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Abstract
Our thoughts alter our sleep, but the underlying mechanisms are still unknown. We propose that mental processes are 
active to a greater or lesser extent during sleep and that this degree of activation affects our sleep depth. We examined 
this notion by activating the concept of “relaxation” during sleep using relaxation-related words in 50 healthy participants. 
In support of our hypothesis, playing relaxing words during non-rapid eye movement sleep extended the time spent in 
slow-wave sleep, increased power in the slow-wave activity band after the word cue, and abolished an asymmetrical sleep 
depth during the word presentation period. In addition, participants reported a higher sleep quality and elevated subjective 
alertness. Our results support the notion that the activation of mental concepts during sleep can influence sleep depth. 
They provide a basis for interventions using targeted activations to promote sleep depth and sleep quality to foster well-
being and health.
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Statement of Significance
Sleep, in particular slow-wave sleep (SWS), is important for our physical and mental health. Therefore, theories and 
interventions on how to non-pharmacologically extend SWS are highly requested. Here, we propose and test the theory 
that mental concepts activated during sleep can modulate sleep depth. In support of our theory, presentation of words 
related to the concept of “relaxation” during sleep significantly extended the time spent in SWS and increased subjective 
sleep quality. Our results show that the semantic meaning of words presented during sleep is capable of affecting sleep 
physiology, SWS maintenance, and the subjective evaluation of sleep quality. Additionally, our results set the stage for the 
development of theory-driven, non-pharmacological interventions to improve sleep in people with sleeping difficulties.
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Introduction

Sleep, in particular deep sleep, is important for our mental [1] 
and physical health [2] as well as numerous vital functions such 
as the immune [3] and cardiovascular systems [4]. The amount 
of deep sleep, referred to as slow-wave sleep (SWS), depends 
on prior wakefulness [5] and declines with age [6]. The depth 
of sleep is also characterized via slow-wave activity (SWA; EEG 
power in the 0.5–4.5 Hz band), which has been shown to be a 
valid marker of global sleep pressure [5] as well as local sleep 
need, possibly linked to synaptic downscaling [7–9].

In addition to neurophysiological mechanisms, cognitive 
processes can also modulate the depth of sleep. For example, 
the perception of an unfamiliar sleep environment (known as 
the “first night effect”) typically reduces the amount of SWS 
[10]. Moreover, unfamiliar environments are suspected to de-
crease SWA specifically in the left brain hemisphere, resulting in 
higher hemispheric differences [11]. Similarly, ruminating about 
a failure experience and bedtime worries about a difficult next 
day or about an early awakening, negatively affected SWS and 
SWS latency [12, 13]. Conversely, inducing positive thoughts and 
relaxation using music or hypnotic suggestions increases the 
amount of SWS and SWA during daytime naps and nighttime 
sleep [14–16]. However, it is still unknown how cognitive pro-
cesses which are typically initiated before sleep affect sleep 
depth, minutes to hours after having fallen asleep.

Here, we propose a mechanism that is based on the activa-
tion of embodied concepts during sleep: we assume that the 
degree of activation of specific cognitive concepts varies during 
sleep, and that activated concepts are capable of influencing 
sleep depth depending on their semantic meaning. For example, 
if the concept of a new and potentially dangerous sleep envir-
onment is activated, it remains active during ongoing sleep and 
thereby decreases sleep depth. Conversely, activation of mental 
concepts related to “relaxation” and “sleep” are thought to pro-
mote sleep depth. This prediction assumes that mental concepts 
are closely linked to their related bodily functions. According to 
the theoretical accounts of embodied or grounded cognition, se-
mantic meaning is stored in multimodal (e.g. auditory, visual, 
motor, somatosensory) neuronal networks [17, 18]. For instance, 
processing concrete words (e.g. arm-related words like “catch”) 
led to cortical activation in the arm motor/premotor region [19]. 
Similar results were found for processing words related to ab-
stract emotion (e.g. “love”) and abstract cognition (e.g. “thought”) 
involving hand and face motor cortices [20, 21]. Thus, the pro-
cessing of words directly activates associated somatosensory 
brain functions.

The current study provides an initial empirical test for the pre-
viously explained mechanism. We predicted that the activation 
of concepts related to “relaxation” during sleep would increase 
the amount of deep sleep. To activate concepts of “relaxation” 
during sleep, we repeatedly presented words related to relax-
ation during non-rapid eye movement sleep (NREM, sleep stage 
N2, and SWS). Previous research suggests that our brain can pro-
cess the meaning of words and activate multimodal representa-
tions during sleep [22–25]. In our study, 50 healthy participants 
slept in the sleep lab for two experimental nights, in a counter-
balanced order (see Figure 1, A for an overview of the procedure). 
In one night, we repeatedly presented relaxing words such as 
“relax” and “easy” during NREM sleep. In the other experimental 
night, neutral words were presented (e.g. “produce,” “materials”). 

Based on the proposed mechanisms explaining how cognitive 
processes may affect sleep depth, we predicted that the presen-
tation of relaxing words would extend SWS and increase SWA 
as well as slow-wave density during the time window of word 
presentation, compared with the control condition. In addition, 
we hypothesized that event-related responses to the presenta-
tion of relaxing words would induce more event-related power 
in the SWA band compared with control words. To control for 
possible differences in auditory properties between relaxing and 
control words, a subset of relaxing and control words was also 
played in reverse during sleep (see Figure 1, A) [26, 27]. Therefore, 
the main research question comprised increases in SWS, SWA, 
slow-wave density and event-related SWA when relaxing words 
were presented. We further explored possible effects on other 
sleep stages, hemispheric differences, subjective sleep quality, 
mood, vigilance, and memory consolidation.

In line with our hypotheses, we found an increased amount 
of SWS in the period of relaxing word presentation during 
sleep compared with the period of control word presentation. 
Furthermore, the increase in SWS induced by relaxing words 
translated into an increase in subjective sleep quality and 
alertness reported by the participants. While global SWA and 
slow-wave density were not altered, we observed a decreased 
asymmetry of SWA and slow-wave density during the presen-
tation of relaxing words. Finally, event-related processing of re-
laxing words showed a significantly higher power increase in 
the SWA band at about 2–3.5 s after stimulus onset.

Methods

Participants

The experiment followed a within-subject cross-over design to 
compare the effects of the presentation of relaxing or control 
words during sleep on sleep depth. Fifty-five healthy German-
speaking subjects participated in the experiment. Five partici-
pants had to be excluded due to insufficient sleep in at least one 
of the experimental nights two or insufficient data quality three. 
The final sample consisted of 50 young participants (39 females, 
mean age = 22.20 ± 3.53 years [M ± SD], age range 18–33 years).

None of the subjects were shift workers nor had they been 
on any intercontinental flights 6 weeks prior to the experiment. 
They neither took any sleep influencing medication nor re-
ported any neurological, psychiatric, or sleep-related disorders. 
Subjects confirmed that no surgical interventions had been per-
formed within the three months prior to the experiment, and 
they did not suffer from impaired hearing. All participants were 
briefed to wake up at 08.00 h, to refrain from a midday nap as 
well as to avoid drinking alcohol or caffeine on experimental 
days. Subjects were paid 130 CHF for participating in all three 
sessions. The study was approved by the ethics committee of 
the Canton Vaud (115/15). Participants signed an informed con-
sent after an experimenter explained the study procedure and 
possible consequences.

Design and procedure

Subjects participated in three sleep sessions. After an adapta-
tion night, participants slept in the laboratory for two sessions, 
while polysomnographic data (electroencephalography (EEG), 



Beck et al.  |  3

electromyography (EMG) and electrooculography (EOG)) were 
recorded. Participants arrived between 08.30 p.m. and 09.00 p.m. 
in the sleep laboratory. Both experimental sessions took place on 
the same weekday, spaced 1 week apart and participants filled 
out questionnaires and performed in memory tasks in both 
sessions. During one experimental session, relaxing words were 
presented during NREM sleep, sleep stage N2, and SWS). During 
the other experimental session, control words were presented 

during NREM sleep. The order of condition was balanced across 
participants according to a within-subject cross-over design. 
The word presentation protocol was conducted by an experi-
menter who was blind to the experimental condition. After 
sleep, psychomotor vigilance, sleep quality, and memory recall 
were assessed.

In addition to the within-subject comparison between relaxing 
words and control words presented during sleep, the familiarity 

Figure 1.  Experimental procedure and sleep results. (A) Fifty healthy participants either listened to relaxing words (relax night, blue) or control words (control night, 

red) during NREM sleep, according to a within-subject cross-over design. During the relax night, 40 different relaxing words (e.g. relax, easy) were played in blocks of six 

words. Each block contained five randomly selected relaxing words (upper circles, blue) and one reverse word (upper circles, light blue). During the control night, the 

blocks contained five control words (lower circles, red) plus one reverse word (lower circles, light red). When all words were played (i.e. after eight blocks), the procedure 

was repeated 15 times, resulting in a total number of 720 word presentations per night. An experimenter monitored the word presentations during sleep and started 

cueing after the first sleep cycle. Before and after sleep, subjects completed a mood questionnaire. In the morning, a sleep quality questionnaire was conducted. (B) 

Playing relaxing words (blue bar) significantly increased the amount of slow-wave sleep (SWS) in the during-cueing period compared with the control night (red bar). 

