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scientific reports

A high-density
electroencephalography

study reveals abnormal sleep
homeostasis in patients with rapid
eye movement sleep behavior
disorder

Amandine Valomon*, Brady A. Riedner?, Stephanie G. Jones'?, Keith P. Nakamura3,
Giulio Tononi?, David T. Plante®?, Ruth M. Benca* & Melanie Boly'?

Rapid eye movement (REM) sleep behavior disorder (RBD) is characterized by disrupting motor
enactments during REM sleep, but also cognitive impairments across several domains. In addition to
REM sleep abnormalities, we hypothesized that RBD patients may also display EEG abnormalities
during NREM sleep. We collected all-night recordings with 256-channel high-density EEG in nine

RBD patients, predominantly early-onset medicated individuals, nine sex- and age- matched healthy
controls, and nine additional controls with matched medications and comorbidities. Power spectra in
delta to gamma frequency bands were compared during both REM and NREM sleep, between phasic
and tonic REM sleep, and between the first versus last cycle of NREM sleep. Controls, but not RBD
patients, displayed a decrease in beta power during phasic compared to tonic REM sleep. Compared to
controls, RBD patients displayed a reduced decline in SWA from early to late NREM sleep. Overnight
changes in the distribution of the amplitude of slow waves were also reduced in RBD patients. Without
suppression of beta rhythms during phasic REM sleep, RBD patients might demonstrate heightened
cortical arousal, favoring the emergence of behavioral episodes. A blunted difference between

REM sleep sub-stages may constitute a sensitive biomarker for RBD. Moreover, reduced overnight
decline in SWA suggests a reduced capacity for synaptic plasticity in RBD patients, which may favor
progression towards neurodegenerative diseases.

Rapid eye movement (REM) sleep behavior disorder (RBD) is a parasomnia characterized by REM sleep abnor-
malities including failure to maintain muscle atonia resulting in nocturnal enactments of motor behaviors'.
Several studies have shown that the presence of RBD also predicts the later occurrence of alpha-synucleinopathies
such as Parkinson disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). These
findings suggest that RBD represents the initial manifestation of a variety of neurodegenerative processes®™°.
RBD patients display simple to elaborated, sometimes violent, motor behaviors during REM sleep, often
associated with vivid dreaming and preferentially arising from phasic REM sleep’™. In contrast to tonic REM
sleep, phasic REM sleep is characterized by the presence of rapid eye movements (REMs), myoclonic twitches
and irregularities in the vegetative system, paradoxically accompanied by an increase in arousal threshold".
Phasic REM sleep also differs from tonic REM sleep in terms of underlying neuronal activity'"'2, sensory stimuli
processing! !>, connectivity'®, spontaneous oscillatory activity'®-'® and dream recall’*-?'. More specifically,
recent intracranial studies performed in epileptic patients revealed an electroencephalographic pattern of activa-
tion during phasic REM sleep in the motor cortex—decreased beta activity??—and amygdala—increased gamma
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activity®. In addition, several lines of evidence using f/MRI/EEG/MEG also suggest the involvement of the visual
system in relation to REMs'>?#%*_If the regulation of phasic vs. tonic REM sleep was altered in motor, visual and
limbic cortex in RBD patients, it may predispose them to behavioral enactment during REM sleep?. To date,
how brain activity differs between phasic and tonic REM sleep in RBD patients however remains unclear, despite
a first exploration by Sunwoo et al.?’.

Cross-sectional studies have shown that cognitive performance is impaired in RBD patients across several
domains: memory, executive functions and visuospatial abilities?®=*. Up to 50% of RBD patients show mild
cognitive impairment (MCI)*, suggesting an already altered function of several brain networks. Recent evidence
suggest that the locus coeruleus may be altered in RBD patients®*>~*. Because the noradrenergic system plays a
crucial role to allow synaptic potentiation during wake and subsequent synaptic homeostasis during sleep***!,
decreased noradrenergic tone in RBD patients may decrease the strength of their brain plasticity processes.
Recent data suggest that sleep slow-wave activity (SWA) is tightly regulated by the amount of plasticity occur-
ring during preceding wake and that sleep represents a sensitive window to investigate plastic processes taking
place in the human brain. In line with the synaptic homeostasis hypothesis*>**, a wealth of data have indeed
shown that cortical circuits undergo net synaptic potentiation during wake, and a subsequent renormalization
of synaptic strength during sleep at night, which can both be tracked by assessing changes in EEG SWA during
NREM sleep**®. In short, SWA during NREM sleep is a marker of synaptic strength, and its overnight decline
tracks synaptic downscaling, which is proportional to the strength of plasticity during wake and is thought to
explain the beneficial cognitive effects of sleep. SWA during NREM sleep is thus sensitive to measure both the
strength of structural connectivity and the strength of ongoing plasticity processes*. In addition to SWA, NREM
sleep slow-wave parameters such as amplitude and slope are other indicators of synaptic strength?’ that have not
yet been examined in RBD patients. In the present work, we hypothesized that RBD patients may display not
only REM sleep abnormalities, but also abnormal sleep SWA homeostasis during NREM sleep.

