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Abstract.
Background: Rapid eye movement (REM) sleep behavior disorder (RBD) is a leading predictor of Parkinson’s disease (PD).
Diagnosis is performed in the sleep laboratory by detecting pathological REM sleep without atonia (RSWA). The evidence
on the overnight distribution of RSWA% is conflicting.
Objective: To investigate the temporal distribution of the number of ocular movements per REM sleep minute (REM density),
and RSWA% in people with PD and non-PD controls.
Methods: All participants underwent a single overnight evaluation in a sleep laboratory. Clinical evaluation was performed
on a separate day. REM density and RSWA% were compared between PD and controls both across four sleep periods and
individual REM cycles.
Results: A total of 51 participants with recorded RSWA in polysomnography laboratory were included, 28 with PD aged
64 ± 9 years with a disease duration of 3.3 ± 2.9 years, and 23 controls aged 55 ± 8 years. People with PD had lower REM
density and higher RSWA% compared to controls. As expected, REM density was higher towards the morning. In contrast,
RSWA% was equally distributed across the night, for both PD and controls.
Conclusions: PD pathology affects REM sleep features, but not the overnight distribution of those features. While REM
density increased towards the end of the night, RSWA% was equally distributed across the night for both PD and controls.
Our findings have clinical implications for diagnosing RBD, as quantification of RSWA% in any sleep cycle is sufficient for
reliably evaluating total RSWA% and reduced REM density may be a marker of PD.
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INTRODUCTION

Rapid eye movement (REM) sleep behavior dis-
order (RBD) is a sleep parasomnia characterized by
REM-related abnormal muscle activity, also known
as REM sleep without atonia (RSWA), accompa-
nied by dream enactment behaviors [1, 2]. RBD is
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the strongest prodromal marker of PD and other
synucleinopathies with a phenoconversion rate of
68% at ten years of follow-up [3] and 80% at 15
years [4]. A clinical history of dream enactment
could suggest probable RBD, yet a formal diagno-
sis of RBD requires detection of RSWA on a video
polysomnographic recording (PSG). As dream enact-
ment behaviors may not be present every night [5],
RSWA is an important PSG signature of RBD, with
relatively low night-to-night variability [1, 6, 7]. The
Sleep Innsbruck Barcelona (SINBAR) group guide-
lines are the most acceptable approach to quantify
RSWA [8]. Optimal montage for RSWA detection is
based on EMG signals from the chin (mentalis mus-
cle) and both upper (flexor digitorum superficialis)
and lower (tibialis anterior) extremities [8, 9] col-
lected during an overnight test in a sleep laboratory.

It is well established that REM sleep is more fre-
quent in the second half of the sleep period. However,
clinical PSG setups include early-than-usual morning
awakenings, potentially leading to a reduced amount
of REM sleep, and limiting an accurate habitual state.
As the night progresses two natural processes occur,
an increase in REM cycles length and an increase in
REM density, a measure of the frequency of rapid eye
movements (REMs) during REM sleep, calculated as
the number of ocular movements per minute [10–13].
Nevertheless, the overnight distribution of REM sleep
features in people with PD is not well understood.
Arnaldi et al. demonstrated that REM cycle length
increased only in healthy controls but not in people
with PD [11]. Although PD patients may present with
reduced REM density [14] compared to healthy con-
trols, the overnight distribution of REM density was
proposed to be comparable to that of healthy controls
[11, 14]. Additionally, there is contradicting evi-
dence on the overnight distribution of RSWA. Arnaldi
and colleagues reported similar RSWA distribution
across REM sleep cycles, as calculated from mentalis
muscle activity, collected from 10 idiopathic RBD
patients, 10 RBD + PD, 10 PD patients, and 10 con-
trols [11]. Contrarily, Sasai-Sakuma and colleagues
evaluated RSWA% distribution across four two-hour-
long sleep periods [15]. Participants with incidental
RSWA findings below the accepted 16.3% cut-off
values for RBD diagnosis, showed a similar distri-
bution of RSWA%, measured from the mentalis and
tibialis anterior muscles, across the night [15]. Sur-
prisingly, higher percentages of RSWA were present
during later REM sleep periods among seven partic-
ipants with RSWA above the cut-off value [15]. The
above-mentioned studies present different method-

ologies and both included relatively small samples of
participants with different characteristics which may
account for the discrepancies in results, therefore,
additional research is needed.

