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Abstract: With growing interest in the use of acoustic stimuli in sleep research and acoustic 
interventions used therapeutically for sleep enhancement, there is a need for an overview of 
the current lines of research. This paper summarizes the various ways to use acoustic input 
before sleep or stimulation during sleep. It thereby focuses on the respective methodological 
requirements, advantages, disadvantages, potentials and difficulties of acoustic sleep mod-
ulation. It highlights differences in subjective and objective outcome measures, immediate 
and whole night effects and short versus long term effects. This recognizes the fact that not 
all outcome parameters are relevant in every research field. The same applies to conclusions 
drawn from other outcome dimensions, consideration of mediating factors, levels of stimula-
tion processing and the impact of inter-individual differences. In addition to the deliberate 
influences of acoustic input on sleep, one paragraph describes adverse environmental acous-
tic influences. Finally, the possibilities for clinical and basic research-related applications are 
discussed, and emerging opportunities are presented. This overview is not a systematic 
review but aims to present the current perspective and hence summarizes the most up-to- 
date research results and reviews. This is the first review providing a summary of the broad 
spectrum of possibilities to acoustically influence sleep. 
Keywords: acoustic stimulation, sleep modulation, sleep disturbance, therapeutic 
intervention

Introduction
Since we are aware that we are less disconnected from the outside world during 
sleep than previously assumed, researchers are keen to find a bridge to the sleeping 
brain.1 Observations that auditory stimuli evoke electroencephalographic (EEG) 
responses in a sleeping brain1,2 have fueled investigations of acoustic modulations 
of sleep. One branch of research has continued to focus on stimulation during sleep. 
It mostly aims to find ways to promote sleep,3 examine consequences of disturbed 
sleep, mimic sleep disruptions4 or implement or foster cognitive processes during 
sleep.5 Acoustic stimulation is thus used as a means to experimentally manipulate 
specific sleep features to uncover their contribution to cognition, memory or health 
factors. Additionally, its impairing effects on sleep, for instance caused by nocturnal 
environmental noise, are in the scope of research (for an overview see6). Another 
line of research uses acoustic stimulation before sleep to explore its effects on the 
upcoming sleep period. These studies are mostly interested in clinical applications 
and aim to improve sleep or treat sleep disturbances, as will be outlined in the first 
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part of this review. As disrupted sleep is a risk factor for 
psychiatric7 and a host of somatic illnesses8 and usually 
accompanies daytime impairments and increased risk for 
accidents, finding a side-effect free, easy to administer and 
inexpensive intervention is worthwhile.

This review tries to describe the current perspective on 
auditory stimulation both before and during sleep and 
outline their respective possible applications, new perspec-
tives, goals and limits. This article offers a recent overview 
on the findings of the last three years whenever there was 
research available in this period. Else, earlier findings and 
historically relevant publications are also reported.

Pre-Sleep Acoustic Modulation
Evidence on the Subjective Level
Presleep worrying and rumination not only disturb sleep 
directly9 but also mediate the relationship between stress 
and sleep even more strongly than somatic stress does.10 

Conversely, people suffering from reduced sleep quality 
can benefit from a reduction in pre-sleep cognitive arousal. 
Intuitively, bedtime stories for children are among the 
most commonly used strategies of parents to promote 
their children’s sleep.11 In an online survey, 62% of the 
respondents reported using music to improve their sleep.12 

This preference to use music as a self-help strategy for 
sleep is related to its perceived efficacy.13 The latest sys-
tematic review and meta-analysis conducted in 2018 con-
cluded that listening to music before bedtime was among 
the most powerful interventions for primary insomnia, as 
reflected by scores on the Pittsburgh Sleep Quality Index 
(PSQI)14 scores and sleep onset latencies.15 Among those 
studies, one trial showed that simply listening to soft, slow 
instrumental music regularly at any time of the day for 6 
weeks reduced older adults’ PSQI scores.16 Participants 
could choose between a variety of pieces of various genres 
that had relaxation potential and were of 60–80 beats 
per minute (bpm) for a duration of 40 minutes. A more 
recent study replicated improvements in PSQI scores in 
healthy students. In a between-subjects design, the group 
that listened to the “tune Hejaz” (p. 24), supposed to be 
soothing and tranquilizing, for one hour per day, judged 
their sleep to be better at post measurement than the 
control group.17 Participants of a three-week music inter-
vention versus listening to an audiobook of low emotional 
intensity (novels, fairy tales, short stories or magical rea-
lism) showed significant decreases in the insomnia sever-
ity index compared to a wait-list control group.18 In this 

