t(9) = 6.498, p < 0.001). 
Similarly, the theta power was significantly lower within AR than 
without AR (Wilcoxon test, dark: p = 0.002; light: p = 0.002) (Fig. 4 - C, 
D). EMG activities of three muscles were significantly elevated within 
ANR or AR in both dark and light phase (Fig. 4 - E, F). More importantly, 
the EMG activity of Mas and Dig muscles within ANR were significantly 
higher in dark phase than that in light phase (Mas: t(9) = 3.379, p =
0.005; Dig: t(9) = 3.991, p = 0.003). However, there was no difference 

Fig. 2. Sleep architecture throughout 24 h recording. A: The raw waveform of the physiological recording, including EEG, EMG of neck, Mas and Dig muscle. The 
vigilance states of NREM sleep, REM sleep and wakefulness were manually identified. Red frame highlights an intermittent arousal during NREM sleep. B-D: The 
comparison of total time in each vigilance state, mean duration and the number of episodes in each vigilance state between dark phase and light phase. N = 10, Mean 
± SEM, Paired t test, *p < 0.05, **p < 0.005, ***p < 0.001. W: wakefulness; NR: NREM sleep; R: REM sleep. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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of muscle activations within AR between dark and light phase.

The relationship between arousal duration and delta power and EMG 
activity level

Intermittent arousals during NREM sleep were categorized with 
duration: 1 epoch (10-sec); 2 epochs (20-sec) and 3 epochs (30-sec). 
Fig. 5 shows the delta power and EMG activity level of neck, masseter 
and digastric muscle in different arousal duration during NREM sleep. 
Delta power was significantly lower in the longer arousal in the dark 
phase (F(2, 18) = 56.55, p < 0.001; Tukey’s post hoc: p < 0.001) and 
light phase (F(2, 18) = 38.32, p < 0.001; Tukey’s post hoc: p < 0.001). 
Neck EMG activity was significantly higher in the longer arousal in the 
dark phase (F(2, 18) = 27.69, p < 0.001; Tukey’s post hoc: 1 vs. 2: p =
0.03; 1 vs. 3: p < 0.001; 2 vs. 3: p = 0.006) and light phase (F(2, 18) =
28.09, p < 0.001; Tukey’s post hoc: 1 vs. 2: p = 0.004; 1 vs. 3: p < 0.001; 
2 vs. 3: p = 0.004). Masseter EMG activity was significantly higher in the 
longer arousal in the dark phase (F(2, 18) = 19.04, p < 0.001; Tukey’s 
post hoc: 1 vs. 2: p = 0.003; 1 vs. 3: p < 0.001; 2 vs. 3: p = 0.07) and light 
phase (F(2, 18) = 15.10, p < 0.001; Tukey’s post hoc: 1 vs. 2: p = 0.003; 
1 vs. 3: p < 0.001). Digastric EMG activity was significantly higher in the 
longer arousal in the dark phase (F(2, 18) = 9.548, p = 0.001; Tukey’s 
post hoc: 1 vs. 2: p = 0.03; 1 vs. 3: p = 0.001) and light phase (F(2, 18) =
11.63, p < 0.001; Tukey’s post hoc: 1 vs. 2: p = 0.05; 1 vs. 3: p < 0.001). 
Besides, in the same 2-epoch or 3-epoch arousal, masseter EMG activity 
level was significantly higher in dark phase than that in light phase (20- 

sec: t(9) = 2.977, p = 0.02; 30-sec: t(9) = 3.152, p = 0.01).
In REM sleep, the similar phenomenon was observed too, however, 

the statistical analysis was difficult to conduct due to the lack of enough 
data of 3-epoch arousal.

Correlation between cortical activity and EMG activity during NREM and 
REM sleep

An example of a scatter plot from one rat that related the EMG ac
tivity of the neck, Mas, and Dig muscles to the delta power during NREM 
sleep and the theta power during REM sleep is shown in Figs. 6 and 7, 
upper panels. Majority of epochs with arousals tend to cluster at lower 
EEG power values and higher EMG activity values while the majority of 
epochs without arousals were associated with higher EEG power and 
lower EMG activity. In addition, arousals of different durations are 
distinguished. It revealed that longer arousals are generally associated 
with lower delta power and higher EMG activity, consistent with the 
results in Fig. 5. According to Huber regression modeling, EMG activities 
of three muscles were in inverse proportion to EEG power during sleep in 
all rats with a statistically significant linear correlation (Table 1 and 2), 
Besides, the results of meta-analysis showed that the averaged regression 
coefficient (β) was also statistically significant. During NREM sleep, 
EMG activity of three muscles were significantly correlation to delta 
wave power (Table 1; Fig. 6 lower panel). During REM sleep, three 
muscles were significantly correlation to theta wave power (Table 2; 
Fig. 7 lower panel).