Material and methods

Subjects. Nine adult patients with a diagnosis of RBD and an equal number of matched non-medicated
healthy controls (NMC) and of medicated controls (MC) without RBD were included in the analysis. All study
procedures were reviewed and approved by the University of Wisconsin Health Sciences Institutional Review
Board. All experiments were then performed in accordance with the relevant guidelines and regulations. All
RBD patients and controls provided written informed consent before the procedures.

RBD patients. Patients were retrospectively identified from a patient cohort who had undergone overnight pol-
ysomnography (PSG) testing with combined hdEEG (hdPSG) at the Wisconsin Sleep Laboratory between 2008
and 2016. We selected patients referred to extended sleep EEG monitoring at the Wisconsin Sleep Clinics meet-
ing the diagnostic criteria for RBD according to ICSD-3* and evaluated by a Sleep Medicine board-certified
physician (Dr. Ruth Benca). We excluded one RBD patient with concomitant epilepsy. Out of the nine remaining
patients, seven were diagnosed with idiopathic RBD, while anti-depressant-related RBD could not be ruled out
in two patients. Table 1 presents a summary of the clinical features of the RBD patients. Most were medicated
for either comorbid psychiatric disorders such as depression and anxiety, or sleep disorders such as obstructive
sleep apnea and periodic leg movement disorder. At the time of the study, patients had been experiencing motor
enactments during sleep from between 6 months up to 35 years, with some no longer experiencing episodes due
to treatment, and some still having episodes up to a weekly basis (Table 1). 8 out of 9 RBD patients consisted of
early-onset RBD patients with first symptoms appearing before or at the age of 50.

Controls. Because most of our RBD patients had comorbid psychiatric and sleep disorders and were using
medications that could affect their sleep, we used two groups of controls in our analysis (Table 1).

Age- and sex- matched, non-medicated controls (NMC) were drawn from a pool of subjects who partici-
pated in a study on the effects of meditation*’. Exclusion criteria were (1) any current or past neuropsychiatric
condition; (2) use of any psychotropic medication or medication that could affect sleep; and (3) evidence of any
sleep disorder.

Age- and sex-matched, medicated controls (MC) were selected from patients who had undergone hdPSG at
the Wisconsin Sleep Laboratory between 2008 and 2016 and had similar co-morbid disorders (such as major
depressive disorder or general anxiety disorder) and medications (antidepressants, benzodiazepines or other
CNS drugs) as our RBD cohort (see Table 1). The medicated control group and RBD patients were not statisti-
cally different with regard to the occurrence of major depressive disorder or generalized anxiety disorder, or
the use of antidepressants, benzodiazepines, anticonvulsants and non-benzodiazepine hypnotics (Fisher’s exact
tests: all p>0.05).

Sleep recordings. All participants underwent an overnight in-laboratory hdEEG recording (256 channels;
Electrical Geodesics Inc., Eugene, OR; sampling rate 500 Hz) coupled with standard monitoring with electrooc-
ulogram (EOG), submental EMG, ECG, bilateral tibial EMG, respiratory inductance plethysmography, pulse
oximetry and a position sensor. Timings of recordings were based on participants’ typical sleep schedule. Lights
were switched off within 1 h of their usual bedtime.

Sleep staging was performed by a registered polysomnographic technician in 30-s epochs according to stand-
ard criteria® using Alice Sleepware (Philips Respironics, Murrysville, PA) based on EOG, submental EMG and
6 hdEEG channels at the approximate 10-20 locations (F3, F4, C3, C4, O1, O2) re-referenced to the mastoids.
All staging and scoring were reviewed by a board-certified sleep physician.
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Group Age (years) | Sex | Medication Psychiatric disorders | Duration of RBD illness (years) | Freq y of RBD episod
44 F - - - -
46 F |- - - -
61 F |- - - -
34 M |- - - -
Non medicated controls 40 M - - - -
48 M |- - - -
55 M |- - - -
60 M - - - -
64 M - - - -
28 F Fluoxetine MDD - -
42 F Buproprion, escitalopram MDD - -
60 F - - - -
38 M - - - -
Medicated controls i M | Mirtazapine _ _ _
47 M ]gol_rlz}z;pam, mirtazapine, lamotrigine, MDD, GAD _ _
50 M Clonazepam, zolpidem, depakote MDD, BP - -
58 M Venlaflaxine MDD - -
60 M | Alprazolam, zolpidem, olanzapine MDD - -
43 F Paroxetine, melatonin, tizanidine MDD 18 n/a
44 F ;ggg:rel}:;m’ pramipexole, topamax, - 3 Currently none
61 F Citalopram, alprazolam, clonazepam | MDD 35 Weekly
36 M - MDD, GAD 2 n/a
RBD patients 36 M Citalopram, clonazepam MDD 0.5 Monthly
47 M Buproprion, venlafaxine, clonazepam | MDD 2 Weekly
55 M | Sertraline, clonazepam* GAD 6 Monthly
59 M Clonazepam*, pramipexole - 3 n/a
66 M - - 16 Weekly

