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Abstract

Background: In idiopathic rapid eye movement (REM) sleep behavior disorder (iIRBD) patients, electroencephalogram (EEG) activities
during REM sleep in some cortical regions are different from those in normal controls. This study aimed to examine inter-hemispheric
asymmetry and intra-hemispheric EEG discrepancy in iRBD patients and normal controls during REM sleep. Methods: Polysomno-
graphic recordings were carried out on 15 iRBD patients and 15 normal controls. The inter-hemispheric asymmetry and intra-hemispheric
differences of EEG activities in the iRBD patients were compared with those in the normal controls during REM sleep. Results: Dur-
ing REM sleep, most of the powers of theta, alpha, sigma, beta, and gamma waves in the right cerebral hemisphere were significantly
greater than those in the left cerebral hemisphere in both the iRBD patients and normal controls. The inter-hemispheric asymmetry was
significantly larger in the central and occipital regions and generally smaller in the frontal region in the iRBD patients compared with the
normal controls. In the iRBD patients and normal controls, the powers of theta, alpha, beta, and gamma bands during tonic and phasic
REM sleep were highest in the frontal cortical region, followed by the central cortical region, and lowest in the occipital cortical region;
sigma power during phasic, but not tonic, REM sleep fully followed this rule. Conclusion: In iRBD patients EEG activities are unevenly
distributed, with an altered inter-hemispheric asymmetry that might be associated with changed bilateral neuronal differences compared
with normal controls.
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1. Introduction neurological diseases or triggers, such as the use of an-
tidepressants [6]. It has been reported that approximately
80% iRBD patients develop neurodegenerative diseases
within 10 years [7]. iRBD is also considered a strong
predictor and an early sign for neurodegenerative alpha-
synucleinopathies, such as Lewy body dementia (DLB),
Parkinson’s disease (PD) and multiple system atrophy [8,
9], although the pathophysiologic mechanisms underlying
iRBD are still unclear. iRBD patients might have impair-
ments in memory, executive function, and visuospatial abil-
ity [10—13], and up to 50% of iRBD patients have mild cog-
nitive impairments (MCI) [11].

Rapid eye movement sleep behavior disorder (RBD)
is a parasomnia with a loss of muscle atonia accompanied
by dream enactment behaviors during rapid eye movement
(REM) sleep [1]. RBD predominantly occurs in males, and
the onset age in most patients is 40—70 years old [2]. Violent
behaviors during dreams range from mild physical convul-
sions, minor limb jerking and twitching to complex violent
movements such as hitting walls and kicking legs, which
can cause serious physical injuries to the patients them-
selves and/or their bedmates during REM sleep [2—4].

REM sleep can be further divided into phasic and tonic
REM phases based on the presence absence of REMs or not
and during phasic REM sleep, motor-behavioral episodes
in RBD patients happen more frequently than during tonic
REM sleep [5].

Compared to normal controls, iRBD patients show a
higher metabolism in the premotor cortex and hippocampus
and a lower metabolism in the occipital region [14], sug-
gesting that a discrepancy in electroencephalogram (EEG)
activities between different cortical regions within the same

A notable clinical form of RBD with a relationship hemisphere may be exhibited in the iRBD patients. Inter-
to REM sleep is idiopathic RBD (iRBD), which refers to hemispheric differences in EEG activities in iRBD patients
RBD that occurs without any other obviously associated might differ from those in normal controls during REM
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sleep. Furthermore, the cerebral hemispheres are not struc-
turally or functionally identical in both sides [15—17]. Dur-
ing REM sleep, for example, EEG activity in the right side
is more active than in the left [15,18]. In addition, it has
been reported that the difference in alpha power between the
left and right frontal cortical regions (frontal alpha asymme-
try, FAA) might predict the level of anger in dream during
REM sleep, and that people with a greater alpha power in
the right frontal cortical region might be less able to control
intense emotional states in dream, such as anger [19]. Since
iRBD patients are often reported to have violent dreams, it
is possible that iRBD patients might have a greater alpha
asymmetry in EEG activities than normal controls. A pre-
vious study has shown that the brain networks of iRBD pa-
tients during the eyes-open resting state display higher topo-
logical properties in the left hemisphere when analyzed at
the hemispheric level [20].

Since these various findings suggest both intra-
hemispheric and inter-hemispheric EEG differences dur-
ing REM sleep might be dissimilar between iRBD patients
and normal controls, the study aimed to compare inter-
hemispheric asymmetry and intra-hemispheric discrepancy
in EEG activities during phasic and tonic REM sleep be-
tween iRBD patients and normal controls.

2. Materials and Methods
2.1 Participants

A total of 40 subjects, including 20 iRBD patients and
20 normal controls, were recruited and clinical examined
at the Jiangxi Provincial People’s Hospital. A total of 5
iRBD patients and 5 controls were eliminated due to fail-
ure to meet the inclusion criteria or having conditions in
the exclusion criteria (see below). At the end, a total of 30
participants were enrolled in this study, including 15 iRBD
patients and 15 normal controls.

The patients were recruited if they were 30-70 years
old males diagnosed with iRBD based on the criteria de-
fined in the International Classification of Sleep Disorders,
Third Edition (ICSD-3) [1], and age-matched male normal
controls were also included. Inclusion criteria included: (1)
no insomnia, bruxism, narcolepsy, restless leg syndrome
and any other sleep disorders; (2) no intake of anxiolytic,
antidepressant or psychiatric medications within a month
prior to polysomnographic (PSG) examination. The sub-
jects were not allowed to take stimulants such as caffeinated
beverages (e.g., tea and coffee) within 24 hours prior to the
experiments. The patients and normal controls with one or
more the following conditions were excluded: (1) apnea hy-
popnea index (AHI) >15; (2) primary and secondary lung
diseases; (3) hypertension (Stage II or higher) and heart dis-
eases with Functional Class II or worse specifically defined
by the New York Heart Association; (4) poorly controlled
diabetes mellitus with complications; (5) mental and neuro-
logical diseases; (6) brain injury; (7) alcohol or other sub-
stance abuse.

All iRBD patients were newly diagnosed during this
assessment period and had not previously received any
treatment for iRBD. The study included four patients
with hypertension (Stage I), and three patients with well-
controlled type II diabetes mellitus without complications.
Patients with type Il diabetes mellitus were primarily
treated with metformin and none of the patients were taking
medications known to significantly affect sleep architecture
or EEG activity.

2.2 Polysomnographic Recording

Electroencephalographic (O1-A2, 02-Al, C3-A2,
C4-Al, F3-A2, F4-A1l), electrooculographic (EOG), and
electrocardiographic (ECG) activities, as well as elec-
tromyographic (EMG) activities from bilateral mylohyoid,
masseter, tibialis anterior and gastrocnemius muscles, as
well as flexor and extensor radialis were simultaneously
recorded with the Grael 4K PSG:EEG recording system
(Compumedics Limited, Abbotsford, Victoria, Australia)
as previously reported [21,22]. In addition, the partici-
pants’ respiration was also recorded via a nasal pressure-
monitoring cannula, an airflow thermistor, as well as tho-
racic and abdominal piezoelectric belts. Peripheral vascular
oxygen saturation (SpO2) was recorded with a pulse oxime-
try. In addition, body position was monitored by body po-
sition sensors, and snoring was recorded by snore sensors.
All participants were monitored with audio-visual recorders
during PSG recordings.

2.3 Data Analysis

All PSG data were initially analyzed using the Pro Fu-
sion PSG 4 Software (Compumedics Limited, Abbotsford,
Victoria, Australia) based on the standards developed by
the American Academy of Sleep Medicine [23], and then
analyzed with the Brainstorm program (Version 2, GNU
GPLv2, McGill University, Montreal, QC, Canada). The
EEG signals were digitized and filtered with a low- and a
high-pass filter set at 70 Hz and 0.1 Hz, respectively [4],
and a 50 Hz notch filter.

REM sleep was divided further into phasic and tonic
REM phases based on the presence or absence of REMs,
which were described as irregular, sharply peaked and con-
jugate eye movements recorded in the EOG derivations,
with an initial deflection lasting shorter than 0.5 seconds
[4,23]. Phasic REM epochs were defined as a 4-second seg-
ment with >2 consecutive REMs, while tonic REM epochs
were defined as a 4-second segment in which no eye move-
ments were detected. Epochs containing only a single REM
were excluded to avoid transitional states [4]. In addition,
phasic and tonic REM epochs were selected only if the in-
tervals between the two types of REM phases were longer
than 8 s to avoid possible mutual interference [24]. EEG
signals contaminated by motion or EMG artifacts were ex-
cluded from further analysis.
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Table 1. General demographic and sleep characteristics of the study population.

iRBD patients Normal controls p

Sex 15 Males 15 Males
Age (years) 40 (35-56) 42 (38-51) NS
Total sleep time (min) 421.33 £+ 64.74 428.30 +-42.35 NS
WASO (min) 70.73 +39.99 37.67 £ 20.59 <0.01
Sleep efficiency (%) 83.07 + 7.83 90.47 +4.24 <0.01
Sleep stage (%)

N1 12.11 £ 5.49 9.23 +4.13 NS

N2 53.87 + 6.56 52.70 £ 9.76 NS

N3 15.80 4+ 9.82 18.52 + 8.79 NS

REM 18.22 +4.82 19.55 +4.53 NS
Sleep stage (min)

N1 51.17 4+ 23.37 38.47 + 15.01 NS

N2 227.23 +£43.99 225.27 +46.31 NS

N3 66.97 + 43.38 80.20 4+ 41.24 NS

REM 75.97 +£21.44 84.37 £ 23.10 NS
Microarousal index (events’/h)  14.40 (11.10-20.80)  10.70 (6.40-15.50) NS
SB index (events/h) 0.80 (0.40-1.90) 0.80 (0.40-3.40) NS
PLMI (events/h) 1.70 (0.00-9.90) 4.90 (0.50-10.10) NS
AHI (events/h) 6.11 +4.81 7.93 +4.53 NS

Normally distributed variables are reported as mean + standard deviation (SD) and skewed

variables are reported as the median (IQR).

AHI, Apnea hypopnea index; N1-N3, Non-rapid eye movement sleep stage 1-3; NS, not sig-

nificant; PLMI, Periodic limb movement index; REM, rapid eye movement sleep; SB, sleep

bruxism; WASO, wake after sleep onset; iRBD, idiopathic rapid eye movement sleep behavior

disorder.

Phasic and tonic REM sleep in the iRBD patients were
further categorized according to the presence or absence of
excessive transient muscle activity (ETMA), which was de-
fined as EMG bursts lasting 0.1-0.5 seconds and with am-
plitudes at no less than two times of the EMG activities with
muscle atonia, or the lowest EMG amplitude during non-
rapid eye movement (NREM) sleep if no muscle atonia was
present during REM sleep [23]. In the iRBD patients and
normal controls, 50 4-second phasic epochs (25 with and 25
without ETMA) and 50 4-second tonic epochs (25 with and
25 without ETMA) were randomly selected per participant.
Power spectral analysis of the epochs of EEG signals was
carried out using the Welch’s method with 1-second win-
dows and 50% overlap [4].