This study aimed to further investigate the tempo-
ral distribution of REM sleep features and to compare
them between people with PD and controls. We com-
bined both previously described methods [11, 15],
comparing RSWA% and REM density between sleep
periods as well as individual REM cycles. We hypoth-
esized that for PD and controls, REM density will
be higher in the last sleep period, compared to the
first sleep period. In contrast, we hypothesized that
RSWA% will be equally distributed across the night.
Furthermore, we hypothesized that for those present-
ing RSWA% above RBD cut-off criteria, RSWA%
will be higher towards the end of the night.

METHODS

Participants

Participants were recruited from the Laboratory
for Early Markers of Neurodegeneration (LEMON),
Neurological Institute, Tel Aviv Sourasky Medical
Center (TASMC), Israel. All participants under-
went overnight PSG between January 2020 and
December 2022. Inclusion criteria were detection
of any RSWA during sleep, presentation of at
least 2 REM cycles longer than 3 min during PSG,
and diagnosis of PD based on the MDS criteria
[16]. Non-PD controls were defined as individ-
uals with incidental RSWA between 40 and 80
years of age, without prior knowledge or complaints
of RBD. Participants were excluded if they had
cognitive dysfunction as observed using the Mon-
treal Cognitive Assessment (MoCA) score of < 21,
a history of other major neurological or psychi-
atric disorders or other forms of Parkinsonism (e.g.,
PSP or MSA), taking selective serotonin reuptake
inhibitors (SSRIs) or serotonin-norepinephrine reup-
take inhibitor (SNRIs), hypnotics, antipsychotics and
anxiolytics which may affect REM sleep and RSWA.
As the study explored muscle activity during REM
sleep, we excluded from the analysis participants
that had moderate-severe obstructive sleep apnea
measured by apnea-hypopnea index (AHI > 15) or
extensive periodic limb movement (PLMS > 30), as
those disorders could interfere with EMG signals dur-
ing REM sleep.

The study was approved by Tel Aviv Sourasky
Medical Center Ethical Committee, in accordance
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with the Helsinki agreement, and all the participants
provided informed written consent before partic-
ipation. On the day of the sleep assessment, all
participants were instructed to avoid any sleep med-
ication and restrict the consumption of caffeine and
alcohol. PD patients were instructed to continue tak-
ing their normal schedule of dopaminergic treatment.

Demographic information about the participants,
as well as cognitive evaluation measured by MoCA,
were collected during a separate visit that occurred
within one day of the PSG. All participants were
asked to fill out the Epworth Sleepiness Scale (ESS)
[17] and a 10-item RBD questionnaire RBDQ [18].
The MDS-UPDRS scale was evaluated in the ON
medication state, approximately 1 h after taking their
medication. The assessment was performed by a cer-
tified movement disorders specialist. Bradykinesia,
rigidity, and tremor subscales were calculated based
on standard criteria, averaging the relevant items of
MDS-UPDRS part III [19–21]. PD medications were
collected and converted into Levodopa equivalent
dose (LEDD) based on standard criteria [22].

Polysomnographic sleep recording (PSG)

All participants were invited for a single overnight
video polysomnography (vPSG) at the Institute
for Sleep Medicine, TASMC, Israel. A standard
PSG montage was used. The EMG electrodes were
attached based on SINBAR guidelines [9], located on
the mentalis muscle (chin), flexor digitorum super-
ficialis (arm), and tibialis anterior (leg), bilaterally.
All recordings lasted at least 6 h. vPSG was collected
using a commercially available system (PSG Embla
NDx, Natus). PSG was scored offline and analyzed by
a board-certified sleep medicine physician blinded to
the PD diagnosis according to the American Associ-
ation of Sleep Medicine (AASM) guidelines [23].