Table 1. Medical details of the participants. The duration of illness for RBD patients began when symptoms
were first noticed. The frequency of episodes ranged from a few times per week to a few times per month. One
participant on clonazepam was not having episodes at the time of their study. n/a indicates that the frequency
could not be precisely determined because of an absence of a bed partner or because of a vague medical
description (such as “chronically acts out dreams”). *Indicates that clonazepam was tapered before the sleep
study. The list of indicated medication includes any antidepressants, benzodiazepines, anticonvulsants or
other CNS drugs, and excludes opioids, anti-hypertensives, corticosteroids, asthma medication or hormones.
5 HTP, serotonin; BP, bipolar disorder; GAD, general anxiety disorder; MDD, major depressive disorder.

The medicated control group and RBD patients were not statistically different with regard to the occurrence
of GAD, MDD, and the use of antidepressants, benzodiazepines, anticonvulsants and non-benzodiazepine
hypnotics (Fisher’s exact tests: all p>0.05).

Data analysis.

EEG preprocessing. EEG signals were high-pass filtered at 0.1 Hz then down-sampled to

200 Hz and band-pass filtered (2-way least squares FIR, 1-40 Hz) in MATLAB (The MathWorks Inc., Natick,
MA) using the EEGLAB toolbox’!. Epochs of steady stage of NREM stage 2 and 3 (N2 and N3) sleep and REM
sleep were extracted. From the REM epochs, tonic and phasic segments were manually defined by visual inspec-
tion for the presence of rapid eye movements (with ocular quiescence for 3 s defining tonic REM sleep). NREM
sleep cycles were defined according to the modified criteria of Feinberg and Floyd*>*. To increase signal-to-
noise ratio, analyses were then restricted to 173 channels overlaying the scalp, excluding channels from the
face and the neck (channels falling within a plotting radius of 0.57 from the center of the head specified in the
topoplot function of EEGLAB).

For REM sleep epochs, periods contaminated by artifacts were manually identified and rejected. For NREM
sleep epochs, semi-automatic artifact rejection procedures were used to remove channels and epochs with high
frequency noise, as previously done in**-*°. Specifically, thresholds were automatically calculated for low (1-4 Hz)
and high (20-40 Hz) frequency ranges at the 99th percentile for each channel. Spectral power in these ranges
across all 6-s NREM epochs for each channel was plotted, visually inspected and used to remove epochs. For
both NREM sleep and REM sleep, channels with artifacts affecting a majority of the recording were removed.
Additional spectral-based and topographic procedures were used to remove individual channels with distinctly
greater power relative to neighboring channels. Overall, less than 25% of the channels were removed and subse-
quently interpolated using spherical interpolation. As in previous studies, independent component analysis (ICA)
implemented in the EEGLAB toolbox (runica algorithm) was then applied to remove physiological noise such as
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Non medicated controls | Medicated controls | RBD patients | F(2,24) value | ANOVA p value

Age 46.8+12.5 47.4%11 49.7+11 0.155 0.858
Sex (F/M) 3/6 3/6 3/6 N/A

TST (min) 365.7+70.8 396.6+75.7 359.6+£74.7 0.649 0.532
WASO (min) 75.0+47.1 89.8+36.2 128.4+58.5 2.957 0.071
SOL (min) 18.2+35.6 37.9+323 26.2+25.2 0.902 0.419
REML (min) 91.4+30.1 174.8+91.7 183.1+£108.0 3.311 0.053
SE (%) 80.0+£15.0 75.9+9.9 70.4+13.0 1.215 0.314
N1 (%) 45+2.3%A 12.8+8.41 8.2+4.4* 4.874 0.017
N2 (%) 58.2+9.5 63.4+12.9 64.0£12.3 0.686 0.513
N3 (%) 14.9+£8.91 4.8+4.41 8.6+£9.7 3.609 0.043
REM (%) 22.4+3.8 19.1+9.4 19.2+8.1 0.588 0.563
Tonic REM (%) 84.0+7.2 76.3+11.8 73.1+11.8 1.934 0.10

Phasic REM (%) 16.0+7.2 23.7+11.8 269+11.8 1.934 0.10

ArI(#/h) 12.7+4.6 155+7.9 15.8+4.2 0.778 0.471
AHI (#/h) 5.8+5.85 8.2+6.3 6.1+6.7 0.364 0.699
PLMI (#/h) 1.3+0.59 1.06+1.0 0.6+1.0 1.427 0.260

Table 2. PSG and demographic measures. Mean values (+ standard deviation). Percentage values for sleep
stages are expressed per total sleep time (TST). AHI apnea-hypopnea index, ArI Arousal index, PLMI Periodic
leg movement index, SE Sleep efficiency (TST per time in bed), REML Rapid eye movement onset latency,
SOL Sleep onset latency, WASO Wake after sleep onset. A and *indicate significant unpaired t-test at a <0.05
between non-medicated and medicated controls, and between non-medicated controls and RBD patients
respectively. Significant p values for the main ANOVA test are indicated in bold.

eye movements and heartbeats™, treating NREM and REM sleep and each patient separately. After component
rejection, the signals were then re-referenced to the average of all channels.

