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The roles of central nervous mechanisms and cortical output in obstructive sleep apnoea remain unclear. We addressed corticomus-

cular coupling between cortical sensorimotor areas and lower facial motor units as a mechanistic pathway and as a possible surro-

gate marker of corticoperipheral motor control in obstructive sleep apnoea. In this exploratory cross-sectional retrospective study,

we analysed EEG (C3 and C4 leads) and chin EMG from polysomnography recordings in 86 participants (22 females; age range:

26–81 years): 27 with mild (respiratory disturbance index ¼ 5–15 events/h), 21 with moderate (15–30 events/h) and 23 with severe

obstructive sleep apnoea (>30 events/h) and 15 control subjects (<5 events/h). By computing C3-/C4-EEG–chin EMG coherence

of signal dynamics in time and frequency domains, we investigated corticomuscular coupling between cortical sensorimotor areas

and lower facial motor units with increasing obstructive sleep apnoea severity during the entire sleeping time, during different sleep

stages and during obstructive respiratory events, including 5 s before (stable breathing) and after events (breathing resumption). In

addition, we studied a possible influence of body mass index and autonomic nervous system activation. We found that both aver-

age and respiratory event-specific corticomuscular coupling between cortical sensorimotor areas and lower facial motor units weak-

ened significantly with increasing obstructive sleep apnoea severity, was strongest during N3 and weakened in N1, N2 and rapid

eye movement stages (in decreasing order). Coupling increases significantly during the obstructive respiratory events compared

with coupling just before and following them. Results were independent of body mass index or autonomic nervous system activa-

tion. We conclude that obstructive respiratory events in obstructive sleep apnoea are very strongly associated both quantitatively

and temporally with the degree of disconnection within the cortical sensorimotor areas—lower facial motor units pathway. This

quite coordinated activity pattern suggests a cortical sensorimotor area-driven obstructive respiratory event pattern generator and a

central motor output disorder in obstructive sleep apnoea.
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Abbreviations: CM ¼ corticomuscular; CSMA ¼ cortical sensorimotor areas; ORE ¼ obstructive respiratory event; OSA ¼ ob-

structive sleep apnoea; PSG ¼ polysomnography; RDI ¼ respiratory disturbance index; REM ¼ rapid eye movement; ROC ¼ re-

ceiver operating characteristic curve

Introduction
Given that obstructive apnoeas and hypopnoeas occur

only during distinct brain states (i.e. sleep, anaesthesia)

and cerebral disease (e.g. stroke), central neural mecha-

nisms may play a role in driving peripheral upper airway

muscular output. Corticomuscular (CM) coherence quan-

titatively depicts CM coupling and is used as a neurophy-

siologic marker of cortical locomotor drive to peripheral

motor output units (Mima and Hallett, 1999).

Weakening of CM coupling is a major mechanism under-

lying voluntary muscle fatigue, with associated motor per-

formance impairment (Yang et al., 2009). Patients with

idiopathic rapid eye movement (REM) sleep behaviour

disorder show increased CM coherence between sensori-

motor cortex EEG and chin muscle EMG during REM

sleep (Jung et al., 2012). Therefore, involuntary activity

of the chin (lower facial) muscles, which exhibit volun-

tary activity during wakefulness, may be useful in assess-

ing CM coherence during sleep. In addition, brief

recruitment of submental muscles with transcranial mag-

netic stimulation (Massimini et al., 2007; Melo-Silva

et al., 2013a) and consecutive twitch of submental

muscles (Melo-Silva et al., 2013b) during sleep improve

upper airway mechanics, maximal inspiratory flow and

inspiratory volume of flow-limited cycles.

