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Can Slow-Wave Sleep Enhancement Improve 
Memory? A Review of Current Approaches 
and Cognitive Outcomes
Yujie Zhanga and Reut Gruberb,*
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Slow-wave sleep (SWS†) is involved in the overnight consolidation of declarative memories. Recent 
efforts using auditory stimulation, slow-oscillatory transcranial direct current stimulation (so-tDCS), and 
pharmacological agents have targeted sleep slow-waves as a method for enhancing cognitive performance. 
However, no studies thus far have integrated current evidence to provide a preliminary review of the 
effects of SWS enhancement on memory and other cognitive outcomes. The objective of this review was 
to synthesize the results of recent experimental studies that have used auditory stimulation, electrical, and 
pharmacological methods to boost both SWS and cognitive performance. A systematic review was done to 
identify and consolidate all currently existing empirical studies in this area. We found that each stimulation 
method could enhance slow-wave power and/or SWS duration in human subjects. Closed-loop, in-phase 
auditory stimulation enhanced verbal declarative memory in healthy adults. Electrical stimulation using 
so-tDCS showed some efficacy in promoting verbal declarative memory, picture recognition memory, and 
location memory. Interleukin-6 and sodium oxybate enhanced declarative verbal memory, while tiagabine 
and sodium oxybate improved some non-memory measures of cognitive performance. There is some 
evidence that so-tDCS can also improve certain cognitive outcomes in clinical populations. Overall, future 
studies should recruit larger sample sizes drawn from more diverse populations, and determine clinical 
significance and effect sizes of each enhancement methodology. 

Copyright © 2019 63

*To whom all correspondence should be addressed: Reut Gruber, PhD Psychologist; Department of Psychiatry, Faculty of Medicine, 
McGill University; Director of Attention Behavior and Sleep Lab, Douglas Mental Health University Institute; 6875 LaSalle Blvd, Mon-
tréal, QC, Canada H4H 1R3; Tel: 5147616131 ext. 3476; Email: Reut.Gruber@douglas.mcgill.ca.

†Abbreviations: SWS, slow-wave sleep; PVT, Psychomotor Vigilance Task; so-tDCS, slow-oscillatory direct current stimulation; 
SWA, slow-wave activity; T8, Tiagabine; WCST, Wisconsin Card-Sorting Task.

Keywords: Slow-wave sleep, Slow-wave enhancement, Sleep slow oscillations, Auditory stimulation, Direct current stimulation, 
Memory, Sustained attention, Sleep spindles, Cognition, Humans

Author Contributions: Yujie Zhang (first author) completed the literature search and the writing of the review paper itself. She re-
ceived editorial help from Dr. Reut Gruber (corresponding author).

INTRODUCTION

Slow-wave sleep (SWS), otherwise known as “deep 
sleep”, is a component of non-REM sleep characterized 
by low-frequency, high-amplitude oscillatory EEG slow-
wave activity (SWA) that is well-established to play an 
important role in the sleep-dependent consolidation of 

declarative memories [1,2]. The “active system con-
solidation hypothesis” suggests that slow oscillations, 
together with sleep spindles, drive the repeated reac-
tivation of newly-encoded memories during SWS and 
thereby promote their integration into long-term memory 
storage sites [1]. The mounting theoretical and empirical 
evidence that points to sleep’s importance in facilitating 
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memory consolidation [3,4] has led to the idea of directly 
enhancing sleep slow waves by increasing the power or 
duration of SWS as a potential means for cognitive im-
provement in human subjects [5]. However, no studies 
thus far have integrated information from recent experi-
mental studies to provide a structured review of the over-
all effects of SWS enhancement. Determining the efficacy 
of experimental methods that enhance slow-wave activity 
to improve cognitive abilities like memory and executive 
function are important because the interplay between 
slow-wave sleep and memory functions is implicated in 
several serious medical and psychiatric disorders such as 
Alzheimer’s disease [6] and schizophrenia [7] as well as 
in normal processes like healthy aging [8]. Thus, sleep 
interventions that can provide daytime cognitive benefits 
may be of interest to these clinical populations.

