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Abstract

Study Objectives: We investigated electroencephalographic (EEG) slow oscillations (SOs), sleep spindles (SSs), and their temporal coordination during nonrapid eye 

movement (NREM) sleep in patients with idiopathic rapid eye movement (REM) sleep behavior disorder (iRBD).

Methods: We analyzed 16 patients with video-polysomnography-confirmed iRBD (age, 65.4 ± 6.6 years; male, 87.5%) and 10 controls (age, 62.3 ± 7.5 years; male, 

70%). SSs and SOs were automatically detected during stage N2 and N3. We analyzed their characteristics, including density, frequency, duration, and amplitude. We 

additionally identified SO-locked spindles and examined their phase distribution and phase locking with the corresponding SO. For inter-group comparisons, we 

used the independent samples t-test or Wilcoxon rank-sum test, as appropriate.

Results: The SOs of iRBD patients had significantly lower amplitude, longer duration (p = 0.005 for both), and shallower slope (p < 0.001) than those of controls. The SS 

power of iRBD patients was significantly lower than that of controls (p = 0.002), although spindle density did not differ significantly. Furthermore, SO-locked spindles of 

iRBD patients prematurely occurred during the down-to-up-state transition of SOs, whereas those of controls occurred at the up-state peak of SOs (p = 0.009). The phase 

of SO-locked spindles showed a positive correlation with delayed recall subscores (p = 0.005) but not with tonic or phasic electromyography activity during REM sleep.

Conclusions: In this study, we found abnormal EEG oscillations during NREM sleep in patients with iRBD. The impaired temporal coupling between SOs and SSs may 

reflect early neurodegenerative changes in iRBD.

Key words:  NREM sleep; sleep spindle; slow oscillation; REM sleep behavior disorder

Statement of Significance

Electroencephalographic (EEG) slowing during both wakefulness and rapid eye movement (REM) sleep has been reported in patients with idiopathic REM sleep 

behavior disorder (iRBD), little evidence exists regarding EEG abnormalities during nonrapid eye movement (NREM) sleep. In this study, we found significant alter-

ations in slow oscillation (SO) and sleep spindle (SS) activities during NREM sleep in patients with iRBD. Moreover, the phase of SO-locked SSs was significantly 

advanced in patients with iRBD compared with that in controls, which was correlated with memory decline. The impaired SO–SS temporal coupling in iRBD may 

reflect early neurodegenerative changes involving the thalamo-cortical networks.
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Introduction

Sleep consists of two distinct states: nonrapid eye move-

ment (NREM) sleep and rapid eye movement (REM) sleep. 

They have distinct patterns of brain activity, which are 

seen as distinct electroencephalography (EEG) oscillations. 

NREM sleep-specific EEG rhythms include slow oscillations 

(SOs) and sleep spindles (SSs) [1]. SO refers to EEG activity 

<1 Hz reflecting rhythmic alterations in membrane poten-

tials of cortical neurons between depolarized up-states and 

hyperpolarized down-states [2]. SSs are waxing-and-waning 

11–15 Hz oscillations predominantly in the central and par-

ietal brain regions. They are generated in the thalamus and 

synchronized at the cortical level, reflecting a fundamental 

efficiency of the thalamo-cortical system [3]. A decrease in SS 

activity has been implicated in various neurological disorders, 

including Alzheimer’s disease, Parkinson’s disease (PD), and 

schizophrenia [4–6]. Moreover, in healthy adults, a reduction 

in fast spindles in the frontal region was associated with 

age-related memory deficits [7]. It has been established that 

SSs are grouped by SOs during NREM sleep; spindle activity 

increases during up-states and decreases during down-states 

of SOs [8]. Moreover, synchronization between SOs and SSs in 

the thalamo-cortical circuits are crucial for sleep-dependent 

memory consolidation [9].

REM sleep behavior disorder (RBD) is a parasomnia char-

acterized by abnormal motor behavior and unpleasant 

dreams during REM sleep [10]. It is commonly associated with 

α-synucleinopathy neurodegeneration, such as PD and de-

mentia with Lewy bodies (DLB). Idiopathic or isolated rapid 

eye movement (REM) sleep behavior disorder (iRBD) refers to 

RBD in the absence of any associated neurological diseases 

and precipitating factors, such as antidepressant medication 

use [11]. It is noteworthy that iRBD is the most powerful pre-

dictor of the future development of overt neurodegenerative 

diseases [12]. As a prodromal stage of α-synucleinopathy, 

neurodegenerative markers, such as olfactory and auto-

nomic dysfunction, subtle motor phenomena, and cognitive 

impairment, are commonly found in patients with iRBD [13]. 