Analysis of REM sleep without atonia (RSWA)

EMG signals were extracted from electrodes
located on the mentalis muscle, the flexor digito-
rum superficialis, and the tibialis anterior muscles
[8, 9]. Although RSWA could be measured solely
in mentalis muscle, we opted to include the more
comprehensive montage which also includes EMG
signals from both upper extremities (right and left
flexor digitorum superficialis) [24].

Both tonic and phasic muscle activity were visually
scored according to previously described methods
[9]. REM without atonia events were marked in case

of increased muscle activity with more than two times
background amplitude and phasic activity as events
longer than 0.1 s, according to SINBAR guidelines
[8, 9]. The overall percentage of muscle activity
(RSWA%) across the entire night was calculated as
the proportion of REM sleep epochs meeting RSWA
criteria from all REM epochs [24]. To calculate the
distribution of RSWA signal across different parts
of the night, a more granular approach was applied.
RSWA% was calculated as the sum of any phasic or
tonic muscle activity divided by the REM length for
each REM cycle separately and compared between
cycles. Two REM segments were considered as two
separate REM cycles based on the following defi-
nition: 1) they were separated by the N3 stage of
sleep, or 2) they were separated by at least 30 min
of N2, N1 stages of sleep or wake. In the rest of the
cases, two REM segments were considered as one
(fragmented) REM cycle. REM cycles shorter than
seven 30-s-epochs i.e., 3.5 min, were excluded from
the analysis and from the calculation of total RSWA%
[14].

Detection of rapid eye movements during REM
sleep

Rapid eye movements (REMs) were scored manu-
ally by a researcher blinded to the participant group.
Rapid eye movement was determined if the signal
extracted from the eye electrode exhibited a rapid
time course shorter than 500 ms [25], appeared simul-
taneously on both left and right EOG channels, and
was detectable above the background noise, regard-
less of its amplitude [26, 27]. REM density was
calculated as the number of REMs per minute out of
total REM sleep or within an individual REM sleep
cycle.

Overnight distribution

To examine the overnight distribution of RSWA%
and REM density, the whole night was divided into
4 sleep periods, according to a previously described
method [15]: first sleep period (starting within 2 h
from sleep onset), second sleep period (starting
within 2–4 h), third sleep period (starting within
4–6 h), and fourth sleep period (starting after 6 h).
The REM cycles were assigned to one of the four
sleep periods based on their onset from sleep onset.
RSWA% was calculated within each sleep period as
the sum of RSWA divided by REM length.
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Statistical analyses

Participants were divided into two groups accord-
ing to the acceptable RBD cut-off value for SINBAR
montage of 27% for 30-s epochs reflecting ‘any’
muscle activity: 1) participants having total RSWA%
above the cut-off, and 2) participants with RSWA%
below the cut-off. The overnight distribution of
RSWA% was first compared between people with PD
and controls, followed by a comparison of above vs.
below cut-off groups (regardless of PD status). In the
case of the PD vs. controls comparison, age was added
as a covariate.

To account for the discrepancy in the number of
REM cycles, we used a generalized linear mixed
model for RSWA% with sleep periods (1st, 2nd, 3rd,
and 4th) as a within-subject variable and a group (PD
vs. controls or above vs. below RBD cut-off) as a
between-subject variable. As a complementary anal-
ysis, we also compared the RSWA% of the REM sleep
cycles themselves. This was explored using a gener-
alized linear mixed model for RSWA% with REM
cycle (1st, 2nd, and last) as a within-subject variable
and a group (PD vs. controls or above vs. below RBD
cut-off) as a between-subject variable. To avoid data
duplication, in the case of only two REM cycles, the
2nd cycle was considered only as the last cycle and
was excluded from the 2nd cycle calculation.

The overnight distributions of REM density and
REM cycle duration were compared between PD
and controls both across the four sleep periods and
individual REM cycles using the above-described
approach. In all the analyses, if a significant group
by sleep period/REM cycle interaction was found,
post hoc analysis was conducted in each group using
the Friedman test adjusted with Bonferroni’s correc-
tion for multiple comparisons. Additionally, the REM
density and RSWA% of PD patients were correlated
with clinically relevant variables using Spearman cor-
relation.