The objective of this review was to summarize and 
synthesize the results of existing empirical studies that 
used auditory stimulation, electrical stimulation via 
slow-oscillatory direct current stimulation (so-tDCS), 
or pharmaceutical interventions to enhance SWS and to 
modify cognitive outcomes. It was hypothesized that each 
enhancement method found to be capable of significant-
ly boosting some measured aspect of SWS would also 
be significantly better than their non-active counterpart 
at inducing improvements to cognitive outcomes linked 
to SWS (particularly, aspects of declarative memory). 
An enhancement in slow wave activity is defined here as 
either increased SWS duration or increased SWA (slow 
oscillatory power/amplitude) compared to placebo or 
sham stimulation. We also included a brief description 
of the impact of stimulation methods on sleep spindles, 
as these have been shown to be involved significantly in 
overnight memory consolidation [9]. Cognitive outcomes 
that have been evaluated in studies using experimental 
methods to enhance SWA are verbal declarative memory, 
[e.g. 10], object location memory [e.g. 11], and picture 
memory [e.g. 12].

This review first offers a brief overview of each 
method of SWS enhancement. Within each stimulation 
method, it describes effects that the enhancement strategy 
had on sleep variables (including SWS and fast and slow 
sleep spindles), indicates the primary cognitive outcome 
variables measured and presents whether there was any 
cognitive benefit obtained from active stimulation or 
active medication conditions vs. placebo or sham. Next, 
it assesses whether changes in performance in cognitive 
tasks were tied to induced changes in sleep. Lastly, it sug-
gests future research directions based on current evidence 
and gaps in the empirical literature.

Auditory Stimulation
Auditory stimulation uses 50-millisecond bursts of 

“pink noise” as a form of sub-arousal sensory stimuli. 
This stimulation acts to synchronize neuronal cortical 
activity and thereby increase the size and/or number 
of slow oscillations (defined as having a frequency <1 
Hz) observed during SWS [10]. This method was used 
in overnight studies and nap studies. In three of the five 
overnight studies using this technique, auditory stim-
ulation began 5 minutes after participants enter NREM 
sleep (stage two or deeper) for the first time and ended 
210 minutes later [10,13,14]. Papalambros et al. [15] and 
Leminen et al. [16] used automated algorithms to target 
single slow-wave events (see Santostasi et al. [17] for a 
detailed description of stimulation algorithms). In after-
noon nap studies, auditory stimulation is delivered in-
termittently throughout the entire 90-minute nap session 
[18,19]. In both nap and overnight studies, subjects take 
part in a sham control condition during which no auditory 
stimulation is applied but stimulation time points were 
marked [10].

Transcranial Direct Current Stimulation (tDCS)
Slow-oscillatory transcranial direct current stimula-

tion uses electrodes placed bilaterally at frontal and/or 
central locations to apply oscillating currents at 0.75Hz 
(slow wave range) during sleep (see Marshall et al. [20] 
for a detailed description of procedures), with a mastoid 
(reference) electrode completing the circuit. This tech-
nique induces widespread electrical potential fields with 
a focus on fronto-cortical areas to increase the power and/
or duration of slow wave activity (for technical details 
see Marshall et al. [20,21]). In the majority of studies, 
so-tDCS stimulation began 4 minutes after the first onset 
of stable NREM sleep stage two, and continuous stim-
ulation was delivered 5 times, each in 5-minute blocks 
separated by 1-minute stimulation-free rest intervals. In 
one study, a ramping period of 8 seconds was added to 
the beginning and end of each stimulation block to reduce 
skin sensations [22].

