
R E S E A R CH A R T I C L E

Feasibility, efficacy, and functional relevance of automated
auditory closed-loop suppression of slow-wave sleep
in humans

Kristoffer D. Fehér1,2 | Ximena Omlin1,2 | Leila Tarokh1,3 |

Carlotta L. Schneider1 | Yosuke Morishima1 | Marc A. Züst4 |

Marina Wunderlin4,5 | Thomas Koenig1 | Elisabeth Hertenstein1 |

Benjamin Ellenberger6 | Simon Ruch7 | Flavio Schmidig8 |

Christian Mikutta1,9 | Ersilia Trinca1 | Walter Senn6 | Bernd Feige10 |

Stefan Klöppel4 | Christoph Nissen1,2

1University Hospital of Psychiatry and Psychotherapy, University of Bern, Bern, Switzerland

2Division of Psychiatric Specialties, Geneva University Hospitals (HUG), Geneva, Switzerland

3University Hospital of Child and Adolescent Psychiatry and Psychotherapy, University of Bern, Bern, Switzerland

4University Hospital of Old Age Psychiatry and Psychotherapy, University of Bern, Bern, Switzerland

5Department of Social Neuroscience and Social Psychology, Institute of Psychology, University of Bern, Bern, Switzerland

6Institute of Physiology, University of Bern, Bern, Switzerland

7Institute for Neuromodulation and Neurotechnology, Department of Neurosurgery and Neurotechnology, University Hospital and University of Tübingen, Tübingen,

Germany

8Cognitive Neuroscience of Memory and Consciousness, Institute of Psychology, University of Bern, Bern, Switzerland

9Privatklinik Meiringen, Meiringen, Switzerland

10University of Freiburg Medical Center, Freiburg, Germany

Correspondence

Christoph Nissen, Division of Psychiatric

Specialties, Geneva University Hospitals

(HUG), Geneva, Switzerland.

Email: christoph.nissen@hcuge.ch

Funding information

Interfaculty Research Cooperation (IRC)

Decoding Sleep, University of Bern,

Switzerland

Summary

Slow-wave sleep (SWS) is a fundamental physiological process, and its modulation is of

interest for basic science and clinical applications. However, automatised protocols for

the suppression of SWS are lacking. We describe the development of a novel protocol

for the automated detection (based on the whole head topography of frontal slow

waves) and suppression of SWS (through closed-loop modulated randomised pulsed

noise), and assessed the feasibility, efficacy and functional relevance compared to sham

stimulation in 15 healthy young adults in a repeated-measure sleep laboratory study.

Auditory compared to sham stimulation resulted in a highly significant reduction of

SWS by 30% without affecting total sleep time. The reduction of SWS was associated

with an increase in lighter non-rapid eye movement sleep and a shift of slow-wave

activity towards the end of the night, indicative of a homeostatic response and func-

tional relevance. Still, cumulative slow-wave activity across the night was significantly
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reduced by 23%. Undisturbed sleep led to an evening to morning reduction of wake

electroencephalographic theta activity, thought to reflect synaptic downscaling during

SWS, while suppression of SWS inhibited this dissipation. We provide evidence for the

feasibility, efficacy, and functional relevance of a novel fully automated protocol for

SWS suppression based on auditory closed-loop stimulation. Future work is needed to

further test for functional relevance and potential clinical applications.

K E YWORD S

auditory stimulation, closed-loop stimulation, sleep deprivation, slow-wave sleep

1 | INTRODUCTION

Slow-wave sleep (SWS), the deep stage of non-rapid eye movement

(NREM) sleep, is a basic physiological process that is thought to serve

important functions, such as the refinement of synaptic plasticity

(Kuhn et al., 2016; Tononi & Cirelli, 2006). Modulating SWS is there-

fore of both basic science and clinical interest. Amidst progress in

automatised boosting of SWS, there has been a lack of innovation in

the development of protocols for automated SWS suppression.

Slow-wave sleep has been manipulated in humans for more than

eight decades, ranging from simple awakenings during SWS to the

selective modulation of sleep slow waves (SWs; for review Fehér

et al., 2021). While more recently the focus has shifted to the enhance-

ment of SWS (Ngo et al., 2013), suppressing SWS represents an impor-

tant means to inform about the regulation and functions of SWS. SWS

suppression might also have relevant clinical applications, such as anti-

epileptic (Bower et al., 2015) or antidepressant effects (Wolf

et al., 2016). Indeed, suppressing sleep in patients with major depres-

sive disorder (MDD) can lead to a rapid improvement of depressive

symptoms (therapeutic sleep deprivation). Recent studies suggest that

the suppression of SWS may actually drive this therapeutic effect

(Goldschmied et al., 2015, 2019; Landsness et al., 2011), potentially

through a modulation of synaptic plasticity (Wolf et al., 2016).