(C) Playing relaxing words significantly increased the change of SWS from the before- to during-cueing period compared with the control night. One participant was 

excluded due to high values in the relax night. (D) Here provided are the scores in the relax night relative to the control night (set to 100%, red horizontal line). Left 

bar: Subjective alertness scores were computed as the change from before sleep (set to 100%) to after sleep. Playing relaxing words during sleep significantly increased 

the change in subjective alertness compared with the control night. Right bar: Playing relaxing words during sleep significantly increased subjective sleep quality 

compared with the control night. One participant was excluded due to missing data. (E) The change in SWS from the control to the relax night in the during-cueing 

period correlated with a statistical trend with the change in subjective sleep quality from the control to the relax night (r47 = .26, p = .070). Values in the bar graphs are 

displayed as mean ± SEM. *p < .05.
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of the words was varied between subjects. One group of partici-
pants (n = 37) listened to two texts before sleep. One included the 
relaxing words, and the other the control words. The participants 
listened to both texts before both nights. Another group of subjects 
(n = 13) did not listen to the two texts before sleep in any of the two 
nights. As the effects did not differ between the two groups, we 
decided to merge the results of both groups.

Subjects completed a paired-associate learning task and two 
verbal fluency tasks before and after sleep. After waking up, 
subjects performed a psychomotor vigilance test for 10 min to 
overcome sleep inertia and assess alertness (see supplementary 
materials and methods for a detailed description of the three 
memory tasks and the vigilance test).

Selection of words

Words were selected and clipped from two texts that we previ-
ously used to test the effect of pre-sleep listening on later SWS 
[14, 15, 28], and they are available on our homepage (https://
www3.unifr.ch/psycho/en/research/biopsy/). Both texts were 
spoken by the same reader. The text including the relaxing 
words was spoken in a soft, slow, and calm voice, while the con-
trol text was spoken in a normal voice and speed. The relaxing 
text includes a metaphor of a fish swimming deeper and deeper 
into the sea. It contains many relaxing and reassuring words. 
The control text comprises a documentation about natural min-
eral deposits. We selected 40 representative words (see supple-
mentary Table S3, for a complete list of words) from both texts 
and clipped them from the relaxing text (e.g. to sleep, safe, to 
relax, fish) and the control text (e.g. surface, deposits, strong, to 
produce). In a separate study, we assessed whether the words 
from the two semantic categories (relax vs. control) were dir-
ectly associated with phonetic differences (independent of their 
semantic content and spoken in a neutral voice) in non-native 
German speakers. Twenty-four French-speaking young par-
ticipants took part in this additional study. Subjects rated all 
relaxing and control words on their level of relaxation on a nine-
point Likert scale from 1 = “stimulating” to 9 = “relaxing”. They 
further indicated their level of German language skill, again on 
a nine-point Likert scale from 1 = “no knowledge” to 9 = “native 
speaker”. Relaxing and control words were rated comparably re-
laxing after controlling for the level of German language skill 
(F1,22 = 0.21, p >  .60, ηp =  .01), indicating that our two semantic 
word categories were not confounded by phonetic differences.

Word presentation during sleep

As the amount of SWS usually peaks within the first sleep cycle, 
we started the presentation of the words in the second sleep 
cycle to ensure sufficient space for a reliable SWS enhancement. 
An experimenter started to determine sleep stages according 
to the criteria of the American Academy of Sleep Medicine [29] 
with an online sleep scoring setup. Prior to the first experi-
mental night, sleep data of the adaptation night were scanned 
for each participant to obtain an overview of individual sleep os-
cillations and architecture. The first sleep cycle was considered 
complete when a REM episode occurred, and ended, between 60 
and 120 min after sleep onset. After the first sleep cycle, words 
were presented with E-Prime (2.0 SP2, Psychology Software 
Tools, Pittsburgh, PA) during NREM sleep via loudspeakers 

placed on a nightstand (distance between speaker and mid of 
pillow: 85 cm) with an average duration of 1.03 ± 0.27 s (M ± SD), 
and a sound pressure level of 51.34 ± 2.75 dB (see supplemen-
tary Table S4 for cue characteristics). The presentations of the 
cues were separated by a random interstimulus interval be-
tween 7 and 9  s. If no REM episode was detected, cueing was 
started no later than 120 min after sleep onset. An experimenter 
monitored, and manually interrupted, stimulation whenever 
online polysomnography indicated wake, REM sleep, arousals or 
movements.

In addition to the main effect of playing cues during sleep on 
SWS, we aimed to examine event-related responses in the time 
and frequency domain of the cues. To control for basic auditory 
properties of words (i.e. power spectrum, volume level, etc.), we 
reversed four relaxing words (easy, to relax, dolphin, sea) and 
four control words (to produce, magmas, lead, phase) [26, 27]. In 
German, these words consist of different numbers of syllables, 
which were balanced between conditions (one syllable: “Meer” 
vs. “Blei”; two syllables: “Delphin” and “einfach” vs. “Magmen” 
and “Phase”; three syllables: “ausruhen” vs. “erzeugen”). In each 
night, either relaxing or control words were presented combined 
with all eight reverse cues leading to a total number of 48 dif-
ferent cues. Cues were presented in blocks of six words con-
taining five randomly selected relaxing or control words and one 
reversed cue at a random position. This procedure was repeated 
eight times until all cues had been played once and subse-
quently started from the beginning. Overall, all cues were pre-
sented 15 times in each night resulting in a total number of 720 
cues. Blocks were presented subsequently without an additional 
time interval. This led to an overall cueing time of 110.3 min in 
the relax night and 106.2 min in the control night.

Questionnaires

Subjective sleep quality was measured in the morning with the 
sleep quality subscale of the SF-A/R [30]. The value of Cronbach’s 
alpha related to the subscale is .89 in healthy subjects. The scale 
includes four indices indicating difficulties initiating sleep (one 
item), difficulty maintaining sleep (two items), early awakening 
with inability to return to sleep (one item), and general sleep 
characteristics (six items). Values between 1 and 5 indicate if 
characteristics of good sleep quality are absent (1) or strongly 
distinct (5). We further analyzed the following items (from 
1  =  not at all to 5  =  very much) of the question “How did you 
sleep last night?”: deep, good, ample, relaxed, uniformly, undis-
turbed, and restless. Values are reported as change in % in the 
relax night relative to the control night (set to 100%).

Mood was assessed before and after sleep using the 
Multidimensional Mood Questionnaire (MDBF, short form A) 
[31]. Subjects rated their mood state on 12 items of the question 
“In this moment I  feel …” on a five-point Likert scale (1 = not at 
all, 5 = very much). A total score, and three bipolar mood scales, 
were calculated (good–bad mood, alertness–tiredness, calm-
ness–restlessness). Cronbach’s alpha of the three scales ranges 
between 0.78 and 0.86, and is 0.92 for the total score [32]. Given 
are the morning ratings relative to the evening ratings (set to 
100%). Similar to the SF-A/R analysis, we analyzed the change 
in % in the relax night relative to the control night (set to 100%).

At the end of the experiment, subjects were asked about 
the aim of the study in an open question format. In addition, 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
https://www3.unifr.ch/psycho/en/research/biopsy/
https://www3.unifr.ch/psycho/en/research/biopsy/
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data


Beck et al.  |  5

subjects rated the four relaxing and four control words, which 
were also played in reverse, on their association to “sleep” on a 
five-point Likert scale (1 = not at all, 5 = very much).

Polysomnographic recording

Electroencephalographic (EEG) data were recorded using a 
32-channel Easycap Net (Easycap GmbH, Herrsching) with a 
BrainAmp amplifier (Brain Products, Gilching, Germany), at  
a sampling rate of 500 Hz, FCz as a physical reference and AF3 
as a ground electrode. Two additional electrodes were placed 
laterally to the outer canthi of the left and right eye to collect 
electrooculographic (EOG) data. Three bipolar chin electrodes 
collected electromyogram (EMG) data, and two bipolar elec-
trodes collected electrocardiogram data. Impedances were kept 
below 10 kΩ for EEG, EOG, and EMG electrodes.

For sleep scoring, data were re-referenced against contra-
lateral mastoids, and standard filter settings suggested by the 
AASM [29] were applied (e.g. EEG 0.3–35 Hz) with an additional 
notch filter (50 Hz) to reduce noise if necessary. All scorers were 
blind to the experimental condition. Sleep was scored manu-
ally according to the rules provided by the AASM as well as by 
a central scoring facility [33], which used a validated scoring al-
gorithm with visual quality control. The overall agreement be-
tween the two scorings was of 72.97%. A third expert compared 
both scorings and determined the sleep stage in the case of a 
disagreement.

Preprocessing and artifact rejection

EEG data preprocessing was conducted using BrainVision 
Analyzer software (2.2; Brain Products, Gilching, Germany). Data 
were filtered using a high- (0.1 Hz) and low-pass (40 Hz) filter 
with an additional notch filter at 50  Hz and re-referenced to 
averaged mastoids.