Pharmacological
Pharmaceutical agents have been demonstrated in 

previous studies to be capable of enhancing slow-wave 
sleep [23]. Those that have been used in studies assessing 
both slow-wave sleep and cognitive outcomes include 
tiagabine [24,25], gaboxadol [26], sodium oxybate [27-
29], baclofen [29], olanzapine [30,31], and interleukin-6 
[32]. Tiagabine, gaboxadol, sodium oxybate, and ba-
clofen each act to enhance slow-wave sleep by increasing 
synaptic levels of the major inhibitory neurotransmitter 
GABA [33]. Olanzapine is a second-generation atypical 
anti-psychotic medication that serve to increase SWS 
by acting as an antagonist to the serotonin2C (5-HT2C) 
receptor, which is involved in SWS regulation [34]. In-
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terleukin-6 is a proinflammatory cytokine up-regulated 
during sleep in SWS-rich, later portions of the night that 
is hypothesized to have neuromodulating influences on 
sleep-dependent memory consolidation [32]. The precise 
mechanisms of action of each pharmaceutical agent are 
beyond the scope of this review (see Mathias et al. [35], 
Lancel et al. [36], Lapierre et al. [37], Guilleminault and 
Flagg [38], Sharpley et al. [34], and Späth-Schwalbe et 
al. [39] for detailed descriptions of mechanisms involved 
in each substance).

METHODS

This review employed a systematic review method-
ology to identify and synthesize all existing empirical 
studies that have used SWS enhancement methods to in-
duce improvements in cognitive outcomes (e.g., memory, 
executive function, etc.). Given the limited number of 
published studies currently available on this topic, it was 
not possible to use meta-analytical strategies in this re-
view. Key words including “slow-wave sleep”, “NREM 
sleep”, “Non-REM sleep”, and “slow oscilla*” in combi-
nation with “enhance*” or “boost*” were used in a search 
of various major databases (PsycINFO, MEDLINE, EM-
BASE, PubMed) in December 2017 (with an addendum 
in 2018 to include a newly published article by Ong et al. 
[19] and Koo et al. [40]. All relevant, published empirical 
studies that used auditory, electrical, or pharmaceutical 
enhancement methods to increase slow-wave sleep and 
that measured subsequent cognitive outcomes were in-
cluded in the summary tables (see Tables 1-3). Studies 
involving SWS interference were excluded, as were stud-
ies that used non-human subjects. In total, the literature 
search yielded 28 relevant papers. Nine of these studies 
used pharmacological strategies as their methodology of 
choice for SWS augmentation, 12 used electrical tran-
scranial direct current stimulation (so-tDCS), and seven 
used auditory stimulation. Within the 28 studies included, 
21 were overnight sleep studies, and seven were studies 
of afternoon naps.

RESULTS

The results of this review were organized by method 
(auditory stimulation, electrical stimulation, and pharma-
cological methods). Detailed information for each study 
referenced can be found in Tables 1-3.

Auditory Stimulation
Populations: All seven studies (100%) drew their 

samples from healthy adults (mean age = 22.0-75.2). 
Two were studies of 90-minute afternoon naps [18,19], 
and five were studies of overnight sleep [10,13-16].

Impact of the Auditory Stimulation Paradigm on 
Slow-Wave Activity and Sleep Spindles

Nap studies. Each of the two nap studies using au-
ditory stimulation were successful in inducing increases 
in slow wave activity, finding an increase in the average 
amplitude of slow waves. Ong et al. [19] also found an 
increase in SWS duration in the stimulation condition 
compared to sham.

Overnight studies. Each of the five overnight studies 
using auditory stimulation were successful in inducing 
increases in slow wave activity, finding an increase in 
the average amplitude of slow waves. No studies found 
an increase in SWS duration under the stimulation con-
dition, and Papalambros et al. [15] found that time spent 
in SWS was greater in the sham condition than the active 
stimulation condition.