Patients with obstructive sleep apnoea (OSA) show

neuromuscular dysfunction of upper airway dilator

muscles, especially genioglossus, which exhibits neurogen-

ic changes in its motor unit potential waveforms similar

to those seen in neuropathies (Saboisky et al., 2012). CM

coupling has not been studied systematically in OSA and

studies on CM coupling between central cortical sensori-

motor areas (CSMAs) and lower facial motor units in

OSA have not been reported so far. Lower facial motor

units may (directly or indirectly) influence upper airway

patency during sleep. Chin surface EMG captures activity

of the ventral digastric and/or mylohyoid or mentalis

muscles, which receive motor input from trigeminal,

hypoglossal and facial nerves. Healthy sleepers have a

mentalis muscle-associated REM atonia index of 100%

(Frauscher et al., 2014). Hence, chin EMG may detect

even minor activity changes in sleep disorders. Standard

polysomnography C3- and C4-EEG-electrode locations

depict motor cortex activity (left and right M1, respect-

ively) (Carbonnell et al., 2004).

Based on these findings, in this exploratory study, we

compared CM coupling between CSMA and lower facial

motor unit among sleep stages and among different OSA

severity patient groups and tested whether the CM-cou-

pling metric could classify OSA severity. In addition, we

did a targeted investigation of the CM coupling during

the course of apnoeas and hypopnoeas and 5 s before

(stable breathing) and after the events (breathing resump-

tion), to explore any event-related abrupt changes in

CSMA drive to the periphery. To further test the repro-

ducibility of our findings, we performed the analyses on

recordings of two consecutive nights of sleep study.

Promoting understanding of the connectivity between cor-

tical regions and peripheral cranial nerves and cranio-cer-

vical musculature could provide a framework to study

relevant pathophysiologic questions in patients with OSA

with or without neurological comorbidities (Gouveris and

Eckert, 2018; Somboon et al., 2019).

Materials and methods

Study design and participants

In this exploratory study, we retrospectively analysed the

polysomnographic (PSG) recordings of 86 adults (22
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females; age range: 26–81 years) who were tested during

two consecutive nights in the sleep laboratory of a ter-

tiary hospital because of a suspicion of sleep-disordered

breathing. Data of patients with concomitant narcolepsy,

hypersomnia, restless leg syndrome, circadian sleep dis-

order, a psychiatric or neurologic (peripheral or central)

disorder, heart failure, history of myocardial infarction,

chronic obstructive pulmonary disease and history of ma-

lignant diseases were excluded. Data of patients treated

with benzodiazepines, gamma-aminobutyric acid (GABA)

receptor agonists, antidepressants or opiates were

excluded because of their effect on EMG and EEG. Data

of patients with known alcohol abuse were excluded

from analysis. Alcohol consumption before PSG was

excluded by history. Patients with continuous positive air-

way pressure or auto-titrating positive airway pressure

therapy, dental appliance or soft-tissue surgery for OSA

were excluded.

All individuals had undergone overnight polysomnogra-

phy (PSG) according to the American Academy of Sleep

Medicine standards in our accredited sleep laboratory.

Sleep stages and respiratory events were manually scored

according to the American Academy of Sleep Medicine

2012 scoring guidelines (Berry et al., 2012).

Polysomnographic measurements
and scoring

Polysomnographic recordings involved C3- and C4-EEG

recordings, electrooculogram, submental and bilateral pre-

tibial EMG and one-lead electrocardiogram. Nasal air-

flow was detected by measurement of impact pressure

through a nasal sensor that determined pressure fluctua-

tions of the breathed air stream. Thoracic and abdominal

excursions by means of piezoelectric bands, oxyhaemo-

globin saturation (using a pulse oxymeter) and body pos-

ition were simultaneously recorded. Snoring was recorded

with a pre-laryngeally fixed microphone. The polysomno-

graphic recordings were performed using the Alice-LE-

Diagnostic Sleep System (Philips Healthcare/Respironics,

Best, Netherlands). In the morning following each sleep

study night, sleep stages and sleep-related respiratory

events were manually scored according to the American

Academy of Sleep Medicine-2012 guidelines (Berry et al.,

2012). Nasal airflow amplitude reduction of the airflow

signal 90%, lasting for at least 10 s, was defined as ap-

noea. Hypopnoea was defined as a reduction in the air-

flow signal on the nasal flow sensor between 30% and

90% of pre-event baseline for �10 s with an associated

�3% reduction in the arterial blood oxygen saturation

(SpO2) and/or a cortical arousal. Apnoea events were fur-

ther classified into obstructive, central or mixed based on

simultaneous evaluation of nasal airflow and thoracic

and abdominal excursion.