Fig. 3. Time-course change of EMG activities in sleep-wake cycle. Line charts show the time-course change of EMG activities of neck, Mas and Dig muscle in three 
vigilance states throughout 24 h. One-way repeated measures ANOVA with Dunnett’s post hoc or Friedman test with Dunn’s post hoc. The bar charts show the mean 
values of EMG activities of neck, Mas and Dig muscle in each state during dark (black bars) and light (white bars) phase. One-way repeated measures ANOVA with 
Tukey’s post hoc or Friedman test with Dunn’s post hoc. N = 10, Mean ± SEM; *p < 0.05, **p < 0.005, ***p < 0.001. W: wakefulness; NR: NREM sleep; R: 
REM sleep.

Y. Zhu et al.                                                                                                                                                                                                                                     Neuroscience 588 (2025) 100–111 

104 



Activations of multiple muscles within intermittent arousals during NREM 
and REM sleep

Within arousals in NREM sleep (Fig. 8), the activations of multiple 
muscles were significantly more frequent than single or no activation for 
three muscle pairs. For neck-Mas pair, the ratio in area 1 was signifi
cantly higher than those in other areas (χ2(5) = 16.82, p < 0.001; Dunn’s 
post hoc: area 1 vs. area 2: p = 0.04; area 3: p = 0.002; area 4: p =
0.002); for neck-Dig pair, the ratio in area 1 was significantly higher 
than those in other areas (χ2(5) = 19.08, p < 0.001; Dunn’s post hoc: 
area 1 vs. area 2: p = 0.02; area 3: p = 0.002; area 4: p < 0.001); and for 
Mas-Dig pair, the ratio in area 1 was significantly higher than those in 
other areas (χ2(5) = 20.52, p < 0.001; Dunn’s post hoc: area 1 vs. area 2: 
p < 0.001; area 3: p = 0.003; area 4: p = 0.03).

Similar results were also observed in REM sleep (Fig. 9). For neck- 
Mas pair, the ratio in area 1 was significantly higher than those in 
other areas (χ2(5) = 18.34, p < 0.001; Dunn’s post hoc: area 1 vs. area 2: 
p = 0.04; area 3: p = 0.01; area 4: p < 0.001); for neck-Dig pair, the ratio 

in area 1 was significantly higher than those in other areas (F(3, 27) =
31.22, p < 0.001; Tukey’s post hoc: area 1 vs. area 2: p = 0.004; area 3: 
p < 0.001; area 4: p < 0.001); and for Mas-Dig pair, the ratio in area 1 
was significantly higher than those in other areas (F(3, 27) = 41.81, p <
0.001; Tukey’s post hoc: area 1 vs. area 2: p = 0.003; area 3: p < 0.001; 
area 4: p < 0.001).

On the contrary, during quiet sleep without arousals, the ratio of no 
activation was significantly higher than that of single or multiple acti
vation. In NREM sleep (Fig. 8), for neck-Mas pair, the ratio in area 4 was 
significantly higher than those in other areas (F(3, 27) = 22.81, p <
0.001; Tukey’s post hoc: area 4 vs. area 1: p < 0.001; area 2: p = 0.002; 
area 3: p = 0.002); for neck-Dig pair, the ratio in area 4 was significantly 
higher than those in other (F(3, 27) = 24.97, p < 0.001; Tukey’s post 
hoc: area 4 vs. area 1: p < 0.001; area 2: p < 0.001; area 3: p < 0.001).; 
and for Mas-Dig pair, the ratio in area 4 was significantly higher than 
those in other areas (χ2(5) = 17.40, p < 0.001; Dunn’s post hoc: area 4 
vs. area 1: p < 0.001; area 2: p = 0.02; area 3: p = 0.02).