All seven studies measured spindle activity, and of 
these studies five found an increase in spindle power or 
density in the auditory stimulation condition as compared 
to sham [13,15,16,18,19]. Wiegenand et al. [14] found 
a decrease in spindle power in the stimulation condi-
tion. Additionally, spindle activity was correlated with 
overnight word pair recall performance in two studies 
[10,16]. One study did not show any impact of auditory 
stimulation on verbal declarative memory compared with 
sham [14]. In this study, there was a decrease in spindle 
power in the stimulation condition. Another study with 
no group-level differences in memory encoding between 
stimulation and sham groups found spindles to be uncor-
related with memory benefits [19].

Impact of Auditory Stimulation on Cognitive 
Outcomes

Declarative verbal memory: A word-pair association 
task testing verbal declarative recall memory was used in 
one of the two nap studies [18,19] and all five overnight 
studies [10,13-16] as the primary cognitive outcome 
measured. This task involves presenting participants with 
40 to 120 moderately semantically related word pairs. 
Prior to sleep, word pairs were displayed for 4 seconds 
each. Next, one word of each pair was presented for an 
unlimited amount of time and participants were asked 
to immediately recall the appropriate paired word. The 
same recall test is repeated upon waking, and retention 
rates serve as a proxy for verbal declarative memory 
consolidation. Of the six studies where declarative verbal 
memory was investigated, five (83.3%) (one study of a 
90-minute afternoon nap, and four of the five overnight 
studies) revealed that the post-sleep word-pair retention 
rate was higher after subjects were in the stimulation con-
dition than after sham [10,13,15,16,18].
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Relationship Between Changes in Sleep 
Parameters and Changes in Verbal Declarative 
Memory After Auditory Stimulation

Five of the seven auditory enhancement studies 
(71.4%) found that improvements in verbal declarative 
memory and enhanced slow oscillatory power both oc-
curred as a result of auditory stimulation [10,13,15,16,18]. 
Four of the seven studies reported significant correlations 
between cognitive outcomes and induced changes in 
SWA [10,15,16,19]. Ngo et al. [10] found that change in 
overnight retention of word pairs (i.e., verbal declarative 
memory) was positively correlated with both the per-
centage of SWS during the stimulation period and fast 
spindle power. Papalambros et al. [15] found a significant 
association between improvements in verbal declarative 
memory and induced changes in SWA, but not spindle 
density, time spent in SWS, or total average SWA. Lemi-
nen et al. [16] found a positive association between sub-
jects’ performance on the verbal declarative memory task 
and the amount of N2 sleep and spindle activity that they 
experienced on stimulus nights. Finally, Ong et al. [19] 
found that the magnitude of SO enhancement, but not 
increases in spindle activity, was correlated with better 
performance on a picture encoding task. The remaining 
three studies [13,14,18] did not report a correlation be-
tween cognitive change and change in any sleep variable, 
despite two of the three studies [13,18] finding higher 
word-pair retention rates and SO amplitudes under audi-
tory stimulation conditions.

Transcranial Direct Current Stimulation (tDCS)
Populations: Twelve studies used slow-oscillatory 

transcranial direct current stimulation to enhance slow-
wave sleep and cognitive outcomes. Nine of the 12 so-
tDCS studies (75.0%) involved participants who were 
healthy adults where the mean age ranged from 22.4-73.4 
[12,20-22,40-44]. Three studies (25.0%) involved clinical 
populations [11,45,46]. Of these studies, one examined 
boys with ADHD where the mean age of participants was 
11.9 [11], another involved patients with mild cognitive 
impairment where the mean age was 70.6 [46], and the 
last drew its sample from patients with paranoid schizo-
phrenia where the mean age was 33 [45].

Impact of so-tDCS Electrical Stimulation on Slow-
Wave Activity and Sleep Spindles

Nap studies: All three nap studies using slow-os-
cillatory transcranial direct current stimulation (so-
tDCS) were successful in inducing slow wave activity 
[12,41,43], and one of the three also found that SWS 
duration was higher under the stimulation condition com-
pared to sham [41].