Approval for the study was provided by the local

Institutional Review Board (Nr. 2018-13942). The re-

search findings are based on research and clinical

practices that conform to the principles of the

Declaration of Helsinki.

Analysis of signal dynamics in time

and frequency domains, coherence

and phase estimation

EEG and EMG were sampled at 200 Hz and band-pass

filtered (EMG 30–200 Hz; EEG 0.05–200 Hz). Each

recording was segmented into a number of 1-s epochs

(L¼ 1000), discarding all data segments with visible arte-

facts due to body movements or transient electrode

recording artefacts. Depending on the length (N) of the

recording and the data quality, 1-s epochs (M) were used

for analysis, such that N ¼ LM. The coherence spectrum

was estimated using the Welch periodogram method

(Welch, 1967). The statistical significance of the coher-

ence at a particular frequency was calculated by

(Halliday et al., 1995):

1� ð1� vÞ1=ðM�1Þ;

where v was set to 0.99, so that the confidence limit is

1� 0:011=ðM�1Þ. Values of coherence above this confi-

dence limit were considered to indicate a statistically sig-

nificant linear correlation between the two time series,

while values below this limit indicated the absence of cor-

relation. Our next step was to analyse the dynamics of

these frequency oscillations over time by applying the

multitaper method for each recording (Muthuraman

et al., 2010). The dynamics of signals in the time and fre-

quency domains were computed with the multitaper

method (Mitra and Pesaran, 1999). The phase spectrum

û xð Þ was estimated by taking the argument of the cross

spectrum (Halliday et al., 1995) in which x represents

the frequency.

Multitaper method used for

polysomnographic (PSG) signal

analysis

In this method, the spectrum was estimated by multiply-

ing the data with K different windows (i.e. tapers). The

complete description of the method is explained elsewhere

(Muthuraman et al., 2010). The time step was 50 ms

with overlapping windows of 1000 ms, providing an ap-

proximate time resolution of 50 ms and an approximate

frequency resolution of 1 Hz. In a further analysis, all ini-

tial coherence estimates of the individual EEG electrodes

averaged over (1–100 Hz) were combined to get a pooled

coherence estimate. This can be done by computing the

individual second-order spectrum using a weighting

scheme and estimating the coherence to obtain the pooled

estimate of the two EEG (C3 and C4) electrodes

(Rosenberg et al., 1989; Amjad et al., 1997).
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Spectral estimation for very short
data intervals

For the spectral estimation, we applied the multitaper co-

herence method, which uses more than one window

(taper) for signal analysis. This recently introduced

method also performs with high temporal resolution irre-

spective of the frequency bands under study

(Muthuraman et al., 2018). For the present study, it is

important to detect even very short (e.g. 5-s) time inter-

vals during which the coupling in a specific frequency

range drops or disappears.

Treatment of artefacts of the
polysomnographic (PSG) signals

The PSG data were directly subjected to independent

component analyses (FastICA) (Oostenveld et al., 2011)

to remove the components representing the muscle arte-

facts, eye blinks, eye movements and line noise. On aver-

age 6 of 32 components (3 6 2.6, mean 6 standard

deviation) were rejected, 1–2 were related to the eye arte-

facts (1 6 0.68), 1–2 were related to line noise (1 6 0.34)

and 1–2 were related to muscle artefacts (1 6 0.24). The

residual muscle artefacts were visually inspected, removed

and interpolated with the cubic interpolation method. A

fourth-order Butterworth low-pass filter with a cut-off

frequency of 200 Hz was applied to avoid aliasing, which

was followed by a band-pass filtered separately for EEG

and EMG signals.

Statistical analysis

The entire PSG signals of all patients were used for ana-

lysis. Statistical analysis was performed with MATLABR

2015a. The demographic patient data were compared

among the four groups using a one-factorial analysis of

variance (ANOVA), with group as the factor. To investi-

gate whether sleep stages were associated with changes in

CM coupling in a consistent manner, we calculated CM

coupling in the various sleep stages in each disease sever-

ity group, using the two-factorial ANOVA (the group

was one factor and sleep stages were the second factor).