The development of stimulation protocols can be informed by

prior work on the physiology of SWS. SWS is most prominently char-

acterised by the presence of slow, high-amplitude rhythmic fluctua-

tions (SWs) in electroencephalographic (EEG) recordings. Indeed,

current online SWS state detection is based on the spectral signature

of SWs (Fehér et al., 2021). Spectrally, synchronised SWs manifest as

slow-wave activity (SWA; 0.5–4.5 Hz), which reflects the homeostatic

component of sleep–wake regulation, showing an increase after

wakefulness and a decline during sleep (Borbély, 1982). On a neural

level, the SWs reflect a bistability of the resting membrane potential

of cortical neurones, rhythmically transitioning between a depolarised

up-state with high-frequency firing and a hyperpolarised down-state

with a cessation of firing (Steriade et al., 1993). However, on an EEG

topographic level SWS is also characterised by the alternating occur-

rence of distinctive topographic maps primarily reflecting these two

brain states and their frontal dominance (Data S1: Figure S1).

To date, fully-automated SWS suppression protocols are lacking,

potentially related to a number of challenges. First, reliable

SWS detection is challenged by both substantive inter-individual dif-

ferences and a strong homeostatic component of SWS. With regard

to stimulation, automated protocols should efficiently suppress SWS,

while remaining reactive to indices of arousal to prevent awakening.

This is important in order to be able to selectively study or manipulate

the specific functions of SWA within NREM sleep. Thus, prior studies

on SWS disruption have relied on manual or semi-automated proto-

cols requiring online monitoring and interventions by trained experi-

menters, which limits broader research and clinical applications (for

review Fehér et al., 2021).

In this manuscript, we describe the development, implementa-

tion and evaluation of a fully-automated online detection and sup-

pression of SWS in healthy humans and provide first evidence for

feasibility and efficacy. The protocol includes a novel approach to

detect and target SWS in real-time based on a topographic template

of frontal SWs and a novel stimulation protocol, involving closed-

loop modulated randomised bursts of pink noise. Acoustic stimula-

tion has proven a reliable method for the modulation of SWS, which

can be safely applied and combined with simultaneous EEG sleep

monitoring (Fehér et al., 2021; Wunderlin et al., 2021). The primary

aim of the study was to demonstrate a suppression of SWS in a stim-

ulation compared to a sham night in a repeated-measures sleep labo-

ratory study in humans. In addition, we assessed indices of

functional relevance of SWS suppression as operationalised as the

time course of SWA across the night and wake EEG theta activity.

Evidence from microstructural, molecular, and electrophysiological

studies suggests that SWA is a marker and modulator of the up- and

downscaling of overall synaptic strength across the sleep–wake

cycle (synaptic homeostasis hypothesis; Tononi & Cirelli, 2006). EEG

theta activity represents a correlate of SWA during wakefulness

(Finelli et al., 2000; Vyazovskiy & Tobler, 2005), with a sleep-related

reduction, potentially reflecting the re-normalisation of overall syn-

aptic strength.

2 | METHODS

2.1 | Participants

A total of 18 healthy university students participated in the present

study, of which 15 participants were included in the final analysis
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(eight females, mean [SD] age 23.5 [2.8] years; Data S1: Table S1).

Two participants terminated their participation after the first night

and one participant was excluded due to technical difficulties dur-

ing 1 experimental night. The SWS detection algorithm was con-

structed prior to the main study, based on data from 2 sleep

laboratory nights of a second cohort consisting of 12 healthy uni-

versity students (nine females, mean [SD] age 23.3 [2.3] years).

Written informed consent was obtained from all participants. The

experimental procedures conformed to the Declaration of Helsinki

and were approved by the Ethics Committee of the Canton Bern

(Project-ID 2019-00984).

2.2 | Study protocol

Participants underwent a repeated-measures design consisting of

3 sleep laboratory nights; 1 adaptation night and 2 experimental nights

(auditory stimulation and sham in counterbalanced order; Figure 1).

EEG was recorded using a 128-channel EEG cap (MicroCEL, EGI Phi-

lips, USA). Questionnaires were administered in the evening and morn-

ing assessing sleep quality, sleepiness, mood, cognitive functioning, as

well as potential side-effects after each experimental night (see

Data S1). As disruption of SWS may affect vigilance (Van Der Werf

et al., 2011), a psychomotor vigilance task (PVT) was used to assess vig-

ilance in the morning. Participants were instructed to press a response

button as fast as possible upon the presentation of a timer (inter-trial

interval 2–10 s; total duration 5 min; Basner & Dinges, 2011). To assess

the functional relevance of the stimulation protocol on processes of

synaptic re-normalisation (Finelli et al., 2001; Kuhn et al., 2016;

Vyazovskiy & Tobler, 2005), wake resting-state EEG theta activity was

recorded in the evening and morning of the 2 experimental nights

(Kuhn et al., 2016).

2.3 | The EEG recording and pre-processing

The EEG was recorded at a sampling rate of 500 Hz, referenced to

channel Cz, and was pre-processed using MATLAB (R2019a, Math-

Works Inc., Natick, MA, USA), the EEGLAB toolbox (Delorme &

Makeig, 2004; http://sccn.ucsd.edu/eeglab/) and the FieldTrip analy-

sis toolbox (Oostenveld et al., 2010; see Data S1 for details).