The ratio of duration of REM sleep without atonia
(RSWA) to the total duration of REM sleep. A higher
percentage of REM sleep showing increased muscle tone
(tonic) or excessive transient activity (phasic) was used to
indicate more severe pathology. The correlation of EEG
measures with the ratio of RSWA/REM was analyzed.

The absolute and relative power of five specific EEG
frequency bands specifically theta (4—8 Hz), alpha (8—12
Hz), sigma (1215 Hz), and beta (15-30 Hz) [4], as well as
gamma (30-48 Hz) were calculated based on linked mas-
toid reference (Al + A2)/2. The 30—48 Hz gamma band,
rather than the 30—50 Hz range as used in the previous study
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[4], was analyzed to avoid including alternating current (50
Hz) noise. Delta waves during REM sleep were not ana-
lyzed due to possible contamination with EOG signals.

Inter-hemispheric EEG asymmetry was defined as the
difference in EEG power of the same waves during REM
sleep in the frontal, central and occipital regions between
left and right side, and expressed as inter-hemispheric EEG
asymmetry score (INTER-EEG-A-Score), which was cal-
culated by using the following formula:

INTER-EEG-A-Score = (Power gigy
1eft)/(Power gight + Power 1e1) [25,26].

In contrast, intra-hemispheric discrepancy referred to
the difference in the power of certain EEG waves between
any two cortical regions in the same cortical hemisphere.

Power

2.4 Sample Size Estimation

Sample size was estimated based on the results of the
preliminary data from four iRBD patients and four normal
controls with G*Power (version 3.1.9.7, http://www.gpow
er.hhu.de/; « set at 5% and 5 at 20%), and eleven iRBD
patients and eleven normal controls were estimated to be
needed. In addition, after the experiments, the statistical
power of each test with a p-value > 0.05 was calculated
and confirmed to be desired (i.e., >0.8) in this study.
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Fig. 1. INTER-EEG-A Scores in the frontal regions in the iRBD patients and normal controls during REM sleep. (A-D) INTER-
EEG-A Scores in the frontal regions during tonic (A,B) and phasic (C,D) REM sleep in the iRBD patients and normal controls. (E,F)
Inter-hemispheric EEG asymmetry Score (INTER-EEG-A-Score) in the frontal regions during tonic and phasic REM sleep with and
without excessive transient muscle activity (ETMA) in the iRBD patients. Data are reported as mean + SEM. *p < 0.05, **p < 0.01,
*HEp < 0.001.

4 &% IMR Press


https://www.imrpress.com

Central region

Tonic REM sleep with ETMA
in iRBD patients

A Il iRBD patients

gamma * =3 Controls
beta
sigma

alpha

theta

X¥¥

I T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10

Tonic REM sleep without ETMA
in iRBD patients

C El iRBD patients

gamma =3 Controls
beta
sigma

alpha

theta

*

I T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10

Tonic REM sleep
in iRBD patients

gamma

gamma

Phasic REM sleep with ETMA
in iRBD patients

B HEl iRBD patients

3 Controls
beta

sigma

alpha

theta

I T T T 1
0.00 0.02 0.04 0.06 0.08 0.10

- #XX%

Phasic REM sleep without ETMA
in iRBD patients

D El iRBD patients
3 Controls

beta

sigma

alpha

theta

FX¥

I T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10

Phasic REM sleep
in iRBD patients

El With ETMA El With ETMA
gamma 3 Without ETMA 92MMa 3 Without ETMA
beta beta
sigma sigma
alpha alpha
theta theta

I I I I ] 1
0.00 0.02 0.04 0.06 0.08 0.10
INTER-EEG-A-Score

Fig. 2. EEG powers and INTER-EEG-A Scores in the central regions in the iRBD patients and normal controls during REM
sleep. (A—D) INTER-EEG-A Scores in the central regions during tonic (A,B) and phasic (C,D) REM sleep in the iRBD patients and
normal controls. (E,F) INTER-EEG-A Scores in the central regions during tonic and phasic REM sleep with and without ETMA in the

] 1 I I 1 1
0.00 0.02 0.04 0.06 0.08 0.10
INTER-EEG-A-Score

iRBD patients. Data are reported as mean + SEM. *p < 0.05, ***p < 0.001.
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Fig. 3. EEG powers and INTER-EEG-A Scores in the occipital regions in the iRBD patients and normal controls during REM
sleep. (A-D) INTER-EEG-A Scores in the occipital regions during tonic (A,B) and phasic (C,D) REM sleep in the iRBD patients and
normal controls. (E,F) INTER-EEG-A Scores in the occipital regions during tonic and phasic REM sleep with and without ETMA in the
iRBD patients. Data are reported as mean == SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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2.5 Statistical Analysis

Prior to any statistical analysis, normality for all vari-
ables was examined with Shapiro-Wilk tests. Normally dis-
tributed data were reported as mean =+ standard deviation
(SD) unless indicated otherwise, and the paired #-test or Stu-
dent’s #-test was used wherever appropriate. In addition,
two-way repeated measures ANOVA followed by post-hoc
Bonferroni tests was used to examine inter-hemispheric
asymmetry and intra-hemispheric discrepancy in EEG ac-
tivities. Skewed data are reported as the median (IQR) and
the Mann—Whitney U test and the Wilcoxon signed-rank
test were used wherever appropriate. The SPSS Statistics
25.0 software package (IBM, Armonk, NY, USA) was used
to perform statistical analysis. Supplementary scatter plots
were generated to display individual data points for each
event by using GraphPad Prism (version 10.1.2, GraphPad
Software, San Diego, CA, USA). p < 0.05 was considered
as statistical significance.

3. Results

3.1 General Demographic and Sleep Characteristics of
iRBD Patients and Normal Controls

No significant difference (p > 0.05) existed between
the iRBD patients and normal controls in age, total sleep
time, microarousal index, sleep bruxism index, apnea-
hypopnea index, periodic leg movement index, and percent-
age of the sleep time spent in each sleep stage (Table 1).
However, compared with the normal controls, the iRBD pa-
tients had a significantly lower sleep efficiency (p < 0.01)
and a significantly longer wake after sleep onset time (p <
0.01).

3.2 Inter-Hemispheric and Intra-Hemispheric and EEG
Activity Differences in the iRBD Patients and Normal
Controls

EEG powers of theta, alpha, sigma, beta and gamma
waves in the right frontal, central and occipital regions were
significantly greater (p < 0.05-0.001) than those in the
corresponding left cortical regions during tonic and pha-
sic REM sleep (regardless of ETMA) in the iRBD patients
and normal controls, with the following exceptions. In the
iRBD patients, no significant bilateral difference (p > 0.05)
was found in the frontal theta and occipital alpha power dur-
ing tonic REM without ETMA, frontal beta power during
phasic REM sleep with and without ETMA, occipital theta
power during phasic REM sleep without ETMA, and occip-
ital alpha power during phasic REM sleep with ETMA. In
contrast, in the normal controls, no significant bilateral dif-
ference was found in the occipital sigma, beta and gamma
power, the central gamma power during tonic REM sleep,
and the central theta power, occipital sigma power as well
as the frontal and central gamma power during phasic REM
sleep (p > 0.05) (Tables 2,3, and Supplementary Figs. 1—
3).
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During tonic REM sleep (regardless of ETMA) in the
iRBD patients and normal controls, the powers of theta,
beta, and gamma waves in the frontal region were signif-
icantly greater than those in the ipsilateral central (p <
0.001) and occipital regions (p < 0.001), and the powers of
these frequency bands were significantly greater in the cen-
tral region (p < 0.001) than those in the ipsilateral occipital
region (Table 2). Similarly, alpha and sigma power were
significantly greater in the frontal and central regions (p <
0.001) than in the ipsilateral occipital region (Table 2). In
contrast, the power of alpha and sigma waves in the frontal
regions were not significant differently (p > 0.05) from
those in the ipsilateral central region, but alpha and sigma
power was significantly greater (p < 0.05-0.001) in the left
frontal region than in the left central region during tonic
REM sleep with ETMA in the iRBD patients (Table 2).

During phasic REM sleep (regardless of ETMA) in the
iRBD patients and normal controls, the powers of all five
EEG frequency bands analysed in the frontal region were
significantly greater than those in the ipsilateral central (p
< 0.001) and occipital regions (p < 0.001), and the pow-
ers of these frequency bands in the central region were sig-
nificantly greater (p < 0.001) than those in the ipsilateral
occipital region (Table 3).

3.3 Comparisons of EEG Activities Between Left and
Right Cerebral Hemispheres in the iRBD Patients and
Normal Controls

In the frontal region, during tonic REM sleep regard-
less of ETMA, inter-hemispheric EEG asymmetry scores
of theta, alpha, sigma and beta waves were significantly
smaller in the iRBD patients compared to normal con-
trols (p < 0.05-0.001), while no significant difference was
found in gamma waves (p > 0.05) (Fig. 1A,C). In contrast,
inter-hemispheric EEG asymmetry scores of sigma and beta
waves were significantly smaller during phasic REM sleep
regardless of ETMA, while no significant difference was
found in those scores of theta, alpha and gamma waves
during phasic REM sleep regardless of ETMA (p > 0.05)
(Fig. 1B,D).

In the central region, inter-hemispheric EEG asymme-
try scores of beta and gamma waves during tonic REM sleep
with ETMA, not during tonic sleep without ETMA, were
significantly greater in the iRBD patients than those in nor-
mal controls (p < 0.05). In contrast, inter-hemispheric EEG
asymmetry scores of theta waves during tonic and phasic
REM sleep (regardless of ETMA) were significantly greater
in the iRBD patients than those in normal controls (p <
0.05-0.001). While no significant difference was found in
the inter-hemispheric EEG asymmetry scores of alpha and
sigma waves during phasic and tonic REM sleep (regardless
of ETMA) (p > 0.05) (Fig. 2).

In the occipital region, inter-hemispheric EEG asym-
metry scores of beta waves during tonic and phasic REM
sleep (regardless of ETMA) were significantly greater in
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Table 2. Comparisons of the power of EEG waves in dB between left and right hemispheres during tonic REM sleep.