Spectral analyses.  For both REM sleep and NREM sleep, spectral analysis was performed using a Fourier trans-
form on all clean 2-s epochs (Welch averaged modified periodogram with a Hamming window). Global power
spectral densities (PSD) from 1 to 40 Hz, averaged across all channels were computed for all three groups for
all-night N2/N3 sleep, all-night REM sleep, phasic REM sleep and tonic REM sleep. Topographic maps of abso-
lute power in specific frequency bands (delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), sigma (12-15 Hz), beta
(15-25 Hz) and gamma (25-40 Hz)) were also computed in each group for all-night N2/N3 sleep, all-night REM
sleep, first and last cycle of NREM sleep, phasic REM sleep and tonic REM sleep. In NREM sleep, delta band
power is referred to as SWA.

Slow wave detection. Preprocessed EEG data were re-referenced to linked mastoids for a finer analysis of slow-
wave characteristics. An automated detection algorithm based on zero crossings was used to identify individual
slow waves*”?’. Specifically, a negative-going signal envelope was calculated by selecting the fifth most negative
sample across all selected channels (191 electrodes defined with a radius of 0.65 from the center of the head).
Slow waves were defined as waves with frequency 0.5-2 Hz and no amplitude threshold. Slow-wave mean nega-
tive amplitude (1V) and negative slope (from the first zero-crossing to the negative peak) were estimated.

Statistical analyses. Between-group differences in demographic and polysomnographic variables (as shown in
Table 2) were evaluated with one-way ANOVA followed by unpaired t-tests. Differences in PSDs between REM
sleep sub-stages were tested with paired t-tests followed by false-discovery rate (FDR) correction. Differences
in PSDs between the three groups during all-night REM and NREM sleep were tested using one-way ANOVA
followed by FDR correction.

Absolute power in scalp topographies were compared between groups using unpaired 2-tailed ¢-tests (such as
in Supplementary Figs. 1 and 2). Paired t-tests were performed on absolute power topographies between states
(phasic vs tonic REM in Fig. 1, early vs late NREM in Fig. 2). Absolute power in defined scalp regions (frontal
and central clusters, consisting of 7 and 6 electrodes centered around Fz and Cz respectively) were compared
in Region of Interest (ROI) analyses, with comparison between groups and states. Repeated-measure ANOVAs
with “group” and “state” on absolute ROI powers were performed. Normalized power differences between states
(first versus last NREM sleep cycle, phasic versus tonic REM sleep sub-stages) were calculated as the difference
in power log values normalized by the power log value in the reference state (first NREM cycle and tonic REM
sleep, respectively). To quantify differences between groups, we performed unpaired 2-tailed ¢-tests on these
normalized power changes between states (inserts on the right in Figs. 1B, 2B). To identify significant clusters of
electrodes, we used statistical nonparametric mapping with supra-threshold cluster tests to correct for multiple
comparisons®® with a cluster-forming threshold of t=2.12, corresponding to an uncorrected a level of p < 0.05. In
brief, topographic power maps are randomly shuftled between groups in all possible combinations (n=48,620).
The size of the largest cluster above the threshold for each reshuffling is then used to create a maximal cluster
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Figure 1. Spectral differences between phasic and tonic REM in RBD patients and controls. (A) Global EEG power spectra in phasic
(dotted light) and tonic (continuous line) REM in the three groups. FDR-corrected p values from paired t-tests for the comparison
between states within groups are shown below each plot, respectively. Greyed areas represent the beta band. (B) Normalized change

