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Abstract 

Study objectives: The low-frequency high-amplitude oscillations of slow wave sleep are 

considered to promote the consolidation of episodic memory. Previous research suggests 

that sleep slow waves can be entrained and enhanced by presenting short acoustic stimuli to 

the up-states of endogenous waves. Several studies have investigated the effects of these 

increases in slow wave activity on overnight memory consolidation, with inconsistent 

results. The aim of this meta-analysis was to evaluate the accumulated evidence connecting 

acoustic stimulation during sleep to episodic memory consolidation. 

Methods: A systematic literature search was conducted in October 2020 using Pubmed, 

Web of Science and PsycInfo. Main study inclusion criteria were the application of acoustic 

slow wave enhancement in healthy participants and an assessment of pre- and post-sleep 

episodic memory performance. Effect sizes were pooled using a random effects model.  

Results: Ten primary studies with 11 experiments and 177 participants were included. 

Results showed a combined effect size (Hedges’ g) of 0.25 (p=0.07). Subgroup models based 

on young adults (n = 8), phase-locked stimulation approaches (n = 8) and their combination 

(n = 6) showed combined effect sizes of 0.31 (p=0.051), 0.36 (p=0.047) and 0.44 (p=0.01), 

respectively. There was no indication of publication bias or bias in individual studies.  

Conclusions: Acoustic enhancement of slow wave sleep tends to increase the overnight 

consolidation of episodic memory but effects remain small and - with the exception of 

subgroup models - at trend levels. Currently, the evidence is not sufficient to recommend 

the use of commercially available devices. 

 

 

Keywords: slow wave sleep, acoustic stimulation, episodic memory, consolidation  
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Statement of significance 

Research suggests that acoustic stimulation during slow wave sleep can enhance slow oscillatory 

activity and - as a downstream effect - memory consolidation. It therefore bears potential to be used 

as a non-invasive, inexpensive tool in the treatment of memory-related disorders. This is the first 

meta-analysis that quantitatively summarizes memory effects found in studies applying acoustic slow 

wave stimulation. Overall, the found effect size was small and non-significant. However, the number 

of studies is still relatively small, especially in the older cohort. Additionally, studies suffer from small 

sample sizes. Hence, caution is advised when dealing with commercial products that are already in 

use today.  
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Introduction 

Recalling a memory, e.g. a new acquaintance’s name, might prove difficult in the evening 

after a long day. But after a good night’s sleep, the same recollection can often come about 

seemingly effortless. Scientific evidence supports the colloquial experience that sleep has a 

positive effect on memory functions *1, 2+. In particular, sleep’s role in episodic memory 

consolidation has been highlighted. Episodic memory involves the recollection of specific 

events in the context of time and space and depends on a neuronal circuit involving the 

hippocampus as well as neocortical storage sites [3, 4]. Memories are initially fragile and 

require repeated reactivation of the neuronal network that represents the memory trace. 

The process of strengthening, stabilizing and integrating a memory representation is 

referred to as memory consolidation [5]. With each reactivation of the memory, the circuit 

involving the hippocampus and neocortical storage sites is reactivated until an integration 

into existing knowledge networks takes place [6-8]. During this process, the memory 

becomes gradually less dependent on the hippocampus and more reliant on the neocortex, 

which in turn makes the memory more stable [4].  

Sleep contributes to the consolidation of episodic memory by orchestrating the dialogue 

between the hippocampus and the neocortex and therefore the reactivation of newly 

encoded memory representations [2, 9]. Specifically, slow wave sleep (SWS) has been 

proposed as a key contributor to memory consolidation. SWS is a sleep stage 

electrophysiologically hallmarked by low frequency delta waves (<4Hz) and slow oscillations 

(SOs, <1 Hz) that reflect neuronal activity alternating between states of depolarization and 

hyperpolarization [10]. Depolarized slow-oscillatory (SO) up-states mark periods of increased 

neuronal firing whereas during hyperpolarized down-states neuronal firing is vastly 

decreased. Another hallmark of SWS are thalamocortical sleep spindles, oscillatory burst of 

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/advance-article/doi/10.1093/sleep/zsaa296/6066545 by U

niversitaetsbibliothek Bern user on 12 January 2021



Acc
ep

ted
 M

an
us

cri
pt

 