To test whether CM coupling may be used as a surrogate

marker to predict disease severity [using respiratory dis-

turbance index (RDI) ¼ 15/h as cut-off], the area under

the curve value was calculated for each receiver operating

characteristic curve (ROC).

Receiver operator characteristic
(ROC) analyses

A classifier is a parameter or a variable with a suitable

optimal threshold, which is used in a classification algo-

rithm. In this study, only binary classification was consid-

ered, e.g. classification between two different cases

termed ‘positive case’ and ‘negative case’. The

performance of a classifier was evaluated by three main

metrics—specificity, sensitivity and accuracy (Rangayyan,

2001).

We also investigated whether any significant correla-

tions existed between the collected parameters. To this

end, Spearman Rho coefficients were calculated. The

Bonferroni correction was done for multiple comparisons.

Disease severity classification was based on RDI values.

In a control experiment, we looked separately at the

EMG power and EEG power to differentiate between the

disease severity groups.

We studied EEG–EMG coherence during obstructive re-

spiratory events (OREs), 5 s before the event (stable

breathing) and 5 s after the event (breathing resumption).

We also performed this detailed analysis of the EEG–

EMG coherence at each sleep stage in each one of the

patient groups separately, to test if there was a sleep-

stage-specific effect.

To study a possible correlation with autonomic nervous

system activation, we correlated EEG–EMG coherence in

the time domain with the respective heart rate (beats per

minute) recorded on polysomnography as a measure of

autonomic alterations. We also analysed the association

between body mass index and the EEG–EMG coherence

metric in each one of the patient groups. To further test

for specificity of the EEG–chin EMG coherence metric,

we analysed separately the coherence between EEG and

tibialis muscle (leg) EMG signals. We also tested the spe-

cificity of the observed changes by doing additional anal-

yses of the simultaneous activation pattern of the

thoracic respiratory muscles, as provided by the thoracic

excursion signals during polysomnography.

To further test the reproducibility of our findings, we

performed the same analyses on the polysomnographic

recordings of two consecutive nights of sleep study of the

same individuals (patients with OSA and controls).

Data availability

The data that support the findings of this study are avail-

able from the corresponding author, upon reasonable

request.

Results
PSG recordings of 86 eligible adult participants were

included for analysis. Twenty-seven patients had mild

(RDI ¼ 5–15/h), 21 patients had moderate (RDI � 15/h

and <30/h) and 23 patients had severe OSA (RDI � 30/

h). Fifteen patients with RDI <5/h were the control

group. Demographic characteristics and PSG variables are

displayed in Table 1. Age and average SpO2 were not

significantly different between the four groups (P> 0.05).

All the other between-group post hoc comparisons were

significantly different (P< 0.001, see Table 1 for details).

CM coupling was reduced in patients with OSA
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compared to healthy controls. There was a positive cor-

relation between the degree of RDI-based OSA severity

and the degree of CM-coupling reduction. Moreover,

CM coupling followed a very consistent sleep stage pat-

tern in all disease severity groups. The findings were

quite robust during both nights of sleep study.

Using EEG–EMG coherence to
classify OSA severity

Given that the cut-off RDI of 15/h significantly influences

clinical therapeutic decisions, we used this value to test if

the EEG–EMG coherence metric could differentiate be-

tween patients with and without clinically significant

OSA. The respective ROC (receiver operating characteris-

tic) curves are shown in Fig. 1 (and in Supplementary

Fig. 1). There were quite significant differences in EEG–

EMG coherence between patients with RDI >15/h and

patients with RDI <15/h (area under the curve ¼ 0.843,

P < 0.0001 for the first night of sleep study and area

under the curve ¼ 0.892, P < 0.0001 for the second

night of sleep study). In a control experiment using only

the EEG pooled (EEG C3 and C4 signals) average power

and the EMG average power, we could not distinguish

between disease severity groups (area under the curve <

0.5, P> 0.05).

Temporal pattern of EEG–EMG
coherence during, just before and
just after the OREs

A significant increase (peak) in CM coupling was

detected during the course of OREs (apnoeas and hypo-

pnoeas) (Fig. 2). The absolute values of this CM-cou-

pling peak decrease with increasing OSA severity.