trial, subjects could choose between classical, jazz, new- 
age and ambient instrumental music of 50–80 bpm with 
a simple structure and stable dynamics, as those character-
istics were assumed to be optimal for relaxation. Our 
research group experimentally tested, within subjects, the 
effects of a relaxing piece of music versus listening to 
a control text right before falling asleep. The music had 
specifically been composed to promote sleep using audi-
tory pulsing of 0.25–2 Hz frequencies and judged to be 
one of the most relaxing ones out of 5 pre-selected pieces 
we had tested in a pilot study (see19). In a commonly used 
sleep quality questionnaire (“Schlaffragebogen”, SF-A20), 
subjects reported better sleep in the nap after this music. 
Contrary to all these positive effects, a very recent study 
showed that PSQI scores are negatively affected by the 
occurrence of earworms while falling asleep and awaken-
ing at night or in the morning.21 Furthermore, such invo-
luntary music representation at sleep-related timepoints 
occurred more often in subjects who were highly engaged 
in music listening. This is the first study to demonstrate 
that music habits affect at what time earworms occur and 
that sleep-related habits are negatively associated with 
sleep quality.

While all previous studies tested healthy subjects, sleep 
improvements after music intervention could also be evi-
denced in patients suffering from fibromyalgia,22 after 
cardiac surgery in adults23 and adolescents24 and in 
patients with insomnia symptoms.25 The interventions 
were “delta-embedded” (p. 100) 2 Hz binaural beats on 
individual volume levels,22 soft and soothing music 
including pop music, opera, folk songs and light music 
for 30 minutes24 or Wholetones® 2Sleep.25 The latter is 
tuned and layered with a particular frequency to lull into 
a deep sleep. Even outside the home setting, hospitalized 
children reduced subjective sleep disturbances with story-
telling and music listening compared to a control group.26 

Another study performed in the intensive care unit with 
postoperative older adults compared a standard care con-
trol group and a group listening to classical or contempor-
ary instrumental music at bedtime for 30 minutes to 
a group that additionally had active music therapy during 
the day.27 This active group improved subjective sleep 
quality significantly more than the other groups. The dif-
ference between those was, however, not reported; hence, 
the contribution of acoustic stimulation before sleep per se 
cannot be evaluated.

Taken together, this line of research offers promising 
results demonstrating the effectiveness of music as a non- 
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pharmacological intervention for sleep. In the majority of 
studies, no risks or side effects were reported, and music is 
usually superior to any other control condition (but 
see21,28). Usually, classical or instrumental music that 
had been judged to be relaxing or soothing was used. 
Such study results can diversify the field of sleep- 
promoting behaviour or even of evidence-based treatments 
of sleep disturbances. As some diagnostic criteria for sleep 
disturbances, for instance insomnia, are based on patients’ 
sleep reports, positive effects of interventions on 
a subjective level are actually already conclusive. From 
a scientific perspective, however, objective correlates 
matter.

Evidence on the Objective Level
Currently, there is some promising evidence that the influ-
ence of music at bedtime is also measurable on an objec-
tive level. In addition to increased subjective sleep quality 
after using sedating music during the first hour in bed in 
young adults, the amount of slow-wave sleep (SWS) also 
increased after the intervention.29 Music therapists had 
especially composed sedative piano music of 60 bpm in 
a “soft Asian style” (p. 313). The effect particularly 
appeared in subjects with long sleep latencies. This finding 
could hint at a particular benefit for sleep-disturbed 
patients. In contrast, another study investigating 15 sub-
jects suffering from long sleep onset latencies did not 
report benefits from a 432 Hz music piece played 15–20 
minutes before a nap at a comfortable volume.30 The 
frequency was chosen to be particularly calming, but con-
trary to what was expected, alpha power increased at sleep 
onset compared to non-music. A current systematic review 
investigated studies on complementary and alternative 
medical therapies for sleep in adult intensive care 
patients.31 Out of 360 initially identified studies, 17 were 
included. Four of them investigated music as therapy, and 
only one of them measured sleep polysomnographically. 
This study reported prolonged SWS and subjective sleep 
quality in the intervention group.32 According to previous 
characteristics of investigated music interventions, the 
authors had composed sedating piano music of 45 minutes 
length and a tempo of 60–80 bpm. The music had minor 
tonalities and refrained from dramatic changes in volume 
or rhythm to achieve a smooth melody line. The scarce 
availability of evidence for a modulating influence of 
music on objective sleep outcomes in patients might con-
tribute to the relative neglect of pre-sleep acoustic inter-
ventions in the therapeutic daily routine.