Additionally, previous EEG and neuroimaging studies have 

shown that the disease process of iRBD is not confined to the 

brainstem REM sleep-generating neurons, but involves wide-

spread cortical and subcortical structures [14–17].

It has been reported that iRBD patients have lower SS 

density than controls [18, 19]. Higher power of sleep slow 

waves was associated with a slower progression of axial 

motor symptoms in PD [20]. Characterizing SOs can provide 

useful information about excitability, connectivity, and local 

network activity of the cerebral cortex [21]. Moreover, precise 

temporal coupling between SO and SS suggests the integrity 

of cortico-thalamic network underlying memory consolida-

tion during sleep [1]. Although a major pathologic mechanism 

of iRBD is neurodegeneration of brainstem neurons respon-

sible for generating REM sleep atonia, cortical changes and 

cognitive deficits frequently found in patients with iRBD sug-

gest the possibility of abnormal cortico-subcortical networks 

and altered coordination between SO and SS during NREM 

sleep [16]. However, the SO activity and coordination between 

SOs and SSs in iRBD have not yet been studied. Therefore, we 

herein evaluated SO and SS activities and their temporal co-

ordination during NREM sleep in patients with iRBD.

Methods

Participants

We prospectively recruited 25 drug-naïve patients with iRBD 

and 16 age- and sex-matched controls from October 2014 

to May 2019 at the Department of Neurology of the Seoul 

National University Hospital. RBD was confirmed using video-

polysomnography (vPSG) according to the third edition of the 

International Classification of Sleep Disorders (ICSD-3) [22]. All 

participants underwent neurological examination and cognitive 

tests to rule out associated neurodegenerative diseases, such as 

PD and DLB. They completed questionnaires such as the Korean 

version of RBD questionnaire-Hong Kong (RBDQ-KR), Epworth 

sleepiness scale (ESS), and Pittsburgh sleep quality index (PSQI). 

For neurodegenerative risk markers, we administered scales 

for outcomes in PD for autonomic symptoms (SCOPA-AUT), the 

Korean version of Sniffin’ Sticks (KVSS), and the Korean ver-

sion of the Geriatric Depression Scale (GDS-K). Neurocognitive 

tests included the Korean version of the Montreal Cognitive 

Assessment (MoCA-K) and the Mini-Mental State Examination 

(MMSE). Healthy controls were recruited by advertisement, and 

those with sleep complaints or a history of neurological, psy-

chiatric, or sleep disorders were excluded. For both iRBD and 

control groups, those with moderate-to-severe obstructive sleep 

apnea (apnea–hypopnea index > 15 events/h) were excluded 

from the analysis. This study protocol was approved by the insti-

tutional review board of Seoul National University Hospital (No. 

1406100589) and conducted in accordance with the Declaration 

of Helsinki. All participants provided written informed consent 

before taking part in this study.

Video-polysomnography

All participants underwent single-night in-lab vPSG record-

ings (Natus, Pleasanton, CA, USA). The recording system is 

composed of 21-channel EEG, two-channel electrooculography, 

electromyography (EMG) of the submentalis and tibialis an-

terior muscles, and electrocardiography. EEG electrodes were 

placed according to the international 10–20 system. EEG data 

were recorded using a linked-mastoid reference and a sampling 

rate of 500 Hz. Respiratory monitoring was conducted using a 

thermal airflow sensor, nasal pressure transducer, finger pulse 

oximeter, and thoraco-abdominal piezoelectric belts. A  body 

position sensor and snore sensor were also employed. The 

time-synchronized video and audio recordings were used to de-

tect abnormal motor behaviors during sleep. Sleep stages and 

associated events were scored in 30-s epochs according to the 

American Academy of Sleep Medicine (AASM) manual [23]. The 

visual scoring of REM sleep without atonia (RSWA) was per-

formed according to the AASM manual criteria with some modi-

fications [23]. Tonic and phasic EMG activity were measured only 

in the submentalis muscle [24]. Tonic EMG activity was defined 

as a 30-s REM sleep epoch with at least 50% of the duration of 

the epoch having an EMG amplitude greater than two times 

the background EMG activity. Phasic EMG activity was defined 

as a 30-s REM sleep epoch with at least five 3-s mini-epochs 

containing bursts of transient submentalis muscle activity. 