Regardless of severity, CM coupling quite consistently

weakened immediately before (5 s of stable breathing)

and immediately after the OREs (5 s of breathing re-

sumption). Within the same disease severity group, CM

disconnection was the highest just before the OREs.

Corticoperipheral disconnection during, just before and

just after the OREs increased significantly with increas-

ing OSA severity (Fig. 2). This pattern was quite repro-

ducible and consistent during both study nights

(Supplementary Fig. 2).

Corticomuscular EEG–EMG

coherence during various sleep

stages

CM coupling shows a specific, stable pattern during the

distinct sleep stages, with N3 showing the highest CM

coupling, followed by N1, N2 and REM. This pattern

was quite reproducible in all four OSA severity groups

and during both nights (Fig. 3 and Supplementary Fig.

3). Moreover, we could show clearly the sleep stage-asso-

ciated influence on the EEG–EMG coherence findings

within each OSA severity group (Fig. 4).

Table 1 Clinical demographics and sleep-associated variables in the various groups of the study participants

Age Sex BMI RDI ODI

(non-REM)

ODI (REM) T90 (SpO2)% Arousal

index

Healthy 56.24 6 10.27 M (11), F (4) 18.90 6 2.82 2.49 6 1.52 1.93 6 1.81 4.38 6 528 0.14 6 0.23 17.24 6 8.82

Mild OSA 54.78 6 11.67 M (22), F (5) 25.43 6 3.06 11.50 6 3.36 5.86 6 2.14 10.29 6 11.04 0.92 6 0.02 19.39 6 3.29

Moderate OSA 54.44 6 8 M (17), F (4) 27.04 6 3.67 22.61 6 4.21 11.01 6 7.91 13.90 6 13.22 3.11 6 0.03 24.62 6 6.39

Severe OSA 58.08 6 13.07 M (19), F (4) 29.98 6 5.83 53.61 6 23.07 39 6 30.02 29.51 6 24.32 10.30 6 0.36 37.66 6 17.50

(ANOVA factor

group);

P-values

(F(3,6.39)

¼ 3.45;

P > 0.05)

(F(3,4.87)

¼ 2.97;

P > 0.05)

(F(3,1.29)

¼ 89;

P < 0.01)

(F(3,0.84)

¼ 2305;

P < 0.001)

(F(3,1.98)

¼ 453;

P < 0.001)

(F(3,2.08)

¼ 29;

P < 0.01)

(F(3,0.78)

¼ 206;

P < 0.001)

(F(3,0.70)

¼ 7365;

P < 0.001)

Depicted are age (years), sex of the participants, BMI (kg/m2) and the RDI (in respiratory events/h sleep). Respiratory events include apnoeas, hypopnoeas and respiratory effort-

related arousals. Healthy individuals had RDI � 5 events/h sleep, patients with mild OSA had RDI ¼ 5–15/h sleep, patients with moderate OSA had RDI ¼ 15–30/h sleep and

patients with severe OSA had RDI > 30/h sleep. Numerical values are means followed by standard deviations. All numerical values are rounded up to the second decimal point. The

arousal index was significantly different between the severe OSA versus all the other three groups (P< 0.001), but not between the other groups. BMI was not significantly different

between mild versus moderate (P¼ 0.963) and moderate versus severe (P¼ 0.119), whereas all other comparisons were significant (P< 0.001).

Arousal index ¼ number of arousals/h sleep; BMI ¼ body mass index; ODI ¼ oxygen desaturation index, in events/h sleep; t90 ¼ percentage of sleep time during which blood

oxygen saturation is <90%.
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Figure 1 ROC curve analysis of EEG–EMG coherence in

OSA severity subgroups. ROC curve analyses for the EEG–

EMG coherence metric for the comparison between the group of

individuals with RDI >15/h (moderate and severe OSA) and the

group with RDI <15/h from the second night of sleep study.