However, evidence of beneficial effects of pre-sleep 
acoustic modulation on objective sleep parameters in 
healthy subjects is available. Using a hypnotic story played 
while falling asleep, we effectively and specifically 
increased young and older adults’ amount of deep sleep in 
the following nap33,34 and nocturnal sleep.35 The story 
included a metaphor of a fish swimming deeper and deeper 
into the sea, suggesting the listener to let go and dive deeply 
into sleep. It followed a short hypnotherapeutic technique 
used to establish a calm, hypnotic state and was spoken in 
a slow, calming voice. In subjects not easily responding to 
hypnosis, the outcome on sleep was systematically 
reversed.36 Instead of an increase, they showed reductions 
in slow-wave sleep amounts. Even when replacing the 
hypnotic induction procedure with a breathing relaxation 
to prevent any possible arousing associations with hypno-
sis, this reverse effect was significant.36 This was not only 
contrary to our aim to improve sleep but also demonstrates 
that obviously unintended detrimental effects on sleep can 
appear. Whether the control text had increased deep sleep or 
the guided imagery decreased deep sleep could not be 
answered, as a neutral control group for a baseline measure-
ment was lacking. In any case, it shows that pre-sleep 
acoustic interventions indeed have the power to manipulate 
the subsequent sleep architecture. Most likely, it acts 
through the guidance of thoughts on the arousal state or 
mood. A similarly unintended effect was shown in a less 
well-controlled but long term application in home setting. 
Gao et al37 asked subjects to listen to music or white noise 
for 20 minutes before bedtime for 6 days. For the sound 
intervention, the authors translated rapid eye movement 
(REM)- and SWS-related brain-wave characteristics into 
music pieces (eg brainwave amplitude was transposed to 
pitch). SWS-music significantly decreased sleep latency. 
While power in the delta band increased in the REM- 
music and white noise groups, it decreased in the SWS- 
music group. The authors interpreted this finding as the 
result of good sleep quality, leading to decreased sleep 
pressure. In contrast, a later commentary on this article 
questioned this conclusion.38 Again, the data proved that 
listening to a 20-minute piece of music before bedtime 
systematically influenced later sleep patterns but also 
showed unwanted directions of this alteration. Similarly, 
unexpected results were also objectively demonstrated in 
a study investigating sleep-related earworms.21 

Polysomnographic measures showed worse sleep efficiency 
and sleep initiation after the instrumental versus the lyrical 
version of the same popular song. The authors assume that 
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this was associated with the increased susceptibility to ear-
worms at bedtime when instrumental music was played. 
Another study compared relaxing music during 30 minutes 
before going to bed to the effects of breathing exercise in 
young healthy adults. This instrumental sound was ambient, 
calm and slow, taken from the album “Sleep” by Max 
Richter. Significant reductions in N2 sleep and a trend 
towards increased slow-wave sleep were recorded across 
a whole night.39 This difference was, however, not reflected 
in changes in PSQI scores. The small sample size of this 
pilot study has to be taken into account when interpreting 
the results. In our study using a relaxing piece of music 
during falling asleep reported before, the subjective effects 
were also objectively measurable. In the nap after the inter-
vention compared to the nap pattern after a control condi-
tion, we found reduced amounts of N1.19 To compare this 
effect to the hypnotic interventions we investigated in pre-
vious studies, we analysed subsamples of subjects scoring 
high versus low on hypnotizability. In contrast to reactions 
to the hypnotic story, subjects of low hypnotizability 
showed significant increases in SWS amounts and changes 
in power frequency bands after music intervention, indicat-
ing a shift towards less high frequencies and more low 
frequencies.

Which mechanism could be involved?
One explanation for how sound or music before sleep 

affects later sleep could be that it acts through mediating 
or moderating factors such as arousal reductions.32 

Whether the intervention is capable of achieving 
a calming effect could, however, further depend on inter- 
individual differences, such as health, relaxation abilities, 
or personal preferences. While in some subjects, only 
direct and active redirection of pre-sleep thoughts towards 
a sleep-promoting path reduces arousal, others might ben-
efit from the possibility of disconnecting from the outside 
world during unstructured music listening. Therefore, the 
sort of condition the acoustic intervention was tested 
against must be considered. Apart from one study lacking 
a control group,22 studies compared music listening to 
a diversity of controls. Among them were non- 
intervention controls,17,30 comparisons to other music 
pieces,25,40 other auditory inputs such as 
audiobooks,19,26,41 rest or quiet periods16,23,24 or 
a combination of any other auditory stimulation and non- 
intervention.26,27,41 All of them found beneficial effects on 
subjective sleep quality ratings even though the interven-
tion duration ranged from a single 20-minute listening19 to 
30 minutes per day across 6 months.24 Studies measuring 

objective sleep parameters mainly included comparisons 
of the acoustic intervention to measures after falling asleep 
without music29,30,32 or to listening to other versions of the 
music21 or other texts.19,33–36 One other study compared 
two pieces of music to white noise,37 and another study 
compared it to breathing relaxation.39 In a majority, the 
intervention took place for 15 to 45 minutes before falling 
asleep19,21,30,32–36, while only one study asked subjects to 
listen to the music for 20 minutes each day for 6 days.37 

Apart from control conditions and exposure time, research 
has shifted attention towards the potential influence of 
certain frequencies. Although 432 Hz music pieces are 
considered particularly calming, no objective differences 
to a non-intervention control were found.30 Again, sleep 
was still subjectively rated better after a 432 Hz version of 
a music piece compared to tuning it to 440 Hz.40 Even 
effects of a particularly “composed” music, created by 
translating EEG signals into tone characteristics (eg, 
EEG amplitude into pitch, power to volume, etc.) on 
sleep were tested. Nevertheless, neither SWS-wave music 
nor REM-wave music influenced sleep structure, although 
the former reduced sleep onset latency and delta power.37 