In REM sleep (Fig. 9), for neck-Mas pair, the ratio in area 4 was 

Fig. 4. Arousals frequency, EEG and EMG activations within arousals. A: The time-course change of arousal frequency (times per hour) throughout 24 h. One-way 
repeated measures ANOVA with Bonferroni’s or Dunnett’s post hoc or Friedman test with Dunn’s post hoc. B: The frequency of ANR and AR in dark and light phase. 
C: The mean value of delta power during NREM sleep and ANR in dark and light phase. D: The mean value of theta power during REM sleep and AR in dark and light. 
E: The comparisons of EMG activities of neck, Mas and Dig muscle between ANR and NR during dark and light phase. F: The comparisons of EMG activities of neck, 
Mas and Dig between AR and R during dark and light phase. B-F: Mean ± SEM, Paired t test or Wilcoxon matched-pairs signed rank test, *p < 0.05, **p < 0.005, 
***p < 0.001; ##p < 0.005. N = 10. NR: NREM sleep; R: REM sleep; ANR: arousals within NREM sleep; AR: arousals within REM sleep.

Fig. 5. The relationship between arousal duration and delta power and EMG activity level. Comparison of delta power and EMG activity level between different 
arousal duration in the dark and light phase. The numbers under horizontal axis represent the length of arousal duration; 1: one-epoch; 2: two-epoch; 3: three-epoch. 
N = 10, Mean ± SEM. One-way repeated measures ANOVA with Tukey’s post hoc, *p < 0.05, **p < 0.005, ***p < 0.001. Diurnal differences were compared by 
Paired t test, #p < 0.05.
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significantly higher than those in other areas (F(3, 27) = 26.95, p <
0.001; Tukey’s post hoc: area 4 vs. area 1: p < 0.001; area 2: p = 0.003; 
area 3: p < 0.001); for neck-Dig pair, the ratio in area 4 was significantly 
higher than those in other areas (F(3, 27) = 18.41, p < 0.001; Tukey’s 
post hoc: area 4 vs. area 1: p = 0.003; area 2: p = 0.002; area 3: p <
0.001); and for Mas-Dig pair, the ratio in area 4 was significantly higher 
than those in other areas (χ2(5) = 19.92, p < 0.001; Dunn’s post hoc: 
area 4 vs. area 1: p < 0.001; area 2: p = 0.004; area 3: p < 0.001).

Discussion

In this study, we measured jaw muscle activity level during sleep 
over 24 h and analyzed factors influencing its variability. The results 
showed that jaw muscle activity during NREM sleep was lower in the 
light phase than in the early dark phase. Jaw muscle activity within 
intermittent arousals was several times higher than during quiet sleep. 
Additionally, in NREM sleep, jaw muscle activity during intermittent 
arousals was higher in the dark phase than in the light phase. Jaw 

Fig. 6. Correlation analysis of delta power and muscle activity during NREM sleep. Upper panel: The example of the scatter plot of the EMG activities of neck, Mas, 
and Dig muscles relative to the delta power during NREM sleep. Lower panel: Single grey dot lines represent an individual correlation liner analyzed by Huber 
regression model. The red line shows the weighted average of ten subjects by meta-analysis with 95 % confidence interval showed as red shadow (N = 10). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Correlation analysis of theta power and muscle activity during REM sleep. Upper panel: The example of the scatter plot of the EMG activities of neck, Mas, and 
Dig muscles relative to the theta power during REM sleep. Lower panel: Single grey dot lines represent an individual correlation liner analyzed by Huber regression 
model. The red line shows the weighted average of ten subjects by meta-analysis with 95 % confidence interval showed as red shadow (N = 10). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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muscle activity in NREM sleep showed a negative correlation with EEG 
delta power, while in REM sleep, it was negatively correlated with EEG 
theta power. Multiple muscles, including cervical and jaw-opening/ 
closing muscles, exhibited high activity levels during intermittent 
arousals. These findings suggest that jaw muscle activity during sleep is 
largely influenced by intermittent arousals under diurnal variations.

Diurnal variation of jaw muscle activity across sleep-wake states

The present results showed the diurnal variations of jaw muscle ac
tivity during wakefulness and NREM sleep, with a decline in the light 
phase from the early dark phase. The results are somewhat similar to 
those in the previous study in mice in which jaw muscle activity level 
during wakefulness and NREM sleep were significantly decreased during 

dark-light phase transition period (Katayama et al., 2015). The temporal 
pattern of the changes in jaw muscle activity level during wakefulness 
can be related to the functional oral movements from dark to light 
phases including feeding (Strubbe et al., 1986), drinking (Stephan and 
Zucker, 1972; Ryabinina et al., 2024) and grooming (Bolles, 1960; Li 
et al., 2024) while these oromotor activities less frequently occur during 
light phase (Witting et al., 1993; Raymond et al., 2023). As has been 
reported in the previous study (Eastman et al., 1984; van Betteray et al., 
1991; Stephenson et al., 2012; Fisk et al., 2018), time spent in sleep was 
significantly shorter during dark phase than that during light phase. 
These diurnal changes reflect the lower sleep pressure and higher 
arousal level during dark phase than light phase (Deboer, 2018; Hasan 
et al., 2018).