Power analysis

For the power analysis, data were segmented in 30 s epochs of 
NREM sleep based on sleep scoring results. Afterwards, data 
were segmented into equally sized segments of 2048 data points 
(4 s) with 102 points overlapping. Artifacts were rejected auto-
matically [34] and segments had to pass the following three cri-
teria to be kept: (1) the maximum difference in EMG activity < 
150 µV in both EMG channels, (2) maximum voltage step in all 
EEG channels < 50  µV/ms, (3) maximum difference in EEG ac-
tivity < 500 µV in all EEG channels. The number of removed seg-
ments were manually checked for each artifact rejection step. 
Based on the number of removed segments, artifact heavy EMG 
and EEG channels were identified and dropped (EMG) or inter-
polated (EEG) if necessary.

We used a fast Fourier transformation (10% Hanning Window, 
0.25 Hz resolution) to investigate power differences during sleep. 
Mean power values (µV2) of each channel were exported for 
SWA (0.5–4.5 Hz) during SWS. Data were further analyzed using 
Rstudio version 1.1.456 [35]. Power values exceeding mean ac-
tivity of all channels by four standard deviations were replaced 
by the mean power separately for each subject. Next, power was 
averaged over six regions of interest based on topography (see 
supplementary Figure S1).

Slow-wave detection

Slow-wave detection was applied on artifact rejected data from 
the power analyses in NREM sleep and utilizing a Matlab-based 
slow-wave-analysis toolbox [36]. Detection followed four key 
stages: first, four reference waves were computed over four 
regions arranged in a square by calculating the mean activity 
over four electrodes in the same clusters used for power ana-
lysis (frontal LR, parietal LR, see supplementary Figure S1). 
Reference waves were filtered between 0.2 and 4  Hz (second-
order Chebyshev). Second, slow-waves were detected utilizing 
a local minima approach. As the absolute amplitude of the EEG 
is influenced by several factors, a relative amplitude criterion 
(five standard deviations from the mean negativity) was used to 
detect local minima. The nearest local maxima served as start 
and end points of the slow-wave. Only slow-waves with a dur-
ation between 0.25 and 1.25  s were kept for further analyses. 
Each of the four reference waves were initially examined inde-
pendently. Afterwards, potential slow-waves were analyzed if 
a slow-wave was also found within the wavelength of another 
reference wave. Now, unique slow-waves were found in each ref-
erence wave of the four regions. The following parameters were 
calculated for all detected slow-waves: amplitude (peak-to-peak 
amplitude in µV), negative slope (between local minima and 
prior local maxima in µV/s), and positive slope (between local 
minima and subsequent local maxima in µV/s). In addition, 
slow-wave density was computed as the number of slow-waves 
per minute. For further analyses, we focused on slow-waves de-
tected in SWS, which were found only in either the left or the 
right frontal reference wave.

Event-related analyses

For analyses of event-related potentials (ERP) and changes in 
event-related oscillatory power (time–frequency analyses), data 
were segmented into trials of 14 s based on cue markers starting 
7 s before the stimulus onset and followed by the same auto-
matic artifact rejection procedure used in the power analysis. In 
the night where relaxing words were played, event-related re-
sponses to the four relaxing words (easy, to relax, dolphin, sea), 
as well as their counterparts played in reverse, were extracted. 
In the night where the control words were played, responses to 
the four control words (to produce, magmas, lead, phase) and 
their reverse counterparts were analyzed. We used the Fieldtrip 
toolbox [37] to compute event-related potentials and time–fre-
quency analysis. Baseline normalization was applied with a 
baseline period of –1 to 0 s before the stimulus onset. Next, data 
were averaged per subject and per condition, and grand aver-
ages of all conditions were computed. For the time–frequency 
analysis, a continuous wavelet transformation (complex Morlet 
wavelets, five cycles) was performed on single trials to obtain 
oscillatory power of frequencies between 0.5 and 20 Hz in steps 
of 0.5 Hz and 10 ms.

In the first analysis, we compared relaxing words with re-
verse relaxing words. Second, we compared control words with 
reverse control words. Lastly, we computed the interaction by 
contrasting relax (–reverse relax) with control (–reverse control) 
words. As we were interested in differences in sleep depth after 
the cue onset, we focused our analysis on slow-wave activity 
and averaged over the SWA band (1–4.5 Hz) in the time window 
0 to 4.5 s after cue onset across all channels.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
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Statistical analysis

Statistical analyses were performed using Rstudio version 
1.1.456 [35]. Data are presented as means ± standard error. We 
analyzed sleep data (SWS, SWA, slow-waves) using a repeated-
measures analysis of variance (ANOVA) containing the within-
subject factors cueing (control, relax) and time (before cueing, 
during cueing). To explore hemispheric differences, we added 
the within-subject factor hemisphere (left, right) if applicable. 
Post-hoc tests for significant interactions and main effects 
comprised uncorrected paired and unpaired Student’s t-tests. 
Exploratory analysis on other sleep stages, differences between 
hemispheres, subjective sleep quality, mood, vigilance, and 
memory consolidation were not corrected for multiple compari-
sons. In case of statistically significant results, effect sizes are 
reported with partial eta squared (ηp) for main effects and inter-
actions and Cohen’s d for t-tests. Associations were explored 
using Pearson product–moment correlations. The level of sig-
nificance was set at p < .05.

Results of event-related potentials and time–frequency ana-
lysis were compared using cluster-based permutation tests for 
dependent samples as implemented in the FieldTrip toolbox 
[37]. The maximum sum of t-values within every cluster served 
as the cluster-level statistic. Cluster-level alpha was set to .05. 
To consider the multiple comparisons problem, the cluster-level 
statistic was calculated for each of 1000 randomly drawn data 
partitions. The proportion of random partitions exceeding the 
actually observed test statistic is calculated, resulting in a Monte 
Carlo p-value. The alpha level was set to .05 and corrected for 
two-sided testing. Alpha level was distributed over both tails 
by multiplying the probability with a factor of two, prior to 
thresholding it with the alpha level.

Results
After an adaptation night, 50 healthy subjects slept in the sleep 
laboratory for two experimental nights (8  h time-in-bed) ac-
cording to a within-subject cross-over design (see Figure 1, A, 
for an overview of the procedure). Both nights occurred on the 
same weekday and were spaced 1 week apart. During one ex-
perimental night, relaxing words (e.g. “relax,” “easy”) were pre-
sented during NREM sleep (sleep stage N2 and SWS) to promote 
SWS. During the other experimental night, control words were 
presented (e.g. “produce,” “materials”). Additionally, relaxing 
and control words played in reverse were included to control 
for basic auditory properties of the words (i.e. power spectrum 
and volume level). Words were presented during NREM sleep 

starting with the second sleep cycle (at the latest 120 min after 
sleep onset), as the amount of SWS peaks within the first sleep 
cycle. Before and after sleep, subjects completed a mood ques-
tionnaire. In the morning, a sleep quality questionnaire was 
conducted.

Playing relaxing words during sleep promotes SWS 
and subjective sleep quality

As predicted, playing relaxing words during NREM sleep in-
creased the duration of SWS compared with the night with 
control words (see Table 1). This increase was restricted to the 
time window of word presentation (cueing period). During this 
cueing period, the duration of SWS was significantly higher 
in the night with relaxing words (54.81  ±  3.02  min) compared 
with the night with control words (48.32 ± 3.57 min; t49 = –2.19, 
p = .033, d = 0.31; Figure 1, B). The duration of the cueing period 
did not differ between both nights (relax: 172.73 ± 3.71 min vs. 
control: 178.68 ± 6.58 min, respectively, t49 = 1.01, p > .30). In the 
before-cueing period (i.e. the first sleep cycle where no words 
were played), participants showed comparable amounts of SWS 
(relax: 48.58  ±  2.91  min, control: 47.92  ±  2.25  min, t49  =  –0.28, 
p > .70). When controlling for the amount of SWS in the before-
cueing period (SWS in min set to 100%), playing relaxing words 
changed the amount of SWS up to 132.49 ± 12.23% relative to 
the before-cueing period, whereas this change was significantly 
lower for control words (107.28  ±  9.03%; t48  =  –2.18, p  =  .034, 
d = 0.31; Figure 1, C). Note that sleep time in the before-cueing 
period was shorter than in the cueing period, resulting in slightly 
higher SWS durations (in minutes) during the cueing period. One 
subject had to be excluded in this analysis due to an increase in 
SWS larger than 3 SD of the mean (1480.00%) in the night where 
relaxing words were played. Descriptively, in the relax condition 
participants spent less time awake and less time in stages N1, 
N2, and REM sleep during the cueing period than in the control 
condition (see Table 1). However, none of these changes in sleep 
architecture were altered significantly (all p > .14).