RESULTS

Clinical, demographic, and PSG results

A total of 51 participants, 28 people with PD and
23 controls were included in this study. Clinical,
demographic, and PSG data are presented in Table 1.
Compared to controls, people with PD were signif-
icantly older, had lower REM density (see Fig. 1),
higher overall RSWA%, a higher score of RBDQ and
ESS, and higher values of PLMS.

For the whole cohort, participants, on average,
slept 5.9 ± 0.9 h. RSWA ranged from 1.4% to 71.2%
out of the total REM sleep time. RSWA was detected
in 164 out of 167 REM cycles (98%). Fifteen partic-
ipants presented with RSWA above the RBD cut-off
value (PD = 12, controls = 3). During the vPSG, ten
people with PD and three controls demonstrated
typical dream enactment behaviors, including move-
ments, talking, and vocalization during REM sleep
with a confirmed diagnosis of RBD. Of the three con-
trols with dream enactment, only one had RSWA%
above the RBD cut-off and could be considered clin-
ical RBD while the other two did not present with
high RSWA. The other two control participants with
RSWA above the cut-off for RBD did not show any
signs of dream enactment.

REM density of PD patients negatively correlated
with MDS-UPDRS III bradykinesia subscale index
(Fig. 2). There was no significant correlation between
REM density and disease duration, age, LEDD,
MDS-UPDRS III, rigidity subscale, tremor subscale,
and overall RSWA%. Additionally, for people with
PD, there was no difference in REM density between
those above and below RBD cut-off (Mann–Whitney
U = 84, n1 = 11, n2 = 15, p = 0.94; median values and
range of 5.0 (6.7) and 4.5 (9.1), respectively). Within
the PD group, RSWA% did not correlate with any of
the clinical features of age, disease duration, LEDD,
MDS-UPDRS III total score, and MDS-UPDRS III
sub-scores.

Overnight distribution across the 4 sleep periods
(Fig. 3)

Only 14 out of 51 participants had REM sleep
spread across the 4 sleep periods. Forty-one partici-
pants had REM sleep during the 1st sleep period, 44
participants had REM during the 2nd sleep period, 41
participants had REM during the 3rd sleep period, and
only 26 participants had REM during the 4th sleep
period.

The RSWA% was higher for the PD compared
to controls (F(1,143) = 4.2, p = 0.04). There was no
main effect for the sleep period (F(3, 143) = 2.1,
p = 0.10) with a trend for group by sleep period
interaction (F)3, 143) = 2.3, p = 0.08). RSWA% was
higher for the RBD group compared to those with
RSWA that did not meet the cut-off diagnosis of RBD
(F(1,144) = 73.3, p < 0.001). There was no main effect
for the difference in sleep period (F(3, 144) = 1.7,
p = 0.17) nor the group by sleep period interaction
(F)3, 144) = 0.2, p = 0.86).
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Table 1
Clinical, demographic, and polysomnography data for 28 people with PD and 23 non-PD controls presenting with RSWA during overnight

sleep laboratory evaluation. Data are presented as mean ± standard deviation [min – max]