Depicted is the calculated curve. ROC ¼ receiver operator

characteristic.
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Autonomic nervous system
activation and BMI do not influence
CM coupling in OSA

We found no significant Pearson correlation between

heart rate and EEG–EMG coherence in any of the patient

severity groups or controls tested (Supplementary Figs 4–

7). Therefore, a major autonomic activation metric (heart

rate) is not influenced by activity of the CSMA–lower fa-

cial motor units (LFMU) pathway. We also found no sig-

nificant correlation between body mass index and the

EEG–EMG coherence in any one of the four patient

groups (Supplementary Figs 8–11).

Corticoperipheral disconnection is
cervical muscle specific in OSA

We found no significant coherence between EEG and leg

EMG signals in any of the patient groups or sleep stages

tested. This clear dissociation between the EEG–leg EMG

coherence metric and EEG–chin EMG coherence metric

provides a further argument supporting a specific role of

the CSMA–lower facial motor unit (central sensorimotor

area–lower facial motor units) pathway in the control of

breathing during sleep.

Dissociation between cervical and
thoracic muscle activation in OSA

The variance of the phase difference between the EEG

sensorimotor cortex signals and the activation of the

thoracic respiratory muscles, as depicted by the thoracic

excursion signals on PSG, diminishes significantly with

increasing OSA severity (Fig. 5). We interpret this quite

robust and reproducible finding as a compensatory (cen-

tral-driven) mechanism to ensure breathing stability with

increasing severity of obstruction.

Discussion
Our findings provide evidence that average CM coupling

between central CSMAs and lower facial (especially men-

talis muscle) motor units weakens progressively with

increasing OSA severity. More importantly, this progres-

sive CM disconnection was also specifically detected dur-

ing the OREs and was increasing with increasing OSA

severity. Regardless of OSA severity, CM coupling

decreases just before (i.e. during apparent stable breath-

ing) and just after respiratory events (i.e. during breathing

resumption), while reaching its peak during the ORE it-

self. Also, CM coupling was strongest in stage N3 and

decreased in N1, N2 and REM stages, in decreasing

order. All these patterns were quite robust during both

sleep study nights (Supplementary Figs 1–3). These find-

ings did not correlate neither with body mass index nor

with autonomic nervous system activation. CM coupling

is more sensitive for detecting OSA degree of severity

than solely the average power of C3/C4-EEG signals or

chin EMG signals alone, since the latter metrics alone are

not able to separate OSA disease severity groups.

Clinical and translational
implications

Both immediately before and immediately after the event

CM coupling weakens, while during the event CM cou-

pling peaks. This peak could be a compensatory mechan-

ism to promote stable breathing during OREs in patients

with OSA. This compensatory cortical output- or CM

connectivity-based mechanism, with its emergent highest

performance during the OREs, probably becomes insuffi-

cient with increasing OSA severity.

Increased or decreased CM coupling during the sleep

stages may lay out evidence for the numerous stage-spe-

cific mechanisms controlling upper airway muscle func-

tion in OSA. This provides the basis for building a

functional map of cortical projections to brainstem

Figure 2 EEG–EMG coherence in various OSA severity

patient groups. Comparison of EEG–EMG coherence between

groups (mild, moderate and severe obstructive sleep apnoea, HC).

Dashed lines separate the four different OSA severity groups of

individuals of the second night of sleep study. The first box plot in

each group represents coherence values during the time window

5 s before the beginning of the ORE (stable breathing). The second

box plot in each group represents coherence values during the

respiratory event, and the third box plot represents coherence

values during the time window 5 s after completion of the

respiratory event (breathing resumption). The statistics are

represented based on the comparison between the red line marked

group and the other groups as black lines. The ** indicates a

significance of (P< 0.001). The factor ‘group’ was significant

(F(3,360)¼ 4983; P< 0.001), and the factor ‘events’ was also

significant (F(2,1198) ¼ 387; P< 0.001). We also found a significant

interaction between these two factors (F(6,1198) ¼ 49; P< 0.001).

The post hoc tests for all comparisons were significant (P< 0.01).

The factor group was significant (F(3,290) ¼ 2834; P< 0.001), and

the factor events was also significant (F(2,1029) ¼ 428; P< 0.001).