One study using binaural beats did not include a control 
group; thus, placebo effects or changes due to mere pas-
sage of time cannot be excluded.22 The other one com-
pared the same piece of music the subjects listened to 
across two weeks with and without binaural beat stimula-
tion. This manipulation, however, did not augment the 
subjectively rated benefits.42 The same conclusion was 
drawn when comparing Wholetones® 2Sleep, using “fre-
quency-enhanced music and precise tempos”25 to classical 
music. PSQI scores improved equally after both acoustic 
interventions. Other sound specifications, such as volume 
and tempo, are reported very scarcely and have not been 
systematically tested. If it was indicated at all in the 
papers, it was tuned to 42–50 dB19,21 or self-chosen by 
the subjects and hence not controlled24,39 and approxi-
mately 50 to 80 bpm.18

In sum, it remains unclear which frequency or special 
effect of sound benefits sleep most. That is, efforts to bring 
frequencies to perfection have been inconclusive thus far. 
However, findings must be differentiated between subjec-
tive and objective effects. Objective results were much 
more inconsistent than subjective ratings, as zero findings 
and even reverse effects (reduced deep sleep, sleep effi-
ciency or delta power) were measured. Obviously, subjec-
tive ratings are more robust to the advantage of music as 
a method for relaxation, outperforming all other 
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possibilities to calm down. Sounds may also simply act 
more directly on emotions and mood than other relaxation 
techniques. This leads to the idea that personal music 
preferences or cultural influences play a decisive role. 
While some subjects enjoy slow, peaceful, relaxing 
music and can calm down during listening, others might 
be annoyed by it. Indeed, due to experimental reasons, 
most studies used music that was considered “relaxing”, 
“soothing”, “soft”, “calm”, “ambient”, “slow” or 
“sedative”24,29,39, and applied the same piece to each sub-
ject. What is considered relaxing, soft, soothing or seda-
tive was tested in a pilot study,19 derived from prior 
studies18,27 or defined by the authors,24,39 music 
therapists29 or the “NIH music recommendations”25 

(p.303) and mostly resulted in classical music pieces or 
instrumental music. Only a few subjects were allowed to 
choose from a small pool of music pieces.18,24 Those were 
then, however, preselected as well and out of categories 
such as “light music, folk songs, opera and pop music”24 

or “classical, jazz, new-age and ambient”18 (p.3). Whether 
any kind of personal music preference has an influence on 
the efficacy of the intervention was investigated in a group 
of Japanese students. Yamasato and colleagues43 found 
that prescribed sedative music as well as any type of 
preferred piece of music during bedtime every night for 
4 weeks reduced PSQI scores compared to a no-music 
control group. While global PSQI scores did not differ 
between prescribed versus chosen music, differences in 
some of the subscores appeared. In general, only the 
scores of the given sedative music fell below the clinical 
cut-off value of 6 points. Taken together, music seems to 
influence sleep even if the piece itself does not match 
personal music preferences.

In summary, large-scale, randomized controlled clini-
cal studies demonstrating effectiveness, safety and long- 
term effects, especially on the objective level, particularly 
in patients, are scarce. The studies available show sys-
tematic effects on sleep, which are, however, not always 
to the advantage of sleep quality. Whether it is any char-
acteristic of auditory input that is crucial for the conse-
quences for sleep or if mediators come into play that must 
be identified is still unclear. In contrast, studies in healthy 
subjects and those including subjective sleep improve-
ments are quite in agreement about its potential, and 
intuitively, music is frequently used as a therapeutic tool. 
As a limiting factor, it must be considered that, as 
a consequence of the file drawer problem, zero findings 
or negative study results have likely not been published. 

Moreover, methodological problems and biases (eg, it is 
impossible to blind the conditions) can influence subjec-
tive reports or provoke expectancy effects. Another limita-
tion is that inter-individual differences in the effect of 
sounds and stories (ie, hypnotic suggestions, guided ima-
gery) on sleep appeared, while the reasons have thus far 
not been uncovered. Identifying such potential mediators 
would be highly relevant to develop a theoretical frame-
work that can be tested systematically. Moreover, it has 
been criticized that studies thus far tested standardized 
music treatments on standardized outcomes, disrespecting 
patient customization for best care practices.44 Such an 
approach might mask the interventions’ potential. The 
mixed results leave clinical workers with many uncertain-
ties, making them reluctant to implement music as 
a therapeutic tool in their clinical applications. However, 
as it does not need investments in special trainings or 
material, it is indeed an attractive tool for healthcare 
professional institutions. To establish its application in 
clinical settings, it might also be necessary to transfer 
this knowledge in schools or clinical education programs 
to increase awareness of music as a treatment.