Overnight studies: Five of the nine overnight studies La
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improved non-verbal declarative memory for participants 
with a high memory quotient, one [44] found picture 
recognition was worse under the stimulation condition, 
and one [43] showed no significant difference between 
stimulation and sham. Two of the three nap studies found 
a significant improvement in picture recognition memory 
[12,41]. Two of the four overnight studies found a signif-
icant overall improvement in picture recognition memory 
[20,46].

Location memory: One of the five (25.0%) so-TDCs 
articles that examined location memory found a signifi-
cant improvement under the stimulation condition [11]. 
This study was also the only one whose participants were 
children (boys with ADHD and healthy controls), while 
the four studies finding no effect of stimulation on loca-
tion memory drew samples from a young adult [40] or 
older adult population [12,44,46].

Relationship Between Changes in Slow-Wave 
Activity and Changes in Cognitive Measures After 
so-tDCS

Four of the 11 studies using so-tDCS (36.4%) found 
that improvements in verbal declarative memory and en-
hanced SO power/SWS duration both occurred with an-
odal slow oscillatory electrical stimulation [20,21,41,43]. 
Electrical stimulation which successfully enhanced SO 
power was also found to be efficacious in enhancing 
picture recognition memory in two studies [12,46], as 
well as location memory in another [11]. There were no 
additional correlations between cognitive outcomes and 
induced changes in SWA in any study.

Pharmacological
Populations: Participants were healthy adults (range 

of mean ages = 21.9-31.9) in seven of the nine studies 
(77.8%) [24-29,32]. Two remaining studies involved a 
clinical population (patients with major depression (mean 
age = 46) [31] and patients with schizophrenia (mean age 
= 30.1) [30].)

Tiagabine, Olanzapine, Gaboxadol, Sodium 
Oxybate, Baclofen, and Interleukin-6 Each 
Efficacious in Enhancing SWS Duration but Studies 
Reporting on Spindles Find Negative Impact of 
Medications

Eight of the nine studies (88.9%) using pharmaco-
logical methods were successful in enhancing SWS dura-
tion [24-30,32] but none directly enhanced the power of 
slow oscillations. The one study that found no significant 
effect of the active medication [31] did find a decreased 
latency to SWS, but no overall increase in SWS duration 
or percentage. Two studies used tiagabine as the active 

(55.6%) using so-tDCS were successful in inducing slow 
wave activity [11,20,21,44,46], and one of the five also 
found that SWS duration was higher under the stimulation 
condition compared to sham [20]. Of the remaining three 
studies, one did not report whether there were changes 
in sleep parameters [45], one found that so-tDCS did not 
significantly alter EEG activity in the acute stimulation 
period [40] and two found tDCS to decrease the amount 
of NREM stage three sleep subjects experienced [22,42].

Overall, electrical stimulation enhanced SWA in six 
of the nine studies of healthy adults [12,20,21,41,43,44] 
and in two of the three studies of clinical populations (pa-
tients with MCI [46] and boys with ADHD [11]).

Ten of 12 tDCS studies reported on spindle activity in 
tDCS conditions compared to sham [12,20-22,40-44,46], 
and seven of these ten studies (70%) found some impact 
of stimulation on spindle activity [12,20,40,42-44,46] (six 
of the ten were statistically significant [12,20,43,44,46]). 
In seven studies (of which one mathematically but not 
statistically significant), stimulation increased spindle 
activity (power, density, and/or frequency) in the frontal, 
central, or parietal sites [12,20,40,42-44,46]. All but one 
study [40] in which increases in spindle activity were 
found in the stimulation condition also found increases 
in SWA.