in log power between phasic and tonic REM sleep across indicated frequency bands (delta: 1-4 Hz; theta: 4-8 Hz; alpha: 8-12 Hz;
sigma: 12-15 Hz; beta: 15-25 Hz; and gamma: 25-40 Hz) for non-medicated controls (left column), medicated controls (middle
column) and RBD patients (right column). White dots indicate p<0.05 and black dots p<0.1 after SNPM correction for one-sample
t-test between both REM sleep sub-stages. Statistics on the changes showed significant differences between groups in the beta range
only and are shown in the right insert. Individual channel t-maps are represented, with white dots indicating channels with SNPM
corrected p <0.05 and black dots uncorrected p <0.05 after unpaired t-tests on the phasic to tonic REM power difference. (C) ROI
analysis for central and frontal changes in absolute beta power between tonic and phasic REM sleep. Central and frontal ROIs were
centered around Fz and Cz respectively and consisted of six and seven electrodes each (see inserts). Repeated-measure ANOVA with
“group” and “REM sub-stage” on the log power revealed for the central cluster: a significant effect of REM sub-stage only (p<0.01); for
the frontal cluster: a significant effect of REM sub-stage (p<0.01) and a trend for an interaction “group” x “REM sub-stage” (p=0.056).
*and ** for p<0.05 and p<0.01 Tukey Kramer post-hoc test between “tonic” and “phasic”.
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Figure 2. Delta and theta power as NREM sleep homeostasis markers in RBD patients and controls. (A) Global
EEG power spectra in NREM sleep from the first cycle (continuous line) and last cycle (dashed line) in the
three groups. FDR-corrected P values from paired t-tests for the comparison between states within groups are
shown below each plot, respectively. Greyed areas represent the delta/SWA and theta band. (B) Normalized
change in log power between the last and first cycle of NREM sleep in delta/SWA (1-4 Hz) and theta (4-8 Hz)
in non-medicated controls (left), medicated controls (middle) and patients (right). Left columns: White dots
indicate p <0.05 and black dots p <0.1 after SNPM correction for one sample t-test on the change. Statistics on
the changes showed significant differences between groups in the delta and theta range only and are shown in
the right insert. Individual channel t-maps are represented, with white dots indicating channels with SNPM
corrected p<0.05 and black dots uncorrected p <0.05 after unpaired t-tests on the late to early NREM power
difference. (C) ROI analysis for change in frontal absolute delta power/SWA between early and late night.
Frontal ROI was centered around Fz and consisted of seven electrodes (see insert). The expected decrease in
absolute delta power/SWA is visible in both control groups but not in patients. Repeated-measure ANOVA
with “group” and “time” revealed a significant interaction (p=0.012). *** p<0.001 Tukey Kramer post-hoc
test between “early” and “late”. The frontal delta power during the first cycle in RBD patients appeared lower
compared to medicated controls at a trend level (p=0.06).
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size distribution. The suprathreshold cluster P value is then determined by comparison of the actual cluster size
against the maximal cluster size distribution. This cluster-based method takes into account the relevant informa-
tion provided by neighboring electrodes.

Changes in the distribution of slow-wave amplitude and slope from the first to the last NREM sleep cycle
were assessed using repeated-measure ANOVA with factors “time” (early—late) and “group” (RBD, NMC, MC),
followed by Bonferroni-corrected post-hoc tests. For all analyses, results were considered statistically significant
at p-values < 0.05 corrected for multiple comparisons.

Results

Sleep architecture. Sleep parameters derived from the hdPSG recordings are summarized in Table 2. RBD
patients did not differ significantly from both medicated and non-medicated controls in terms of sleep dura-
tion, sleep eficiency or sleep disorder indices (AHI, apnea-hypopnea index; Al, arousal index; PLMI, periodic
leg movement index). Each group had similar amount of phasic and tonic REM sleep (22+11% phasic REM).
Relative to NMC, RBD patients and MC had increased time spent in N1 sleep and decreased time spent in N3
sleep (% N1: p=0.017, 8.2 to 12.8% in MC and RBD vs 4.5% in NMC, % N3: p=0.043, 4.8 to 8.6% in MC and
RBD vs 14.9% in NMC). One participant in the medicated control group did not have enough clean phasic REM
(<3 min) to be included in the analyses.

REM sleep abnormalities. In order to examine how RBD affected EEG power during REM sleep, we first
looked at power spectral densities during REM sleep averaged over the whole night. We found no differences
between groups (Supplementary Fig. 1A). There were also no group differences in the topographical scalp maps
in any frequency bands (Supplementary Fig. 1B).

To perform a more detailed analysis of REM sleep sub-stages, we then separated tonic vs phasic REM sleep.
In both control groups, PSDs revealed an increased absolute power in the delta range and a decreased power in
the beta range in phasic compared to tonic REM sleep (Fig. 1A). However, no significant differences between
phasic and tonic REM sleep were found in the RBD patient group (Fig. 1A).

Scalp topographies of the power changes between phasic and tonic REM sleep confirmed the presence of
a difference between RBD patients and controls. An increased delta power in fronto-central regions in phasic
compared to tonic REM sleep was observed in both control groups as well as in RBD patients (Fig. 1B). How-
ever, while both control groups displayed a global reduction in beta power in phasic compared to tonic REM
sleep, this decrease was limited to midline parietal regions in RBD patients (Fig. 1B). A post-hoc ROI analysis
indeed illustrates that absolute beta power decreases from phasic to tonic REM in all groups in a central cluster
of electrodes (ANOVA “sub-stage” p <0.01) (Fig. 1C left). Statistical T-maps on the beta power change (Fig. 1B,
right insert) confirmed that while all groups reported a decline of beta power in central regions, the beta power
change in frontal regions was different in RBD patients compared to both control groups (50-54 electrodes with
corrected p <0.05 represented as white dots). A ROI analysis conducted in a frontal cluster confirmed a decrease
in beta power in phasic REM sleep in both control groups (Fig. 1C right), but not in the RBD patient group
(ANOVA “group x sub-stage” p=0.056).