Acoustic Stimulation During Sleep
Sleep Improvements
During sleep, information processing and a vast number of 
other cognitive and physiological aspects change. 
Inhibition of incoming signals relates to the loss of con-
sciousness when falling asleep. Most likely, the reticular 
activating system (RAS), critically involved in sleep-wake 
transition and arousals during sleep, plays a major role in 
this process.45 While external stimuli are supposed to be 
blocked in their thalamic-cortical path,46 event-related 
potentials can still be quantified when input is 
processed.47 Whether the sleeper only shows an EEG 
response, an arousal, shifts into a lighter sleep stage or 
awakens depends on the sleep stage and several criteria of 
the stimulus presented.48 The literature suggests that such 
sound-related arousals or changes could be a consequence 
of a sympathetic response or follow a modulation in ion 
channels.6 They could represent the underlying mechanism 
of k-complexes, which can be elicited by acoustic stimuli 
such as tones.49 Their similarity to slow oscillations (SO), 
which are supposed to be critically involved in memory 
consolidation, has provoked researchers to manipulate 
their occurrence with acoustic stimulation. Recently, 
Choi et al50 reviewed 148 studies targeting the 
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manipulation of sleep, among other targets, by acoustic 
stimulation. In open-loop paradigms, auditory stimulation 
is considered independent of the brain state. By comparing 
sleep patterns in the stimulation versus control condition, 
it might be demonstrated that specific sleep parameters can 
indeed be manipulated by acoustic stimulation. For 
instance, presenting rhythmic pink noise bursts in sleep 
stage N2 increased slow oscillation power in NREM and 
slow-wave sleep during the stimulation period and 10–25 
minutes later. The sleep stage distribution in general was 
not affected, neither during nor after the stimulation.51 

This study demonstrated for the first time that this 
approach can be used to investigate sleep functions. One 
important conclusion, however, was that this effect criti-
cally depends on the prevailing brain state during presen-
tation. An optimization of this method was thus the closed- 
loop paradigm, which detects brain states online for 
a more precise timing of the stimulation. A feedback tool 
controls the effect of the exhibited manipulation on neural 
activity. Therefore, it can influence the investigated para-
meters, such as slow oscillations or sleep spindles, more 
systematically. Such precise, selective and exclusive sti-
mulation of certain sleep parameters is required to unravel 
sleep mechanisms. Moreover, this approach increases con-
trollability and includes a stimulation protocol that can be 
reproduced and replicated. This enabled researchers to 
include behavioural effects beyond mere sleep manipula-
tion in the measures. In a follow-up study of the same 
group of researchers, introducing pink noise precisely at 
the upstate of the slow wave, not only replicated the 
enhancement of the SO rhythm but also led to an improve-
ment in declarative memory consolidation.52,53 Again, the 
effect was restricted to the oscillation and did not affect 
general sleep architecture. Others have confirmed changes 
in slow-wave characteristics as well as a memory benefit 
due to stimulation with pink noise on the slow oscillation 
in younger54 and older adults.55 Additionally, targeting 
sleep spindle activity with auditory stimuli can be imple-
mented and has shown a beneficial effect on procedural 
memory consolidation.56 The authors, however, high-
lighted the importance of the sound level of the stimuli 
as well as their timing for the observation of the effects. 
As a variety of these determinants can influence the out-
come, it is not surprising that the results are mixed and that 
other studies did not find behavioural effects, for instance, 
in a spatial navigation task after stimulation, despite 
changes in slow oscillations and spindle activity being 
confirmed.57 Apart from deepening NREM sleep and 

supporting memory formation, auditory closed-loop stimu-
lation of SO intensified the expression of endocrine mea-
sures that are involved in immune functions.58 Thus, 
consequences at the whole body level are prevalent. 
Furthermore, presenting phase-locked tones during SWS 
on two consecutive nights increased slow-wave activity 
(SWA) without changing sleep architecture compared to 
sham stimulation with inaudible tones.59 In the second 
line, this was followed by increased subjective feelings 
of alertness and objective performance in attentional 
tasks on both next days. Previously, subjects self- 
restricted their sleep schedule to simulate chronic insuffi-
cient sleep and its consequences for cognition. The results 
showed that acoustic stimulation could alleviate some 
cognitive deficits associated with sleep restriction. All 
previously mentioned studies investigated single labora-
tory nights. An observational pilot study tested wearable 
devices to implement usage in the home environment and 
to allow assessment of 10 consecutive nights of stimula-
tion. The increase in the slow oscillation response shortly 
after stimulation remained comparable to the first night 
measured in the laboratory across all nights in the home 
environment.60 This hints at a lack of habituation to acous-
tic stimulation, which would imply that its efficacy does 
not diminish over time. Although promising and worth 
pursuing, a recent review on slow-wave sleep manipula-
tion through brain stimulation concluded that there is 
currently not sufficient evidence for the effectiveness of 
such devices.61