Tonic REM sleep

With ETMA in iRBD patients

Without ETMA in iRBD patients

Normal controls

Left Right Left Right Left Right
Theta
Frontal 17.07 £2.23 17.29 +2.13*# 16.89 +2.14 16.98 +2.07 16.06 + 1.94 16.45 £ 1.91%#
Central 16.00 £ 2.27*** 16.55 4 2.06***## 15.99 £ 2.13*** 16.41 4 1.88***-## 15.34 4 1.89*** 15.52 4 1.72%*%#
Occipital 14.05 4 2.55%**:38§ 14.05 4 2.41***,888 14.22 4 2.54***:888 14.22 4 2.32%%%:38§ 13.50 4 2.10%*#5§8 13.77 4 2,07+ 388, ###
Alpha
Frontal 15.12 £2.27 15.30 4 2.34% 14.86 +2.30 15.13 + 2.30%# 14.24 4+ 1.87 14.77 £ 1.85#
Central 14.67 + 2.40%** 15.07 £ 2.36"# 14.65 4 2.40 14.99 4 2.30%# 14.19 + 2.14 14.58 4 2.01%##
Occipital 13.99 4+ 3.10%*% 88 142 4 3,05 885# 1411 4 3.11%+88§ 14.24 4 2.96%=+:§§ 13.62 4 2.59**:§§8 13.77 4 2.28***:888.#
Sigma
Frontal 11.71 +£2.23 11.92 4 2.25% 11.59 +2.36 11.91 4 2.41%# 1138+ 1.75 11.91 4 1.78%#
Central 11.42 4 2.35* 11.76 & 2.16%# 11.54 +£2.47 11.82 4 2.35%## 11.33 +£2.07 11.80 4 2.13###
Occipital 10.61 42,6488 10.83 £ 2.71**88# 10,66 4 2.77*888 10,92 4 2.7+ 8885 10,75 £ 2.55%**888 10.81 4 2.37**%:8§8
Beta
Frontal 17.84 + 1.98 18.06 + 1.86%# 17.62 + 1.78 17.74 4 1.69* 17.26 &+ 1.83 17.66 & 1.91##
Central 16.62 + 1.70%** 17.09 4 1.79***.## 16.56 & 1.78*** 16.94 £ 1.66***## 16.78 & 2.11%** 17.08 4 2.08***##
Occipital 14.14 £ 1.96%*%888 14,44 4 17543885 1410 4 1,963 14,38 £ 1.63*+%888#4 1475 £ 1 83#++888 14.84 £ 1.78***:38§
Gamma
Frontal 14.59 +2.44 14.97 £ 2.53" 1421 £2.21 14.47 £ 2217 13.81 +1.98 14.06 + 1.88
Central 13.32 £ 1.59%** 13.61 4 1.75%**## 13.08 £ 1.50%** 13.29 4 1.57***## 12.99 4 1.73*** 13.07 4 1.74***
Occipital 11.01 & 1705388 11.23 4 1.20%*%888## 10,84 £ 1.68**888 11,09 4 1.30***38## 11,12 4 1.69***:3§ 11.20 & 1.56***:8§§

All values were shown as mean + SD and two-way repeated measures (RM) ANOVA followed by post hoc Bonferroni tests were used for comparisons.

*p < 0.05, ¥** p < 0.001: comparisons of EEG power between the frontal and central regions, and between the frontal and occipital regions.

8% p < 0.001: comparisons of EEG power between the central and occipital regions.

#p <0.05 % p<0.01, " p < 0.001: comparisons of EEG power between analogous regions in bilateral hemispheres.

EEQG, electroencephalogram; ETMA, excessive transient muscle activity; dB, decibel.
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Table 3. Comparisons of the power of EEG waves in dB between left and right hemispheres during phasic REM sleep.

With ETMA in iRBD patients

Without ETMA in iRBD patients

Normal controls

Phasic REM sleep
Left Right Left Right Left Right
Theta
Frontal 18.90 + 2.00 19.06 + 1.98* 18.27 £1.95 18.55 £ 1.93### 17.96 +1.92 18.16 & 1.92%#
Central 17.60 £ 2.32%** 18.01 £ 2.25%**## 16.92 4+ 2.18%** 17.37 £ 2.01***### 16.50 4= 2.20*** 16.55 4= 1.92%**
Occipital 14.84 £ 2.62%*: 88§ 14.88 4 2.53**%:§8§ 14.57 4 2.56***>58§ 14.59 4 2.45%%%:§8§ 13.98 4 1.96***:§58 14.49 = 2.10%#,888,##
Alpha
Frontal 16.22 £2.21 16.49 4 2.24%% 15.68 £2.12 16.00 4 2.14%% 1541 + 1.84 15.74 4 1.85%
Central 1531 £2.31*** 15.66 4 2.17***-## 14.80 + 2.20*** 15.22 4 1.98**.## 14.69 £ 2.02*** 14.97 4 1.82%*-##
Occipital 14.42 £ 3.10%**:888 14.54 £ 2.86% 38§ 14.09 & 3. 11588 1430 4 2.90***888# 13,85 4 2.31***:§§§ 14.20 4 2.38*** 885,44
Sigma
Frontal 12.00 + 1.89 12.18 + 1.90% 11.98 £+ 2.09 12.18 £ 1.99* 11.81 + 1.61 12.26 & 1.69%#
Central 11.42 £ 2.11*** 11.60 £ 1.85%**### 11.47 £ 2.21*** 11.76 4 2.02%**## 11.40 £ 1.90*** 11.66 £ 1.69%**###
Occipital 10.49 = 2.48%* 88§ 10.68 £ 2.36***888# 10.56 42,4588 10.77 4 2.44*5885#  10.29 £ 2.01***588 10.42 £ 1.92%##:88§
Beta
Frontal 17.79 £ 1.57 17.82 £ 1.38 17.82 £ 1.69 17.89 £+ 1.50 17.56 £ 1.82 17.98 £ 1.90%#
Central 16.45 £ 1.49*** 16.75 4 1.43*»x-## 16.55 £ 1.58*** 16.88 4 1.57**## 16.59 £+ 1.96*** 16.86 4 1.65***-##
Occipital 1427 £ 1.85**%888 14,62 4= 1.53**=38:## 1420 4- 1.88*** 88 14,62 £ 1.60*** 3887 14,84 £ 1.70%** 388 14.97 4 1.63*+:888#
Gamma
Frontal 14.48 +1.91 14.74 4 1.93## 14.44 +£2.02 14.65 £ 1.98%## 1427 £1.53 14.38 + 1.56
Central 13.21 £ 1.28*** 13.42 £ 1.34%%*## 13.20 & 1.33%*** 13.40 £ 1.39%**## 13.18 4 1.55*** 13.26 + 1.40***
Occipital 11.39 £ L6758 11.66 4= 1.28**:88%:## 1113 £ 1.71%*88 11,42 £ 1.22%+888#% 11,67 £ 1,738 11.87 4 1.80%** 888,

All values were shown as mean + SD and two-way RM ANOVA followed by post hoc Bonferroni tests were used for comparisons.
*** p < 0.001: comparisons of EEG power between the frontal and central regions, and between the frontal and occipital regions.

$8 p < 0.001: comparisons of EEG power between the central and occipital regions.

#p <0.05 % p<0.01, " p < 0.001: comparisons of EEG power between analogous regions in bilateral hemispheres.
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the iRBD patients than those in normal controls (p <
0.05-0.01). In contrast, inter-hemispheric EEG asymme-
try scores of theta waves during tonic and phasic REM
sleep (regardless of ETMA) were significantly smaller in
the iRBD patients than those in normal controls (p < 0.05—
0.001). While no significant difference was found in the
inter-hemispheric EEG asymmetry scores of alpha, sigma
and gamma waves during phasic and tonic REM sleep (re-
gardless of ETMA) (p > 0.05) (Fig. 3).

In addition, no significant difference was found in
inter-hemispheric EEG asymmetry scores of all five fre-
quency bands in the frontal, central, and occipital regions
between REM sleep with and without ETMA in the iRBD
patients (p > 0.05) (Figs. 1,2,3).

3.4 Comparisons of EEG Power During REM Sleep
Between the iRBD Patients and Normal Controls

As reported in Table 4, during tonic REM sleep with
ETMA in the frontal cortical region, the iRBD patients ex-
hibited a significantly greater EEG power in theta, alpha,
sigma, beta and gamma waves in the left side, and theta, al-
pha, beta, and gamma waves in the right side than that in the
normal controls (p < 0.05-0.001). In contrast, during tonic
REM sleep without ETMA, the iRBD patients exhibited a
significantly greater EEG power in theta, alpha, beta and
gamma waves in the left frontal cortical region, and theta,
alpha, and sigma waves in the right frontal region than that
in the normal controls (p < 0.05-0.001).

During tonic REM sleep with ETMA in the central
cortical region, the iRBD patients exhibited a significantly
greater EEG power in theta, alpha and gamma waves in
the left and right side than that in the normal controls (p <
0.01-0.001). In contrast, during tonic REM sleep without
ETMA, the iRBD patients exhibited a significantly greater
EEG power in theta and alpha waves in the left and right
central regions (p < 0.05-0.001).

During tonic REM sleep with ETMA in the occipital
cortical region, the iRBD patients exhibited a significantly
greater EEG power in theta and beta waves in the left side,
and alpha, beta, and theta waves in the right side than that
in the normal controls (p < 0.05-0.001). In contrast, during
tonic REM sleep without ETMA, the iRBD patients exhib-
ited a significantly greater EEG power in theta, alpha and
beta waves in bilateral occipital regions, and gamma waves
in the left occipital region than that in the normal controls
(» < 0.01-0.001).

In addition, during tonic REM sleep with ETMA, the
iRBD patients exhibited a significantly greater (p < 0.05—
0.001) EEG power in gamma waves in bilateral frontal, cen-
tral, and occipital regions, beta waves in the bilateral frontal
region, alpha waves in the left frontal and theta waves in the
right frontal region than that during tonic REM sleep with-
out ETMA.

As shown in Table 4, during phasic REM sleep with
ETMA in the frontal cortical region, the iRBD patients ex-
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hibited a significantly greater EEG power in theta, alpha
waves in the left and right sides, gamma waves in the right
side compared to the normal controls (p < 0.01-0.001).
In contrast, during phasic REM sleep without ETMA, the
iRBD patients showed a significantly greater EEG power in
beta waves in the left frontal regions, and theta and gamma
waves in the right frontal region than that in the normal con-
trols (p < 0.05).

During phasic REM sleep with ETMA in the central
cortical region, the iRBD patients exhibited a significantly
greater EEG power in theta and alpha waves in the left and
right sides than that in the normal controls (p < 0.001).
In contrast, during phasic REM sleep without ETMA, the
iRBD patients exhibited a significantly greater EEG power
in theta waves in bilateral central regions, (p < 0.05-0.001).

During phasic REM sleep with ETMA in the occipital
cortical region, the iRBD patients exhibited a significantly
great EEG power in theta and beta waves in bilateral sides,
and alpha and gamma waves in the left side than that in the
normal controls (p < 0.05-0.001). In contrast, during pha-
sic REM sleep without ETMA, the iRBD patients showed a
significantly greater EEG power in beta and gamma waves
in bilateral occipital regions, theta waves in the left occipital
region, and sigma waves in the right occipital region than
that in the normal controls (p < 0.05-0.001).