2.4 | Slow-wave sleep detection

Slow-wave sleep was detected online using a topographic template of

frontal SWs, which was originally proposed for online phase prediction

of local SWs (Ruch et al., 2022). The data used to create the topographic

template was previously recorded in a sample of 39 healthy participants

(Züst et al., 2019). The creation and adaptation of the topographic tem-

plate for SWS detection is described in Figure 2a,b and in Data S1, and

the performance is reported in Figure 3 and Table 1. Detection was

highly selective as benchmarked against manual scoring, with 99.8% of

the sham stimuli delivered during SWS or N2 during undisturbed sleep,

while during real stimulation this was 94.7% (Figure 3). In fact, the SWS

detection process in combination with a parallel fast arousal/artefact

detection process performed rather conservatively, with a mean (SD) of

23.1% (12.0%) of polysomnographic SWS missed during the sham night

and 39.4% (18.0%) during the stimulation night (Table 1).

2.5 | Auditory stimulation

The auditory stimulation protocol is described in Figure 2d,e, and

detailed in Data S1. Auditory stimulation was applied via earphones

(IP30 Insert Earphones; Radioear Corporation, USA). A hearing test

was administered in the evening, as well as in the morning of the

2 experimental nights.

2.6 | Data processing and analyses

MATLAB was used for statistical analyses. To estimate effect sizes,

Cohen's d was calculated for paired comparisons. The level of statisti-

cal significance was set at p < 0.05 (two-tailed) for all analyses. Sleep

scoring was performed by an experienced rater blinded to the experi-

mental condition.

2.6.1 | Sleep architecture

Our primary hypothesis was that the stimulation would shorten the

time spent in SWS. Furthermore, the following variables of sleep

continuity and architecture were evaluated: total sleep time (TST),

F IGURE 1 Study design. Participants underwent a repeated-measures design with an adaptation night followed by 2 experimental nights
(auditory stimulation and sham) in a counterbalanced order. Participants were characterised at the electrophysiological (wake
electroencephalography (EEG) and polysomnography) and behavioural level (psychomotor vigilance task [PVT] and questionnaires).
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sleep efficiency (TST as a percentage of time in bed), sleep onset

latency (period between lights off and first occurrence of sleep

stage N2), wake after sleep onset (period of wake between sleep

onset and lights on), the time spent in sleep stages N1, N2 and

REM sleep, and the arousal index (number of arousals as a percent-

age of TST in hours). As sleep architecture data was not normally

F IGURE 2 Legend on next page.
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distributed (Kolmogorov–Smirnov test), the Wilcoxon signed-rank

test was used.

We also assessed the relative percentage of shifts and continua-

tions per vigilance state, analysed through non-parametric paired tests

using bootstrap statistics (5000 iterations). A p value was defined as

the number of instances where the value obtained from random sam-

pling was larger than that observed in the data divided by the number

of iterations. In this way, we could calculate the probability of obtain-

ing our results by chance, while controlling for familywise error rate

(Maris & Oostenveld, 2007; Pernet et al., 2015).

2.6.2 | The EEG spectral analysis

Spectral power densities (10 overlapping 4-s sub-epochs per 30-s

time bin, using a Hanning-window) were calculated for the following

frequency bands: SWA: 0.75–4.5 Hz; theta: 4.5–9 Hz; alpha:

9–15 Hz; slow spindle activity: 9–12 Hz; fast spindle activity: 12–15;

beta: 20–40 Hz. 30-s bins containing low-frequency (0.75–4.5 Hz)

and high-frequency (20–40 Hz) artefacts were additionally excluded

from the spectral analyses, being defined as power values >2� mov-

ing median of 15 � 30 s epochs, as well as >10 or >3000 μV2/Hz

respectively. Outlier channels, defined as >3 scaled mean absolute

deviations from the median, were excluded before calculating aver-

ages across the scalp.

We first assessed the effect of our stimulation on SWA. As SWA

is largest in SWS, we hypothesised that the SWS selective stimulation

would lead to an overall reduction of SWA across NREM sleep. Given

the selective stimulation during SWS, we hypothesised that SWA

would be suppressed during SWS but not in N1 and N2 (hereon

referred to as lighter NREM sleep). Furthermore, we assessed the pos-

sibility of a homeostatic response in terms of increased SWA in lighter

NREM sleep. We used t tests for a paired comparison of the average

log transformed SWA across the scalp during NREM sleep, SWS and

lighter NREM sleep, across the night and participants.

To assess further local and global spectral changes across the

scalp, the topographic distribution across derivations for spectral

densities were analysed per power band using non-parametric paired

tests performed on the power density values using bootstrap

statistics.

To visualise the dynamics of the effect of our intervention across

the night on the decay of process S (Borbély, 1982), we also calcu-

lated slow-wave energy (SWE); the cumulative sum of SWA during

NREM sleep throughout the night from sleep onset. It has been

F IGURE 2 Creation and application of a spatial template of frontal slow waves (SWs), for slow-wave sleep (SWS) detection and closed-loop
suppression through auditory stimulation. (a) Creation of template. Fronto-central SWs are detected. The topographies at the time-point of a
frontal SW peak are recorded, averaged across all instances, and normalised to create a spatial template of frontal SW peaks per individual.
Finally, an average template is created across individuals. (b) Application of template to detect SWS. First, topographies are correlated with the
topographic template. The correlation coefficient (Pearson's r) at a certain point in time is positive upon frontal SW peaks, negative upon troughs,
while the correlation decreases between peaks and troughs or for artefacts. Second, the power over an extended period of the distinctive �1 Hz
rhythmic fluctuation of this correlation (red rectangle) is then used as a marker for SWS, with the advantages of being insensitive to amplitude
differences and robust against artefacts. (c) SWS detection and closed-loop suppression through auditory stimulation. The template correlation is
calculated over a moving window of the electroencephalographic (EEG) signal. The power, variance of power and percentage of power are used