5 
 

10-15 Hz [2]. SO up-states [11, 12] and sleep spindles [13, 14] have been connected to 

successful memory consolidation. Temporal coordination of SO up-states and spindles allows 

for a hippocampal-neocortical dialogue and forms an essential micro-oscillatory event 

enabling memory consolidation during sleep [2, 9]. This is achieved by hippocampal sharp-

wave ripples – high-frequency (100-300 Hz) bursts of activity originating in the hippocampus 

- that are temporally nested within the trough of the thalamocortical sleep spindle [15], 

which in turn coincides with the cortical SO up-state [2]. The quality of the SO up-state – 

spindle synchrony has been shown to predict the success of overnight hippocampal memory 

consolidation [16, 17].  

Considering the role of SWS in episodic memory consolidation it is not surprising that attempts 

have been made to experimentally enhance SWS. Methods to enhance SWS focus on entraining the 

endogenous SO activity by means of external stimulation techniques such as transcranial direct 

current stimulation [18] (tDCS), transcranial magnetic stimulation [19] (TMS) or acoustic stimulation 

[20] (AS). AS is arguably the most promising method considering the relative ease of application as 

well as the low cost and non-invasiveness of the technique (See Fehér et al., (in press) [21] for a 

systematic review on stimulation techniques). In AS protocols, short (typically ~50ms) acoustic 

stimuli are administered via headphones or speaker while a participant is in SWS. Usually, the 

application of the sound signal is adaptive to the momentary brain state.  AS systems typically 

monitor brain states (semi-) automatically using electroencephalography (EEG), and apply stimuli 

when their predefined requirements are met. Arguably, as stimulation-induced artefacts in the 

online signal remain low for AS in contrast to other techniques such as tDCS or TMS, AS is most 

suited for brain-state dependent stimulation approaches. Broadly there are two differing forms of 

AS, namely non-phase-locked stimulation (NPLAS) and phase-locked stimulation (PLAS), commonly 

referred to as open-loop and closed-loop stimulation, respectively. Here, we refer to the differing 

approaches as NPLAS and PLAS since there is an unresolved debate in the field whether the 
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approaches are truly closed-loop. In a closed-loop approach, an intervention is applied with the 

outcome of this intervention later informing and adjusting any future interventions. Arguably, in 

PLAS approaches the stimulation is informed by ongoing activity, but is not necessarily adjusted by a 

re-informed outcome (e.g. by implementing refractory periods). The goal of PLAS is to administer 

sound signals in phase with the endogenous SO up-state in order to entrain and enhance it. The 

acoustic stimuli must temporally coincide with the SO up-state in order to entrain an ongoing SO 

train. In NPLAS protocols the auditory stimuli are applied in a rhythmic matter without the necessity 

of being phase-locked. These protocols often rely on the detection of SWA and apply acoustic stimuli 

in a fixed inter-stimulus interval [22]. Importantly, research suggests that if the stimulation does not 

occur in phase with the up-state, the SO trains might be disrupted [20]. This underlines the necessity 

for in-phase stimulation systems where the timing of stimulation can be controlled.  

Because of SWS‘s relevance in memory consolidation, AS approaches assume an increase of 

post-sleep episodic memory performance brought about by the boosted SO activity and up-state-

spindle coupling. Study designs investigating AS effects on memory entail performing a memory task 

prior to as well as following sleep. This is done once in a real AS condition where acoustic stimuli are 

applied during SWS and once in a sham condition where no stimuli are applied. The over-night or 

post-nap change in memory performance is then compared between the stimulation and sham 

condition expecting a larger memory gain (or less forgetting) in the real AS condition.  

 Recently, it has been suggested that AS has the potential to be used as a non-invasive, 

inexpensive method in the treatment of memory related disorders [23, 24]. This is based on findings 

that closely link a decline in SWA to the pathophysiological markers of Alzheimer’s disease. 

Furthermore, while episodic memory performance is severely affected in dementia [25], it is also 

among the first functions to decline with healthy aging [26]. Therefore, AS might help in maintaining 

episodic memory function in aging. AS has been attempted in both young and older adults with 

inconsistent findings in both age groups. In young adults, some studies found a positive effect on 

memory consolidation [20, 27-29]. whereas others did not [22, 30, 31]. In older and middle-aged 
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adults, there is a similar inconsistency of results with Papalambros et al. [32] showing an increase in 

memory consolidation while Diep et al. [33] and Schneider et al. [34] found no effect. While there are 

excellent reviews discussing the effects of AS on memory performance [35-37], so far no meta-

analysis has been conducted. A meta-analytic approach allows a quantitative overview by statistically 

synthesizing the outcome of all available studies [38]. Hence, the objective of this meta-analysis was 

to quantitatively summarize studies investigating the impact of AS during SWS on episodic memory 

consolidation and determining its effectiveness.  