Evidence for Declarative Memory, Picture 
Recognition Memory, and Location Memory 
Enhancement Using so-TDCS

Declarative verbal memory: 11 out of the 12 studies 
included a variation of a verbal recall declarative memory 
task (word-pair association task [12,20-22,40-44,46] or 
Rey-Auditory Verbal Learning Test [41,45]). The Rey 
Auditory Verbal Learning Test involves a list of 15 se-
mantically unrelated nouns which were orally presented 5 
times for 1 second each. A free recall test was conducted 
after every presentation. After another unrelated list of 
words (interference list), subjects were asked to recall the 
list of original words [47]. Of all 11 nap and overnight 
so-tDCS studies involving verbal declarative memory, 
5 (45.5%) found a significantly greater retention of ver-
bal material after so-tDCS [20,21,41,43,45]. Two of the 
three nap studies found a significantly greater retention of 
verbal material after so-tDCS [41,43]. Three of the nine 
overnight studies (33.3%) found a significantly greater 
retention of verbal material after so-tDCS [20,21,45].

Picture recognition memory: Seven so-tDCs arti-
cles (three nap studies, four overnight studies) also ex-
amined picture, picture-fact recognition, or figure-pair 
association memory (non-verbal declarative memory) 
[12,20,40,41,43,44,46]. Four of these studies (57.1%) 
found a significant improvement in recognition mem-
ory across all participants under active stimulation 
[12,20,41,46]. One study [40] found that so-tDCS only 
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hanced declarative verbal memory for emotional content 
words compared to placebo. In this verbal learning task, 
participants were presented with one emotional and one 
neutral text (between 202-255 words, ~95 content words) 
to read and memorize. Immediate free recall tested initial 
encoding by asking subjects to write down the text from 
memory as closely as possible to the original. After sleep, 
recall was tested again in the same fashion. Performance 
on this task was determined by the percentage of correct 
content words recalled by participants. One study us-
ing sodium oxybate also found encoding of word pairs 
(declarative verbal memory) was less impaired after sleep 
loss when active medication was administered compared 
to placebo [27].

More than half of the studies (55.6%) found no sig-
nificant differences on any of the cognitive measures be-
tween active medication and placebo [25,26,29-31], and 
one study [25] found a detrimental effect of tiagabine on 
procedural memory as measured by a finger-tapping task.

Relationship Between Changes in Slow-Wave 
Duration and Changes in Cognitive Domains after 
Tiagabine, Sodium Oxybate, or IL-6 Intervention

Two studies (one using tiagabine as the active med-
ication [24], one using sodium oxybate [28]) found both 
increased sustained attention (mean PVT reaction time) 
and increased SWS duration under active medication 
conditions compared to placebo. Improved executive 
function and concept formation (as measured by Wiscon-
sin Card Sorting Test) was also found in one study when 
SWS duration was increased by tiagabine [24]. Encoding 
of declarative verbal memories was also shown to be 
improved in one study when SWS was increased by sodi-
um oxybate [27]. Similarly, interleukin-6 enhanced both 
declarative verbal memory for emotional content words 
and SWS duration [32]. No additional correlations were 
found between cognitive outcomes and induced changes 
in SWS duration in any study.

DISCUSSION

The objective of this review was to summarize and 
synthesize the results of recent studies that have used 
auditory stimulation, electrical, and pharmacological 
methods to induce the enhancement of SWS and cogni-
tive abilities. The main findings were: 1) all three of these 
stimulation methods were capable of promoting slow-
wave power and/or SWS duration in human subjects; 
2) closed-loop, in-phase auditory stimulation resulted 
in improvement in verbal declarative recall memory; 3) 
electrical stimulation via so-tDCS showed mixed efficacy 
in improving verbal declarative memory and picture rec-
ognition memory, and had limited efficacy in promoting 
location memory; 4) pharmacological methods of SWS 

pharmaceutical to be tested [24,25], two used olanzap-
ine [30,31], one used gaboxadol [26], two used sodium 
oxybate [27,28], one used sodium oxybate in combina-
tion with baclofen [29], and one used interleukin-6 [32]. 
All studies compared their active ingredient to a placebo 
group. Overall, all seven pharmacological studies in-
volving healthy adults (range of mean ages = 21.9-32.0) 
were successful in increasing SWS duration. Of the two 
studies involving clinical populations, olanzapine was 
efficacious in enhancing SWS duration in patients with 
schizophrenia on stable antipsychotic medication where 
the mean age was 30.1 [30]. However, olanzapine was 
unable to boost SWS duration in patients currently expe-
riencing a major depressive episode and on stable medi-
cation (mean age = 46) and only decreased their average 
latency to SWS [31].