together with global gamma power (with lower gamma power indicating a deepening of sleep; Jones, 2020) to detect SWS. Frontal amplitude,
voltage range and delta power together with global gamma power are used as artefact and arousal markers for quick suppression of stimulation.
(d) Illustration of the pulsed noise stimulation protocol. Upon detection of SWS, bursts of pink noise are applied with a randomised duration
(50–500 ms; 5 ms fade in/fade out) and inter-onset interval (1–4 s, with an exponentially decreasing probability density). A stochastic component
(Ornstein–Uhlenbeck process; ±2.5 dB) is superposed on a linearly increasing drift (40–106 dB over 60 s) to add unpredictability in volume.
(e) Illustration of SWS suppression through pulsed noise of increasing volume. Top: example stimulation with randomised inter-onset intervals,
randomised burst durations, and randomised volume dynamics. Bottom: illustration of EEG trace.

F IGURE 3 Percentage of delivered stimuli per sleep stage during sham and real stimulation. (a) Sham stimulation. As depicted, >90% of the
(sham) stimuli were delivered during slow-wave sleep (SWS) and none during wake, rapid eye movement (REM) or N1 sleep, indicating successful
performance of the protocol. (b) Real stimulation (Stim). As expected, more stimuli were delivered during N2 sleep and a few during wake and N1
sleep, related to the induced stage shifts through auditory stimulation.
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observed that after partial SWS deprivation, there is a pressure to

reach the equivalent cumulative sum of SWA as during undisturbed

sleep (Dijk et al., 1987; Dijk & Beersma, 1989). In particular, as we

specifically targeted SWS with the aim of pushing the brain state into

lighter NREM sleep, we needed to assess whether an increased dura-

tion of lighter NREM sleep with a higher number of lower amplitude

SWs might cancel out the effect of the SWS disruption on the cumula-

tive sum of SWA. SWE was calculated in 5-min epochs, taking per

epoch the average of clean 30-s SWA bins in NREM sleep multiplied by

the number of 30-s NREM sleep epochs. Differences in the SWE, as

well as SWA, during NREM were assessed by Wilcoxon signed-rank

tests, corrected for multiple comparisons by false discovery rate (FDR;

Benjamini & Hochberg, 1995). The topographic distribution of end-of-

night SWE across derivations were analysed using non-parametric

paired tests performed on the SWE values using bootstrap statistics.

To assess the overall effect of stimulation compared to sham

on the evening to morning reduction of wake theta (3.5–8 Hz) power,

we calculated a two-way repeated-measures analysis of variance

(ANOVA) on the log transformed average theta power across the

scalp, with time of day (evening/morning) and stimulation condition as

independent variables. As post-hoc analyses, t tests were used for

paired comparisons of the average log transformed theta power (FDR

corrected). In order to further assess whether the effects were driven

by our stimulation protocol, we assessed how the change between

conditions in the evening to morning dissipation of theta power corre-

lated with the changes between conditions in our significantly modu-

lated sleep parameters.

2.6.3 | Slow-wave analysis

We used t tests for paired comparisons of the average count, peak

amplitude, and density (count/min) of detected SWs (Mölle

et al., 2009) across the scalp during NREM sleep, SWS, and lighter

NREM sleep.

2.6.4 | Spindle event analysis

We used t tests for paired comparisons of the count and density (spin-

dle events/5 min) of detected spindle events (Staresina et al., 2015)

across the scalp, during NREM sleep, SWS, and lighter NREM sleep.

2.6.5 | Analysis of behavioural data

For the PVT, the mean response time (RT; for 100 ms ≤ RT), response

speed (1/RT), number of valid stimuli, false starts, lapses (RT <500 ms),

as well as lapses probability (number of lapses divided by number of

valid stimuli) and performance score 1 minus the number of lapses and

false starts divided by the number of valid stimuli (including false starts)

were analysed using Wilcoxon signed-rank tests as the data was not

normally distributed (one-sample Kolmogorov–Smirnov test). Subjec-

tive reports related to the subjective state before and after sleep, the

side-effect questionnaire, and the visual analogue scale (VAS) were ana-

lysed using Wilcoxon signed-rank tests as the data was not normally

distributed (one-sample Kolmogorov–Smirnov test).

3 | RESULTS

3.1 | Sleep continuity and architecture

In line with our primary hypothesis, we found a highly significant

reduction of SWS compared to sham (�29.6%; p = 0.0024; d = 0.90).

This effect was associated with an increase in sleep stage N2 (11.8%;

p < 0.001; d = 1.02) and a reduction of REM sleep (�12.3; p = 0.027;

d = 0.66; Figure 4).

In terms of vigilance state-transitions (Figure 5), we found that

stimulation led to a significant decrease in continuity of SWS

(�15.0%; p < 0.0001), as well as a decreased continuity of N2 sleep

(�4.6%; p = 0.0058; Figure 5). We also found a decreased transition

probability from wake to REM sleep (�67.0%; p = 0.018; Figure 5).