Similar to the results of acoustic stimulation before 
sleep, huge inter-individual variability in the effectiveness 
of SWA stimulation has been observed. Possible traits or 
individual factors related to the extent of the response to 
acoustic stimulation in terms of slow-wave enhancement 
are, again, not yet discovered. Age has already been dis-
cussed as one of these factors. In a middle-aged group, the 
effects of the same auditory stimulation protocol used for 
younger adults on SO and sleep spindles were markedly 
diminished and differed in their temporal pattern. This also 
affected the degree of declarative memory retention.62 In 
addition to age, other conditions altering sleep composi-
tion, such as psychiatric illness, can modulate the influen-
ceability of sleep via acoustic stimulation. Moreover, it is 
important to emphasize again that all those effects referred 
to specific manipulations restricted to the stimulation per-
iod or even the few seconds immediately after the stimula-
tion. Although most of the studies reported no changes in 
overall sleep structure, not all of them paid attention to the 
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unstimulated part of sleep, neglecting possible detrimental 
consequences. Therefore, the upcoming paragraph focuses 
on the rest of the sleep episode.

Immediate Versus Whole Night Effects
Generally, the results can vary depending on whether 
immediate effects of acoustic stimulation on sleep are 
considered or if changes across the whole night are taken 
into account. Schade and colleagues63 recently tested non- 
phase-locked pink noise to enhance the characteristics of 
deep sleep against environmental sounds presented 
throughout sleep to disrupt those features in a within- 
subjects design. Compared to sham stimulation, both 
acoustic stimuli increased delta and slow-oscillatory 
power during and close to stimulation. Across the whole 
night, however, disruptions diminished power in those 
frequency bands, such as the duration and proportion of 
SWS and sleep continuity. This was followed by impaired 
next-day valiance performance.63 In contrast, the enhan-
cing condition preserved delta and SO activity as well as 
sleep efficiency and quality across the night compared to 
the sham condition. Thus, despite similar immediate ben-
eficial effects of stimulation in both conditions, their over-
all effect on the whole sleep period differed dramatically 
and was followed by very divergent consequences on 
a behavioural level. Especially if secondary outcomes 
such as next-day performance or memory are in the 
scope of investigation, this study demonstrated how 
important the inclusion of both perspectives, the immedi-
ate effects and changes in the entire sleep episode, is. 
Fostering the importance of this differentiation, it was 
discussed that the on- and offset of noise is particularly 
harmful for sleep and health.64 Consequently, a systematic 
review summarized the effects of continuous noise on 
sleep during the entire sleep episode.65 The authors mainly 
focused on white noise, which was hypothesized to have 
the potential to be beneficial, as its nature has the potential 
to mask other disruptive sounds. Overall, the data showed 
that continuous noise is not harmful but indeed actually 
tended to be helpful for sleep initiation and continuation, 
even though evidence for such a beneficial effect was low.

Beyond Physiological Reactions to 
Acoustic Stimuli
An emerging new perspective has currently been tested 
experimentally for the first time. The brain has been 
demonstrated to be receptive to acoustic input at the 

physiological level, but consciousness or other higher- 
level cognitive processes might be accessible as well. 
Methodologically, thus, the technique to acoustically pre-
sent mere tones during sleep was further advanced by 
combining it with elements from targeted memory reacti-
vation (TMR). This method originating from memory 
research aims to externally initiate reactivation of pre-
viously learned material during sleep. This replay was 
shown to promote consolidation of those memories. 
Usually, cues such as words or sounds, taken from or 
associated with the pre-sleep learning task, are used as 
acoustic triggers during sleep. It seems to act on firing 
rates of newly established synaptic connections, and it was 
hypothesized that whole schematic concepts could also be 
activated. Those schemas include a diversity of experi-
ence-based components such as body sensations and emo-
tional tone as elements of the according memories. The 
hypothesis that relaxation-related words can activate the 
concept of relaxation when played during sleep was thus 
investigated recently in our lab. Fifty healthy subjects 
were presented relaxing words during NREM sleep. This 
resulted in increased time spent in SWS, more power in 
SWA and better subjective sleep quality the next 
morning.66 Thus, apart from a mere electrophysiological 
response to external stimulation, this study hinted at the 
existence of another level on which acoustic stimulation 
during sleep could act. If embodied concepts can indeed be 
activated directly without the need for conscious aware-
ness, this has a highly relevant therapeutic potential. 
Similar to the basic concepts of hypnotherapeutic techni-
ques, changes could be initiated circumventing blockage 
by a critical cognitive entity. As this was the first study to 
test this approach, further studies are of course needed to 
replicate the findings and extend our understanding.