During NREM sleep, jaw muscle activity was one-fourth of that 

Table 1 
The results of Huber regression between neck and jaw muscle activity and delta wave power during NREM sleep among 10 subjects and the weighted average estimated 
by meta-analysis model. β [CI]: regression coefficient with 95% confidence interval; WA: weighted average.

Neck Mas Dig

β [CI] t p β [CI] t p β [CI] t p

#1 -9.67 
[-10.49, -8.85]

-23.25 <0.001 -4.23 
[-4.60, -3.87]

-22.80 <0.001 -3.81 
[-4.38, -3.24]

-13.19 <0.001

#2 -4.42 
[-5.81, -3.04]

-6.27 <0.001 -2.62 
[-3.03, -2.20]

-12.34 <0.001 -0.31 
[-0.39, -0.22]

-7.10 <0.001

#3 -6.87 
[-7.73, -6.02]

-15.79 <0.001 -5.01 
[-5.54, -4.47]

-18.21 <0.001 -2.82 
[-3.15, -2.50]

-16.91 <0.001

#4 -4.97 
[-5.66, -4.28]

-14.07 <0.001 -3.23 
[-3.80, -2.67]

-11.18 <0.001 -0.53 
[-0.65, -0.42]

-9.32 <0.001

#5 -30.46 
[-33.12, -27.80]

-22.46 <0.001 -7.88 
[-8.73, -7.03]

-18.13 <0.001 -2.36 
[-2.59, -2.12]

-19.33 <0.001

#6 -17.10 
[-18.99, -15.22]

-17.79 <0.001 -5.28 
[-5.76, -4.79]

-21.37 <0.001 -0.88 
[-1.02, -0.75]

-12.90 <0.001

#7 -1.36 
[-2.01, -0.70]

-4.06 <0.001 -2.50 
[-2.88, -2.12]

-12.84 <0.001 -3.96 
[-4.64, -3.28]

-11.39 <0.001

#8 -20.66 
[-24.30, -17.01]

-11.12 <0.001 -2.78 
[-3.01, -2.55]

-23.78 <0.001 -3.81 
[-4.11, -3.50]

-24.49 <0.001

#9 -20.85 
[-23.35, -18.36]

-16.40 <0.001 -1.13 
[-1.27, -0.99]

-15.97 <0.001 -2.99 
[-3.28, -2.70]

-20.16 <0.001

#10 -13.91 
[-14.96, -12.87]

-26.14 <0.001 -2.08 
[-2.27, -1.89]

-21.72 <0.001 -3.12 
[-3.44, -2.81]

-19.26 <0.001

WA -7.09 
[-7.42, -6.77]

-42.62 <0.001 -2.24 
[-2.33, -2.16]

-50.48 <0.001 -0.98 
[-1.03, -0.92]

-35.17 <0.001

Table 2 
The results of Huber regression between neck and jaw muscles activity and theta wave power during REM sleep among 10 subjects and the weighted average estimated 
by meta-analysis model. β [CI]: regression coefficient with 95% confidence interval; WA: weighted average.

Neck Mas Dig

β [CI] t p β [CI] t p β [CI] t p

#1 -3.46 
[-4.98, -1.94]

-4.47 <0.001 -1.39 
[-3.25, 0.48]

-1.46 0.14 -1.63 
[-2.82, -0.44]

-2.69 0.007

#2 -3.61 
[-6.15, -1.08]

-2.79 0.005 -0.97 
[-1.92, -0.01]

-1.98 0.04 0.04 
[-0.28, 0.36]

0.26 0.79

#3 -3.91 
[-7.83, -0.01]

-1.95 0.05 -0.95 
[-2.35, 0.44]

-1.34 0.18 -1.90 
[-4.42, 0.62]

-1.48 0.14

#4 -8.84 
[-10.96, -6.72]

-8.16 <0.001 -3.07 
[-4.52, -1.61]

-4.13 <0.001 -1.02 
[-1.39, -0.65]

-5.43 <0.001

#5 0.85 
[-6.68, -8.39]

0.22 0.82 2.71 
[0.61, 4.81]

2.53 0.01 -0.51 
[-0.92, -0.11]

-2.48 0.01

#6 -12.40 
[-15.52, -9.27]