3.2 | The EEG spectral power

In line with our expectations, the stimulation protocol led to a

significant reduction of SWA across the scalp during NREM sleep

compared to the sham protocol (�23.1%; p < 0.01; d = 0.98;

Figure 6a). This reduction was driven by a suppression of SWA during

SWS in the stimulation condition (�21.6%; p < 0.01; d = 0.77;

Figure 6f). In contrast, SWA was increased in lighter NREM sleep

stages in the stimulation compared to the sham condition (+17.0%;

p < 0.01; d = 1.01; Figure 6k). When exploring the spectral changes

across frequency bands and sleep stages across channels, we found

TABLE 1 Mean (standard deviation)
for the slow-wave sleep detection
performance measures, per experimental
night, across participants, with N2
excluded or included in the performance
evaluation.

Performance measures

N2 excluded, mean (SD) N2 included, mean (SD)

Sham Stimulation Sham Stimulation

F1 0.86 (0.07) 0.73 (0.13) 0.80 (0.08) 0.62 (0.08)

Cohen's kappa 0.81 (0.09) 0.67 (0.13) 0.76 (0.08) 0.56 (0.07)

Matthew's correlation coefficient 0.83 (0.08) 0.70 (0.11) 0.77 (0.08) 0.58 (0.07)

Sensitivity 0.77 (0.12) 0.61 (0.18) 0.77 (0.12) 0.61 (0.18)

Specificity 1.00 (0.01) 0.99 (0.01) 0.97 (0.04) 0.94 (0.07)

Accuracy 0.92 (0.04) 0.90 (0.04) 0.93 (0.02) 0.90 (0.04)
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that spectral changes were specific to SWA in SWS, while the changes

in average SWA across channels observed during lighter NREM did

not survive bootstrapping statistics (Figure 6b,g,l).

End-of-night SWE across the scalp was significantly reduced in

the stimulation compared to the sham condition (�22.6%; p < 0.01;

d = 0.92; Figure 6p), corroborating that the increase of SWA during

lighter NREM sleep did not cancel out the effect of SWA suppression

during SWS. The topography of end-of-night SWE was similar to the

average SWA across NREM sleep (Figure 6q).

There was a consistent response across participants to the stimula-

tion in the SWE across the night (Figure 6r), from �20 min after sleep

onset until lights on. While the accumulation of SWE during sham fol-

lowed the expected dynamics of a steeper increase early in the night

and an attenuated increase later in the night, SWE accumulation seemed

to stay constant across the stimulation night (Figure 6r,s). Indeed, com-

pared to the sham night, the SWE gradient (viz. SWA during NREM

sleep) was steeper in the second half of the night (Figure 6s).

3.3 | Analyses of SWs

The stimulation protocol led to a significant reduction of SW count

(�18.1%; p = 0.045; d = 0.57), amplitude (�11.7%; p = 0.012;

d = 0.74) and density (�18.6%; p = 0.029; d = 0.63) across the scalp

during NREM sleep compared to sham (Figure 6c–e). The suppression

of SWs seemed driven by a selective suppression during SWS

F IGURE 4 Parameters of sleep continuity and architecture. Horizontal lines with asterisks indicate significant differences between
stimulation conditions. Wilcoxon signed rank test; *p < 0.05, **p < 0.01, ***p < 0.001.

F IGURE 5 Changes in transitions between vigilance states and in
state occurrence. Red indicates a significant decrease and green a
significant increase during stimulation as compared to the sham night.
Average percentage change to remain in or transition between
vigilance states are shown above the edges. The size of the nodes
reflects the absolute change in percentage. Nodes and edges with no
significant change are shown in grey.
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F IGURE 6 Changes in sleep microstructure. (a) Average log transformed slow-wave activity (SWA) across the scalp during non-rapid eye
movement (NREM) sleep. (b) Topographic distribution across derivations for spectral density in the SWA band during NREM sleep. The first and
the second panel depict the values averaged across the sham and stimulation nights respectively, while the third panel depicts the difference in
percentage during the stimulation as compared to the sham night. (c) Average slow-wave (SW) count across the scalp during NREM sleep.
(d) Average SW amplitude across the scalp during NREM sleep. (e) Average SW density (SW count/min) across the scalp during NREM sleep. (f)
Average log transformed SWA across the scalp during slow-wave sleep (SWS). (g) Topographic distribution across derivations for spectral density
in the SWA band during SWS. The first and the second panel depict the values averaged across the sham and stimulation nights respectively,
while the third panel depicts the difference in percentage during the stimulation as compared to the sham night. (h) Average SW count across the
scalp during SWS. (i) Average SW amplitude across the scalp during SWS. (j). Average SW density (SW count/min) across the scalp during SWS.
(k) Average log transformed SWA across the scalp during lighter NREM sleep. (l). Topographic distribution across derivations for spectral density
in the SWA band during lighter NREM sleep. The first and the second panel depict the values averaged across the sham and stimulation nights
respectively, while the third panel depicts the difference in percentage during the stimulation as compared to the sham night. (m) Average SW
count across the scalp during lighter NREM sleep. (n) Average SW amplitude across the scalp during lighter NREM sleep. (o) Average SW density
(SW count/min) across the scalp during lighter NREM sleep. (p) Average slow-wave energy (SWE) across the scalp at the end of the night.
(q) Topographic distribution across derivations for cumulative SWE at the end of the night. The first and the second panel depict the values
averaged across the sham and stimulation nights respectively, while the third panel depicts the difference in percentage during the stimulation as
compared to the sham night. (r) Average SWE from sleep onset across the night until lights on. Standard error shown as shaded area. As this
interval differs across recordings, the shortest interval (6 h 25 min) across recordings is shown. (s) Average SWA during NREM sleep, from sleep
onset across the night until lights on. This corresponds to the gradient of the SWE. Standard error is shown as shaded area. Topoplots with
electrodes coloured white: p < 0.05. Bar plots with a vertical line with asterisks indicates a significant difference between stimulation conditions
(paired-sample t test; *p < 0.05, **p < 0.01, ***p < 0.001). Differences between traces are indicated in the bottom plot for each 5 min time bin by
an asterisk (Wilcoxon signed-rank test; FDR corrected; *p < 0.05).
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(Figure 6h–j), of SW count (�45.0%; p < 0.001; d = 1.14) and ampli-