Transient muscle activity bursts had to be 0.1–5.0 s in duration 

and at least four times as high in amplitude as was the back-

ground EMG activity.
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EEG preprocessing and spectral analyses

All EEG analyses were performed using MATLAB 2017b 

(MathWorks, Natick, MA). Bandpass filtering with zero phase 

shift was performed to the whole EEG data in the range of 0.3–70 

Hz to reduce background noise. EEG data were then segmented 

into 30-s epochs. Individual epochs were rejected when the EEG 

voltage exceeded the range of −300 to 300 µV. To observe spec-

tral characteristics during NREM, the power spectra of each 30-s 

epoch were calculated using Welch’s method with NFFT = 512, a 

50% overlapping window, and 5-s window segments. The power 

spectra were averaged over all epochs. The relative power spec-

tral density was computed as a ratio of the absolute power of 

each frequency band to the total power from 0.3 to 30 Hz. The 

frequency bands were defined as follows: delta (0.3–4 Hz), theta 

(4–8 Hz), alpha (8–12 Hz), and beta (12–30 Hz).

SS and SO detection and analyses

SSs and SOs were detected based on previously established de-

tection algorithms [25]. The algorithm to extract SSs and SOs 

was applied to EEG during stage N2 and N3 sleep. The SS and SO 

detection methods have been described elsewhere [26]. Briefly, 

EEG data were low-pass filtered at 35 Hz by applying a Hamming 

window-based finite impulse response (FIR) filter and down-

sampled to 100 Hz. The individual peak frequency in the range of 

10–16 Hz was determined based on the power spectra. The EEG 

signals were then filtered with a ±1.5 Hz bandwidth centered 

on the individual peak frequency. The root mean square (RMS) 

value of the filtered EEG signals was computed using a 0.2-s 

sliding window with a 10-ms step size. Additional smoothing 

was performed with the same sliding window average of 0.2 s. 

Moving RMS signals exceeding a threshold of 1.5 standard de-

viations of the filtered signal with a minimum and maximum 

duration of 0.5 and 3 s, respectively, were considered as spindle 

intervals. We investigated SS characteristics including density 

(number of spindles per min), duration, amplitude (potential dif-

ference between the maximum trough and peak), and average 

frequency observed in the central brain regions (C3, Cz, and C4).

We then identified the spectral characteristics of SSs by 

constructing a time-frequency map. A time-frequency map for 

each single spindle was computed using a continuous wavelet 

transform (CWT) with the complex Morlet wavelet as a mother 

wavelet function. The time-frequency maps of all spindle events 

were averaged at each electrode. SS power was determined in 

the frequency range of 12–16 Hz and time interval of −400 to 

400 ms centered on the peak of the spindle envelope. We then 

calculated the average spindle power at each electrode for each 

subject.

For SO detection, we applied a 0.3-Hz high-pass filter using a 

Butterworth window-based infinite impulse response filter and 

a 3.5-Hz low-pass filter using a Hamming window-based FIR 

filter. All consecutive positive-to-negative zero crossings cor-

responding to a time interval range of 0.8–2.0 s duration were 

marked as putative SOs. Putative SOs were further chosen if their 

amplitudes were larger than 1.25 times the average amplitude 

of the subject. An individually adjusted amplitude threshold 

was used for SO detection because using a fixed amplitude 

threshold underestimates SO density in older adults and pos-

sibly more in iRBD patients [27]. The SO duration was defined as 

an interval between two consecutive down-zero crossings. The 

SO frequency was measured by an inverse of twice the down-

to-up-peak time interval. The SO amplitude was calculated as 

the absolute difference in potential between up-peak and down-

peak. We determined the above SO characteristics along with 

density (number of SOs per min) and maximum slope (between 

down-peak and up-peak) in the frontal regions (F3, Fz, and F4).

Relationship between SO and spindle activity

We examined the spectral characteristics of spindle activity 

that was observed around the up-peak of SOs to investigate 

the temporal relationships between spindles and SOs. We se-

lectively analyzed spindle-specific SOs by extracting the SOs 

that co-occurred with spindles during the up-state of SOs. By 

applying CWT, we represented the time-frequency map of each 

single SO event in a time window of −0.5 to 2.0  s around the 

down-zero crossing of SOs. Normalization was adopted for 

each frequency of the baseline period (−2.0 to −1.5 s). SO events 

that had another SO event within ± 4 s were excluded from the 

analysis to avoid distortion of the baseline period. The time-

frequency maps were obtained by averaging the time-frequency 

maps of SO events of individual subjects. The SO-locked spindle 

power was defined as the local maximum power within the fre-

quency range of 12–16 Hz and time range of 500–1,000 ms after 

the SO onset. For inter-group comparison, the SO-locked spindle 

power was averaged over nine mid-line electrodes (F3, Fz, F4, C3, 

Cz, C4, P3, Pz, and P4).