NREM sleep abnormalities. We first checked for EEG spectral abnormalities in RBD patients during
NREM sleep averaged across the whole night. Inspection of PSDs revealed no differences between groups (Sup-
plementary Fig. 2A). With respect to the topographical maps (Supplementary Fig. 2B), RBD patients displayed
lower theta power over bilateral central regions compared to NMC. However, this effect was not replicated when
comparing them to MC (which were themselves not significantly different from NMC).

To quantify sleep homeostasis, we compared EEG spectral activity during NREM sleep from the early part of
the night (first cycle) and last part of the night (last cycle). In both control groups, delta and theta power reduced
significantly from the early to the late part of NREM sleep (Fig. 2A,B). In RBD patients, there was no significant
decline in delta or theta power from the first to last part of NREM sleep (Fig. 2A,B). Direct comparison between
groups (Fig. 2B, right insert), revealed that patients demonstrated significantly less delta and theta power reduc-
tion over the course of the night in the left fronto-central and parietal regions as compared to both control groups.

Since frontal SWA is known to show the most reliable sleep homeostasis EEG effects at the between-subject
level®, we also performed a post-hoc ROI analysis of SWA changes from early to late NREM cycle (Fig. 2C)
within a frontal cluster of electrodes. We confirmed that, on average, frontal SWA significantly declined in both
control groups, but not within the RBD patient group (repeated measure ANOVA “group” x “time” p=0.012,
post-hoc effect of time p <0.001 in NMC and MC). This seemed to be mostly driven by lower SWA at the begin-
ning of the night in RBD patients: there was a trend towards lower frontal SWA in patients compared to controls
during the first cycle (post-hoc between-group comparison: p=0.06 for RBD versus MC and p> 0.1 for RBD
versus NMC), while mean SWA was similar in patients and controls at the end of the night (Fig. 2C).

We also performed a detailed analysis of slow-wave characteristics. There was no significant effect of group
on mean slow wave amplitude or slope changes from early to late sleep (Supplementary Table 1). However, when
we analyzed the distribution of amplitude of slow wave between the beginning and end of the night, we again
observed an abnormal pattern in RBD patients compared to controls. In both control groups, as expected?’,
slow waves with higher amplitude were more frequent during early sleep, and conversely, slow waves with lower
amplitude were more frequent during later sleep (Fig. 3). In RBD patients, this shift was less pronounced, with
decreased occurrence of low-amplitude, shallow slow waves during the second part of the night, especially for
smaller waves in the 10-20 pV slow wave amplitude range (ANOVA p <0.05 “group” x “time” interaction).
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Figure 3. Distribution of the amplitude of slow waves during early and late NREM sleep. Proportion of slow
waves in each amplitude range in early (first cycle, horizontal striped bars) and late sleep (last cycle, filled bars),
in each group. Repeated-measure ANOVA with factors “time” (early—late) and “group” (RBD, NMC, MC)
were performed for each amplitude bins. # indicate a significant (p <0.01) main effect of “time” and Bonferroni-
corrected post-hoc tests *indicate an effect of “time” only in control groups (“group” x “time” p=0.021).

Discussion

The present 256 electrode hdEEG study comparing nine RBD patients to two different control groups revealed
consistent abnormalities in both REM sleep and NREM sleep. The decreased attenuation of beta frequency EEG
activity during phasic compared to tonic REM sleep in RBD patients may reflect higher cortical arousal during
phasic REM sleep, which may favor motor enactements. In addition, the reduced overnight decline in SWA
observed in RBD patients during NREM sleep suggests a reduced capacity for neural plasticity in RBD patients,
which may account for cognitive deficits and their predisposition to progress towards neurodegenerative diseases.

REM sleep abnormalities. Our results indicate that contrasting brain activity during sub-stages of REM
sleep may be helpful to understand the physiopathology of RBD. Indeed, no significant difference was found
between RBD patients and controls when looking at overall REM sleep. These results are in line with the variable
results found in the literature with two previous studies using standard low density PSG—EEG finding decreased
beta power during REM sleep in RBD patients®¢2, while others reported increases®® or no changes*%%. In con-
trast, our main REM sleep finding is that RBD patients showed a loss of differentiation in brain activity between
phasic and tonic REM sleep. These results suggest that differences between phasic and tonic REM sleep may be
a more sensitive diagnostic marker to detect RBD. To note, our finding of a loss of differentiation between REM
sub-stages in RBD patients is limited to the beta band (15-20 Hz). This result should be interpreted with caution
as this band has previously been shown to be affected by clonazepam, a medication taken by 4 of our 9 patients
at the time of recording®. However, our analysis is controlled since we compared values within individuals
between their two REM sub-stages and we showed no statistical differences between groups in absolute beta
power in specific frontal and central regions. In addition, the chronic use of benzodiazepines is known to lead
to less prominent sleep EEG changes®.