tude (�5.3%; p = 0.037; d = 0.59), while SW density was reduced on

a trend level (�18.9%; p = 0.056; d = 0.54). In contrast, SW ampli-

tude was increased during lighter NREM sleep (Figure 6m–o) during

the stimulation as compared to the sham condition (+12.3%;

p = 0.011; d = 0.76).

3.4 | Analyses of spindle events

The stimulation protocol did not lead to a significant change of spindle

events or density (events/5 min) across NREM sleep. However, we

found a reduced number of spindles (�25.8%; p = 0.012) and density

(�26.1%; p = 0.013) in SWS. In contrast, both the number (+14.5%;

p < 0.01) and density of spindle events (+13.4%; p < 0.01) were

increased in lighter NREM sleep.

3.5 | Wake EEG theta power

One participant was excluded from the wake EEG analyses due to

noisy data in the power spectrum. Analysing average EEG theta power

across the scalp during wakefulness in the evening and morning

(Figure 7), we found an interaction effect between stimulation condi-

tion and time of day (p = 0.017, F = 7.4). Post hoc paired comparisons

(FDR corrected) revealed that these effects were driven by a decrease

of theta power (�14.7%; p < 0.01) from the evening to the morning

of the sham night only. Moreover, theta power in the morning was

significantly higher after the stimulation compared to the sham night

(+13.3%; p < 0.01). The full EEG spectrum is presented in Data S1:

Figure S2. As shown, exploratory analyses revealed condition effects

in other frequency ranges. However, we restricted the main analysis

and interpretation to the EEG theta range.

In order to assess whether the changes in overnight dissipation of

theta power were related to the suppression of SWS, we correlated

the change between stimulation conditions in overnight dissipation of

theta power and our significantly modulated sleep parameters.

Firstly, we assessed the correlation with the changes in the duration

of sleep stages (N2, SWS and REM sleep). We found a negative cor-

relation with the between-condition change in SWS (r = �0.65;

p = 0.011; Figure 7b), indicating that the more SWS was suppressed,

the more the dissipation of theta was inhibited. We also assessed

the correlation with SW features during SWS (SW count, amplitude,

and density). We found a negative correlation with the between-

condition change in SW count during SWS (r = �0.70; p = 0.0050;

Figure 7c), indicating that the more the number of SWs during SWS

were suppressed, the more the dissipation of theta power was inhib-

ited. For the total number of SWs across NREM sleep, the signifi-

cance of the correlation was at trend level (r = �0.51; p = 0.065).

We found no further significant correlation with the change in out-

come parameters.

3.6 | Behavioural data

There were no significant differences between the stimulation and

sham night for measures of vigilance (PVT; Data S1: Table S4). How-

ever, due to data loss, data from only 10 of 15 participants could be

analysed. There were no significant differences between the experi-

mental nights on any of the items of the subjective reports (Data S1:

Tables S5 and S6), VAS (Data S1: Table S7) or the side-effects ques-

tionnaire (Data S1: Table S8). This indicates that the stimulation was

well tolerated. Participants reported hearing tones more often during

the stimulation night compared to the sham night (scale from 1, ‘cer-
tainly yes’, to 5, ‘not at all’; mean [SD] stimulation night score

3.3 [1.0]; mean [SD] sham night score 4.5 [0.6]; p < 0.01) but reported

similar values prior to both nights when asked whether they expected

to hear tones. There were no significant differences in hearing thresh-

olds, neither between the time of day (p = 0.90) nor between the

experimental nights (p = 0.54).