We examined the temporal distribution of SO-locked SS ac-

tivity. We quantified the degree of phase locking between SSs and 

SOs by calculating the phase locking value (PLV) of SO-locked 

SSs for each subject [28]. We extracted the phase of the SS that 

peaked during the SO up-state. The phase of the spindle peak 

was computed based on the duration of the SO up-state. PLV 

was calculated as follows:

 
PLV =

∣

∣

∣

∑N

n=1 e
i(θSPn− θSOn )

∣

∣

∣

N
,
 

where N is the total number of detected SOs, θSPnis the phase of 

the spindle peak within the SO up-state, and θSOn
 is the phase of 

the SO up-peak. The PLV and phase of SO-locked SSs were com-

pared between groups.

Statistical analyses

The assumption of normality of continuous variables was tested 

using the Kolmogorov–Smirnov test. Clinical and PSG data were 

not normally distributed and compared using the Wilcoxon 

rank-sum test. Power spectrum and SO and SS activity data 

were normally distributed, and an independent samples t-test 

was used for inter-group comparisons. Multiple comparisons of 

the scalp topography between the iRBD and control groups were 

corrected using the false discovery rate approach. Comparisons 

for other variables, including clinical and vPSG parameters, 

power spectral density, SO and SS characteristics, and SO-locked 

spindle measures, were corrected with the Bonferroni method. 

To control for the effect of age and other clinical variables, we 

additionally performed analysis of covariance for SO and SS 

characteristics, and SO-locked spindle measures with age or 

clinical variables as a covariate. Effect size was measured by 

partial eta squared. As the original data for SS power violated 
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the assumption of homogeneity of variances, we applied loga-

rithmic transformation to this data and performed analysis 

of covariance. Correlation analysis was performed using the 

Pearson correlation coefficient, which was also corrected with 

the Bonferroni method. The criterion for statistical significance 

was a two-tailed probability value of p < 0.05. All statistical ana-

lyses were carried out using SPSS software (version 25, IBM 

Corp., Armonk, NY).

Results

Clinical and polysomnographic findings

Among the recruited participants, nine patients with iRBD and 

six controls were excluded because they were found to have 

moderate-to-severe obstructive sleep apnea. We then analyzed 

16 patients with iRBD (age, 65.4 ± 6.6 years; male, 87.5%) and 10 

controls (age, 62.3 ± 7.5 years; male, 70%). The mean duration of 

RBD symptoms was 3.7 ± 2.0 years, and the mean RBDQ-KR score 

was 50.2 ± 19.6. Regarding prodromal clinical markers, patients 

with iRBD showed lower KVSS scores than those of controls, but 

the difference was not significant after multiple testing correc-

tion. There was also no significant difference in MMSE, MoCA-K, 

ESS, SCOPA-AUT, or GDS-K scores (Table 1). For RSWA, tonic and 

phasic EMG activities of patients with iRBD were 39.7 ± 21.0% 

and 11.9  ± 10.3%, respectively, which was significantly higher 

than those of controls (4.1 ± 3.6% and 1.4 ± 1.4%; p < 0.001 and 

0.001, respectively). Mild obstructive sleep apnea was found in 

62.5% of iRBD patients and 80% of controls (p = 0.420). The mean 

apnea–hypopnea index of the controls tended to be higher than 

that of the iRBD patients (10.2 ± 3.9 vs. 6.1 ± 3.5/h), which did 

not reach statistical significance after the Bonferroni correction. 

Other PSG-measured sleep parameters, such as total sleep time, 

sleep efficiency, and REM latency and percentage, did not differ 

between the two groups (Table 2).

Spectral power during NREM sleep

Patients with iRBD showed decreased alpha-band power during 

NREM sleep compared with that in controls, but the difference 

did not survive the Bonferroni correction. There was also no dif-

ference in delta-, theta-, or beta-band power between the two 

groups (Figure  1, A). In the scalp topography, the decrease in 

alpha-power in iRBD patients was significant in most brain re-

gions (Figure  1, B). Although the delta power of iRBD patients 

tended to be lower than that of controls, the difference was not 

statistically significant.

SO analysis

Patients with iRBD showed decreased SO amplitude (96.8 ± 13.8 

vs. 118.9 ± 22.6 μV, p = 0.005) and increased SO duration (1.33 ± 

0.07 vs. 1.25 ± 0.07 s, p = 0.005) compared with those of controls 

(Figure  2, A and Table  3). However, SO density did not differ 

between the two groups (2.4 ± 0.9 vs. 2.9 ± 0.6/min, p = 0.157). 

We further compared the characteristics of the SO waveform. 

The SOs of iRBD patients were characterized by a shallower 

maximal slope between down- and up-states (414.2  ± 51.6 vs. 