In addition, during phasic REM sleep with ETMA, the
iRBD patients showed a significantly greater (p < 0.05—
0.001) EEG power in theta and alpha waves in bilateral
frontal and central regions, theta waves in bilateral frontal
region, alpha waves in the left occipital region, and gamma
waves in bilateral occipital regions than that during phasic
REM sleep without ETMA.

3.5 Correlation of EEG Activity Asymmetry With the Ratio
of RSWA/REM Sleep

No significant correlation was found between EEG ac-
tivity asymmetry of theta, alpha, sigma, beta, and gamma
waves in frontal, central and occipital regions during REM
sleep (with and without ETMA) with the ratio of RSWA
duration/REM sleep duration (p > 0.05).

4. Discussion

iRBD is a common sleep movement disorder with an
abnormal increase in muscle tone accompanied by dream
enactment behaviors during REM sleep in patients without
any neurological disease. In this study, the authors system-
atically investigated differences in EEG activities between
bilateral cerebral hemispheres and between different corti-
cal regions in the same hemisphere during REM sleep, and
found there were intra-hemispheric discrepancy and inter-
hemispheric EEG asymmetry during both tonic and phasic
REM sleep in the iRBD patients and normal controls. In ad-
dition, compared to the normal controls, the iRBD patients
exhibited a significantly greater inter-hemispheric asymme-
try in EEG activities in the central and occipital regions,
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Table 4. Comparisons of EEG power in dB during REM sleep between the iRBD patients and normal controls.

iRBD patients

Tonic REM sleep Controls p* Pl p#
With ETMA  Without ETMA
Left frontal region (F3)
Theta 17.07 £2.23 16.89 +2.14 16.06 £1.94 <0.001 <0.001 NS
Alpha 15.12 £2.27 14.86 +2.30 1424 +£1.87 <0.001 <0.001  <0.05
Sigma 11.71 £ 2.23 11.59 +2.36 1138+ 1.75  <0.05 NS NS
Beta 17.84 + 1.98 17.62 + 1.78 1726 £1.83  <0.001  <0.01 <0.05
Gamma 14.59 +2.44 1421 +£2.21 13.81 +1.98 <0.001 <0.01 <0.001
Right frontal region (F4)
Theta 17.29 +2.13 16.98 +2.07 1645+ 191 <0.001 <0.001 <0.05
Alpha 15.30 £ 2.34 15.13 £2.30 1477 £185 <0.01 <0.05 NS
Sigma 11.92 +£2.25 11.91 +2.41 1191 £ 1.78 NS NS NS
Beta 18.06 + 1.86 17.74 + 1.69 17.66 £ 191  <0.01 NS <0.01
Gamma 1497 £2.53 14.47 +£2.21 14.06 + 1.88  <0.001  <0.01  <0.001
Left central region (C3)
Theta 16 +2.27 1599 +2.13 1534 +1.89 <0.001 <0.001 NS
Alpha 14.67 +2.40 14.65 +2.40 14.19+2.14 <0.01 <0.01 NS
Sigma 11.42 +£2.35 11.54 +2.47 11.33 £ 2.07 NS NS NS
Beta 16.62 + 1.70 16.56 + 1.78 16.78 + 2.11 NS NS NS
Gamma 13.32 £ 1.59 13.08 + 1.50 1299+ 1.73  <0.01 NS <0.01
Right central region (C4)
Theta 16.55 +2.06 16.41 + 1.88 1552+1.72 <0.001 <0.001 NS
Alpha 15.07 +£2.36 14.99 +2.30 1458 £2.01 <0.01 <0.05 NS
Sigma 11.76 £ 2.16 11.82 +£2.35 11.80 £ 2.13 NS NS NS
Beta 17.09 + 1.79 16.94 + 1.66 17.08 + 2.08 NS NS NS
Gamma 13.61 + 1.75 13.29 + 1.57 13.07+1.74 <0.001 NS <0.01
Left occipital region (O1)
Theta 14.05 +2.55 14.22 +2.54 13.50 £2.10 <0.01  <0.001 NS
Alpha 13.99 £+ 3.10 14.11 £ 3.11 13.62 +2.59 NS <0.05 NS
Sigma 10.61 + 2.64 10.66 + 2.77 10.75 £ 2.55 NS NS NS
Beta 14.14 + 1.96 14.10 + 1.96 1475+ 1.83 <0.001 <0.001 NS
Gamma 11.01 £ 1.70 10.84 £+ 1.68 11.12 £ 1.69 NS <0.05 <0.05
Right occipital region (02)
Theta 14.05 +2.41 14.22 +2.32 13.77 + 2.07 NS <0.01 NS
Alpha 14.20 + 3.05 14.24 +2.96 13.77+£2.28  <0.05 <0.05 NS
Sigma 10.83 +2.71 10.92 +2.70 10.81 +2.37 NS NS NS
Beta 1444 + 1.75 14.38 + 1.63 1484 £1.78 <0.01  <0.001 NS
Gamma 11.23 +£1.29 11.09 £+ 1.30 11.20 £+ 1.56 NS NS <0.05
Phasic REM sleep
Left frontal region (F3)
Theta 18.90 & 2.00 18.27 £ 1.95 17.96 £ 1.92  <0.001 NS <0.001
Alpha 16.22 +2.21 15.68 +2.12 1541 +£1.84 <0.001 NS <0.001
Sigma 12.00 + 1.89 11.98 +2.09 11.81 £+ 1.61 NS NS NS
Beta 17.79 + 1.57 17.82 + 1.69 17.56 + 1.82 NS <0.05 NS
Gamma 14.48 + 1.91 14.44 +2.02 1427 +1.53 NS NS NS
Right frontal region (F4)
Theta 19.06 + 1.98 18.55+1.93 18.16 £ 192 <0.001 <0.05 <0.001
Alpha 16.49 +£2.24 16.00 +2.14 1574+ 1.85 <0.001 NS <0.001
Sigma 12.18 £ 1.90 12.18 £ 1.99 12.26 + 1.69 NS NS NS
Beta 17.82 +1.38 17.89 + 1.50 17.98 + 1.90 NS NS NS
Gamma 14.74 £ 1.93 14.65 + 1.98 1438 +1.56 <0.01 <0.05 NS
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Table 4. Continued.
iRBD patients

Tonic REM sleep Controls p* P p#
With ETMA  Without ETMA
Left central region (C3)
Theta 17.60 +2.32 16.92 +2.18 1650 £2.20 <0.001  <0.05 <0.001
Alpha 1531 +2.31 14.8 +2.20 14.69 £2.02 <0.001 NS <0.001
Sigma 11.42 £2.11 11.47 £2.21 11.40 £+ 1.90 NS NS NS
Beta 16.45 + 1.49 16.55 + 1.58 16.59 + 1.96 NS NS NS
Gamma 13.21 +1.28 13.24+1.33 13.18 + 1.55 NS NS NS
Right central region (C4)
Theta 18.01 +2.25 17.37 £2.01 16.55+1.92 <0.001 <0.001 <0.001
Alpha 15.66 +2.17 1522 +1.98 1497 +1.82 <0.001 NS <0.001
Sigma 11.60 £ 1.85 11.76 £2.02 11.66 £+ 1.69 NS NS NS
Beta 16.75 £ 1.43 16.88 + 1.57 16.86 + 1.65 NS NS NS
Gamma 13.42 +1.34 13.4+1.39 13.26 + 1.40 NS NS NS
Left occipital region (O1)
Theta 14.84 +2.62 14.57 +2.56 1398 +£1.96 <0.001 <0.001 <0.05
Alpha 14.42 +3.10 14.09 + 3.11 13.85+231 <0.01 NS <0.01
Sigma 10.49 +2.48 10.56 +2.45 10.29 +2.01 NS NS NS
Beta 14.27 + 1.85 14.20 + 1.88 1484 +1.70 <0.001 <0.001 NS
Gamma 11.39 £ 1.67 11.13 £ 1.71 11.67+ 1.73  <0.05  <0.001 <0.001
Right occipital region (02)
Theta 14.88 +2.53 14.59 £+ 2.45 14.49 +£2.10  <0.05 NS <0.05
Alpha 14.54 +2.86 14.3 +£2.90 14.20 +2.38 NS NS NS
Sigma 10.68 £+ 2.36 10.77 4+ 2.44 10.42 +1.92 NS <0.05 NS
Beta 14.62 +1.53 14.62 + 1.60 1497 +1.63  <0.01 <0.01 NS
Gamma 11.66 + 1.28 1142 +1.22 11.87 + 1.80 NS <0.001 <0.001

p*: REM sleep with ETMA in iRBD patients vs Normal controls.
pY: REM sleep without ETMA in iRBD patients vs Normal controls.
p#: REM sleep with ETMA in iRBD patients vs REM sleep without ETMA in iRBD patients. NS, not significant.

whereas the frontal region showed a significantly smaller
asymmetry. These findings of the altered inter-hemispheric
asymmetry in EEG activities of iRBD patients might reflect
changes in the bilateral neuronal differences that normally
exist in the left and right hemispheres.

4.1 Comparisons of EEG Activities During Tonic and
Phasic REM Sleep in the iRBD Patients and Normal
Controls

Tonic and phasic REM sleep occurs alternatively dur-
ing REM sleep and might have different functions. Phasic
REM sleep is mainly involved in the processing of internal
motor, sensory and corticothalamic network information,
promoting sleep stability and emotional regulation, and hu-
man subjects are not sensitive to changes in the surrounding
environment during phasic REM sleep [5,27]. By contrast,
tonic REM sleep is associated with a higher alertness to the
surroundings and a lower threshold of awakening to protect
the body from potential external dangers [27]. In addition,
the differences between tonic and phasic REM sleep are
also reflected in alterations in memory and sensory process-
ing [5,27]. The memory and sensory processing functions
of individuals are weakened to a large extent during phasic
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REM sleep, but partially recovered during tonic REM sleep
[5,27].

Dream-enactment behaviors during phasic REM
sleep, in RBD patients are directionally coherent with sac-
cadic eye movements, implying active visual scanning of
dream imagery [28,29]. The previous study has shown that
pre-representative behavior (i.e., the 60 s prior to dream en-
actment behaviors) was related to an increased delta power
in the left frontal cortex and gamma power in the right
frontal and occipital cortex, and enhanced beta-band func-
tional connectivity compared with background (i.e., a 60
s segment with the least submental muscle EMG activity)
[30].

In this study, theta and alpha power in the frontal, cen-
tral and occipital regions, and gamma power in the occipital
region were found to be significantly greater during pha-
sic REM sleep with ETMA than during phasic REM sleep
without ETMA (Table 4). Gamma-band synchronization
has been reported to play a crucial role in the transmission
of visual information and in visuomotor integration [31,32].
In iRBD patients, phasic REM is associated with abnormal
excitation of the motor cortex and altered high-frequency
(beta/gamma) connectivity [4]. By contrast, during tonic
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REM sleep with ETMA, beta power in the frontal cortical
region and gamma power in the frontal, central and occipital
cortical regions were found to be significantly greater than
those during tonic REM sleep without ETMA (Table 4). In
comparison to tonic and phasic REM sleep without ETMA,
the EEG power changes observed during REM sleep with
ETMA likely reflect a pathological overactivation of sen-
sorimotor and associative networks, which may drive the
occurrence of dream enactment behaviors [4].