PD (n = 28) Controls (n = 23) p

Age (y) 64.7 ± 8.5 [40–78] 57.4 ± 9.2 [45–75] 0.009
Gender (M/F) 20/8 13/10 ns
PD duration 3.1 ± 2.8 [0–12] – –
Above RBD cut off (n) 12 3
Dream enactment behaviors (n) 10 3
LEDD 328 ± 307 [0–1240] – –
MoCA 25.5 ± 2.5 [21–30] 26.1 ± 2.5 [22–30] ns
ESS 7.9 ± 4.2 [1–18] 5.5 ± 4.3 [1–17] 0.017
RBDQ 5.2 ± 3.3 [1–12] 3.0 ± 2.6 [0–10] 0.009
Sleep period (h) 7.2 ± 0.6 [5.7–8.8] 7.1 ± 0.5 [6.1–8.2] ns
Total sleep time (h) 5.9 ± 0.9 [4.6–7.8] 5.9 ± 0.8 [4.7–7.5] ns
Sleep latency (min) 14.2 ± 19.2 [0.8–88.0] 14.5 ± 17.4 [1.1–73.3] ns
AHI 5.2 ± 3.9 [0–14.7] 5.7 ± 4.4 [0–14.8] ns
PLMS 6.7 ± 8.1 [0–28.0] 2.9 ± 6.6 [0–27.2] 0.043
REM duration (min) 75 ± 31 [33–155] 65 ± 26 [28–110] ns
REM latency (min) 93 ± 52 [6–214] 101 ± 46 [43–218] ns
REM cycles (n) 3.2 ± 1.1 [2–6] 3.4 ± 0.8 [2–5] ns
RSWA% 25.5 ± 19.0 [2.5–71.2] 12.6 ± 10.6 [1.4–45.4] 0.014
REM density (n/min) 4.6 ± 2.2 [1.0–10.2] 8.3 ± 3.9 [2.5–15.7] 0.001
Sleep efficiency (%) 79.8 ± 9.2 [62.3–95.6] 81.2 ± 9.1 [61.5–97.7] ns
N1 (%) 8.3 ± 5.5 [2.6–21.2] 6.7 ± 2.7 [2.7–14.8] ns
N2 (%) 44.1 ± 9.5 [25.5–62.1] 48.6 ± 8.9 [27.2–62.6] ns
N3 (%) 26.7 ± 9.5 [10.1–47.1] 26.5 ± 9.1 [11.9–49.9] ns
REM (%) 20.9 ± 7.2 [9.9–43.0] 18.3 ± 6.4 [8.0–29.2] ns
WASO (min) 77 ± 41 [17–173] 69 ± 40 [7–170] ns
Arousal index 6.1 ± 3.0 [2.0–14.0] 8.0 ± 4.1 [1.4–17.0] ns

LEDD, levodopa equivalent dose; ESS, Epworth Sleepiness Scale; RBDQ, REM sleep behavior questionnaire; AHI, apnea-hypopnea index;
PLMS, periodic limb movement in sleep; WASO, wake after sleep onset; ns, nonsignificant.

The REM density was lower for the PD compared
to controls (F(1,129) = 5.4, p = 0.02). There was a
main effect for the sleep period (F(3, 129) = 12.9,
p < 0.001). Post-hoc analysis revealed that REM den-
sity within the first sleep period was significantly
lower than the REM density within the 3rd and 4th
sleep periods (p < 0.001 and p = 0.025, respectively).
There was no group by sleep period interaction (F)3,
129) = 1.9, p = 0.13).

REM sleep features across 1st, 2nd, and last
REM cycles (Fig. 4)

A total of 39 participants had more than 2
REM cycles, with 12 participants having only 2
REM cycles. The RSWA% was higher for the
PD compared to controls (F(1,134) = 4.0, p = 0.048).
There was no main effect for the REM cycle
(F(2, 134) = 0.2, p = 0.85) nor the group by REM
cycle interaction (F)2, 134) = 1.6, p = 0.22). The
RSWA% was higher for the above cut-off group com-
pared to the below cut-off group (F(1,135) = 61.1,
p < 0.001). There were no main effect for REM cycle
(F(2,135) = 0.2, p = 0.98) and no group by cycle inter-
action (F(2,135) = 0.3, p = 0.74).

The REM density was lower for the PD com-
pared to controls (F(1,123) = 6.8, p = 0.01). There was
a main effect for the REM cycle (F(2, 123) = 13.8,
p < 0.001). Post-hoc analysis revealed that REM den-
sity within the first REM cycle was significantly lower
than the REM density within the last REM cycle
(p < 0.002). There was a trend for group by sleep
period interaction (F)2,123) = 2.7, p = 0.07) where
REM density of controls increased by 6.5 REMs/min
from the first to the last cycle (p = 0.018), while PD
had a more moderate increase of 2.2 REMs/min from
first to the last cycle (p = 0.043).

There was no difference in REM cycle length
between PD and controls (F(1,133) = 1.3, p = 0.26).
There was a main effect for the REM length (F(2,
133) = 7.1, p = 0.001), with 1st REM being shorter
than the last REM (p = 0.003). There was no group
by REM length interaction (F)2,133) = 0.3, p = 0.74).