The effect size related to playing relaxing words on 
increasing SWS duration, was in the small to medium range 
and restricted to the cueing period. The total amount of SWS 
during the entire night was also comparable between both 
nights (relax: 136.21 ± 6.68 min vs. control 130.99 ± 7.39 min, 
t49 = –1.24, p > .20, see supplementary Table S1 for sleep archi-
tecture across the entire night). However, listening to relaxing 
words significantly improved subjective sleep quality: par-
ticipants reported an increased sleep quality the morning 
after having listened to relaxing words (110.01  ±  4.78%) 

Table 1.  Sleep parameters in the before- and during-cueing period

Parameter Control night before cueing Relax night before cueing Control night during cueing Relax night during cueing

SPT 80.71 ± 2.25 79.13 ± 2.41 178.68 ± 6.58 172.73 ± 3.71
WASO 1.00 ± 0.30 1.22 ± 0.57 6.96 ± 1.75 4.74 ± 0.93
N1 6.84 ± 0.69 6.45 ± 0.73 11.12 ± 1.71 9.01 ± 1.09
N2 20.90 ± 1.34 19.33 ± 1.32 79.63 ± 4.51 75.51 ± 3.57
SWS 47.92 ± 2.36 48.58 ± 2.91 48.32 ± 3.57 54.81 ± 3.02*
REM 4.05 ± 0.74 3.55 ± 0.69 32.65 ± 2.51 28.66 ± 1.71
Sleep efficiency 80.19 ± 2.08 81.39 ± 2.03 96.87 ± 0.61 97.49 ± 0.43

Means in minutes ± SEM. Sleep period time (SPT) including wake after sleep onset (WASO), sleep stage N1 and N2, slow-wave sleep (SWS), rapid eye movement (REM) 

sleep, and sleep efficiency (time asleep/time-in-bed * 100).

*Values in bold indicate significant differences between the control and the relax night with *p < .05. 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
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relative to the night presenting control words (set to 100%; 
t48 = 2.10, p = .041, d = 0.30, Figure 1, D). Furthermore, partici-
pants reported sleeping significantly deeper (121.53 ± 8.83%), 
better (113.10 ± 6.05%), and having an ample amount of sleep 
(118.20  ±  7.07%) in the night with relaxing words compared 
with the control night (all p < .035, all d > 0.31, see Table 2). At 
the end of the experiment, subjects were asked about the aim 
of the study. Only one participant noted a difference between 
the nights, i.e. that no words were played in one night (which 
was not the case). None of the participants mentioned that 
different word types were played during sleep which could 
be related to the aim of the study. We therefore assume that 
subjects were not aware that different types of words were 
presented during sleep. Interestingly, the change in subjective 
sleep quality from the control to the relax night positively cor-
related with the change in SWS during cueing from the con-
trol to the relax night, although the coefficient only reached a 
statistical trend (r47 = .26, p = .070, Figure 1, E). A significant and 
positive correlation of these differences was found for the sub-
jective rating of sleeping an ample amount of time (r47 =  .32, 
p  =  .025), while no associations were found between the 
change in SWS and the change in ratings of sleeping deeper 
and better (p >  .70). Yet, these correlations are only explora-
tory and would not survive a correction for multiple compari-
sons. Finally, participants reported feeling more alert in the 
morning compared with the prior evening in the relax night 
relative to the control night (115.31 ± 6.39%; t49 = 2.40, p = .020, 
d = 0.34, Figure 1, D, see Table 2 for other scales of the mood 
questionnaire). Moreover, the subjective association strength 
of relaxing words with “sleep” was increased (2.82  ±  0.13) 
compared with the association strength of control words to 
“sleep” (1.84 ± 0.11; t49 = 8.22, p < .001, d = 1.16). Interestingly, 
the difference in association strength of the relaxing and con-
trol words correlated positively with the change in SWS in the 
during cueing period from the control to the relax night as a 
statistical trend (r48 = .25, p = .082).

On the behavioral level, the presentation of relaxing words 
during sleep did neither affect vigilance after sleep (as meas-
ured by the psychomotor vigilance test) nor memory consolida-
tion during sleep (as measured by a word-pair associate learning 
task and two verbal fluency tasks, see supplementary Table S2).

Playing relaxing words during sleep reduces 
asymmetry of frontal SWA and slow-wave density

As listening to relaxing words during NREM sleep extended 
the time spent in SWS, we tested whether relaxing words add-
itionally increased power in the slow-wave activity (SWA) band 
(0.5–4.5 Hz) during SWS. We analyzed SWA during SWS over the 
frontal lobe in the cueing period and the before-cueing period. 
We did not find an increase in SWA during SWS by presenting 
relaxing words (39.53 ± 1.44 µV2) compared with control words, 
in the during-cueing period (39.60 ± 1.65 µV2, t49 = 0.04, p > .90). 
SWA during SWS was also comparable between both nights 
in the before-cueing period (relax: 46.11  ±  2.19  µV2, control: 
46.15 ± 2.08 µV2, t49 = 0.03, p > .90). Analysis with the factors con-
dition (relax vs. control), time (before- vs. during-cueing period), 
and hemisphere (left vs. right) revealed no interaction between 
time and condition (F1,49 = 0.00, p > .90, ηp < .01). A main effect of 
time reflected the typical decrease in SWA from the first sleep 
cycle (before-cueing period) to later sleep cycles (during-cueing 
period; F1,49 = 13.01, p = .001, ηp = .21).

Moreover, we observed a significant three-way interaction 
between condition, time and hemisphere (F1,49 = 10.65, p = .002, 
ηp  =  .18) and an interaction between time and hemisphere 
(F1,49 = 4.80, p = .033, ηp = .09). In the before-cueing period, power 
in the SWA band was decreased over the left frontal hemisphere, 
whereas higher values were observed in the right hemisphere. 
This asymmetric SWA was significant (t49 = –2.23, p = .030, d = 0.32) 
and occurred in both nights in the before cueing period (Figure 
2, A, left panel, before-cueing bars). While playing control words, 
this asymmetry of SWA remained, with higher SWA in the right 
compared with the left frontal hemisphere (t49 = –2.08, p = .043, 
d = 0.29). However, frontal asymmetry of SWA vanished during 
the presentation of relaxing words (t49 = 0.25, p > .80). Comparing 
the degree of asymmetric SWA between the before- and during-
cueing period in the night with relaxing words, revealed a sig-
nificant change from a right dominance in the before-cueing 
period (left minus right hemisphere: –3.11 ± 1.55 µV2) to a sym-
metrical distribution in the during-cueing period (0.37 ± 1.46 µV2; 
t49 = –3.57, p < .001, d = 0.50; Figure 2, A, right panel, relax bar). 
No change in asymmetric SWA was observed in the night with 
control words (t49 = 0.43, p > .60). In the during-cueing period, we 
observed a trend for less asymmetric sleep when participants 

Table 2.  Subjective sleep quality and mood ratings

Parameter Control night Relax night % change with control night set to 100% P-values

Sleep quality 3.18 ± 0.12 3.29 ± 0.10 110.01 ± 4.78* .041*
  Deep 3.27 ± 0.16 3.43 ± 0.13 121.53 ± 8.83* .019*
  Good 3.43 ± 0.15 3.55 ± 0.12 113.10 ± 6.05* .035*
  Ample 2.94 ± 0.14 3.20 ± 0.16 118.20 ± 7.07* .013*
  Relaxed 3.47 ± 0.13 3.57 ± 0.11 110.27 ± 5.29 .06
  Uniformly 2.98 ± 0.15 3.04 ± 0.14 114.90 ± 8.32 .08
  Undisturbed 3.53 ± 0.17 3.22 ± 0.15 99.90 ± 5.85 .99
  Restless 3.55 ± 0.16 3.73 ± 0.14 105.54 ± 8.60 .52
Mood (morning/evening) 96.26 ± 2.53 98.13 ± 2.00 103.91 ± 2.25 .09
  Good–bad mood 93.61 ± 2.48 94.32 ± 1.89 103.37 ± 2.58 .20
  Alertness–tiredness 100.45 ± 5.13 106.59 ± 4.64 115.31 ± 6.39* .020*
  Calmness–restlessness 98.65 ± 2.45 100.07 ± 4.71 103.99 ± 3.36 .24

Sleep quality was assessed with the subscale “sleep quality” and single items from the SF-A/R (Schlaffragebogen A) questionnaire. Here provided are the mean 

values ± SEM of ratings in the morning from control and relax night. Mood was assessed using the Multidimensional Mood Questionnaire. Given are the morning 

ratings relative to evening ratings (set to 100%) from the control and relax night. The fourth column displays the change in % of scores in the relax night relative to 

the control night (set to 100%). Right column displays p-values of one sample t-tests of these scores against μ = 100. Values in bold indicate significant differences 

with *p < .05.

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
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listened to the relaxing words (0.37 ± 1.46 µV2) compared with the 
night in which control words were presented (−2.59 ± 1.25 µV2, 
t49 = –1.99, p = .053, d = 0.28).

In addition to the general measure of SWA, we analyzed 
single slow-waves detected in the average wave of either the 
frontal left (Fp1, F3, F7, FC5) or right clusters (Fp2, F4, F8, FC6, 
see Figure 1) during SWS. Three participants had to be excluded 
in this analysis due to an insufficient number of detected slow-
waves in the during- or before-cueing period. Consistent with 
our SWA analysis, we detected a significantly higher density of 
slow-waves in the before-cueing period over the right frontal 
cortex (4.55  ±  0.34) compared with the left frontal cortex 
(4.05 ± 0.26; t46 = –2.25, p = .030, d = 0.33) in both nights (see Figure 
2, B, left panel). When relaxing words were played during the 
cueing period, the asymmetry of slow-wave density between 
the left and right hemisphere vanished (left: 2.92 ± 0.21; right: 
3.04 ± 0.22; t46 = –0.75, p > .40, d = 0.11). The change in asymmetry 
of frontal slow-wave density, from the before- to the during-
cueing period, was significant in the night where relaxing words 
were presented (t46 = –2.42, p = .020, d = 0.35, see Figure 2, B, right 
panel). We observed no significant change in asymmetric slow-
wave density in the control night (p = 0.13).