In the current study, theta and alpha powers in the
iRBD patients were generally greater than those in the nor-
mal controls during tonic REM sleep regardless of ETMA,
except for no significant difference in alpha power in left
occipital region in the iRBD during tonic REM with ETMA
compared to the normal controls (Table 4). This feature
is similar to previous findings in patients with obstruc-
tive sleep apnea, showing that percentage of total sleep
time with SpOy <90% was significantly correlated with
increased power of theta and alpha waves in REM sleep
[33]. Increased alpha-synuclein accumulation was found
in iRBD patients [34], Alpha-synuclein can combine with
hemoglobin to form hemoglobin-a-synuclein (Hb-a-syn)
complex, which has a high-affinity binding with oxygen
that hinders oxygen release [35]. In addition, Hb-a-syn
complex can reduce the functional hemoglobin in red blood
cells and the free neuronal hemoglobin (nHb) in the mito-
chondria, interfering with cellular energy production and
causing hypoxia [36]. However, whether the increased
theta and alpha powers in the iRBD patients is due to hy-
poxia is unclear.

Sigma band activity has been reported to show rela-
tively little variation during REM sleep [37], which aligns
with the finding that sigma power did not differ signifi-
cantly in most cortical regions (Table 4). Compared to
the normal controls, beta and gamma power during pha-
sic REM sleep and beta power during tonic REM sleep in
the iRBD patients were significantly smaller in the occipi-
tal region. In contrast, beta and gamma power in the frontal
region during tonic REM sleep and gamma power in the
central region during tonic REM sleep with ETMA were
significantly greater compared to the normal controls (Ta-
ble 4). Cholinergic neurons in the brainstem suppress spe-
cific low-frequency oscillations, while high-frequency os-
cillations are related to increased acetylcholine release from
the thalamus and cortex [38]. Rats with basal forebrain
cholinergic lesions showed significantly decreased high-
frequency EEG activities, particularly in the gamma band,
compared to sham controls [39]. The widespread changes
in beta and gamma power that are observed in iRBD pa-
tients likely reflects impaired functional integration within
large-scale cortical networks, and may indicate early dys-
function of cholinergic system in the basal forebrain, which
is critical for maintaining high-frequency oscillatory activ-
ity during REM sleep.
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The nucleus basalis of Meynert (NBM), a primary
source of cholinergic projections to the neocortex [40], re-
ceives inputs from many brainstem nuclei, such as the lat-
erodorsal tegmental nucleus, the locus coeruleus and the
pedunculopontine tegmental nucleus [41,42], and the func-
tional connection between the NBM and the cerebral cortex
has been used to evaluate the basal forebrain cholinergic
system [43]. Studies have found that NBM projects to the
occipital region of the brain, and that the functional con-
nection between the NBM and the occipital region in iRBD
patients is weaker than in normal controls [44]. Although
the pathophysiologic mechanisms underlying iRBD are not
fully clear, the pathogenesis of iRBD is considered to be as-
sociated with damages to the cholinergic neurons in the lat-
erodorsal tegmental nuclei [45], which causes dysfunction
in the thalamus, given that the primary sources of cholin-
ergic projections to the thalamus come from the peduncu-
lopontine tegmental nucleus and the laterodorsal tegmental
nucleus [46].

4.2 Comparisons of EEG Activities in Bilateral
Hemispheres and EEG Asymmetry Between the iRBD
Patients and Normal Controls

The current study revealed that the EEG powers of al-
most all analyzed EEG waves in the right cerebral hemi-
sphere were significantly greater than those in the left cere-
bral hemisphere in the iRBD patients and normal controls
during tonic and phasic REM sleep (Tables 2,3). This is
consistent with the previous study showing structural or
functional differences in bilateral cerebral hemispheres, and
more involvement of the right cerebral hemisphere in main-
taining alertness than the left [15], as maintenance of a cer-
tain degree of vigilance at night is necessary [18].

Hemispheric specialization, particularly in the pre-
frontal cortex, supports efficient cognitive processing by
lateralizing functions such as attention, executive con-
trol, and emotional regulation [47]. In the frontal re-
gion, iRBD patients showed significantly reduced inter-
hemispheric asymmetry in theta, sigma, and beta bands dur-
ing tonic REM sleep regardless of ETMA, and in sigma and
beta waves during phasic REM sleep regardless of ETMA
(Fig. 1). Reduced frontal asymmetry may indicate a loss
of hemispheric specialization. Under comparable cognitive
task conditions, older adults typically show reduced lateral-
ization of prefrontal activity relative to younger adults [47].
In contrast, elevated asymmetry in the central regions may
indicate lateralized cortical hyperexcitability.

In the central region, the iRBD patients in the cur-
rent study exhibited increased asymmetry in theta, beta, and
gamma bands during tonic REM sleep with ETMA, and
in the theta band during tonic REM sleep without ETMA,
and in theta band during phasic REM sleep regardless of
ETMA. This suggests that in the central region, the right
hemisphere became relatively more active than the left in
iRBD patients. In addition, the presence of ETMA ap-
pears to exacerbate the asymmetry in theta and beta bands
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during tonic REM sleep. Although iRBD patients do not
present with clinical motor symptoms, this pattern may re-
flect early-stage lateralized neurodegeneration. In the PD
patients, symptom laterality is associated with sleep EEG
asymmetry, particularly with greater slow-wave power ob-
served in the hemisphere contralateral to the left, but not
the right, dominant motor symptoms side [48]. Enhanced
central asymmetry in iRBD patients might indicate early
unilateral alterations in brainstem or basal ganglia circuits.
However, the inter-hemispheric EEG asymmetry scores in
the iRBD patients showed no significant difference between
REM sleep regardless of ETMA in frontal, central and oc-
cipital cortical regions (Figs. 1,2,3). The findings indicate
that inter-hemispheric imbalance may not be related to the
limb movements.

In the occipital region, iRBD patients showed in-
creased asymmetry in sigma and beta bands during tonic
and phasic REM sleep with or without ETMA. As a central
hub for cognitive processes, the thalamus regulates com-
munication in the cerebral cortex, playing a critical role in
memory, attention, and executive functions [49]. The dis-
turbance of thalamo-occipital functional connection is re-
lated to cognitive deficits in various neurological diseases
[50] and iRBD patients [51], and significantly weaker func-
tional connection between NBM and the left occipital re-
gion in iRBD patients [40,52].

In this study, it was found there were no signifi-
cant differences in EEG activity asymmetry of theta, al-
pha, sigma, beta, and gamma waves in the frontal, cen-
tral and occipital regions between REM sleep with ETMA
and without ETMA. In addition, no significant correlation
was found between EEG activity asymmetry of these waves
in all cortical regions during REM sleep (with and with-
out ETMA) with the ratio of RSWA duration/REM sleep
duration (p > 0.05). These findings suggest the ratio of
RSWA/REM sleep per se might not be related to EEG ac-
tivity asymmetry.

4.3 Comparisons of EEG Activities Between Different
Regions on the Same Side of the Cerebral Hemisphere

In the iRBD patients and normal controls during tonic
and phasic REM sleep, it was found that the EEG powers
of theta, beta, and gamma bands in the frontal region were
significantly greater than those in the central and occipital
regions, and those in the central region were significantly
greater than in the occipital region (Tables 2,3). The unique
physiological functions of REM sleep, such as consolida-
tion of emotional and procedural motor memory [53], might
be taking place in the frontal cortex [54,55], which might re-
sult in more active EEG activity in the frontal region than
other brain regions, as shown in the current study. During
REM sleep, thythmic waves of neuronal activities in the
frontal region are dominated by theta and beta waves [56],
and theta and beta waves in the anterior cingulate cortex and
dorsolateral prefrontal cortex are also very active [56].
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Theta waves were initially found in the hippocampus
during spontaneous activity (e.g., walking or exploratory
sniffing) and during REM sleep [53], but could also be
recorded in many other cortical and subcortical structures
[57]. The theta activity in the prefrontal lobe and its in-
teraction with the hippocampus and amygdala during REM
sleep may be important for the consolidation of emotional
memory [56]. In addition, the theta rhythm during human
REM sleep was more phasic than the tonic theta oscilla-
tions in rodents [58,59]. During REM sleep, beta waves
have also been found to be active in the frontal and central
regions [56]. This is in agreement with findings in the cur-
rent study showing that EEG power of theta and beta waves
in the frontal and central regions were significantly greater
than those in the occipital region during tonic and phasic
REM sleep.

Gamma waves are related to emotional processing,
consolidation of memory, and dream recall [53,60,61],
and may be a potential marker of the suppression of cen-
tral adrenergic neurons participating in the encoding of
emotionally salient events and activation in the amygdala-
hippocampal system during REM sleep [61]. The amyg-
dala is an emotional center of the brain, and the interaction
between the amygdala and the hippocampus can regulate
emotional recalls [60]. The inhibition of central adrenergic
neurons during REM sleep plays a crucial role in emotional
regulation, such as decreasing emotional intensity and de-
fusing affective experiences [62].

Gamma as well as beta waves in the frontal region are
associated with memory and emotional regulation [63,64],
and may be interchangeable during memory regulation, be-
cause the EEG activities can switch from beta to gamma
waves in a very short time [65]. It was shown in a previ-
ous study that no precise boundary occurs between beta and
gamma waves, and that these waves might fluctuate simul-
taneously, such as increased EEG activities of both beta and
gamma waves during cognitive processes involving mem-
ory [66]. It was shown in the current study that the EEG
powers of theta, beta and gamma waves in the frontal re-
gion consistently were significantly greater than in the ip-
silateral central and occipital cortical regions during tonic
and phasic REM sleep (Tables 2,3). In addition, in the cen-
tral region, these frequency bands were also significantly
greater than in the ipsilateral occipital region.

The function of alpha and sigma waves during REM
sleep is still not clear. Alpha and sigma waves mainly ex-
ist during NREM sleep, and high alpha activities may rep-
resent active preparation of the cerebral cortex for com-
plex information processing, while sigma waves are as-
sociated with non-emotional memory consolidation during
NREM sleep [67]. During tonic and phasic REM sleep, al-
pha and sigma powers in the frontal region were signifi-
cantly greater than those in the central or occipital region,
and those in central region were also significantly greater
than in occipital region in the iRBD patients and normal
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controls, forming a descending gradient (frontal > central
> occipital) (Table 3). The long-range inter- and intra-
hemispheric alpha and beta synchrony has been reported to
be enhanced during tonic REM sleep, but decreased during
phasic REM sleep [68]. During phasic REM sleep, corti-
cal activity is largely disconnected from external environ-
mental input, whereas during tonic REM sleep, sensory pro-
cessing and attentional functions can still be partially main-
tained [5].