F IGURE 7 Average wake
electroencephalographic (EEG) theta
power across the scalp and its
correlation with the outcome
parameters. (a) Theta power in the
evening and morning of the
2 experimental nights (Paired t test;
**p < 0.01). (b) Correlation of change
in the stimulation compared to the
sham condition between the duration
of slow-wave sleep (SWS) and theta
power from evening to morning.
(c) Correlation of change in
stimulation compared to sham
between slow-wave (SW) count and
theta power as a mean across the
scalp from evening to morning.
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4 | DISCUSSION

In the present study, we established and evaluated a fully automated

auditory closed-loop protocol for selective suppression of SWS in

healthy adults. The protocol includes a novel SWS detection approach

based on a topographic template of frontal SWs and a new randomised

pulsed-noise-stimulation protocol with a closed-loop modulation of vol-

ume to suppress SWS. The protocol shows good performance parame-

ters; 95% of the stimuli were delivered during SWS or N2 sleep

(Figure 3) and SWS was significantly reduced across NREM sleep by

�30% on the stimulation as compared to the sham night (large effect

size). Further analyses demonstrated a shift from SWS into N2 sleep in

the stimulation night, without a significant reduction of TST. Indicative

of functional relevance, we observed an increase of SWA in lighter

NREM sleep and indices of a SWA rebound at the end of the stimula-

tion night (homeostatic response). While a reduction of wake EEG theta

activity from the evening to the morning is characteristic for undis-

rupted sleep and potentially reflects synaptic downscaling (Tononi &

Cirelli, 2006), stimulation diminished the decline of theta activity.

Our recent review and synthesis of the literature on SWS modu-

lation identified 39 studies on selective disruption of SWS from the

1960s onwards (Fehér et al., 2021). Despite this long history, there is

a lack of fully automatised protocols. More specifically, prior

approaches required online supervision by trained experimenters to

detect SWS or to supervise semi-automated protocols. While these

studies have been successful in suppressing SWS and have corrobo-

rated the importance of SWS as well as its potential as a therapeutic

target, their dependency on online supervision limits broader imple-

mentation and potential clinical applications.

Compared to previously published approaches for automatic sleep

stage classification, online classification needs to be computationally light

weight and cannot be informed by the context of the whole night to

determine thresholds. Moreover, compared to SWS boosting (Cellini

et al., 2019; Debellemaniere et al., 2018; Ferster et al., 2022; Garcia-

Molina et al., 2018; Lustenberger et al., 2016; McConnell et al., 2019;

Ong et al., 2018; Patanaik et al., 2018), SWS suppression faces additional

challenges. SWS suppression entails a strong pressure for homeostatic

rebounds throughout the night, requiring another specificity/sensitivity

trade-off consideration to ensure good detection performance through-

out the entire night. In contrast, good SWS detection performance at

the end of the night is less important when SWS is kept intact, as SWS

mostly occurs in the first 2 h after sleep onset. Disruptive, potentially

arousal-inducing stimulation also requires a particularly reactive artefact/

arousal detection throughout the night. This is for instance evident from

a recently proposed automatised SWS suppression protocol (Ooms

et al., 2017), where the course artefact/arousal detection process was

associated with high percentage stimuli during wakefulness or arousal.

The present SWS detection approach builds on recent work on

topography-based SW-phase detection (Ruch et al., 2022). Ruch et al.

used the topographic approach to predict the upcoming phase of local

SWs, while the present state detection capitalised on the slow oscilla-

tory fluctuations of the correlation with the template to detect SWS.

Typically, prior SW and SWS detection approaches have been based

on amplitude and spectral power thresholds respectively (Arima

et al., 2001; Drewes et al., 2000; Ju et al., 2017; Lentz et al., 1999;

Ooms et al., 2017; Piantoni et al., 2013; Van Der Werf et al., 2009).

Given the inter-individual variability and homeostatic component of

SWs, these approaches are disadvantageous for whole night detec-

tion, as well as for implementation in populations with reduced SW

amplitudes, such as older adults or patients with psychiatric disor-

ders (Wunderlin et al., 2022). In contrast, the multidimensional topo-

graphical template-based approach offers robustness against

changes in amplitude as well as artefactual EEG signals (Wunderlin

et al., 2022). Our SWS detection process in combination with a par-

allel fast arousal/artefact detection process enabled a reliable detec-

tion of SWS with a low false positive rate of 1.0% ± 1.4% (range:

0.0%–5.0%) in the stimulation nights. This allowed for a selective

suppression of SWS across participants and across the entire night

while not affecting TST.

With regard to stimulation, our protocol is based on closed-loop

modulated randomised bursts of pink noise. Previous SWS suppression

studies have emphasised how acoustic stimulation of increasing vol-

ume can activate arousal promoting pathways. However, an observa-

tion from these studies is that predictive stimuli may not be

sufficiently effective to suppress SWS within the safety limits for

sound exposure, necessitating manual awakening by an experi-

menter by the means of, e.g., an intercom (Fehér et al., 2021). An

interpretation of these observations is that predictive stimuli are

suppressed along the hierarchy of the auditory processing, beyond

the arousal pathways, while unpredictive stimuli propagate better.

This is consistent with experimental and modelling work showing

repetition suppression along the auditory pathways (Lesicko

et al., 2022; Ulanovsky et al., 2003). The randomised duration and

inter-stimulus intervals of our pink noise stimuli, together with a sto-

chastic process superposed on the linear modulation of volume,

were selected to add unpredictability in volume. Compared to pure

tones, which have frequently been used in previous SWS suppres-

sion studies, pink noise elicits a response across a larger area of the

cortex in humans with a lesser degree of habitation upon repeated

and temporally predictable fixed-rhythm application of the same

stimulus (Debellemanière et al., 2022).