Taken together, acoustic stimulation can be used to 
manipulate sleep characteristics quite precisely. Studies 
must be differentiated between immediate effects and 
whole-night effects. While immediate effects might be 
more relevant for basic research, the global changes in 
sleep are more relevant for clinical applications. To eluci-
date the functions of certain sleep characteristics, it is rele-
vant to increase the precision of the stimulation timing. 
Mere tones or noise can be instrumentalized to modulate 
single sleep parameters and result in benefits for cognition, 
memory, immune parameters and subjective and objective 
alertness. In addition to this rather technical side, interesting 
first hints towards a next level of processing during sleep 
could have been provided. Whole semantic concepts may 
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be activated by presenting specific cue words during sleep. 
This indicates that the type of acoustic stimulation is also 
relevant for its effect on sleep and shows that there might be 
several levels on which acoustic stimuli can influence sleep: 
mere physiological reactions and higher-order processes. 
Pursuing this account could offer new therapeutic possibi-
lities not only specifically for sleep disturbances but also 
general psychotherapy. Along with considerations of 
patient-centred interventions, inter-individual differences 
have been observed, which are still unclear. The reasons 
for how or to what extent acoustic stimulation before or 
during sleep affects sleep were discussed in relation to age, 
personality traits, sleep quality or psychiatric health.

Undesired Effects of Acoustic Stimulation 
During Sleep
While thus far only positive effects and deliberate acoustic 
stimulation during sleep have been considered, it must be 
mentioned that sound might also influence sleep in an 
undesirable way. This section does not claim to present 
the complete scientific background available on this topic, 
which is immense, but in this context, there is need to 
include the discussion on unwilling exposure to sounds. 
Thus, only the most recent findings about its physical and 
psychological consequences are outlined.

The effects of turbine noise or traffic noise are dis-
cussed as potential health-impairing factors. The WHO 
has defined the sound level inside bedrooms to 45 dB, 
outside 60 dB as the lowest critical value able to produce 
adverse health effects, such as sleep disturbances.67 These 
levels refer to the general population and thus could be 
even lower for vulnerable groups or specific sound char-
acteristics (low frequency, low background noise).68 

These exceptions, together with a low number of metho-
dologically sound studies and diverging study findings, 
result in uncertainty about those thresholds48 and the 
effects of specific sound characteristics.69 A recent sys-
tematic review and meta-analysis, for instance, could not 
confirm that wind turbine noise impairs objective sleep 
onset latency, total sleep time, sleep efficiency or wake-
fulness after sleep onset.70 Another review summarizes 
previous reviews and concludes that “well-conducted stu-
dies using objective measures of sleep and acoustics are 
scarce and highly warranted”69 because otherwise, no firm 
causal influence of wind turbine noise on sleep distur-
bance can be concluded. Only since the last WHO release 
34 new studies on sleep disturbance caused by 

environmental noise have been published up to 
December 2019, out of which three measured sleep 
objectively.71 From a clinical point of view, however, it 
is less clear that only objectively measurable sleep manip-
ulation should be considered relevant. As some of the 
above-mentioned studies or reviews, such as Liebich et al-
70, did not meta-analyse the subjective measures of sleep, 
it cannot be concluded that noise did not disturb sleep. 
Referring to a vast number of studies reporting diverging 
measures of objective and subjective sleep parameters in 
healthy and even more pronounced in sleep-disturbed 
patients,72,73 the possibility of subjective sleep disturbance 
is not unlikely even in the absence of objective changes. In 
particular, criteria for sleep disturbances, such as insom-
nia, are defined by subjective sleep reports and do not 
need an objective correlate to be clinically relevant. 
Moreover, even if sleep modulation is not measurable, or 
not to the same extent as subjective reports, its impact on 
wellbeing, daytime tiredness, and thereby risk for health is 
still a fact. Acoustic influences on sleep not only provide 
advantages, but the sensitivity to sounds during sleep also 
has inherent undesired side-effects.

Critically, in this regard, there is little evidence on 
the long-term effects of acoustic input on sleep. While 
habituation effects could be expected, limiting the 
impact of sounds with increasing duration of exposure, 
studies usually show small habituation effects, as 
reported in Micic et al.69 What was considered an 
advantage in the long term home study of SWA 
stimulation60 may also have risks: increased heart rate 
and body movements persisted for two weeks of noc-
turnal traffic noise exposure, and no signs of habitua-
tion appeared for sleep quality, mood or performance.74 

Eight consecutive nights of ship noise exposure 
showed no habituation in actigraphic measures but 
changes in some aspects of subjective sleep quality.75 

The same pattern appeared across 10 nights of traffic 
noise, as reported by Kuroiwa et al.:76 while no evi-
dence for habituation was found in polysomnographic 
measures, all subjective parameters showed adaptation. 
In another field study, sleep quality and mood-related 
measures were diminished in inhabitants of an area 
exposed to traffic noise compared to a control area, 
while tiredness and diverse somatic complaints were 
reported more often.77 Noise sensitivity, however, 
again emerged as important in these results and again 
raises the issue of inter-individual variability and the 
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differentiation between objective and subjective sleep 
measures.