-7.78 <0.001 -7.30 
[-9.24, -5.36]

-7.38 <0.001 -5.83 
[-6.91, -4.76]

-10.63 <0.001

#7 -3.21 
[-4.85, -1.57]

-3.84 <0.001 -1.78 
[-3.18, -0.39]

-2.50 0.01 -1.23 
[-3.01, 0.55]

-1.35 0.17

#8 -24.60 
[-35.40, -13.80]

-4.46 <0.001 -6.95 
[-9.96, -3.94]

-4.52 <0.001 -8.31 
[-11.39, -5.23]

-5.29 <0.001

#9 -9.62 
[-13.80, -5.43]

-4.50 <0.001 -0.88 
[-1.26, -0.49]

-4.46 <0.001 -2.40 
[-3.37, -1.42]

-4.83 <0.001

#10 -4.49 
[-9.07, 0.09]

-1.92 0.05 -1.75 
[-3.12, -0.38]

-2.50 0.01 0.23 
[-1.42, 1.88]

0.27 0.79

WA -5.1989 
[-6.02, -4.38]

-12.40 <0.001 -1.23 
[-1.53, -0.93]

-7.91 <0.001 -0.76 
[-0.96, -0.57]

-7.74 <0.001
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during wakefulness as functional oromotor activity disappeared (Kato 
et al., 2010). However, there were diurnal variations of jaw muscle 
activity level during sleep from dark phase to light phase. Previous 
studies suggested diurnal changes of sleep pressure and arousal levels 
during NREM sleep. For example, EEG delta power during NREM sleep 
was low during dark phase and increase towards the light phase with a 
peak in the early light phase (Steinfels et al., 1980; Yasenkov and 
Deboer, 2010; Zhang et al., 2017; Masuda et al., 2023). Diurnal changes 
of EEG delta power was inversely correlated with the autonomic activity 

during NREM sleep over 24 h (Jurysta et al., 2006; Thomas et al., 2014; 
Rothenberger et al., 2015), i.e., the autonomic activity was higher in the 
early dark phase and decrease towards the light phase (Sei et al., 1997; 
Hashimoto et al., 1999; Sheward et al., 2010; Barazi et al., 2021). 
Therefore, sleep pressure and arousal level can underlie the diurnal 
variation of jaw muscle activity levels during NREM sleep. However, 
there was no difference in jaw muscle activity level during REM sleep 
between dark and light phases. It suggests that REM sleep regulation is 
less affected by diurnal variation (Yasenkov and Deboer, 2010; 

Fig. 8. Activations of multiple muscles within intermittent arousals during NREM sleep. Left panel shows the examples of the scatter plots and clustering of muscle 
activations during NREM sleep among neck, masseter (Mas) and digastric (Dig). In the scatter plots, the grey dots represent EMG activities during quiet NREM sleep 
and the black dots represent that during ANR. In the clustering plot near axis, the red dot line shows the intersection of two clusters and divided the scatter plot into 
four areas. Middle panel shows the ratio that the number of black dots in each area divided by the total number of black dots in all areas. Right panel shows the ratio 
that the number of grey dots in each area divided by the total number of grey dots in all areas. N = 10, Mean ± SEM, One-way repeated measures ANOVA with 
Tukey’s post hoc or Friedman test with Dunnett’s post hoc. *p < 0.05, **p < 0.005, ***p < 0.001. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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Amatoury et al., 2016; Park and Weber, 2020), resulting in less fluctu
ation in jaw muscle activity throughout a day.

Intermittent arousals contribute to jaw muscle activations during sleep as a 
hierarchical window

This study demonstrated that intermittent arousals significantly 
contribute to variability in jaw muscle activity during sleep, with ac
tivity levels 3–6 times higher than quiet sleep in NREM and REM. Longer 
arousal durations were associated with decreased EEG power and 

increased muscle activity, and that EEG power was negatively correlated 
with muscle activation levels. These findings suggest that EEG activity 
linked to arousal duration may thus serve as indicator of arousal in
tensity eliciting muscle activation. Besides, intermittent arousals exhibit 
hierarchical intensity levels, with stronger arousal level associated with 
increased muscle activity (Kato et al., 2010; Kato et al., 2013a). These 
findings are supported by the previous proposal that intermittent 
arousal was proved as a physiological window of a hierarchical activa
tion from autonomic changes to EEG alterations and motor manifesta
tions of neck and jaw muscles (Kato et al., 2001; Kato et al., 2004; Kato 