A significant interaction between these two factors (F(6,1029) ¼
37; P< 0.001) was found. The post hoc tests for all comparisons

were significant (P< 0.01). The number of subjects in each group

was mild (27), moderate (21), severe (23) and healthy controls (15).

HC ¼ healthy control.
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Figure 4 EEG–EMG coherence during the respiratory events in OSA. The EEG–EMG coherence box plots for each OSA severity

group separately in each sub plot for all the five sleep stages (N1, N2, N3, REM and wake). In addition, the coherence was estimated based on

the respiratory events, 5 s before, the respiratory event itself and the 5 s after the respiratory event. The ** indicates the P< 0.01. The number

of subjects in each group was mild (27), moderate (21), severe (23) and healthy controls (15).

Figure 3 Sleep stage- and disease severity-dependent EEG–EMG coherence in OSA. Comparison of EEG–EMG coherence between

groups (mild, moderate and severe obstructive sleep apnoea, HC individuals) of the second night of sleep study. Dashed lines separate the five

different sleep stages N1, N2, N3, REM and wake. The statistics are represented based on the comparison between the red line marked group

and the other groups as black lines. The ** indicates a significance of (P< 0.001). The factor group was significant (F(3,404¼ 56 491; P< 0.001),

and the factor sleep stages was also significant (F(4,1616) ¼ 8075; P< 0.001). We also found a significant interaction between these two factors

(F(12,1616) ¼ 38; P< 0.001). The post hoc tests for all comparisons were significant (P< 0.01). The factor group was significant (F(3,385) ¼ 6574;

P< 0.001), and the factor sleep stages was also significant (F(4,1547) ¼ 7639; P< 0.001). A significant interaction between these two factors

(F(12,1547) ¼ 46; P< 0.001) was found. The post hoc tests for all comparisons were significant (P< 0.01). The number of subjects in each group

was mild (27), moderate (21), severe (23) and HCs (15). HC ¼ healthy control.
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(pontine, in case of facial) motor neurons as a source of

motor drive during the alternating sleep stages in patients

with OSA. The finding that CM coupling is highest dur-

ing N3 may explain the increased incidence of stable

breathing and reduced incidence of OREs during N3

(Ratnavadivel et al., 2009). This quite increased C3/C4

mentalis muscle CM coupling parallels the observed

increased genioglossus activity found during slow wave

sleep (McSharry et al., 2013). In contrast, OREs occur

much more frequently in N2 and even more prominently

in REM than in other sleep stages (Ratnavadivel et al.

2010). Of note, during REM, occlusion occurs much

more at the lower than at the more cranial parts of the

upper airway (Boudewyns et al., 1997). During phasic

REM sleep, the human motor cortex exhibits an EEG

pattern similar to the one observed when the motor cor-

tex is activated (i.e. during voluntary movements) (De

Carli et al., 2016). Conversely, tonic REM sleep is char-

acterized by EEG spectral values similar to those

observed during relaxed wakefulness. Phasic REM sleep

is characterized by higher EEG frequency values with re-

spect to tonic REM sleep. Our results support this simi-

larity between tonic REM and wakefulness (Fig. 3). The

CM-coupling values we calculated for REM sleep were

the average of both phasic and tonic parts. It will be

interesting to test CM coupling in tonic and phasic REM

sleep separately and also to restrict the study group to an

REM phenotype of OSA to gain some new insight into

the mechanisms of this specific OSA phenotype

(Gabryelska and Białasiewicz, 2020).

Apart from the mentalis muscle, the posterior belly of

the digastric muscle, the platysma, the depressor anguli

oris and depressor labii inferioris muscles are all lower

facial muscles innervated by the facial nerve. Activation

of the digastric muscle causes elevation of the hyoid

bone. If the hyoid is being held in place (by activation of

the infrahyoid muscles), then the digastric muscle causes

depression of the mandible and hence mouth opening.

The platysma muscle depresses the mandible (and there-

fore also opens the mouth). The depressor anguli oris

and the depressor labii inferioris when activated cause de-

pression of the lower lip and enhance mouth opening. A

parallel decrease in both phasic and tonic genioglossal

activities is expected during mouth breathing (compared

to nasal breathing), according to results observed in tra-

cheostomized subjects, presumably due to local upper air-

way stimuli (Malhotra et al., 2000).