When analyzing the negative slope of the detected slow-
waves, we also observed steeper negative slopes over the 
right (–572.20 ± 10.51 µV/s) compared with the left hemisphere 
(–530.47 ± 11.79 µV/s; t46 = 4.25, p < .001, d = 0.62, see Table 3). One 
additional participant had to be excluded from the analysis of 
negative slopes due to differences between hemispheres larger 
than 3 SD of the mean (–1399.47 µV/s) in the relax night during 
cueing. This asymmetry in the negative slope was stable and 
occurred in the before- and during-cueing period (all p < .002). 
Importantly, no change (before- to during-cueing period) in the 
asymmetry of the negative slope was observed in both condi-
tions (both p > .17), and asymmetry occurred similarly with both 
relaxing and control words (see Table 3).

In contrast to slow-wave density and negative slope, the 
peak-to-peak amplitude of the detected slow-waves was com-
parable between the right and left hemisphere in the before-
cueing period in both nights (p  >  .80) as well as during the 
presentation of control words (p  >  .50). However, playing re-
laxing cues during sleep significantly increased the ampli-
tude of slow-waves over the left hemisphere (156.46 ± 4.94 µV) 
compared with the right (153.95  ±  4.79  µV; t46  =  2.20, p  =  .033, 
d = 0.32, see Figure 2, C, left panel). A statistical trend suggested 
an increased asymmetry of amplitude in the relax night in the 
during-cueing period (2.51 ± 1.14 µV) compared with the before-
cueing period (0.02 ± 0.97 µV; t46 = –1.72, p =  .092, d = 0.25, see 
Figure 2, C, right panel). This was driven by an increased amp-
litude in the left hemisphere in the during-cueing period with 
relaxing cues (156.46 ± 4.94 µV) compared with the before-cueing 
period (153.39 ± 5.17 µV; t46 = –2.44, p = .019, d = 0.36), while the 
right hemisphere remained on a similar level (p  > 0.60). Thus, 
the change in frontal SWA asymmetry observed in the during-
cueing period with relaxing words might be explained by dif-
ferences in slow-wave density and increases in slow-wave 
amplitude over the left frontal hemisphere together, but not by 
changes in negative slope of the slow-waves.

Playing relaxing words during sleep increases event-
related SWA

In addition to the effects of relaxing words on general SWS, 
SWA and slow-waves, we analyzed event-related responses to 
the word presentations during sleep in the time and frequency 

Figure 2.  The asymmetry of slow-wave activity (SWA) and slow-waves (SW) 

during slow-wave sleep (SWS). (A) In the before-cueing period, SWA was higher 

in the right frontal hemisphere compared with the left hemisphere in the relax 

and control night. The right frontal dominance of SWA persisted during cueing 

with control cues. In contrast, frontal asymmetry of SWA vanished when re-

laxing words were played (t49 = −3.57, p < .001, d = 0.50). (B) For SW density, the 

asymmetric pattern before cueing in the relax night vanished when relaxing 

words were played during sleep (t46 = −2.42, p = .020, d = 0.35). The asymmetry 

of SW density was comparable between the before- and during-cueing period 

in the control night. (C) Asymmetry of SW amplitude (left > right) only occurred 

during cueing with relax cues (p = .033) and increased from the before- to the 

during-cueing period (p = .092). Values are displayed as mean ± SEM. ***p < .001, 

**p < .01, *p < .05, +p < .10.
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domain. We compared responses to four relaxing and four con-
trol words (each word was presented 15 times resulting in 60 
stimuli per category). To control for general auditory properties, 
the responses were also compared to the exact same words 
played in reverse.

First, we analyzed event-related responses (ERP) of relaxing 
words (forward vs. reverse) and control words (forward vs. re-
verse) separately [26, 27]. On the ERP level, forward relaxing 
words evoked a stronger negative response during three time 
intervals compared with reverse relaxing words: 770–1306 ms, 
1814–2246  ms, and 2748–3324  ms after stimulus onset (first 
cluster, 24 electrodes, p  =  .006, second cluster: 21 electrodes; 
p = .036, third cluster: 21 electrodes p = .040, see Figure 3, A). No 
significant difference in the ERP responses were observed be-
tween forward and reverse control words (see Figure 3, C). When 
calculating the interaction between condition (relax vs. control) 
and word type (forward vs. reverse), two clusters in a later period 
remained significant: A  first cluster (p  =  .002) extended from 
2662–3346 ms after cue onset, involving 24 electrodes. A second 
cluster (p =  .018) extended from 3630–4138 ms after cue onset, 
involving 22 electrodes (see Figure 3, E). An early cluster between 
944 and 1260 ms after cue onset involved 19 electrodes, but did 
not reach significance (p = .18).

In the time frequency domain, we specifically focused on 
changes in the SWA band (0.5–4.5 Hz) and in the spindle band 
(11–16  Hz). In a separate analysis of relaxing words (forward 
vs. reverse), higher power in the SWA band was observed in 
an earlier time window (30–1400 ms, 29 electrodes, p = .034, all 
electrodes except Fp2 and FPz) and a later time window (1950–
3290 ms, 30 electrodes, p = .034, all except CP1; see Figure 3, B, 
left panel). The number of concurrent significantly differing 
electrodes in the second cluster increased until peaking be-
tween 2.60 and 2.65 s (30 electrodes), and decreased afterwards 
(see white line within black bar above Figure 3, B, left panel). 
Mean SWA power within the second cluster was increased after 
relaxing words (0.48  ±  0.13) compared with reverse relaxing 
words (0.07 ± 0.14, t49 = 2.81, p =  .007, d = 0.40, see Figure 3, B, 
right panel). Interestingly, the difference in SWA power within 
the second cluster correlated positively with the difference in 
association strength of relaxing and control words, yet non-
significantly (r48 = .16, p = .26).

For the contrast between control words vs. reverse con-
trol words, no significant clusters were detected (see Figure 
3, D). Mean SWA power, averaged over the time windows and 
the electrodes of the significant clusters in the relax condition, 
were comparable between control and reverse control words in 
the first (t49  = 0.67, p  >  .50) and the second cluster (t49  =  –1.66, 
p  =  .10; see Figure 3, D). When calculating the interaction 

between condition (relax vs. control) and word type (forward 
vs. reverse), the cluster in the later period remained significant 
(1880–3410 ms; p = .012; 27 electrodes, all except F7, P7, CP1, and 
CP5; see Figure 3, F, left panel and supplementary Movie S1). 
The number of concurrent significantly differing electrodes in-
creased until peaking between 2530–2640  ms (27 electrodes), 
and decreased afterwards (see white line within black bar above 
Figure 3, F, left panel). Mean SWA power within the cluster was 
increased after relaxing words (0.41 ± 0.15) compared with con-
trol words (–0.28 ± 0.17; t49 = 2.99, p = .004, d = 0.42, see Figure 3, 
F, right panel).

Analysis of the spindle power band revealed no significant 
clusters in the spindle band for any of the contrasts (relaxing 
words: p =  .14; control words: p >  .90; interaction: p =  .30), but 
was strongest for relaxing vs. reverse relaxing words. Analyzing 
both control and relaxing words together yielded a significant 
increase in spindle power of forward compared with reverse 
words (11–16 Hz; 1000–1990 ms; cluster p = .030; see supplemen-
tary Figure S2, b).

In summary, mean SWA power was increased in an early 
and late cluster for relaxing vs. reverse words, while no changes 
in SWA power were observed for control vs. reverse words. In 
addition, only the later cluster remained significant when 
contrasting the relaxing (–reverse) words with the control 
(–reverse) words.

Discussion
In the present study, we present empirical support for our hy-
pothesis that active mental concepts during sleep can influence 
sleep depth: playing relaxing words during sleep promotes SWS 
in the cueing period compared with a night in which control 
words are presented. The increased sleep depth by means of re-
laxing words was accompanied by a reduced interhemispheric 
asymmetry of SWA and slow-wave density in the during-cueing 
period as well as an increase in event-related power in the SWA 
band several seconds after the cue. The changes observed in 
objective sleep translated into an increase in subjective sleep 
quality and alertness ratings.