In short, in both iRBD patients and normal controls,
interhemispheric asymmetry of EEG activities exists and
EEG activities of theta, beta and gamma waves are un-
evenly distributed across different cortical regions of the
same hemispheres during tonic and phasic REM sleep. In
iRBD patients, inter-hemispheric asymmetry in EEG activ-
ities is significantly greater, which might reflect increased
differences in neuronal activities between the left and right
hemispheres.

4.4 Limitations

Although EEG activities were shown to be unevenly
distributed across different cortical regions, and enlarged
inter-hemispheric asymmetry in EEG activities in the iRBD
patients, this study has some limitations. First of all, these
included the selection of only male subjects. The ratio-
nale for this was because iRBD was more likely to occur
in males than in females, and iRBD symptoms in males are
more severe [2]. Therefore, gender differences in EEG ac-
tivities during REM sleep could not be examined in this
study. Second, the age range of the patients and controls
was relatively narrow and the number of patients and con-
trols was relatively small. Third, the cognitive functions of
the iRBD patients were not systematically examined and the
relationship between EEG activities during REM sleep and
cognitive functions could not be investigated in this study.
Fourth, patients with mental disorders have been excluded
from this study and depressive comorbidity has been re-
ported to be relatively common in iRBD [69]. Therefore,
our findings may not be fully generalizable to iRBD pop-
ulations with comorbid depression, and further studies in
such populations are warranted. In addition, future studies
could include more iRBD patients and controls, including
females with a wider range of ages, and the cognitive func-
tions of the iRBD patients will be systematically tested and
long-term follow-up will be conducted.

Since the current study is cross-sectional study with-
out follow-up data, EEG asymmetry in iRBD patients can-
not serve as a predictive marker of disease progression or
reflect the causal relationship of EEG asymmetry with the
occurrence of iRBD.

5. Conclusion

In iRBD patients, EEG activities are unevenly dis-
tributed, with an altered inter-hemispheric asymmetry that
might be associated with changed bilateral neuronal differ-
ences compared to normal controls.

&% IMR Press

Availability of Data and Materials

The data used to support the findings of this study are
available from the corresponding author upon reasonable
request.

Author Contributions

Z7,QL, XZ and DY contributed to the conceptualiza-
tion and study design; ZZ, QL, QO, MW, CG, FY, and ZX
acquired the data; ZZ, QL, XZ, and MW analyzed the data;
77, QL and DY drafted the original manuscript, reviewed
and edited the final version. All authors have participated in
drafting, revising, or critically reviewing the article, and ap-
proved the final version for publication. All authors agreed
to be accountable for all aspects of the work.

Ethics Approval and Consent to Participate

The experimental protocol was reviewed and ap-
proved by the local Ethical Committee at the Jiangxi
Provincial People’s Hospital (No. 2020102) according to
the ethical principles of the Declaration of Helsinki. In-
formed consent was obtained from all the subjects before
participation.

Acknowledgment

We are grateful to Dr. Barry Sessle of the University
of Toronto for his help in revising this article, and we also
gratefully acknowledge the contributions of all participants
who took part in this study.

Funding

This research was supported by the Jiangxi Provincial
People’s Hospital Grant (No. 2019-009), Jiangxi Provincial
Overseas High-level Talent Project (No. 20242BCES50018)
and Jiangxi Province Key Laboratory of Neurology Grant
(No. 2024SSY06081).

Conflict of Interest

The authors declare no conflict of interest.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
31083/JIN47930.

References

[1] American Academy of Sleep Medicine. International Classifica-
tion of Sleep Disorders. 3rd edn. American Academy of Sleep
Medicine: Darien, IL. 2014.

[2] Boeve BF. REM sleep behavior disorder: Updated review
of the core features, the REM sleep behavior disorder-
neurodegenerative disease association, evolving concepts, con-
troversies, and future directions. Annals of the New York
Academy of Sciences. 2010; 1184: 15-54. https://doi.org/10.
1111/j.1749-6632.2009.05115.x.

15


https://doi.org/10.31083/JIN47930
https://doi.org/10.31083/JIN47930
https://doi.org/10.1111/j.1749-6632.2009.05115.x
https://doi.org/10.1111/j.1749-6632.2009.05115.x
https://www.imrpress.com

(3]

(4]

[3]

(6]

(7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

16

Iranzo A, Santamaria J, Tolosa E. Idiopathic rapid eye movement
sleep behaviour disorder: diagnosis, management, and the need
for neuroprotective interventions. The Lancet. Neurology. 2016;
15: 405-419. https://doi.org/10.1016/S1474-4422(16)00057-0.
Sunwoo JS, Cha KS, Byun JI, Kim TJ, Jun JS, Lim JA, et al.
Abnormal activation of motor cortical network during phasic
REM sleep in idiopathic REM sleep behavior disorder. Sleep.
2019; 42: 10.1093/sleep/zsy227. https://doi.org/10.1093/sleep/
z8y227.

Simor P, van der Wijk G, Nobili L, Peigneux P. The microstruc-
ture of REM sleep: Why phasic and tonic? Sleep Medicine Re-
views. 2020; 52: 101305. https://doi.org/10.1016/j.smrv.2020.
101305.

Arnaldi D, Mattioli P, Orso B, Massa F, Pardini M, Morbelli S, et
al. The Many Faces of REM Sleep Behavior Disorder. Providing
Evidence for a New Lexicon. European Journal of Neurology.
2025; 32: €70169. https://doi.org/10.1111/ene.70169.

Bramich S, King A, Kuruvilla M, Naismith SL, Noyce A,
Alty J. Isolated REM sleep behaviour disorder: current di-
agnostic procedures and emerging new technologies. Journal
of Neurology. 2022; 269: 4684-4695. https://doi.org/10.1007/
s00415-022-11213-9.

Dall’ Antonia I, Nepozitek J, Hlavnic¢ka J, Rusz J, Pefinova P,
Dostalova S, et al. Refining a-synucleinopathy risk in isolated
REM sleep behavior disorder patients using repeated olfactory
testing. Sleep Medicine. 2025; 136: 106812. https://doi.org/10.
1016/j.sleep.2025.106812.

Nepozitek J, Dostalova S, Dusek P, Kemlink D, Prihodova I,
Ibarburu Lorenzo Y Losada V, ef al. Simultaneous tonic and
phasic REM sleep without atonia best predicts early phenocon-
version to neurodegenerative disease in idiopathic REM sleep
behavior disorder. Sleep. 2019; 42: zsz132. https://doi.org/10.
1093/sleep/zsz132.

Yoo D, Lee JY, Kim YK, Yoon EJ, Kim H, Kim R, et al. Mild
cognitive impairment and abnormal brain metabolic expression
in idiopathic REM sleep behavior disorder. Parkinsonism & Re-
lated Disorders. 2021; 90: 1-7. https://doi.org/10.1016/j.parkre
1dis.2021.07.022.

Ferini-Strambi L, Fasiello E, Sforza M, Salsone M, Galbiati
A. Neuropsychological, electrophysiological, and neuroimaging
biomarkers for REM behavior disorder. Expert Review of Neu-
rotherapeutics. 2019; 19: 1069-1087. https://doi.org/10.1080/
14737175.2019.1640603.

Basaia S, Sarasso E, Gardoni A, Grassi A, Brivio AE, Marelli S,
et al. Unveiling hidden neurodegeneration in isolated REM sleep
behavior disorder through MRI microstructure and glymphatic
flow. NPJ Parkinson’s Disease. 2025; 11: 346. https://doi.org/
10.1038/s41531-025-01193-8.

Hong JK, Han JW, Kim JM, Ahn S, Yoon IY. Long-term cog-
nitive trajectories in isolated REM sleep behavior disorder: ef-
fects of sex and longstanding disease duration. Sleep. 2026; 49:
zsaf347. https://doi.org/10.1093/sleep/zsat347.

Yoon EJ, Lee JY, Nam H, Kim HJ, Jeon B, Jeong JM, et al. A
New Metabolic Network Correlated with Olfactory and Execu-
tive Dysfunctions in Idiopathic Rapid Eye Movement Sleep Be-
havior Disorder. Journal of Clinical Neurology (Seoul, Korea).
2019; 15: 175-183. https://doi.org/10.3988/jcn.2019.15.2.175.

Park DH, Shin CJ. Asymmetrical Electroencephalographic
Change of Human Brain During Sleep Onset Period. Psychia-
try Investigation. 2017; 14: 839-843. https://doi.org/10.4306/pi
.2017.14.6.839.

Kopal J, Kumar K, Shafighi K, Saltoun K, Modenato C, Moreau
CA, et al. Using rare genetic mutations to revisit structural brain
asymmetry. Nature Communications. 2024; 15: 2639. https://do
i.org/10.1038/s41467-024-46784-w.

Wan B, Bayrak $, Xu T, Schaare HL, Bethlehem RAI, Bern-

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

hardt BC, et al. Heritability and cross-species comparisons of
human cortical functional organization asymmetry. eLife. 2022;
11: €77215. https://doi.org/10.7554/eLife.77215.

Casagrande M, Bertini M. Night-time right hemisphere superi-
ority and daytime left hemisphere superiority: a repatterning of
laterality across wake-sleep-wake states. Biological Psychology.
2008; 77: 337-342. https://doi.org/10.1016/j.biopsycho.2007.
11.007.

Sikka P, Revonsuo A, Noreika V, Valli K. EEG Frontal Al-
pha Asymmetry and Dream Affect: Alpha Oscillations over the
Right Frontal Cortex during REM Sleep and Presleep Wake-
fulness Predict Anger in REM Sleep Dreams. The Journal of
Neuroscience: the Official Journal of the Society for Neuro-
science. 2019; 39: 4775-4784. https://doi.org/10.1523/JNEU
ROSCI.2884-18.2019.

Sun Y, Qian L, Wu B, Sun H, Hu J, Zhu S, ef al. Brain network
analysis reveals hemispheric aberrant topology in patients with
idiopathic REM sleep behavior disorder. Brain Research Bul-
letin. 2025; 220: 111176. https://doi.org/10.1016/j.brainresbull
2024.111176.

Chen S, Li Q, Zou X, Zhong Z, Ouyang Q, Wang M, et al.
Effects of CPAP Treatment on Electroencephalographic Activ-
ity in Patients with Obstructive Sleep Apnea Syndrome Dur-
ing Deep Sleep with Consideration of Cyclic Alternating Pat-
tern. Nature and Science of Sleep. 2022; 14: 2075-2089. https:
//doi.org/10.2147/NSS.S382305.