DISCUSSION

The goal of the present study was to evaluate the
temporal distribution of REM sleep features across
the night and to compare them between people with
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Fig. 1. Raw data of 30-second epoch of REM sleep for PD (upper) and controls (lower). The first two channels marked in blue are left and right EOG, followed by frontal (F4), central (C4), and
occipital (O2) EEG channels. The last channel is the chin EMG measured from the mentalis muscle. Note the much higher REM density of controls, compared to PD. Across the whole night,
controls had a REM density of 7.5, compared to a REM density of 4.3 in a PD patient.
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PD and controls. Compared to controls, people with
PD had lower REM density and higher RSWA%.
For both groups, REM cycle length and REM den-
sity increased across the night. Importantly, RSWA%
was distributed similarly across the night for all par-
ticipants, leading to a conclusion that an accurate
assessment of RSWA% can be sufficiently deter-
mined by examining the REM sleep in the first part
of the night.

Sleep disturbances are a prevalent non-motor
symptom of PD, with two-thirds of patients with
PD reporting poor sleep quality [28]. Indeed, in this
study, PD patients reported higher scores on the ESS
and RBDQ questionnaires. Nevertheless, there was
no difference in sleep macroarchitecture parame-
ters between PD and controls, except for a slightly
higher PLMS score and higher RSWA%. Within the
PD group, RSWA% did not correlate with age, dis-
ease duration, LEDD, and MDS-UPDRS III total
score. Our findings diverge from the outcomes of
the meta-analysis, which indicated that advanced age
and longer disease duration are associated with an
increased risk of RBD in PD [29] or with disease dura-
tion [30] and progression [31]. Differences in results
could be partially explained by our relatively homo-
geneous group of patients all of which had RSWA.

Interestingly, in the microarchitecture features,
people with PD had overall lower REM density,
supporting previous findings [14]. Exploration of dif-
ferences in REM density between participants above
and below the RBD cut-off showed no difference
between the groups. REM density increased towards
the end of the night, in line with previous research
[11–13]. This increase occurred both for controls
and PD. Within the PD group, REM density nega-
tively correlated with the bradykinesia subscale of
the MDS-UPDRS part III. Rapid eye movements,
a phasic REM sleep activity, have been associated
with the activation of the motor cortex during sleep
[32]. One possible explanation for the reduced REM
density in PD may be reduced cortical activation dur-
ing REM sleep, which parallels the reduced cortical
activation observed during wakefulness in individ-
uals with bradykinesia [14, 33, 34]. The similarity
between the two phenomena and the negative correla-
tion between REM density and the bradykinesia score
suggests a potential common underlying mechanism.
Another possible explanation for the reduced REM
density in PD may be due to saccadic deficits in PD
patients observed during wake, suggested as alterna-
tions in oculomotor control [35–38]. Interestingly, a
previous report in non-diagnosed individuals showed

Fig. 2. Scatterplot of REM density vs. Bradykinesia sub-score of
MDS-UPDRS III. REM density of PD patients negatively corre-
lated with bradykinesia sub-score of MDS-UPDRS III (one-tailed
Spearman r = −0.34, p = 0.045).

higher REM density in isolated RSWA compared
to controls [39] raising several questions regarding
the neurodegenerative process and its role on REM
density. Future longitudinal studies should explore
why the increase in REM density observed in RSWA
may later decrease once phenoconverted to a neu-
rodegenerative disorder and whether REM density is
correlated with biological markers of disease (i.e.,
alpha-synuclein deposits or DaT SPECT imaging)
[10].

Contrary to the previous report, REM cycle length
increased from the first to the last REM cycle for
both groups [11]. These results suggest that PD
patients in this study have preserved underlying cir-
cadian regulation. However, contrary to the increased
REM density towards the end of the night, RSWA%
was similarly distributed across the night, support-
ing most of the previous results [11, 15]. Different
temporal distributions of these two phenomena could
be explained by different underlying mechanisms.
REMs are a natural phenomenon, generated by ponto-
genicular-occipital waves [40, 41], and following
homeostatic regulation, i.e., REM density is high-
est when the sleep pressure is low [27]. Conversely,
RSWA is a pathological state of dysfunction of neu-
rons in the brain stem [1]. The equal distribution
of RSWA% across the night suggests that RSWA
pathology is potentially independent from homeo-
static and/or circadian regulation.