Fig. 9. Activations of multiple muscles within intermittent arousals during REM sleep. Left panel shows the examples of the scatter plots and clustering of muscle 
activations during REM sleep among neck, masseter (Mas) and digastric (Dig). In the scatter plots, the grey dots represent EMG activities during quiet REM sleep and 
the black dots represent that during AR. In the clustering plot near, the red dot line shows the intersection of two clusters and divided the scatter plot into four areas. 
Middle panel shows the ratio that the number of black dots in each area divided by the total number of black dots in all areas. Right panel shows the ratio that the 
number of grey dots in each area divided by the total number of grey dots in all areas. N = 10, Mean ± SEM, One-way repeated measures ANOVA with Tukey’s post 
hoc or Friedman test with Dunnett’s post hoc. *p < 0.05, **p < 0.005, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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et al., 2010).
Notably, jaw muscle activation during intermittent arousals in NREM 

sleep was significantly higher in dark phase than in light phase, sug
gesting that the diurnal variation in hierarchical levels of intermittent 
arousals, especially in relative longer arousals. The high jaw muscle 
activation during intermittent arousals in dark phase can be related to 
the increased arousal intensity, which is largely influenced by the 
diurnal changes of sleep and arousal pressures.

The hypothesized physiological meaning of multiple muscle activation 
within intermittent arousals during sleep

When muscle activity level was classified into high and low level 
using the Gaussian Mixture Model (GMM) classification of muscle ac
tivity levels, approximately 60 % of intermittent arousal epochs 
exhibited higher level of multiple muscle activity while 60 % of quiet 
sleep epochs showed low activity levels (Figs. 8 and 9). This finding 
suggests that intermittent arousals may facilitate a motor response 
involving multiple muscles, rather than isolated activation (Kato et al., 
2004; Kato et al., 2010; Kato et al., 2015; Gouw et al., 2020).

From a functional perspective, this multi-muscle activation reflects a 
form of preparatory motor behavior (Benarroch, 2018). Arousal-related 
co-activation of jaw and neck muscles may represent a potential motor 
readiness, potentially serving to facilitate behavioral responses to in
ternal or external stimuli without full awakening (Kato et al., 2004; 
Lavigne et al., 2004). Furthermore, this activation may serve protective 
roles, such as maintaining airway patency or oral motor behavior during 
sleep (Thie et al., 2002; Ma et al., 2013) which could have implications 
for understanding conditions like sleep bruxism, OSA, or sleep-related 
orofacial pain.

Limitations

A key limitation of this study is the use of manual scoring of vigilance 
states based on 10-second epochs. Although trained raters performed the 
scoring and inter-rater reliability was checked (Cohen’s Kappa score: 
0.915) (Wendt et al., 2015; Katz et al., 2025), the process is still sub
jective and may miss subtle changes in EEG or EMG signals. The 10-sec
ond epoch, while commonly used in rodent sleep research, may be too 
long to capture short events like microarousals or twitches in REM sleep 
(Anaclet et al., 2010; Fraigne and Orem, 2011; Kato et al., 2013b). Jaw 
muscle twitches during REM sleep could not be clearly separated from 
GMM-defined muscle tone clusters. These issues suggest that both the 
scoring method and the time resolution could under-estimated the 
arousal events and the correlation between EEG and EMG activity.

Another limitation is that the study only included healthy male rats. 
This was done to reduce variability and align with earlier studies, but it 
limits how broadly the results can be applied. Without data from female 
animals or disease models, it’s difficult to generalize the findings to 
human conditions like sleep bruxism or sleep apnea.

Finally, our use of Gaussian Mixture Models (GMM) offers a way to 
separate EMG signals into “muscle tone” and “muscle contraction” 
components. The bimodal distribution is consistent with prior findings 
in both humans and mice (Katayama et al., 2015; Toyota et al., 2022), 
which supports our interpretation. However, this method is based on 
statistical patterns rather than direct biological confirmation.

Future studies should aim to enhance accuracy and translational 
relevance by employing shorter scoring epochs, validated automated 
methods, inclusion of both sexes and disease models, and clustering of 
EMG with behavioral data to validate physiological interpretations.

Conclusions

The present study highlights that arousal level can shape the vari
ability of jaw muscle activity during sleep and that intermittent arousals 
act as a hierarchical window linking cortical and motor responses under 

diurnal changes. These findings provide insights into the natural vari
ations of oromotor system across sleep-wake cycles and the underlying 
mechanism of sleep-related oromotor movements.
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