Other Indirect or Nonspecific Effects of 
Acoustic Modulation on Sleep
What might be related to the inter-individual findings, 
especially in subjective sleep reports, is the major role of 
mediating psychophysiological mechanisms. Frei et al78 

demonstrated that annoyance about noise was the relevant 
mediating factor in the relationship between subjective 
sleep quality and noise, while actual noise exposure was 
not. At the same time, annoyance did not correlate with 
objective sleep as measured by actigraphy. Actigraphic 
measures were only dependent on real noise exposure. 
Whether sleep can be disrupted or manipulated hence 
depends not only on specific sound characteristics but 
also on the degree of annoyance. If subjective sleep dis-
turbance is taken into account, this “secondary” pathway 
of acoustic sleep manipulation should also be considered 
relevant, as its physiological and psychological conse-
quences still persist. In addition to annoyance as an addi-
tional, although indirect influence on sleep, general effects 
of noise on body perceptions other than hearing also exist, 
such as body vibration or pressure in the ear or head, 
which have been reported.79 Of course, such sensations 
can also impact sleep or interact with annoyance.

Discussion
In this review, the results of studies, meta-analyses and 
reviews on the effects of acoustic stimulation on sleep are 
outlined. While this enabled covering a broad spectrum of 
topics, it cannot offer a perfectly complete summary that 
a systematic review or meta-analysis could provide. 
Instead, it can highlight differences and commonalities of 
the research “branches” that have grown out of the inves-
tigation of acoustic stimuli and sleep, detect their advan-
tages and needs and compare and relate their results.

In summary, it can be concluded that studies quite con-
sistently show that acoustic stimulation before sleep can 
positively act on subjective sleep reports of healthy and 
sleep-disturbed subjects. Thus, therapeutic use could already 
be drawn from these observations. Investigations on objec-
tive outcomes are scarce, especially in clinical samples. In 
healthy subjects, some evidence is available, which indicates 
that additional influential factors come into play, which are 
not yet fully understood. Uncovering the underlying mechan-
isms of how and why music or other acoustic interventions 

improve sleep could offer possibilities to understand and 
make use of specific factors deciding over the success or 
failure of the intervention. Second, the literature outlining the 
current perspective on acoustic stimulation during sleep was 
discussed. Here, acoustic stimulation is used to advance the 
basic understanding of the brain state of sleep and its impor-
tance for secondary outcomes such as memory, health or 
daytime performance. As application with this intention tar-
gets concrete and isolated aspects of sleep, exact timing, 
sound characteristics and study designs are decisive. The 
results converge and demonstrate its effectiveness, especially 
for immediate impact. However, whole-night effects are less 
commonly under investigation and can greatly diverge from 
the latter. Finally, in addition to intentional stimulation, unde-
sired nocturnal disturbances distort sleep quality in everyday 
life. This again has consequences on objective and subjective 
levels, while mediating factors play an important role in this 
relationship.

Overall, the results pattern generally demonstrated that 
effects on subjective sleep reports and objective sleep 
parameters must be differentiated. Their outcomes do not 
always correspond. Diverse reasons for this divergence 
could be assumed. Either certain acoustic stimuli indeed 
act only on certain processes or only parameters that are 
irrelevant to sleep perception have been targeted. 
However, it is still unclear which aspects of sleep are 
relevant for subjective sleep quality.80 However, even 
given “accurate” sleep perception, subjects’ ratings might 
be influenced by mediating factors, such as annoyance, 
unblinded study designs or expectancy effects. This diver-
gence in outcome measures has to be taken into account 
when designing studies.

Following this outline, the aim of the acoustic inter-
vention should decide on timing, sound characteristics 
and presentation of the stimuli as well as the relevant 
outcome parameters. If, for instance, clinical applications 
in terms of patient care, prevention, therapeutic interven-
tion or general healthcare in widespread populations are 
targeted, subjective outcomes might be pivotal. If basic 
mechanisms of sleep are investigated, objective outcomes 
are clearer. With therapeutic purposes in mind, the inter-
vention can be provided before sleep or while falling 
asleep and needs to fulfill less strict requirements for 
the exact timing of sounds, which is, on the contrary, 
essential for basic research. Finally, meaningful words, 
instead of sounds, may operate at a level higher than the 
physiological.
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Conclusion
In general, acoustic stimuli offer diverse possibilities to 
influence sleep and can lead to desired but also undesired 
sleep manipulations. Depending on the aim of intentional 
acoustic stimulation, it must be well considered whether 
subjective or objective levels are relevant and targeted. 
Acoustic intervention offers great potential for therapeutic 
use as well as precise, side-effect-free manipulation of sleep 
parameters relevant to advance the field of sleep research. It 
is hence a tool that provides usability for basic research 
questions as well as potential as an applied therapeutic tool. 
While its use in research has already been acknowledged, 
its practical application still lags behind unnecessarily.
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