Three of the nine studies (33.3%) reported on spin-
dles, with two finding a significant decrease in spindle 
power (sodium oxybate [28] and tiagabine [25]) after 
active medication and one finding no difference between 
conditions (interleukin-6 [32]).

Impact of Tiagabine, Sodium Oxybate, and IL-6 on 
Several Cognitive Domains

Sustained attention: Sustained attention was mea-
sured in five pharmacological studies using the Psycho-
motor Vigilance Task (PVT) [48]. The PVT is a simple 
10-minute visual reaction time test measuring sustained 
attention where the subject responds to the appearance 
of a light at random intervals. PVT scores were greater 
in the active pharmaceutical group than in the placebo 
group in two of the five studies (40%) where it was mea-
sured (one tiagabine [24], one sodium oxybate [28], all 
with healthy adult subjects).

Concept formation and executive function: The 
Wisconsin Card-Sorting Task (WCST) measures concept 
formation and executive function by continuously pre-
senting stimuli (sets of four cards) and feedback until sub-
jects identify predetermined criterion principles [24]. The 
number of trials subjects take to reach the first criterion 
principle, the total number of trials, total errors, and total 
number of perseverative errors are the outcomes of inter-
est. This measure was used by one study using tiagabine 
as the active pharmaceutical [24], and one study using 
sodium oxybate [28]. Only the tiagabine study [24] found 
that the active medication resulted in improvements on 
WCST measures (i.e., T8 subjects committed fewer total 
errors, fewer perseverative errors, needed fewer trials to 
complete the first category, and needed fewer trials to 
complete the entire task). The other study by Walsh et 
al. [28] found no significant effect of sodium oxybate on 
WCST results.

Declarative verbal memory: One study of healthy 
young men [32] showed that intranasal interleukin-6 en-
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study using sodium oxybate [27] out of six pharmaco-
logical studies that included a measure of verbal declar-
ative memory were found to be successful in of boosting 
declarative verbal memory, suggesting that pharmaceu-
tical agents have limited efficacy in enhancing verbal 
declarative memory. Tiagabine [24] and sodium oxybate 
[28] were the only compounds found to improve sus-
tained attention as measured by the Psychomotor Vigi-
lance Task. Tiagabine also improved concept formation/
executive function in one study as measured by the Wis-
consin Card Sorting Task [24]. No other SWS-boosting 
pharmacological agent enhanced sustained attention or 
executive function. Currently, there is no evidence that 
any pharmacological method for enhancing SWS can 
improve picture recognition memory or location memory.

Studies that used electrical or auditory SWS enhance-
ment methods were primarily efficacious in enhancing 
slow-wave power, and were both capable of improving 
aspects of declarative memory. Meanwhile, studies using 
pharmacological methods were capable of increasing the 
duration of slow-wave sleep but not slow-wave power 
and had only limited success in enhancing cognitive 
performance. These results suggest that enhancing slow-
wave power may play a more important role as a tool for 
improving memory than enhancing overall slow-wave 
duration.

Impact of Enhancement Strategies on Sleep 
Spindle Activity

Many auditory and electrical enhancement stud-
ies boosted sleep spindle power [12,13,15,16,18-
20,40,43,44,46] but results were mixed in terms of 
how exactly they are implicated in the linkage between 
stimulation methods, SWA enhancement, and cognitive 
outcomes. Spindle activity was found to be increased 
alongside verbal declarative recall memory in each study 
where auditory stimulation was successful in enhancing 
both cognitive outcomes and SWA [10,13,15,16,18], 
suggesting that spindles had a positive impact on verbal 
declarative memory. The only auditory stimulation study 
in which SWA enhancement did not increase verbal 
declarative memory [14] found a decrease in spindle 
power in the stimulation condition, providing further 
evidence for the importance of spindles in facilitating 
SWA-mediated memory improvement.