The findings we reported show that it is possible—in prin-
ciple—to influence sleep depth by presenting relaxing words 
during NREM sleep. As an underlying mechanism, we propose 
that semantic concepts are stored in multimodal representa-
tions, and that activation of the semantic meaning will automat-
ically modulate the activation of neural networks responsible 
for processing the associated bodily function. Activation of the 
semantic concept of relaxation via the presentation of relaxing 

Table 3.  Slow-waves detected in the frontal left or right cluster in SWS

Parameter Control night before cueing Relax night before cueing Control night during cueing Relax night during cueing

SPT 44.99 ± 2.27 42.94 ± 2.96 45.61 ± 3.32 48.70 ± 2.81
Density 4.20 | 4.57 3.91 | 4.53* 2.95 | 3.09 2.92 | 3.04b, (bc)

Amplitude 151.35 | 151.19 153.39 | 153.37 155.54 | 154.62 156.46 | 153.95*, b, (ab)

Negative slope –476.65 | –515.19* –488.94 | –530.41* –563.08 | –619.10* –559.66 | –618.39*, b, c

Positive slope 296.37 | 294.571 297.59 | 294.24 309.57 | 313.22 307.90 | 310.01b

Means of parameters of slow-waves in the frontal left | right hemisphere. Here provided are sleep period time in min (SPT), slow-wave density per minute (density), 

peak-to-peak amplitude in µV (amplitude) and the negative and positive slope in µV/s. (b) indicates a main effect of time (before, during) and (c) a main effect of 

hemisphere (left, right). (ab) indicates an interaction between cueing and time. (bc) indicates an interaction between time and hemisphere. Values in bold marked 

with * indicate significant differences between the left and right hemisphere. Effects are reported with p < .05 (*).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
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words is therefore assumed to activate brain regions respon-
sible for relaxation, sleep induction and maintenance, possibly 
involving the inhibitory GABAergic system or thalamo-cortical 
loops, generating slow-waves [38, 39]. In addition, activation of 
meanings related to “relaxation” might also inhibit the activity 
of arousal- and wake-promoting brain regions in the hypothal-
amus, brainstem, or basal forebrain [40, 41]. Here, we can only 
speculate on the involved brain regions, as our EEG measures 
only provide information related to the consequences of the 
word presentation on the cortical surface.

Still, our event-related analyses revealed distinct increases 
in power in the SWA band after 2–3.5  s, suggesting that the 
processing of relaxing words during sleep promotes a tran-
sient increase in SWA. Importantly, the changes occurred after 
the typical K-complex-like response to external auditory cues 
during sleep [42]. Previous research showed that the pres-
entation of single “click” tones in phase with the slow-wave 
rhythm, enhanced slow-waves during sleep [43]. However, this 
effect seems to be limited to the presentation of two consecu-
tive “clicks” (ca. 1  s), thus lacking enduring effects as well as 
changes in sleep architecture [44]. Furthermore, the increase in 
SWA caused by the presentation of relaxing words did not occur 
for relaxing words played in reverse, thereby controlling for 
general effects of the tone spectrum, word length and prosody 
of the auditory stimulus. The increase in SWA induced by re-
laxing words must therefore be highly specific to the semantic 
meaning of the word. Importantly, no late event-related increase 
in SWA occurred when control words were contrasted against 
control words played in reverse. These findings support our 
proposition that the activation of semantic concepts related to 
relaxation, by means of word presentations during sleep, modu-
lates underlying processes which are responsible for slow-wave 
generation. A limitation of our study is that we did not include 
an additional condition using arousing words like “running,” 
“angry,” or “screaming” during sleep, which should decrease 
SWS and subjective sleep quality. Most studies presenting 
arousing stimuli during sleep usually presented both negative 
and positive cues in one single night of sleep, which does not 
allow any conclusion on the effect of arousing stimuli on sleep 
itself [45–48]. Future studies should systematically compare ef-
fects of arousing vs. neutral vs. relaxing words on sleep quality 
in separate nights.

The promoting effects of relaxing words on deep sleep 
were specific to the cueing period and did not yield significant 
changes of SWS in the entire night. Importantly, a systemat-
ically increased sleep pressure or rebound of SWS in the relax 
night cannot explain this effect, as all sleep parameters were 
comparable in the before-cueing period. In addition, the effects 
were specific to SWS, as no other sleep stages were significantly 
affected by our manipulation. However, the descriptive pattern 
of decreased amounts of N1, N2, WASO, and REM sleep as well 
as an increased sleep efficiency during the presentation of relax 
cues, supports an improved objective sleep quality through 
relaxing words compared with the control night. Remarkably, 
participants reported having better sleep quality and elevated 
alertness in the morning after having listened to relaxing words 
compared with control words during sleep. These results are 
controlled for individual differences in sleep perception and 
general sleep quality, as we applied a within-subject design. 
Furthermore, the change in the amount of SWS in the cueing 
period, induced by the relaxing words, positively predicted the 

improved self-reports of sleep quality. Therefore, we assume 
that the increase in subjective sleep quality is explained by the 
increase in SWS with relaxing cues in the during cueing period. 
Yet, presentation of relaxing words during sleep might also dir-
ectly affect subjective sleep quality independent of objective 
parameters. Relaxation words could have been consolidated 
into memory or remain active until subjects filled out the ques-
tionnaire directly after waking up. This might also explain the 
dissociation between overall comparable objectively measured 
SWS and vigilance and increased subjective sleep quality and 
alertness.

Subjective sleep quality is a highly important marker for the 
individual evaluation of sleep. As the diagnosis of insomnia is 
solely based on the subjective experience of the patient and 
not on objective data [49], subjective measures are even con-
sidered more important for patients and clinicians to diagnose 
and assess the severity of sleep disturbances [50]. The fact that 
the presentation of relaxing words during sleep is also capable 
of improving subjective evaluations of sleep, is therefore highly 
promising for future applications of such techniques in sleep 
disturbances like insomnia as well as accompanying affective 
disorders like depression.

In addition to the effects of SWS and self-reported sleep 
quality, presentation of relaxing words reduced the typical right-
frontal predominance of SWA and slow-wave density during 
SWS, which was not predicted by our hypothesis. Several pre-
vious studies have reported higher frontal SWA in the right com-
pared with the left hemisphere during SWS [11, 51, 52]. Recently, 
it was reported that this asymmetry of SWA is even more pro-
nounced in callotosomized patients [53]. The authors argue that 
such frontal asymmetry of sleep SWA is unlikely to occur due to 
homeostatic regulation [5] or functional specification of hemi-
spheres [54], as extending the time awake leads to a stronger in-
crease of SWA in the left, compared with the right, hemisphere 
[55, 56].

Thus, it has been speculated that the reduction of SWA in 
the left hemisphere is related to a “monitoring” or “night watch” 
system, which watches for potential dangers in the environ-
ment, with the ability to induce arousal or wakefulness more 
rapidly due to a reduced sleep depth [11, 22, 57]. In support of 
this notion, hemispheric differences in SWA mainly occur in 
unfamiliar environments, such as the first night in a sleep la-
boratory [11, 58, 59]. Moreover, the hemisphere with reduced 
sleep depth (left) showed an increased evoked brain response to 
deviant external stimuli while asleep [11]. In line with previous 
findings, we replicated frontal asymmetry in SWA with reduced 
SWA in the left, compared with the right, hemisphere in the 
control night. The same asymmetry occurred in the relax night 
in the before-cueing period, but vanished when relaxing words 
were played. A possible explanation is that the activation of the 
semantic concept of “relaxation” had a “calming” influence on 
the night watch system, thereby sparing the need of a reduced 
sleep depth of the left hemisphere. However, this interpretation 
needs further experimental support.

In insomnia patients, only few studies investigated asym-
metry of EEG power [60]. Studies suggest differences in 
asymmetry patterns between the paradoxical and psycho-
physiological insomnia subtypes [61, 62]. Paradoxical insomnia 
patients showed an increased amount of delta activity over the 
left hemisphere during NREM sleep compared with patients 
suffering from psychophysiological insomnia [62]. However, 
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asymmetry between hemispheres seems to vary between sleep 
stages and nights in insomnia patients [61, 63]. In addition, intra 
hemispheric asymmetry patterns (e.g. fronto-parietal asym-
metry) were related to clinical symptoms of insomnia patients 
[60]. Therefore, asymmetry in insomnia patients and their sub-
types have to be further studied and modulating asymmetry 
of EEG power using word presentations during the night might 
thereby serve as a useful tool.

In a series of previous studies, we have shown that sugges-
tions to relax and to sleep deeper given before sleep, are capable 
of extending the amount of SWS during a subsequent nap or 
nighttime sleep [14, 15, 28]. As a possible explanation we sug-
gested that the mental concept of “relaxation,” given by the 
instruction to relax before sleep, remains active during subse-
quent sleep, and is capable of increasing sleep depth by its ac-
tive multimodal representation [14]. The current study provides 
direct support for this notion and offers a potential mechanism 
for the beneficial effects of cognitive interventions given before 
sleep on later sleep architecture. However, one could have ex-
pected that familiarity of the relaxing material before sleep is 
a necessary prerequisite for the SWS-extending effect of pre-
senting words during sleep. In our study, a subgroup of the par-
ticipants listened to a tape in which a suggestion to relax and to 
sleep deeper was given before sleep. The suggestions were iden-
tical to the ones used in our previous studies [14, 15]. However, 
we observed no effect of familiarity of the words and therefore 
decided to combine the data of both groups. Our results sug-
gest that a targeted memory reactivation design is not required 
to achieve beneficial effects of relaxing word presentations on 
SWS and subjective sleep quality. We assume that already ex-
isting concepts and associations to the selected words, such as 
“relaxation” and “sleep,” will similarly activate the multimodal 
networks related to these concepts, independent of whether 
these concepts were encountered before sleep or not. To fur-
ther examine the possibility of targeted memory reactivation of 
relaxation concepts with verbal cues during sleep, we recom-
mend a learning phase using arbitrary cues, and newly asso-
ciating them with relaxation-related concepts or experiences 
(e.g. progressive muscle relaxation or a relaxing virtual reality 
environment).