535.7 ± 94.8 μV/s, p < 0.001) and delayed up-state peak latency 

(954.8 ± 61.8 vs. 865.4 ± 66.0 ms, p = 0.002) in comparison with 

those of controls (Figure 2, B). Among the SO characteristics, the 

most significant difference between the two groups was the 

decreased maximum slope, which remained significant after 

adjusting for age, apnea–hypopnea index, or other clinical vari-

ables (Supplementary Table S1).

SS analysis

There was no significant difference in SS amplitude (20.8 ± 6.3 

vs. 25.6  ± 7.6  μV, p  =  0.088), duration (778.4  ± 41.1 vs. 794.2  ± 

49.2 ms, p = 0.385), density (3.7 ± 0.8 vs. 4.0 ± 0.7/min, p = 0.288), 

or average frequency (11.9 ± 1.2 vs. 12.4 ± 0.9 Hz, p = 0.287) be-

tween iRBD patients and controls. However, the spindle power 

of iRBD patients was significantly lower than that of controls 

(0.67 ± 0.12 vs. 0.87 ± 0.18, p = 0.002; Table 3 and Supplementary 

Table 1. Clinical characteristics of the study participants

Variables iRBD (n = 16) Control (n = 10) p

Age, years 65.4 ± 6.6 62.3 ± 7.5 0.262

Sex, male 14 (87.5%) 7 (70.0%) 0.340

BMI, kg/m2 23.7 ± 2.8 24.6 ± 2.0 0.391

Education, years 12.8 ± 3.5 12.0 ± 3.4 0.586

Symptom duration, years 3.7 ± 2.0   

RBDQ-KR 50.2 ± 19.6 6.1 ± 4.8 <0.001*

 Factor 1 14.9 ± 7.0 3.5 ± 2.8 <0.001*

 Factor 2 35.3 ± 14.6 2.6 ± 3.0 <0.001*

MoCA-K 25.6 ± 3.3 27.9 ± 1.8 0.077

MMSE 27.9 ± 2.4 29.0 ± 1.3 0.241

ESS 5.3 ± 2.8 4.0 ± 1.4 0.201

PSQI 4.4 ± 1.7 3.9 ± 1.9 0.623

KVSS 4.6 ± 1.2 5.9 ± 0.9 0.020

SCOPA-AUT 10.9 ± 5.2 7.7 ± 4.2 0.109

GDS-K 11.4 ± 5.5 8.1 ± 8.8 0.201

Data are mean ± standard deviation or number (%). Wilcoxon rank-sum tests 

were used compare the two groups. iRBD, idiopathic REM sleep behavior dis-

order; BMI, body mass index; RBDQ-KR, Korean version of RBD questionnaire—

Hong Kong; MoCA-K, Korean version of Montreal cognitive assessment; ESS, 

Epworth sleepiness scale; PSQI, Pittsburgh sleep quality index; KVSS, Korean 

version of Sniffin’ sticks; SCOPA-AUT, scales for outcomes in PD for autonomic 

symptoms; GDS-K, Korean version of the Geriatric Depression Scale.

*Significant after the Bonferroni correction (α = 0.05/14).

Table 2. Polysomnographic findings

Parameters iRBD (n = 16) Control (n = 10) p

Total sleep time, min 396.2 ± 80.7 389.6 ± 73.6 0.586

Sleep latency, min 12.5 ± 16.5 7.2 ± 9.8 0.551

REM latency, min 87.0 ± 49.5 106.4 ± 79.4 0.586

WASO, min 62.6 ± 42.6 91.2 ± 50.8 0.097

Sleep efficiency, % 83.9 ± 11.9 79.7 ± 11.7 0.286

Stage N1, % 13.4 ± 5.9 14.4 ± 5.1 0.551

Stage N2, % 52.5 ± 7.5 48.6 ± 10.2 0.241

Stage N3, % 10.6 ± 8.0 17.1 ± 10.0 0.121

Stage R, % 23.5 ± 5.0 19.9 ± 6.2 0.165

AHI, /h 6.1 ± 3.5 10.2 ± 3.9 0.009

Arousal index, /h 13.2 ± 6.2 18.3 ± 6.1 0.077

RSWA

 Tonic, % 39.7 ± 21.0 4.1 ± 3.6 <0.001*

 Phasic, % 11.9 ± 10.3 1.4 ± 1.4 0.001*

Data are presented as mean ± standard deviation. Wilcoxon rank-sum tests 

were used compare the two groups. iRBD, idiopathic REM sleep behavior dis-

order; REM, rapid eye movement; WASO, wakefulness after sleep onset; AHI, 

apnea–hypopnea index; RSWA, REM sleep without atonia.

*Significant after the Bonferroni correction (α = 0.05/13).
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Figure 1. EEG power spectral analysis during NREM sleep. (A) Averaged power spectrum at the frontal, central, and parietal regions (F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4). 