In healthy humans, phasic REM has been shown to be physiologically different from tonic REM sleep in
several aspects. First, dreaming preferentially occurs in phasic REM periods'-?!. In a human PET study, phasic
REM was associated to primary occipital cortex activation (a region associated with visual mental imagery), while
auditory evoked-related potentials'* and fMRI responses'! were suppressed in this sub-stage. In fact, the acoustic
arousal threshold is higher in phasic REM sleep compared to tonic REM sleep’?, and is overall highest compared
to any other sleep stage. Previous studies also demonstrated a suppression of long-range inter- and intra- hemi-
spheric EEG synchronization'?, increased delta-theta activity'”'%, increased gamma activity and decreased high
alpha-beta activity in sensorimotor and higher order associative cortices'®!”!82. With both our control groups,
we here confirm the increase in delta/theta activity and attenuation of beta activity in phasic REM sleep. Our
group recently showed that beta activity diffusely decreases during REM sleep compared to wake®, consistent
with a decrease in cortical arousal. The dampened decrease in beta activity during phasic compared to tonic REM
sleep in RBD patients suggests a reduction of the normal arousal suppression that protects active dreaming states.
A central strength of our study is the use of high-density EEG—to our knowledge for the first time in patients
with RBD—which allowed for a precise analysis of regional distribution of neural activity, suggesting that the
abnormal regulation of REM sleep substages was most prominent within frontal cortices. Because frontal cortices
are involved in motor behaviors, increased arousal in these regions during phasic REM sleep may predispose
RBD patients to ‘act out their dreams’ Our results may at first appear to contrast with a study that found a larger
suppression of beta activity in phasic REM sleep of RBD patients?”. However, one should be cautious about the
interpretation of the results. Sunwoo et al. had a moderate spatial resolution of 21 electrodes limiting the accu-
rate separation of eye movements from brain signals using ICA, in contrast to our dense electrode array of 173
electrodes. In addition, their samples consisted of only 90 s of selected REM sleep period, in comparison with
our use of the totality of non-artefactual REM sleep from the nocturnal recordings. Taken together, the charac-
terization of EEG activity during tonic and phasic REM sleep in RBD patients warrants further investigation.

NREM sleep abnormalities. RBD patients displayed a blunted overnight decrease in delta and theta
power during NREM sleep, including a blunted decrease in slow-wave amplitude compared to both control
groups. This dampened overnight decline seemed to be related to decreased frontal delta power at the beginning
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of the night (Fig. 2B), with not much change in power further happening over the course of the night. Overall
these results may suggest reduced capacity for synaptic potentiation during wake in patients with RBD, which
can be sensitively detected by the subsequent alteration in SWA homeostasis during NREM sleep. Sunwoo et al.
very recently confirmed abnormalities in the morphology of NREM slow-waves in RBD patients, including
decreased amplitude and slopes®.

Impairments of NREM sleep homeostasis and neuroplasticity have been observed in other patient popula-
tions, such as in MDD, However, a pattern encompassing both REM and NREM sleep abnormalities seems
unique to RBD patients and was not found in previous MDD literature nor in our MC controls. Future studies in
larger groups of patients may clarify potentially differential but cumulative effects of RBD and MDD on NREM
sleep homeostasis in medicated and non-medicated subjects.

The mechanisms of the neurodegenerative process in RBD remain unclear. The degeneration of the sublat-
erodorsal nucleus (SLD) in rodents—equivalent to the coeruleus/subcoeruleus nuclei complex in humans—
is thought to be implicated in the loss of muscle atonia®. However, this pathology does not account for the
wide variety of other non-motor symptoms observed in RBD. According to a current theory of RBD, the
BraakK’s ascending model, synuclein deposition in other brainstem nuclei may likely account for other RBD
symptoms’®72 Of particular relevance to interpret the present findings is the evidence for a dysfunction in the
central noradrenergic system in RBD patients—thought to be related to locus coeruleus damage. Indeed, brain
imaging studies using neuromelanin-sensitive techniques demonstrated reduced signal intensity in the locus
coeruleus/subcoeruleus complex in RBD patients*>*. Greater deposition of alpha-synuclein in the locus coer-
uleus (LC) were also found in autopsy specimens from RBD patients*”*%. Another line of evidence suggesting
impaired noradrenergic function in RBD comes from the observation that the amplitude of the event-related
potential P300 during a visuospatial attention task—a marker of LC activity”>—is reduced in RBD patients com-
pared to controls®. Because the noradrenergic system plays a crucial role to allow synaptic potentiation during
wake and subsequent synaptic homeostasis during sleep, decreased noradrenergic tone in RBD patients may
decrease the strength of their brain plasticity processes. This would be in line with animal studies showing that
pharmacological depletion of noradrenaline blunted SWA accumulation during wake and subsequent decrease
during sleep in mice***.