Advancing these pathophysiologically relevant questions

could contribute to the development of new therapeutic

targets (e.g. pharmacological neuromodulation) in OSA.

Moreover, patients with central neurological disorders

(e.g. multiple sclerosis, epilepsy, Somboon et al., 2019)

could be characterized by developed analytical pathways

and classified as at risk for developing OSA. The results

could promote the development of new diagnostic testing

modalities involving this metric and provide a framework

to test breathing instability during sleep in a number of

neurologic disorders using the raw data of the standard

PSG recordings alone, without any need to record add-

itional signals outside American Academy of Sleep

Medicine standards. Brain or cranial nerve (e.g. hypoglos-

sal nerve) stimulation paradigms may be developed to

promote breathing stability during sleep using this metric

as a feedback parameter.
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Figure 5 Disconnection between cortical motor output and thoracic muscle motor activation. The phase difference between the

thoracic signal and the EEG in p radians for each OSA severity group separately. Calculations are based on the recordings of the second night of

the sleep study. The number of subjects in each group was mild (27), moderate (21), severe (23) and healthy controls (15).
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CM disruption between

sensorimotor cortex and lower

facial musculature

CM coupling may be mediated by both ascending and

descending pathways between brain and muscles.

Oscillations may hold overt motor output constant to

render the interpretation of the proprioceptive state more

effective (Baker, 2007). Therefore, the decreased phasic/

tonic muscle activity of the upper airway dilator muscles

in OSA may contribute to the decreased proprioceptive

afferent signal to the central motor areas (depicted by the

C3- and C4-EEG leads) and hence to the decreased CM

coupling in patients with OSA. More specifically, in our

study, OREs were strongly associated with CSMA out-

put. This observation involves not only the magnitude of

this association but also a very coordinated activity cou-

pling in the temporal domain. In addition, it was quite

reproducible during both nights of sleep study. The com-

bination of these associations (both quantitative and tem-

poral) and its robust reproducibility during two

consecutive nights of sleep increases the possibility of a

CSMA-driven ORE pattern generator in OSA.

Methodological limitations and

areas of future research

Given the anatomical inter-digitation and overlap between

muscles in the lower facial area, it can be postulated that

activity of any single lower facial muscle cannot be cap-

tured by a surface EMG electrode. In the present study,

surface chin EMG may have captured EMG activity of

many motor units of other parts of the lower facial mus-

culature apart from the mentalis muscle, namely the de-

pressor anguli oris, the depressor labii inferioris and the

orbicularis oris inferior muscles (Lapatki et al., 2006).

EEG–EMG coherence methods have limitations as a

means to assess the strength of the transmission of synap-

tic inputs into trains of motor unit action potentials.

However, they still provide a relatively simple and repro-

ducible way to tackle the problem of retrieving the

embedded neural code from a surface EMG signal

(Farina et al., 2014). The possibility remains that the

neural signals driving the coordinated lower muscle unit

activity found in this study may be generated in a sub-

cortical brain area (e.g. amygdala, thalamus or brain-

stem). In this case, PSG-recorded cortical C3/C4 activity

may represent an after-signal or a ‘cortical footprint’ of

the causative subcortical neural drive. It is technically un-

feasible to measure such subcortical activity in humans

using standard PSG. Nonetheless, the magnitude and tem-

poral features of the CM-coupling metric found in our

patients support that CSMA is the primary generator of

patterned peripheral motor activity within this pathway.

Conclusions
These findings support the idea of a strongly associated

(and possibly underlying) central motor disorder in OSA.

Data from PSG signals used in this study are based on

standard American Academy of Sleep Medicine method-

ology and hence are accessible to analysis in every

accredited sleep laboratory. Future research may involve

testing CM coupling using invasive measurements from

intramuscular needle electrodes placed in the genioglossus

and/or tensor veli palatini muscles and based on EEG

leads other than C3 and C4.

Supplementary material
Supplementary material is available at Brain

Communications online.
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