Spindle power after a word presentation during sleep has 
been shown to support the stabilization, strengthening, and 
integration of memories, which have been previously associ-
ated with the word [23, 64]. In our study, we observed an overall 
increase in spindle power for forward compared with reverse 
words. This suggests that spindle power increases could also re-
flect successful processing of semantically meaningful words. 
Descriptively, the increase in spindle power seemed to be more 
pronounced for relaxing words. Therefore, relaxing words might 
have been easier to process or understand during sleep com-
pared with control words. Future studies presenting words 
during the night should consider such effects of semantic 
meaning on spindle power during sleep.

A limitation of this study is the choice of words presented 
during sleep. We presented 40 words from a relaxation text 
using a metaphor of a fish swimming deeper and deeper into 
the sea. However, not all of these words might be associated 
with the same relaxation concept, therefore they might acti-
vate other concepts. The associations to a word could also vary 
interindividually. For instance, “plunge” and “submerge” might 
even be associated with fear in some people who are afraid of 

diving. Likewise, this should be considered when applying such 
methods in patients, e.g. with insomnia, where “sleep” might 
already have negative associations. Moreover, we presented 
words during NREM sleep, disregarding the phase of the slow-
waves. Previous literature suggests that the processing of words 
is most effective during cortical up states, i.e. at the peaks of 
slow-waves [65–67]. A closed-loop setup could benefit word pro-
cessing by targeting the presentation of words precisely in the 
up-states of slow-waves. This might even strengthen the effect 
of relaxing word presentations on the depth of sleep. In add-
ition, the volume of word presentations should be individually 
adjusted to the hearing threshold during sleep. In our study, we 
kept the volume of word presentations at the same level for all 
participants and ensured that the average and peak volumes 
were comparable between conditions. However, the volume of 
single words varied within conditions (see supplementary Table 
S4), which likely caused some words not to be processed at all 
during sleep because they were too silent.

Moreover, the increase in SWS during the period of word 
presentation and subjective sleep quality in the relax night 
could also be explained by basic auditory properties (e.g. power 
spectrum, course volume level, tone, style). The semantic 
categories of words (relax vs. control) were not directly associ-
ated with obvious phonetic differences which could have been 
detected by participants unfamiliar to the German language. 
However, relaxing words were spoken in a more soft and calm 
voice. Yet, we argue that differences in basic auditory proper-
ties cannot explain the event-related increase in SWA, because 
the substracted reversed words contained the same auditory 
properties. Though, reversing the words might have changed 
the accentuation and prosody of the words, especially for longer 
words. Word length has been controlled between the relaxing 
and control condition by matching the syllable length. However, 
accentuation and prosody related differences between forward 
and reversed words could still be more pronounced in the relax 
night by the calmer tone of speaking the relaxing words. This 
might also explain the differences in the early ERP peak of for-
ward and reverse relaxing words. In addition, early semantic 
processing could also explain these differences, but future 
studies have to further examine ERP components and their rela-
tion to prosody and semantic processing during sleep.

In this study, we only presented words during NREM sleep 
and can only speculate about possible effects of relaxing word 
presentations during REM sleep. We would assume, that words 
and semantically related concepts activated during sleep are in-
corporated into dreams in all sleep stages. However, during both 
NREM and REM sleep, dreaming is associated with the activa-
tion of multiple concepts and associated emotions. Therefore, 
processing of associative networks might be facilitated during 
REM sleep and even show stronger effects on sleep physiology 
compared with NREM sleep and possibly also induce switches to 
deeper sleep stages (N2 and N3). Moreover, activating semantic 
concepts during REM sleep or awakenings during the night 
might also affect subsequent NREM sleep episodes similarly to 
pre-sleep cognitions affecting subsequent early NREM sleep.

In conclusion, the present study showed that the semantic 
meaning of words presented during NREM sleep is capable of 
affecting sleep physiology, SWS maintenance, and the sub-
jective evaluation of sleep quality. We argue that the semantic 
meaning of words presented during sleep is capable of affecting 
sleep depth by activation of related semantic concepts during 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab148#supplementary-data
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sleep. In fact, speaking to people while they are asleep to im-
prove their sleep behavior is a common recommendation in the 
cases of sleep-walking and night terrors [68, 69], and parents 
frequently use speech to improve and maintain sleep in their 
children. Therefore, such presentation of individually chosen 
words associated with relaxation and sleep promoting concepts 
might prove an effective intervention to promote sleep depth 
and increase subjective sleep quality also in people with sleep 
disturbances.

Supplementary Material
Supplementary material is available at SLEEP online.

Acknowledgments
We would like to thank Viviana Leupin for assistance in data 
collection, Louisa Clarke for helpful comments on an earlier 
version of this article, and all subjects for their participation. 
J.B.  and B.R designed the research; J.B.  performed the experi-
ments; J.B. and E.L. analyzed the data; J.B. and B.R. interpreted 
the results, J.B. and B.R. wrote the manuscript.

Funding
This study was conducted at the University of Fribourg, 
Department of Psychology, Division of Cognitive Biopsychology 
and Methods. This work was supported by a grant of the 
European Research Council (ERC) under the European Union’s 
Horizon 2020 research and innovation program (grant agree-
ment number 667875).

Disclosure Statement
Financial Disclosure: E.L.  is an employee of The Siesta Group 
Schlafanalyse GmbH. J.B. and B.R. have nothing to disclose.
Non-Financial Disclosure: J.B., E.L., and B.R.  have nothing to 
disclose.

Preprint Repositories
This manuscript was uploaded as a preprint on bioRxiv https://
www.biorxiv.org/content/10.1101/2020.12.16.423012v1
Conflict of interest statement. None declared.

References
	1.	 Hita-Yañez  E, et  al. Polysomnographic and subjective 

sleep markers of mild cognitive impairment. Sleep. 
2013;36(9):1327–1334.

	2.	 Javaheri S, et al. Slow-wave sleep is associated with incident 
hypertension: the sleep heart health study. Sleep. 2018;41(1). 
doi:10.1093/sleep/zsx179

	3.	 Besedovsky  L, et  al. Sleep and immune function. Pflugers 
Arch. 2012;463(1):121–137.

	4.	 van  Cauter  E, et  al. Metabolic consequences of sleep and 
sleep loss. Sleep Med. 2008;9:S23–S28.

	5.	 Borbély AA, et al. The two-process model of sleep regula-
tion: a reappraisal. J Sleep Res. 2016;25(2):131–143.

	6.	 Leirer VM, et al. Changes in cortical slow wave activity in 
healthy aging. Brain Imaging Behav. 2011;5(3):222–228.

	7.	 Siclari F, et al. Local aspects of sleep and wakefulness. Curr 
Opin Neurobiol. 2017;44:222–227.

	8.	 Tononi G, et  al. Sleep function and synaptic homeostasis. 
Sleep Med Rev. 2006;10(1):49–62.

	9.	 Huber  R, et  al. Local sleep and learning. Nature. 
2004;430(6995):78–81.

	10.	 Le  Bon  O, et  al. Mild to moderate sleep respiratory 
events: one negative night may not be enough. Chest. 
2000;118(2):353–359.

	11.	 Tamaki  M, et  al. Night watch in one brain hemisphere 
during sleep associated with the first-night effect in hu-
mans. Curr Biol. 2016;26(9):1190–1194.

	12.	 Kecklund G, et al. Apprehension of the subsequent working 
day is associated with a low amount of slow wave sleep. Biol 
Psychol. 2004;66(2):169–176.

	13.	 Vandekerckhove  M, et  al. The role of presleep nega-
tive emotion in sleep physiology. Psychophysiology. 
2011;48(12):1738–1744.

	14.	 Cordi MJ, et al. Hypnotic suggestions given before nighttime 
sleep extend slow-wave sleep as compared to a control 
text in highly hypnotizable subjects. Int J Clin Exp Hypn. 
2020;68(1):105–129.

	15.	 Cordi  MJ, et  al. Deepening sleep by hypnotic suggestion. 
Sleep. 2014;37(6):1143–52, 1152A.

	16.	 Cordi MJ, et al. Effects of relaxing music on healthy sleep. Sci 
Rep. 2019;9(1):9079.

	17.	 Barsalou  LW. Grounded cognition. Annu Rev Psychol. 
2008;59:617–645.

	18.	 Shapiro LA, ed. The Routledge Handbook of Embodied Cognition. 
1st ed. New York: Routledge Taylor & Francis Group; 2014.

	19.	 Boulenger V, et al. When do you grasp the idea? MEG evi-
dence for instantaneous idiom understanding. Neuroimage. 
2012;59(4):3502–3513.

	20.	 Dreyer FR, et al. Abstract semantics in the motor system? - 
An event-related fMRI study on passive reading of semantic 
word categories carrying abstract emotional and mental 
meaning. Cortex. 2018;100:52–70.

	21.	 Moseley R, et al. A role for the motor system in binding ab-
stract emotional meaning. Cereb Cortex. 2012;22(7):1634–1647.