In line with our primary aim, our main finding is a suppression of

SWS in the stimulation compared to the sham night. Further analyses

indicated an associated shift into lighter NREM sleep (N2), which is in

line with the prior literature on SWS suppression (Fehér et al., 2021).

Importantly, we did not observe a significant increase in arousal or

wakefulness. With regard to vigilance state transitions, we observed a

decreased continuity of SWS as well as N2 sleep in the stimulation

condition. However, we did not observe a significant increase in the

transitions from SWS into lighter NREM sleep. We also observed a

decrease in the transitions from wake to REM, which we believe

reflects the reduction in REM sleep.

According to the two process model of sleep regulation, SWA

shows a strong homeostatic regulation with highest values at the

beginning of the night followed by an exponential dissipation (Borbély

et al., 1981). Our analysis of SWA demonstrates a disruption of this
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time course in the stimulation night. More specifically, SWA was

attenuated in the beginning of the night followed by a rebound at the

end of the night. This observation is important as it points to a func-

tional relevance and homeostatic response and is in line with previous

observations on SWS suppression (Dijk et al., 1987). Of particular

note, the rebound of SWA at the end of the night was not sufficient

to prevent an overall reduction of SWS and SWA as indexed by signif-

icantly reduced SWE (that is, cumulative SWA across the night) in the

stimulation night.

During wakefulness, SWA finds a correlate in EEG theta activity as

a marker of homeostatic sleep propensity, increasing with time awake

and being reduced after sleep (Finelli et al., 2000; Vyazovskiy &

Tobler, 2005). Indicative of the functional relevance of the stimulation

protocol, we observed an inhibited dissipation of theta power after the

stimulation night. Moreover, the inhibition of dissipation of wake EEG

theta power correlated with the reduction of SWS and total numbers

of SWs in the stimulation compared to the sham night, while it did not

correlate with changes in REM or N2 sleep. According to the synaptic

homeostasis hypothesis, SWS promotes downscaling of synapses that

have been potentiated towards saturation during wakefulness

(Tononi & Cirelli, 2006). Sleep deprivation or selective suppression of

SWS is expected to inhibit the processes underlying synaptic re-

normalisation (Wolf et al., 2016). While we did not measure potential

indices of synaptic strength in the present study, our pattern of results

is consistent with the notion that our stimulation protocol suppressed

SWS to a functionally relevant extent, potentially related to attenuated

synaptic downscaling. A translation of automated detection and sup-

pression of SWS to animal models would bear the potential to further

investigate neural mechanisms and consequences.

With regard to behaviour, we did not observe alterations in vigilance

(PVT) and subjective reports of mood, sleepiness and cognitive function-

ing after the stimulation compared to the sham night. This might relate

to a high capacity of healthy participants to compensate for the short-

term effects of altered sleep. Future work is needed to test for longer-

term effects after repetitive stimulation. To date, it is unclear how effects

might accumulate or whether homeostatic rebounds might counteract

longer-term effects. However, we also cannot rule out that a more

extensive battery of cognitive tests would have brought to light impaired

aspects of cognitive function after a night of SW suppression. Finally, it

should be noted that due to data loss, the PVT performance data from

10 of the 15 participants were analysed.

The present line of research might have relevant basic science, as

well as clinical implications. The protocol bears the potential to further

investigate, beyond the level of correlation, potential functions of SWS,

such as memory formation, synaptic reorganisation, or metabolic clear-

ance. Selective suppression of SWS may also have clinical relevance.

Selective suppression of SWS, potentially through modifications of syn-

aptic plasticity, has been suggested to exert an antidepressant effect in

patients with MDD (Wolf et al., 2016). Recent studies, which experi-

mentally disrupted SWA (Goldschmied et al., 2019; Landsness

et al., 2011) in individuals with MDD found an improvement in depres-

sive symptoms that were correlated with the overnight reduction of

SWA, suggesting a unique role of SWs in the therapeutic effect of sleep

deprivation in MDD. We have previously proposed a model wherein

therapeutic sleep deprivation compensates for attenuated synaptic

strength in patients with major depression by preventing synaptic

downscaling, thereby improving neural network functioning and the

clinical symptomatology (Wolf et al., 2016). The present protocol pro-

vides a means to further test this model. While the impact of therapeu-

tic sleep deprivation in patients with depression is remarkable and

rapid, the effect is short-lived with the majority of patients relapsing

following a period of subsequent sleep. The burden of staying awake

for an entire night is also a significant limitation. Selective suppression

of SWS might therefore constitute a less demanding and more sustain-

able alternative. In particular, effective treatment of neuropsychiatric

disorders requires successful long-term application of stimulation, as

short-term modification of SWs is unlikely to have long-lasting thera-

peutic or preventive effects. Finally, while the implementation of selec-

tive SWS deprivation in the clinical setting is challenging from several

aspects, the present automatised selective SWS disruption protocol

relies on an SWS detection approach that is applicable across different

age groups and patient populations, and that works reliable across the

night, eliminating the need for experimenters controlling the process.

In conclusion, we demonstrate the feasibility, efficacy and func-

tional relevance of a newly developed SWS detection and suppression

protocol based on auditory closed-loop stimulation. Further develop-

ments bear the potential for translation to broader and even ambula-

tory use of automated SWS detection and suppression, and

potentially for new treatment developments, such as for MDD.
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