There was no significant difference between the two groups after the Bonferroni correction for the frequency bands (α = 0.05/4). Shading indicates the 95% confidence 

interval. (B) Scalp topography of alpha- and delta-band activities. White dots indicate electrodes showing a significant intergroup difference (FDR-corrected p < 0.05).

Figure 2. Comparison of SO characteristics. (A) SO amplitude, duration, and density measured at the frontal regions (F3, Fz, and F4; upper panel) and the corresponding 

scalp topography (lower panel). Error bars indicate the 95% confidence interval. Independent samples t-test, *p < 0.05, **p < 0.01. (B) Grand-averaged SO waveforms. 

A vertical line at 0 ms indicates the SO onset. Shading indicates the 95% confidence interval.
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Table S1). Although the scalp topography of spindle power 

showed a centro-parietal maximum, the intergroup differences 

in spindle power were significant across the whole brain, with a 

maximum difference in the frontal region (Figure 3).

SO–SS coordination

Of the total SOs detected during NREM sleep, 16.2% in the iRBD 

group and 16.7% in the control group co-occurred with SS, and 

the ratio of SO-locked spindle density to total SO density did 

not differ between the two groups (p  =  0.783). The SO-locked 

spindle density did not significantly differ between the groups 

(0.36 ± 0.13 vs. 0.47 ± 0.15/min, p = 0.069). Time-frequency maps 

showed that the SO-locked spindles occurred in the vicinity of 

the up-state peak of SOs in both groups (Figure 4, A). Although 

the SO-locked spindle power of iRBD patients seemed to be 

lower than that of controls, it was not statistically significant 

(0.95 ± 0.31 vs. 1.17 ± 0.49, p = 0.167). Thereafter, we evaluated 

the phase distribution of SO-locked SS with reference to the 

up-state peak of SOs. Compared with controls, patients with 

iRBD showed significant phase advances of SO-locked spindle 

activities (−0.51 ± 0.45 vs. −0.04 ± 0.31 rad, p = 0.009; Figure 4B; 

Table 3). In other words, SO-locked spindles of iRBD patients oc-

curred during the down-to-up-state transition of SOs, whereas 

those of controls occurred during the up-state peak of SOs. 

However, after adjusting for age or other clinical variables, dif-

ferences in the phase of SO-locked spindles failed to survive the 

Bonferroni correction (Supplementary Table S1). There was no 

significant difference in the PLV of SO-locked SS between the 

two groups (0.63 ± 0.06 vs. 0.64 ± 0.05, p = 0.472).

In the correlation analyses, the phase of SO-locked SS showed 

a significant positive correlation with the MoCA-K delayed recall 

subscores (r = 0.538, p = 0.005; Figure 5 and Table 4), suggesting 

that the phase advance of SO-locked spindles is associated with 

cognitive impairment. However, the phase of SO-locked SSs 

was not correlated with tonic (r  =  −0.364, p  =  0.068) or phasic 

(r = −0.128, p = 0.533) EMG activity.

Discussion

In this study, we found significant alterations in SO and SS 

activities during NREM sleep in patients with iRBD. The SOs 

of iRBD patients had smaller and shallower morphology than 

those of controls. The SS power in patients with iRBD was 

decreased compared with that in controls. Moreover, the 

Table 3. Results of SO and SS analysis

Variables iRBD (n = 16) Control (n = 10) p

Slow oscillation

 Amplitude, μV 96.8 ± 13.8 118.9 ± 22.6 0.005*

 Duration, s 1.33 ± 0.07 1.25 ± 0.07 0.005*

 Density, /min 2.4 ± 0.9 2.9 ± 0.6 0.157

 Maximum slope, μV/s 414.2 ± 51.6 535.7 ± 94.8 <0.001*

 Up-state peak latency, ms 954.8 ± 61.8 865.4 ± 66.0 0.002*

Sleep spindle

 Amplitude, μV 20.8 ± 6.3 25.6 ± 7.6 0.088

 Duration, ms 778.4 ± 41.1 794.2 ± 49.2 0.385

 Density, /min 3.7 ± 0.8 4.0 ± 0.7 0.288

 Average frequency, Hz 11.9 ± 1.2 12.4 ± 0.9 0.287

 Power (log10) 0.67 ± 0.12 0.87 ± 0.18 0.002*

SO-locked spindle

 Density, /min 0.36 ± 0.13 0.47 ± 0.15 0.069

 Power 0.95 ± 0.31 1.17 ± 0.49 0.167

 Phase, rad −0.51 ± 0.45 −0.04 ± 0.31 0.009*

 Phase locking value 0.63 ± 0.06 0.64 ± 0.05 0.472

SO, slow oscillation.