	22.	 Blume C, et al. Standing sentinel during human sleep: con-
tinued evaluation of environmental stimuli in the absence 
of consciousness. Neuroimage. 2018;178:638–648.

	23.	 Schreiner T, et al. The beneficial role of memory reactiva-
tion for language learning during sleep: a review. Brain Lang. 
2017;167:94–105.

	24.	 Kouider S, et al. Inducing task-relevant responses to speech 
in the sleeping brain. Curr Biol. 2014;24(18):2208–2214.

	25.	 Paller KA, et al. Memory and sleep: how sleep cognition can 
change the waking mind for the better. Annu Rev Psychol. 
2021;72:123–150. doi:10.1146/annurev-psych-010419-050815

	26.	 Parise  E, et  al. Influence of eye gaze on spoken word 
processing: an ERP study with infants. Child Dev. 
2011;82(3):842–853.

	27.	 Strand  F, et  al. Phonological working memory with audi-
tory presentation of pseudo-words – an event related fMRI 
study. Brain Res. 2008;1212:48–54.

	28.	 Cordi  MJ, et  al. Improving sleep and cognition by hyp-
notic suggestion in the elderly. Neuropsychologia. 
2015;69:176–182.

	29.	 Iber C. The AASM Manual for the Scoring of Sleep and Associated 
Events: Rules, Terminology and Technical Specifications. 
Westchester, IL: American Academy of Sleep Medicine; 2007. 
https://academic.oup.com/sleep/article/43/1/zsz163/5536744

https://www.biorxiv.org/content/10.1101/2020.12.16.423012v1﻿
https://www.biorxiv.org/content/10.1101/2020.12.16.423012v1﻿
https://doi.org/10.1093/sleep/zsx179
https://doi.org/10.1146/annurev-psych-010419-050815
https://academic.oup.com/sleep/article/43/1/zsz163/5536744


14  |  SLEEPJ, 2021, Vol. 44, No. 11

	30.	 Görtelmeyer R. SF-A/R und SF-B/R: Schlaffragebogen A und 
B. Hogrefe. 2011.

	31.	 Steyer R. Der Mehrdimensionale Befindlichkeitsfragebogen MDBF 
[Multidimensional mood questionnaire]. Göttingen, Germany: 
Hogrefe; 1997.

	32.	 Hinz  A, et  al. Die Stimmung in der deutschen 
Bevölkerung: Referenzwerte für den Mehrdimensionalen 
Befindlichkeitsfragebogen MDBF. Psychother Psychosom Med 
Psychol. 2012;62(2):52–57.

	33.	 Anderer P, et al. Computer-assisted sleep classification ac-
cording to the standard of the American Academy of Sleep 
Medicine: validation study of the AASM version of the 
Somnolyzer 24 × 7. Neuropsychobiology. 2010;62(4):250–264.

	34.	 Ackermann S, et al. No associations between interindividual 
differences in sleep parameters and episodic memory con-
solidation. Sleep. 2015;38(6):951–959.

	35.	 R Core Team. R: A  Language and Environment for Statistical 
Computing. Vienna, Austria. 2018. https://www.R-project.org/

	36.	 Mensen A, et al. Optimizing detection and analysis of slow 
waves in sleep EEG. J Neurosci Methods. 2016;274:1–12.

	37.	 Oostenveld R, et al. FieldTrip: open source software for ad-
vanced analysis of MEG, EEG, and invasive electrophysio-
logical data. Comput Intell Neurosci. 2011;2011:156869.

	38.	 Chen  KS, et  al. A hypothalamic switch for REM and non-
REM sleep. Neuron. 2018;97(5):1168–1176.e4.

	39.	 Mak-McCully  RA, et  al. Coordination of cortical and thal-
amic activity during non-REM sleep in humans. Nat 
Commun. 2017;8:15499.

	40.	 Xu M, et al. Basal forebrain circuit for sleep-wake control. 
Nat Neurosci. 2015;18(11):1641–1647.

	41.	 Brown RE, et  al. Control of sleep and wakefulness. Physiol 
Rev. 2012;92(3):1087–1187.

	42.	 Pratt H, et al. ‘Oddball’ event-related potentials and infor-
mation processing during REM and non-REM sleep. Clin 
Neurophysiol. 1999;110(1):53–61.

	43.	 Ngo  HV, et  al. Auditory closed-loop stimulation of 
the sleep slow oscillation enhances memory. Neuron. 
2013;78(3):545–553.

	44.	 Ngo  HV, et  al. Driving sleep slow oscillations by auditory 
closed-loop stimulation-a self-limiting process. J Neurosci. 
2015;35(17):6630–6638.

	45.	 Blume C, et al. Preferential processing of emotionally and 
self-relevant stimuli persists in unconscious N2 sleep. Brain 
Lang. 2017;167:72–82.

	46.	 Cairney SA, et al. Targeted memory reactivation during slow 
wave sleep facilitates emotional memory consolidation. 
Sleep. 2014;37(4):701–7, 707A.

	47.	 Groch S, et al. Targeted reactivation during sleep differentially 
affects negative memories in socially anxious and healthy 
children and adolescents. J Neurosci. 2017;37(9):2425–2434.

	48.	 Lehmann M, et al. Emotional arousal modulates oscillatory 
correlates of targeted memory reactivation during NREM, 
but not REM sleep. Sci Rep. 2016;6:39229.

	49.	 American Psychiatric Association. Diagnostic and Statistical 
Manual of Mental Disorders: DSM-5. 5th ed. Washington, DC: 
American Psychiatric Publishing; 2013.

	50.	 Riemann  D, et  al. Sleep, insomnia, and depression. 
Neuropsychopharmacology. 2020;45(1):74–89.

	51.	 Sekimoto  M, et  al. Asymmetric interhemispheric delta 
waves during all-night sleep in humans. Clin Neurophysiol. 
2000;111(5):924–928.

	52.	 Mascetti  GG. Unihemispheric sleep and asymmetrical 
sleep: behavioral, neurophysiological, and functional per-
spectives. Nat Sci Sleep. 2016;8:221–238.

	53.	 Avvenuti  G, et  al. Integrity of corpus callosum is essen-
tial for the cross-hemispheric propagation of sleep slow  
waves: a high-density EEG study in split-brain patients. J 
Neurosci. 2020;40(29):5589–5603.

	54.	 Karolis VR, et al. The architecture of functional lateralisa-
tion and its relationship to callosal connectivity in the 
human brain. Nat Commun. 2019;10(1):1417.

	55.	 Ferrara  M, et  al. Interhemispheric asymmetry of human 
sleep EEG in response to selective slow-wave sleep depriv-
ation. Behav Neurosci. 2002;116(6):976–981.

	56.	 Achermann P, et al. Unihemispheric enhancement of delta 
power in human frontal sleep EEG by prolonged wakeful-
ness. Brain Res. 2001;913(2):220–223.

	57.	 Legendre  G, et  al. Sleepers track informative speech in a 
multitalker environment. Nat Hum Behav. 2019;3(3):274–283.

	58.	 Tamaki M, et al. Surveillance during REM sleep for the first-
night effect. Front Neurosci. 2019;13:1161.

	59.	 Sekimoto  M, et  al. Reduced frontal asymmetry of delta 
waves during all-night sleep in schizophrenia. Schizophr 
Bull. 2007;33(6):1307–1311.

	60.	 Provencher T, et al. Patterns of intrahemispheric EEG asym-
metry in insomnia sufferers: an exploratory study. Brain Sci. 
2020;10(12). doi:10.3390/brainsci10121014

	61.	 St-Jean G, et al. Cerebral asymmetry in insomnia sufferers. 
Front Neurol. 2012;3:47.

	62.	 St-Jean  G, et  al. REM and NREM power spectral ana-
lysis on two consecutive nights in psychophysiological 
and paradoxical insomnia sufferers. Int J Psychophysiol. 
2013;89(2):181–194.

	63.	 Kovrov  GV, et  al. Interhemispheric EEG asymmetry in pa-
tients with insomnia during nocturnal sleep. Bull Exp Biol 
Med. 2006;141(2):197–199.

	64.	 Schreiner T, et al. Electrophysiological signatures of memory 
reactivation in humans. Philos Trans R Soc Lond B Biol Sci. 
2020;375(1799):20190293.

	65.	 Züst  MA, et  al. Implicit vocabulary learning during 
sleep is bound to slow-wave peaks. Curr Biol. 
2019;29(4):541–553.

	66.	 Göldi  M, et  al. Increased neuronal signatures of targeted 
memory reactivation during slow-wave up states. Sci Rep. 
2019;9(1):2715.

	67.	 Navarrete  M, et  al. Examining the optimal timing for 
closed-loop auditory stimulation of slow-wave sleep in 
young and older adults. Sleep. 2020;43(6). doi:10.1093/
sleep/zsz315

	68.	 Arnulf I. Sleepwalking. Curr Biol. 2018;28(22):R1288–R1289.
	69.	 Leung  AKC, et  al. Sleep terrors: an updated review. Curr 

Pediatr Rev. 2020;16(3):176–182.

https://www.R-project.org/
https://doi.org/10.3390/brainsci10121014
https://doi.org/10.1093/sleep/zsz315
https://doi.org/10.1093/sleep/zsz315