Lu J, Zhang Y, Han K, Wang C, Zhong Z, Xu M, et al. Heart
rate changes associated with rhythmic masticatory muscle ac-
tivities and limb movements in sleep bruxers: Preliminary find-
ings. Cranio: the Journal of Craniomandibular Practice. 2021;
39: 47-57. https://doi.org/10.1080/08869634.2019.1578032.
Troester MM, Quan SF, Berry RB, Plante DT, Abreu AR,
Alzoubaidi M, et al. The AASM Manual for the Scoring of
Sleep and Associated Events: Rules, Terminology and Tech-
nical Specifications, Version 3. American Academy of Sleep
Medicine: Darien, IL. 2023.

Simor P, Gombos F, Szakadat S, Sandor P, Bédizs R. EEG spec-
tral power in phasic and tonic REM sleep: different patterns in
young adults and children. Journal of Sleep Research. 2016; 25:
269-277. https://doi.org/10.1111/jsr.12376.

van der Vinne N, Vollebregt MA, van Putten MJAM, Arns M.
Stability of frontal alpha asymmetry in depressed patients dur-
ing antidepressant treatment. Neurolmage. Clinical. 2019; 24:
102056. https://doi.org/10.1016/j.nicl.2019.102056.

van der Vinne N, Vollebregt MA, van Putten MJAM, Arns M.
Frontal alpha asymmetry as a diagnostic marker in depression:
Fact or fiction? A meta-analysis. Neurolmage. Clinical. 2017;
16: 79-87. https://doi.org/10.1016/j.nicl.2017.07.006.

Simor P, Bogdany T, Bodizs R, Perakakis P. Cortical monitoring
of cardiac activity during rapid eye movement sleep: the heart-
beat evoked potential in phasic and tonic rapid-eye-movement
microstates. Sleep. 2021; 44: zsab100. https://doi.org/10.1093/
sleep/zsab100.

Nicolas J, Comperat L, Fort P, Cheylus A, Ricordeau F, Bastuji
H, et al. REM sleep microstructure alterations in REM sleep be-
havior disorder: beyond muscle tone. Sleep. 2025; 48: zsaf158.
https://doi.org/10.1093/sleep/zsaf158.

Leclair-Visonneau L, Oudiette D, Gaymard B, Leu-Semenescu
S, Arnulf 1. Do the eyes scan dream images during rapid eye
movement sleep? Evidence from the rapid eye movement sleep
behaviour disorder model. Brain: a journal of neurology. 2010;
133: 1737-1746. https://doi.org/10.1093/brain/awq110.

Date S, Sumi Y, Fujiwara K, Imai M, Ogawa K, Kadotani H.
Polysomnographic features prior to dream enactment behaviors
in isolated rapid eye movement sleep behavior disorder. Clini-
cal Neurophysiology: official journal of the International Fed-

&% IMR Press


https://doi.org/10.1016/S1474-4422(16)00057-0
https://doi.org/10.1093/sleep/zsy227
https://doi.org/10.1093/sleep/zsy227
https://doi.org/10.1016/j.smrv.2020.101305
https://doi.org/10.1016/j.smrv.2020.101305
https://doi.org/10.1111/ene.70169
https://doi.org/10.1007/s00415-022-11213-9
https://doi.org/10.1007/s00415-022-11213-9
https://doi.org/10.1016/j.sleep.2025.106812
https://doi.org/10.1016/j.sleep.2025.106812
https://doi.org/10.1093/sleep/zsz132
https://doi.org/10.1093/sleep/zsz132
https://doi.org/10.1016/j.parkreldis.2021.07.022
https://doi.org/10.1016/j.parkreldis.2021.07.022
https://doi.org/10.1080/14737175.2019.1640603
https://doi.org/10.1080/14737175.2019.1640603
https://doi.org/10.1038/s41531-025-01193-8
https://doi.org/10.1038/s41531-025-01193-8
https://doi.org/10.1093/sleep/zsaf347
https://doi.org/10.3988/jcn.2019.15.2.175
https://doi.org/10.4306/pi.2017.14.6.839
https://doi.org/10.4306/pi.2017.14.6.839
https://doi.org/10.1038/s41467-024-46784-w
https://doi.org/10.1038/s41467-024-46784-w
https://doi.org/10.7554/eLife.77215
https://doi.org/10.1016/j.biopsycho.2007.11.007
https://doi.org/10.1016/j.biopsycho.2007.11.007
https://doi.org/10.1523/JNEUROSCI.2884-18.2019
https://doi.org/10.1523/JNEUROSCI.2884-18.2019
https://doi.org/10.1016/j.brainresbull.2024.111176
https://doi.org/10.1016/j.brainresbull.2024.111176
https://doi.org/10.2147/NSS.S382305
https://doi.org/10.2147/NSS.S382305
https://doi.org/10.1080/08869634.2019.1578032
https://doi.org/10.1111/jsr.12376
https://doi.org/10.1016/j.nicl.2019.102056
https://doi.org/10.1016/j.nicl.2017.07.006
https://doi.org/10.1093/sleep/zsab100
https://doi.org/10.1093/sleep/zsab100
https://doi.org/10.1093/sleep/zsaf158
https://doi.org/10.1093/brain/awq110
https://www.imrpress.com

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

eration of Clinical Neurophysiology. 2024; 166: 74-86. https:
//doi.org/10.1016/j.clinph.2024.07.013.

Womelsdorf T, Fries P, Mitra PP, Desimone R. Gamma-band
synchronization in visual cortex predicts speed of change detec-
tion. Nature. 2006; 439: 733—736. https://doi.org/10.1038/natu
re04258.

Drebitz E, Rausch LP, Kreiter AK. Gamma-band synchroniza-
tion between neurons in the visual cortex is causal for effective
information processing and behavior. Nature Communications.
2025; 16: 7380. https://doi.org/10.1038/s41467-025-62732-8.
Appleton SL, Vakulin A, D’Rozario A, Vincent AD, Teare A,
Martin SA, et al. Quantitative electroencephalography measures
in rapid eye movement and nonrapid eye movement sleep are
associated with apnea-hypopnea index and nocturnal hypoxemia
in men. Sleep. 2019; 42: zsz092. https://doi.org/10.1093/sleep/
752092.

Iftikhar IH, AlShimemeri S, Rabah H, Rao ST, BaHammam AS.
Alpha-synuclein pathology in isolated rapid eye movement sleep
behaviour disorder: a meta-analysis. Journal of Sleep Research.
2024; 33: e14204. https://doi.org/10.1111/jsr.14204.

Zhang X, Wang S, Li X, Li X, Ran W, Liu C, et al. Hemoglobin-
binding a-synuclein levels in erythrocytes are elevated in pa-
tients with multiple system atrophy. Neuroscience Letters. 2022;
789: 136868. https://doi.org/10.1016/j.neulet.2022.136868.
Yang W, Li X, Li X, Yu S. Hemoglobin-a-synuclein complex
exhibited age-dependent alterations in the human striatum and
peripheral RBCs. Neuroscience Letters. 2020; 736: 135274. ht
tps://doi.org/10.1016/j.neulet.2020.135274.

Uchida S, Maloney T, Feinberg I. Sigma (12-16 Hz) and
beta (20-28 Hz) EEG discriminate NREM and REM sleep.
Brain Research. 1994; 659: 243-248. https://doi.org/10.1016/
0006-8993(94)90886-9.

Steriade M. Acetylcholine systems and rhythmic activities
during the waking—sleep cycle. Progress in Brain Research.
2004; 145: 179-196. https://doi.org/10.1016/S0079-6123(03)
45013-9.

Berntson GG, Shafi R, Sarter M. Specific contributions of the
basal forebrain corticopetal cholinergic system to electroen-
cephalographic activity and sleep/waking behaviour. The Eu-
ropean Journal of Neuroscience. 2002; 16: 2453-2461. https:
//doi.org/10.1046/.1460-9568.2002.02310.x.

Byun JI, Cha KS, Kim M, Lee WJ, Lee HS, Sunwoo JS, et al. As-
sociation of Nucleus Basalis of Meynert Functional Connectiv-
ity and Cognition in Idiopathic Rapid-Eye-Movement Sleep Be-
havior Disorder. Journal of Clinical Neurology (Seoul, Korea).
2022; 18: 562-570. https://doi.org/10.3988/jcn.2022.18.5.562.
Ballinger EC, Ananth M, Talmage DA, Role LW. Basal Fore-
brain Cholinergic Circuits and Signaling in Cognition and Cog-
nitive Decline. Neuron. 2016; 91: 1199-1218. https://doi.org/
10.1016/j.neuron.2016.09.006.

Mesulam MM. Cholinergic circuitry of the human nucleus
basalis and its fate in Alzheimer’s disease. The Journal of Com-
parative Neurology. 2013; 521: 4124-4144. https://doi.org/10.
1002/cne.23415.

LiCSR, Ide JS, Zhang S, Hu S, Chao HH, Zaborszky L. Resting
state functional connectivity of the basal nucleus of Meynert in
humans: in comparison to the ventral striatum and the effects of
age. Neurolmage. 2014; 97: 321-332. https://doi.org/10.1016/j.
neuroimage.2014.04.019.

Liu AKL, Chang RCC, Pearce RKB, Gentleman SM. Nucleus
basalis of Meynert revisited: anatomy, history and differential
involvement in Alzheimer’s and Parkinson’s disease. Acta Neu-
ropathologica. 2015; 129: 527-540. https://doi.org/10.1007/
s00401-015-1392-5.

Zhang F,NiuL, Liu X, Liu Y, Li S, Yu H, ef a/. Rapid Eye Move-
ment Sleep Behavior Disorder and Neurodegenerative Diseases:

&% IMR Press

[46]

[47]

(48]

[49]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

An Update. Aging and Disease. 2020; 11: 315-326. https://doi.
org/10.14336/AD.2019.0324.

Holmstrand EC, Sesack SR. Projections from the rat pedunculo-
pontine and laterodorsal tegmental nuclei to the anterior thala-
mus and ventral tegmental area arise from largely separate popu-
lations of neurons. Brain Structure & Function. 2011;216: 331—
345. https://doi.org/10.1007/s00429-011-0320-2.

Cabeza R. Hemispheric asymmetry reduction in older adults: the
HAROLD model. Psychology and Aging. 2002; 17: 85-100.
https://doi.org/10.1037//0882-7974.17.1.85.

Sousouri G, Baumann CR, Imbach LL, Huber R, Werth E. Sleep
electroencephalographic asymmetry in Parkinson’s disease pa-
tients before and after deep brain stimulation. Clinical Neuro-
physiology: Official Journal of the International Federation of
Clinical Neurophysiology. 2021; 132: 857-863. https://doi.org/
10.1016/j.clinph.2020.12.027.

Wolff M, Vann SD. The Cognitive Thalamus as a Gateway to
Mental Representations. The Journal of Neuroscience: the Of-
ficial Journal of the Society for Neuroscience. 2019; 39: 3-14.
https://doi.org/10.1523/INEUROSCI.0479-18.2018.