*Significant after the Bonferroni correction (α = 0.05/5 for SO and SS; α = 0.05/4 

for SO-locked spindle).

Figure 3. SS power in patients with iRBD and controls. The upper panel shows averaged time-frequency maps at frontal, central, and parietal regions (F3, Fz, F4, C3, 

Cz, C4, P3, Pz, and P4). The peak of the spindle envelope was aligned at 0 ms. Dotted boxes indicate the frequency (12–16 Hz) and time (from −400 to 400 ms) range of 

SSs. The corresponding topography maps of spindle power are depicted in the lower panel. White dots indicate electrodes showing a significant intergroup difference 

(FDR-corrected p < 0.05).
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phase of SO-locked SSs was significantly advanced in pa-

tients with iRBD compared with that in controls, which was 

correlated with memory decline. It is noteworthy that the 

EEG signatures of NREM sleep were altered in patients with 

iRBD, even though iRBD is a REM sleep-related parasomnia 

caused by neurodegenerative loss of the REM atonia circuitry 

[29]. Although EEG slowing during both wakefulness and REM 

sleep has been reported in patients with iRBD, little evidence 

exists regarding EEG abnormalities during NREM sleep [30, 31]. 

Latreille et al. found no significant difference in delta power 

and slow wave characteristics during NREM sleep between 

the iRBD and control groups [32]. As opposed to the hypoth-

esis that neural substrates responsible for NREM sleep are 

unaffected in iRBD, our results demonstrated that the NREM 

sleep-specific brain oscillations, including SO and SS, were dis-

rupted in iRBD.

SOs are one of the most important EEG signatures of NREM 

sleep and are known to synchronize neuronal activities into 

hyperpolarized down-states and depolarized up-states [2]. They 

originate from neocortical networks and provide a framework 

for communication between the neocortex and subcortical 

structures, which is implicated in memory consolidation during 

sleep [33]. In agreement with this, enhancing SOs during NREM 

sleep improved the consolidation of hippocampal-dependent 

declarative memory [34, 35]. The smaller and shallower morph-

ology of SOs in iRBD patients coincides with age-related changes 

Figure 4. SO-locked SSs. (A) Averaged SO waveforms and time-frequency maps at frontal, central, and parietal regions (F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4). Dotted 

boxes indicate the frequency (12–16 Hz) and time (from 500 to 1,000 ms) range where the SO-locked spindle power was measured. A vertical line at 0 ms indicates the 

SO onset. (B) Distribution of phase of SO-locked SSs with reference to the SO up-state peak (upper panel). Red lines indicate the averaged phase within each group. The 

lower panel shows distribution of normalized power of SO-locked spindles according to the phase. The phase of 0 rad indicates the up-state peak of SOs.
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in the slow-wave morphology [36]. Among the slow-wave 

morphology characteristics, decreased steepness tended to be 

associated with age-related cognitive decline. It is consistent 

with our findings that the decreased slope was the most signifi-

cant difference in SO characteristics between iRBD patients and 

controls. A previous diffusion tensor imaging study showed that 

a steeper rising slope of SOs was associated with higher axial 

diffusivity in the frontal white matter tracts [37]. In this regard, 

the decreased slope of SOs in patients with iRBD may reflect a 

decline in axonal integrity and decreased cortical connectivity. 

Despite the abnormal morphology, the preserved SO density in 

patients with iRBD suggests that the cortical dysfunction was 

too modest to disrupt the SO generation per se, as shown in a 

study of first degree relatives of patients with schizophrenia [38].

In the present study, although there was no significant 

between-group difference in SS density, patients with iRBD had 

significantly decreased SS power compared with that of controls. 

In agreement with our findings, alterations in SS activity have 

been implicated in patients with iRBD and PD [18]. Decreased 

spindle density, amplitude, and average frequency at baseline 

was associated with the development of dementia in patients 

with PD [6]. Moreover, patients with iRBD showed a reduced 

SS density, especially for fast spindles, compared with that of 

controls [19]. Preservation of SS density suggests that dysfunc-

tion of the thalamic spindle generator is not the primary cause 

of decreased spindle power in patients with iRBD. A more plaus-

ible explanation is the impaired transfer of thalamic spindles 

to the cortex and decreased cortical firing driven by thalamic 

spindles. In addition, small sample size, short disease duration, 

and lack of separate analysis for fast and slow spindles are also 

possible explanations for preserved SS density of iRBD patients 

in the present study.

An intracranial EEG study demonstrated that cortical spindles 

are generated in coordination with SOs by the cortico-thalamo-

cortical pathway [39]. Therefore, the temporal coupling between 

SO and SS represents the integrity of thalamo-cortical networks. 