 

Methods 

Protocol registration 

This meta-analysis has been registered with the ResearchRegistry under the unique identifying 

number researchregistry1004. 

 

Search strategy 

The literature search was conducted with the following search term: Sleep AND (slow wave OR slow 

oscillat*) AND (auditory OR audio OR acoustic* OR sound) AND memory. The databases used were 

PubMed, Web of Science and PsycINFO (via OvidSP). Study retrieval and selection was performed in 

accordance with the PRISMA guidelines [39]. Two independent raters performed the literature 

search, screened titles, abstracts and full texts to find a set of eligible studies. Discrepancies and 

doubts were resolved in consensus. From the final set of studies both raters extracted the relevant 

information for analysis.  
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Study selection 

To identify primary studies, the following inclusion criteria were applied: 

 Date: primary studies must have been published between 2013 and October 1st   

2020. Search results before 2013 were not included as there is widespread consensus 

in the field of sleep modulation that acoustic stimulation with the goal to boost slow 

oscillations and episodic memory was pioneered by Ngo et al. [20]. 

 Language: only articles published in English were considered. 

 Publication type: only original research articles were considered, no reviews, meta-

analyses, book chapters, dissertations or comments were included. 

 Participants: healthy human participants older than 18 years were included.  

 Type of memory task: Studies using an episodic (associative) memory task with an 

encoding session prior to sleep and a retrieval session post-sleep.  

 Type of control condition: there must be a control condition where the memory task 

is assessed prior to and post-sleep with no acoustic stimulation applied during slow 

wave sleep. 

 Type of acoustic stimulation: acoustic stimulation with the goal to increase SWS 

(rather than disrupt) must be administered during sleep stages displaying slow wave 

activity (SWS, NREM2).  

 Type of acoustic stimuli: acoustic stimuli must be of non-semantical nature as 

semantical stimuli fall into the field of targeted memory reactivation (TMR, for a 

meta-analysis see Hu et al. [40]). 
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As common in the field, pre-post task correlations as well as the standard deviation of difference 

needed to calculate the effect size [38] were not provided in the publications. Therefore, the authors 

of all primary studies were contacted and asked to share each participant’s pre- and post-memory 

score in both conditions. Eight authors responded and provided the missing details of 9 experiments. 

For the remaining two studies, effect sizes were calculated using an estimator (see effect size 

calculation).  

 

Data extraction 

The following variables of interest were extracted from the primary studies: number of participants 

(n), mean age of participants, age group (young or middle age/older), type of sleep (nap or 

overnight), type of task (non-related word pairs or related word pairs), type of AS (PLAS or NPLAS), 

mean post-sleep change in performance after sham as well as after AS (msham and mstim), mean 

difference and standard deviation of post-sleep performance change between AS and sham (mdiff and 

SDdiff), correlation of the post-sleep performance change between AS and sham (rstim/sham). 

 

Effect size calculation 

To compare the outcome variables of each study, the standardized mean difference (SMD) was 

calculated by means of Hedges’ g *38, 41+. The following steps to calculate g in studies with single 

group pre-post scores are performed as previously described.37 First, the standard deviation within 

(SD within) was calculated by using SDdiff and rstim/sham of the test scores (Eq. (1)).  
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ὛὈ  
Ⱦ

                            (1) 

 

Cohen’s d *42+ was then calculated using mdiff and SDwithin (Eq. (2)). The variance (Vd) and standard 

error (SEd) was calculated as follows ((Eq. (3), (Eq. (4)). 

 

Ὠ                 

(2) 

ὠ ς ρ ὶ Ⱦ              

(3) 

ὛὉ ὠ                 

(4) 

 

Since Cohen’s d overestimates effects in small samples, Hedges’ g (Eq. (6)) can be computed by 

applying a correction factor J (Eq. (5)) to d. The same can be applied to the variance (Vg) and standard 

error (SEg) of the effect size (Eq. (7), Eq. (8)). 
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