Tona F, Petsas N, Sbardella E, Prosperini L, Carmellini M,
Pozzilli C, et al. Multiple sclerosis: altered thalamic resting-
state functional connectivity and its effect on cognitive function.
Radiology. 2014; 271: 814-821. https://doi.org/10.1148/radiol
.14131688.

Byun JI, Kim HW, Kang H, Cha KS, Sunwoo JS, Shin JW, et al.
Altered resting-state thalamo-occipital functional connectivity is
associated with cognition in isolated rapid eye movement sleep
behavior disorder. Sleep Medicine. 2020; 69: 198-203. https:
//doi.org/10.1016/j.sleep.2020.01.010.

Yoon EJ, Lee JY, Kim H, Yoo D, Shin JH, Nam H, et al. Brain
Metabolism Related to Mild Cognitive Impairment and Pheno-
conversion in Patients With Isolated REM Sleep Behavior Dis-
order. Neurology. 2022; 98: e2413—-e2424. https://doi.org/10.
1212/WNL.0000000000200326.

Hutchison IC, Rathore S. The role of REM sleep theta activity
in emotional memory. Frontiers in Psychology. 2015; 6: 1439.
https://doi.org/10.3389/fpsyg.2015.01439.

Buhle JT, Silvers JA, Wager TD, Lopez R, Onyemekwu C,
Kober H, et al. Cognitive reappraisal of emotion: a meta-
analysis of human neuroimaging studies. Cerebral Cortex (New
York, N.Y.: 1991). 2014; 24: 2981-2990. https://doi.org/10.
1093/cercor/bht154.

Etkin A, Egner T, Kalisch R. Emotional processing in anterior
cingulate and medial prefrontal cortex. Trends in Cognitive Sci-
ences. 2011; 15: 85-93. https://doi.org/10.1016/].tics.2010.11.
004.

Vijayan S, Lepage KQ, Kopell NJ, Cash SS. Frontal beta-theta
network during REM sleep. eLife. 2017; 6: e18894. https://doi.
org/10.7554/eLife.18894.

Siapas AG, Lubenov EV, Wilson MA. Prefrontal phase locking
to hippocampal theta oscillations. Neuron. 2005; 46: 141-151.
https://doi.org/10.1016/j.neuron.2005.02.028.

Cantero JL, Atienza M, Stickgold R, Kahana MJ, Madsen
JR, Kocsis B. Sleep-dependent theta oscillations in the hu-
man hippocampus and neocortex. The Journal of Neuro-
science: the Official Journal of the Society for Neuroscience.
2003; 23: 10897-10903. https://doi.org/10.1523/INEUROSCI.
23-34-10897.2003.

Buzsaki G. Theta oscillations in the hippocampus. Neuron.
2002; 33: 325-340. https:/doi.org/10.1016/s0896-6273(02)
00586-x.

Dolcos F, LaBar KS, Cabeza R. Interaction between the amyg-
dala and the medial temporal lobe memory system predicts bet-
ter memory for emotional events. Neuron. 2004; 42: 855-863.
https://doi.org/10.1016/s0896-6273(04)00289-2.

17


https://doi.org/10.1016/j.clinph.2024.07.013
https://doi.org/10.1016/j.clinph.2024.07.013
https://doi.org/10.1038/nature04258
https://doi.org/10.1038/nature04258
https://doi.org/10.1038/s41467-025-62732-8
https://doi.org/10.1093/sleep/zsz092
https://doi.org/10.1093/sleep/zsz092
https://doi.org/10.1111/jsr.14204
https://doi.org/10.1016/j.neulet.2022.136868
https://doi.org/10.1016/j.neulet.2020.135274
https://doi.org/10.1016/j.neulet.2020.135274
https://doi.org/10.1016/0006-8993(94)90886-9
https://doi.org/10.1016/0006-8993(94)90886-9
https://doi.org/10.1016/S0079-6123(03)45013-9
https://doi.org/10.1016/S0079-6123(03)45013-9
https://doi.org/10.1046/j.1460-9568.2002.02310.x
https://doi.org/10.1046/j.1460-9568.2002.02310.x
https://doi.org/10.3988/jcn.2022.18.5.562
https://doi.org/10.1016/j.neuron.2016.09.006
https://doi.org/10.1016/j.neuron.2016.09.006
https://doi.org/10.1002/cne.23415
https://doi.org/10.1002/cne.23415
https://doi.org/10.1016/j.neuroimage.2014.04.019
https://doi.org/10.1016/j.neuroimage.2014.04.019
https://doi.org/10.1007/s00401-015-1392-5
https://doi.org/10.1007/s00401-015-1392-5
https://doi.org/10.14336/AD.2019.0324
https://doi.org/10.14336/AD.2019.0324
https://doi.org/10.1007/s00429-011-0320-2
https://doi.org/10.1037//0882-7974.17.1.85
https://doi.org/10.1016/j.clinph.2020.12.027
https://doi.org/10.1016/j.clinph.2020.12.027
https://doi.org/10.1523/JNEUROSCI.0479-18.2018
https://doi.org/10.1148/radiol.14131688
https://doi.org/10.1148/radiol.14131688
https://doi.org/10.1016/j.sleep.2020.01.010
https://doi.org/10.1016/j.sleep.2020.01.010
https://doi.org/10.1212/WNL.0000000000200326
https://doi.org/10.1212/WNL.0000000000200326
https://doi.org/10.3389/fpsyg.2015.01439
https://doi.org/10.1093/cercor/bht154
https://doi.org/10.1093/cercor/bht154
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.1016/j.tics.2010.11.004
https://doi.org/10.7554/eLife.18894
https://doi.org/10.7554/eLife.18894
https://doi.org/10.1016/j.neuron.2005.02.028
https://doi.org/10.1523/JNEUROSCI.23-34-10897.2003
https://doi.org/10.1523/JNEUROSCI.23-34-10897.2003
https://doi.org/10.1016/s0896-6273(02)00586-x
https://doi.org/10.1016/s0896-6273(02)00586-x
https://doi.org/10.1016/s0896-6273(04)00289-2
https://www.imrpress.com

[61]

[62]

[63]

[64]

[65]

18

Scarpelli S, Bartolacci C, D’Atri A, Gorgoni M, De Gennaro
L. The Functional Role of Dreaming in Emotional Processes.
Frontiers in Psychology. 2019; 10: 459. https://doi.org/10.3389/
fpsyg.2019.00459.

van der Helm E, Yao J, Dutt S, Rao V, Saletin JM, Walker MP.
REM sleep depotentiates amygdala activity to previous emo-
tional experiences. Current Biology: CB. 2011; 21: 2029-2032.
https://doi.org/10.1016/j.cub.2011.10.052.

Proskovec AL, Wiesman Al, Heinrichs-Graham E, Wilson TW.
Beta Oscillatory Dynamics in the Prefrontal and Superior Tem-
poral Cortices Predict Spatial Working Memory Performance.
Scientific Reports. 2018; 8: 8488. https://doi.org/10.1038/
s41598-018-26863-x.

Allegretta RA, Rovelli K, Balconi M. The Role of Emo-
tion Regulation and Awareness in Psychosocial Stress: An
EEG-Psychometric Correlational Study. Healthcare (Basel,
Switzerland). 2024; 12: 1491. https://doi.org/10.3390/healthca
rel2151491.

Haenschel C, Baldeweg T, Croft RJ, Whittington M, Gruzelier
J. Gamma and beta frequency oscillations in response to novel
auditory stimuli: A comparison of human electroencephalogram
(EEG) data with in vitro models. Proceedings of the National

[66]

[67

—

[68]

[69]

Academy of Sciences of the United States of America. 2000;
97: 7645-7650. https://doi.org/10.1073/pnas.120162397.

Foy JG, Foy MR. Dynamic Changes in EEG Power Spectral
Densities During NIH-Toolbox Flanker, Dimensional Change
Card Sort Test and Episodic Memory Tests in Young Adults.
Frontiers in Human Neuroscience. 2020; 14: 158. https://doi.
org/10.3389/fnhum.2020.00158.

Reid A, Bloxham A, Carr M, van Rijn E, Basoudan N, Tulip C,
et al. Effects of sleep on positive, negative and neutral valenced
story and image memory. British Journal of Psychology (Lon-
don, England: 1953). 2022; 113: 777-797. https://doi.org/10.
1111/bjop.12559.

Simor P, Gombos F, Blaskovich B, Bodizs R. Long-range al-
pha and beta and short-range gamma EEG synchronization dis-
tinguishes phasic and tonic REM periods. Sleep. 2018; 41:
10.1093/sleep/zsx210. https://doi.org/10.1093/sleep/zsx210.
Sumi Y, Masuda F, Kadotani H, Ozeki Y. The prevalence of
depression in isolated/idiopathic rapid eye movement sleep be-
havior disorder: A systematic review and meta-analysis. Sleep
Medicine Reviews. 2022; 65: 101684. https://doi.org/10.1016/
J.smrv.2022.101684.

&% IMR Press


https://doi.org/10.3389/fpsyg.2019.00459
https://doi.org/10.3389/fpsyg.2019.00459
https://doi.org/10.1016/j.cub.2011.10.052
https://doi.org/10.1038/s41598-018-26863-x
https://doi.org/10.1038/s41598-018-26863-x
https://doi.org/10.3390/healthcare12151491
https://doi.org/10.3390/healthcare12151491
https://doi.org/10.1073/pnas.120162397
https://doi.org/10.3389/fnhum.2020.00158
https://doi.org/10.3389/fnhum.2020.00158
https://doi.org/10.1111/bjop.12559
https://doi.org/10.1111/bjop.12559
https://doi.org/10.1093/sleep/zsx210
https://doi.org/10.1016/j.smrv.2022.101684
https://doi.org/10.1016/j.smrv.2022.101684
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Participants
	2.2 Polysomnographic Recording 
	2.3 Data Analysis 
	2.4 Sample Size Estimation
	2.5 Statistical Analysis 

	3. Results
	3.1 General Demographic and Sleep Characteristics of iRBD Patients and Normal Controls
	3.2 Inter-Hemispheric and Intra-Hemispheric and EEG Activity Differences in the iRBD Patients and Normal Controls 
	3.3 Comparisons of EEG Activities Between Left and Right Cerebral Hemispheres in the iRBD Patients and Normal Controls
	3.4 Comparisons of EEG Power During REM Sleep Between the iRBD Patients and Normal Controls
	3.5 Correlation of EEG Activity Asymmetry With the Ratio of RSWA/REM Sleep

	4. Discussion
	4.1 Comparisons of EEG Activities During Tonic and Phasic REM Sleep in the iRBD Patients and Normal Controls
	4.2 Comparisons of EEG Activities in Bilateral Hemispheres and EEG Asymmetry Between the iRBD Patients and Normal Controls
	4.3 Comparisons of EEG Activities Between Different Regions on the Same Side of the Cerebral Hemisphere
	4.4 Limitations

	5. Conclusion
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest
	Supplementary Material