Unlike previous results reporting higher RSWA%
during later sleep periods in people with RSWA%
above the RBD cut-off value [15], the present study
found similar RSWA% distribution across the night
for both the above and below cut-off groups. The
discrepancy in the results could be explained by
methodological differences and different participant
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Fig. 3. Boxplots of overnight distribution of RSWA% (A, B) and REM density (C) across four sleep periods. A) RSWA% compared between
people with PD and controls. B) RSWA% compared between above vs. below RBD cut-off groups. C) REM density compared between
people with PD and controls.

populations. First, this study included both controls
and people with PD and eight out of 15 of the above
cut-off group demonstrated typical dream enact-
ment behaviors, while Sasai-Sakuma et al. analyzed
healthy participants with incidental RSWA findings.
The inclusion of diagnosed patients with PD provided
an insight into the integration of RSWA from pro-
dromal to disease. The similar % RSWA across the
night could reflect the more advanced neurodegenera-
tive process. This should be further explored in future
studies. Additionally, in our study, the RBD cut-off
values were determined by ‘any’ EMG activity of
the mentalis, flexor digitorum superficialis, and tib-
ialis anterior muscles, while Sasai-Sakuma et al. used
the RBD cut-off value based on phasic EMG activity
in mentalis muscle. When evaluating the night-to-
night variability of RSWA%, they reported a good
between-night agreement for tonic, but not for pha-
sic excessive chin muscle activity [6]. Importantly,
REM-sleep-related behavioral events occur predom-

inantly in the upper limbs [42], with some evidence
suggesting that 65% of events would be missed if the
upper limbs were not recorded [43]. Speculatively,
higher phasic EMG activity in the mentalis muscle
toward the end of the night in the above RBD cut-off
group could be obscured by an equal overnight dis-
tribution of RSWA% in the upper limbs muscle, but
this claim needs to be further validated.

In this study, we combined two previously reported
methods to assess the distribution of RSWA% across
the four sleep periods and within individual REM
cycles [11, 15]. Comparing RSWA% between sleep
periods provides a good allocation of REM across
the night, yet some sleep periods remain without
any REM. On the other hand, comparing directly
between REM cycles within each participant and
across groups requires controlling for a similar num-
ber of REM cycles and therefore may introduce
selection bias. The similar results of these two anal-
yses reinforce our findings of similar distribution of
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Fig. 4. Boxplots of overnight distribution of REM-related features across 1st, 2nd, and last REM cycles. A) RSWA% compared between
people with PD and controls. B) RSWA% compared between above vs. below RBD cut-off groups. C) REM density compared between
people with PD and controls. D) REM cycle duration compared between PD and controls.

RSWA% across the night. Nonetheless, our study has
several limitations, mainly the relatively small sam-
ple size. In addition, we did not assess the effect of
dopaminergic medication dosage or intake time on
the distribution of REM sleep features and more so
on REM density. However, by excluding participants
with sleep disorders, potentially interfering with mus-
cle signals during REM sleep such as high AHI and
PLMS indices and excluding people taking SSRI we
ensured that our sample reflects the true findings of
RSWA%. Future studies should explore the effect
of medication, associated with reduced bradykinesia,
with REM density.

In conclusion, PD pathology affects REM sleep
features, i.e., decreased REM density and increased
RSWA%, but does not affect the overnight distribu-
tion of those features. While REM density increased
towards the end of the night, RSWA% was similarly
distributed across the night for both PD vs. controls
and above vs. below RBD cut-off. These findings sug-
gest that identification of RSWA in any sleep period

is sufficient for a clinical diagnosis. This finding has
clinical implications for diagnosing RBD, especially
in the following situations: 1) People presenting with
REM sleep only in the first part of the night; 2) People
with OSA undergoing split-night PSG; and 3) Peo-
ple undergoing clinical PSG with early-than-usual
awakenings, thus missing the REM most rich sleep
period.
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