Our findings may at first contrast with the results of a previous study performed on one central derivation
(C3-A2) which found increased SWA during the first three sleep cycles in RBD patients compared to controls,
with no differences on SWA changes over the course of the night”*. However, increased SWA during NREM
sleep in their RBD cohort could be accounted by the increased time they spent in N3 stage sleep—while in our
study sleep parameters were not different between RBD patients and controls. Additionally, this prior investiga-
tion focused on absolute spectral power, and evaluated patients with a mean age nearly 20 years older than our
current sample. Future larger studies that provide an ability to examine effects of age on EEG power spectra in
RBD may further clarify the predictive power of absolute SWA versus overnight SWA changes as biomarkers
predictive of cognitive impairment and of a future conversion to neurodegenerative disorders in RBD patients
across mid-life to later adulthood.

Limitations. One notable shortcoming of our study is its small sample size—which is due to both the ret-
rospective nature of our work and the low prevalence of RBD (0.5-2% of the general population)”>~”. How-
ever, our sample size is comparable to other published hdEEG sleep studies in patients with insomnia (n=8),
obstructive sleep apnea (n=9)** or NREM parasomnias (n=15)%, in which controls were, like in our study,
carefully age- and sex-matched.

Our analyses were not restricted to RBD subjects who were free of medications. As such, it more realistically
reflects the nature of brain activity changes seen in RBD patients encountered in the sleep clinic. To take into
account possible confounding factors, we both verified that the severity of comorbid sleep disorders (sleep apnea
and period limb movement disorder indices) was similar between patients and controls and used a second MC
group to account for the known effects of SSRIs’®, benzodiazepines™ and depression®® on sleep homeostatic pro-
cesses. Despite these efforts, our results may not necessarily be generalizable to all RBD patients. Future studies in
larger clinical cohorts may assess the relative contribution of medication versus disease severity to EEG changes.

To note, two of our patients may have had anti-depressant related RBD. Current opinions in the field suggest
that RBD with antidepressant can be considered as originating from the same underlying alpha-synucleinopathy-
related neurodegeneration process rather than being a separate drug-induced condition®”!. Importantly, 8 out
of our 9 patients consisted of “early-onset” RBD (onset of symptoms <or =to 50 years of age). This proportion
is not anomalous, as in the recent years, it was noticed that RBD population at sleep centers consist of patients
of younger age with a more equal representation of both sexes compared to typical RBD¥. Early-onset RBD has
been associated to a higher proportion of females, higher rates of depression and narcolepsy, and a lower rate
of neurodegenerative disease such as PD, as opposed to late-onset RBD, more closely linked to elderly men and
with a high probability for neurodegenerative diseases®'~**. Age per se is also known to affect sleep SWA8-86,
Our results should thus be interpreted with caution with respect to classical later-onset RBD, and larger cohort
studies may in the future be able to assess a potential interaction between age, anti-depressant use and patho-
physiologically distinct types of RBD.

Another potential caveat of this study is the single night recording design, which did not allow us to control
for potential first-night effects®”#. To note, it was recently found that RBD patients are less likely to experience
worse sleep during a first PSG night compared to other sleep-disordered patients®. Future studies may ideally
replicate findings over the course of two nights.

Additionally, our cross-sectional design is not able to determine how our observed hdEEG alterations in REM
and NREM sleep in RBD participants are related to risk of progression to symptomatic alpha-synucleinopathies.
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Thus, applying hdEEG to longitudinal studies of RBD may be a fruitful area of research, particularly in the future
development of preventative strategies for these disorders.

Finally, we could not capture high quality wake data to compare to REM sleep and NREM sleep in our RBD
patients. Such a comparison would be helpful to quantify within-subject differences in state-dependent SWA
across these three states. Future prospective studies may aim to explicitly record a few minutes of full wakeful-
ness before and after sleep in both controls and patients with RBD.

Conclusion and future directions

Our hdEEG study revealed that our sample population of nine RBD patients, predominantly early-onset medi-
cated individuals, display two clinically relevant alterations in brain activity during their sleep: (1) they showed
an attenuated suppression of beta activity during phasic REM sleep compared to tonic REM sleep, which may
predispose them to motor enactment during phasic REM sub-stage; (2) they showed a reduced overnight decline
in SWA during NREM sleep, likely reflecting a decreased capacity for neural plasticity during wake. These
findings were reproducible when comparing patients to both medicated and non-medicated controls that were
matched for age and sex, and thus quite likely to be an RBD-specific effect.

Taken in the context of previous literature, our results may pave the way to further test the hypothesis that
decreased noradrenergic tone during wake may lead to a reduced capacity for plastic changes in patients with
RBD, which translates into a decrease in overnight SWA decline. Combined with REM abnormalities, this
NREM sleep EEG profile could constitute a sensitive diagnostic biomarker for RBD that can be obtained from
paraclinical studies.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author upon reasonable request.
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