A previous study reported abnormal surface contraction in the 

bilateral thalamus and widespread cortical thinning in iRBD pa-

tients with mild cognitive impairment [16]. This supports the 

notion that patients with iRBD had impaired cortico-thalamic 

connection resulting in the abnormal coupling between SOs and 

SSs during NREM sleep. In the current study, SSs in patients with 

iRBD prematurely peaked during the down-to-up-state transi-

tion of SO, whereas SSs in controls were aligned with the SO 

up-state peak. This pattern of SO-spindle misalignment in iRBD 

patients is consistent with that seen in older adults relative to 

young adults [40], suggesting an accelerated aging or degenera-

tive process in iRBD patients. The extent of phase advances of 

spindles from the SO up-state peak was correlated with the loss 

of memory retention. Furthermore, in a previous study showing 

a positive effect of zolpidem on overnight memory consolida-

tion, zolpidem induced increased SS density and clustering of 

SSs closer to the SO up-state peak compared with placebo [41]. 

There was a positive correlation between SO-locked spindle 

phase and declarative memory performance, suggesting the 

importance of precise temporal coordination between SOs and 

SSs in memory consolidation during NREM sleep. This is in 

agreement with our results showing the correlation between 

the phase of SO-locked spindles and memory function in pa-

tients with iRBD. However, submentalis tonic and phasic EMG 

activity were not correlated with the phase of SO-locked SSs. 

Taken together, disruption of temporal coordination between 

SOs and SSs in iRBD patients may represent neurodegeneration 

involving the thalamo-cortical networks rather than the REM 

sleep atonia-generating brainstem circuit. It is also possible that 

abnormal SO morphology in patients with iRBD disturbed the 

temporal coordination between SOs and SSs.

There are several limitations in this study. The first is the 

small number of subjects studied. Especially, a smaller number 

of controls than iRBD patients might have led to bias or weak-

ened statistical power. Because differences in the SO-locked 

spindle phase after adjusting for clinical variables did not 

survive the multiple testing correction, the possibility of false 

positive results should be considered when interpreting this 

data. Second, it cannot be concluded whether the abnormal 

SO and spindle activities are specific to neurodegenerative 

α-synucleinopathy. Further studies involving patients with 

PD and non-synucleinopathy diseases, such as Alzheimer’s 

disease, are needed to address this issue. Third, because of 

the single-night vPSG protocol used in this study, a first night 

effect or night-to-night variability might have affected our 

data. Although the controls had no sleep complaints, 80% 

Table 4. Results of correlation analysis with the SO-locked spindle 

phase

Variables r p

MoCA-K score

 Total 0.440 0.025

 Visuospatial/executive −0.067 0.744

 Naming 0.239 0.240

 Attention −0.103 0.616

 Language 0.280 0.165

 Abstraction 0.162 0.429

 Delayed recall 0.538 0.005*

 Orientation† N/A N/A

RSWA

 Tonic, % −0.346 0.068

 Phasic, % −0.128 0.533

r indicates the Pearson correlation coefficient. MoCA-K, Korean version of 

Montreal cognitive assessment; RSWA, REM sleep without atonia.

*Significant after the Bonferroni correction (α = 0.05/9).
†Not available because all participants received the highest orientation 

subscore of 6.

Figure 5. Correlation between the phase of SO-locked SSs and delayed recall 

subscore. MoCA-K, the Korean version of the Montreal Cognitive Assessment 

(MoCA-K); r, the Pearson correlation coefficient.
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(8/10) of them were found to have mild OSA. Fourth, we used 

algorithm-based automatic detectors for SS and SO. However, 

results of NREM sleep events can vary depending on different 

detection algorithms. Lastly, although the SO-spindle coord-

ination reflects cortico-thalamo-cortical connections, scalp 

EEG is not able to determine neuronal activities in subcortical 

structures.

In summary, we found altered SO morphology, reduced 

spindle power, and abnormal SO-spindle coordination in pa-

tients with iRBD. These alterations in NREM sleep-specific 

EEG oscillations suggest that the disease processes of iRBD af-

fect neuronal populations associated with not only REM sleep 

but also with NREM sleep. The impaired SO-spindle temporal 

coupling in iRBD may reflect early neurodegenerative changes 

involving the thalamo-cortical networks. Longitudinal studies 

are needed to determine that the NREM sleep EEG changes can 

predict the future development of neurodegeneration in pa-

tients with iRBD, especially in conjunction with other known 

iRBD biomarkers for future phenoconversion.

Supplementary Material

Supplementary material is available at SLEEP online.
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