It is difficult to determine whether spindle activity 
was impacted by pharmacological agents used to increase 
SWS as only a minority of studies reported on spindles 
[25,28,32]. However, the two studies that found spindle 
power to be decreased by active medication [36,37] sug-
gest that the pharmaceutical mechanisms of action that 
allow tiagabine and sodium oxybate to increase SWS 
may have a negative impact on spindle power.

The fact that spindle activity was increased in each 

enhancement showed limited efficacy in improving ver-
bal declarative memory, sustained attention, or executive 
function.

Impact of Auditory Stimulation, Electrical, and 
Pharmacological Methods on Slow-Wave Power 
and SWS Duration

Auditory stimulation that used a closed-loop, in-
phase paradigm and had sound pulses phase-locked to the 
slow-wave up-state enhanced SWA and was better than 
sham stimulation at inducing greater slow-wave power. 
This was also true in the one study where quasi-phase 
dependent open loop stimulation was used instead of 
closed-loop stimulation [14]. Most nap and overnight 
so-tDCS stimulation studies were successful in inducing 
increased SWA, and several also found increased SWS 
duration. The large majority of pharmacological enhance-
ment studies were also able to prolong SWS duration in 
their active medication condition, though none increased 
slow-wave power.

Impact of Enhancement Strategies on Cognitive 
Outcomes

Auditory stimulation successfully enhanced verbal 
declarative recall memory as measured by a word-pair as-
sociation task in most nap and overnight studies reviewed 
[10,13-16,18,19]. All studies which were successful in 
enhancing verbal declarative memory used a closed-loop, 
in-phase stimulation paradigm, while the only study [14] 
which used an open-loop auditory stimulation paradigm 
was unsuccessful in enhancing verbal declarative memo-
ry. From these results, it may be concluded that closed-
loop auditory stimulation locked to sleep slow-wave 
up-states is efficacious in enhancing verbal declarative 
memory. There is no current evidence that auditory SWA 
enhancement methods can improve picture recognition 
memory, sustained attention, executive function, or loca-
tion memory.

Electrical brain stimulation showed mixed efficacy 
in enhancing verbal declarative memory as measured by 
a word-pair association task or the Rey Auditory Verbal 
Learning Test, with slightly under half of so-tDCS studies 
reviewed finding a significant improvement after stimu-
lation [20,21,41,43,45]. This method also showed some 
efficacy in improving picture recognition memory, with 
57.1% of so-tDCS studies where this outcome was in-
vestigated finding improvements after active stimulation 
compared to sham [12,40,41,46]. One so-tDCS study 
found a significant improvement in location memory 
under the stimulation condition [11]. No studies have 
yet shown so-tDCS to be capable of enhancing sustained 
attention or executive function abilities.

Only one study using interleukin-6 [32] and one 
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any cognitive domain.

Impact of Enhancement Methods on Healthy and 
Clinical Populations

There is evidence that closed-loop auditory stimu-
lation can improve SWA and verbal declarative memory 
in healthy adults (particularly young adults, as only one 
study [15] examined older adults). No auditory stimula-
tion studies examined clinical populations.

The evidence is mixed as to whether so-tDCS is effi-
cacious in enhancing SWA and verbal declarative memory 
in healthy populations, as three studies of healthy young 
adults [20,21,41] and one study of healthy older adults 
[43] found benefits to verbal declarative memory using 
so-tDCS, but three studies of older adults [12,46,44] 
and one study of young adults [42] found no such effect. 
Based on these results, it may be concluded that so-tDCS 
is most efficacious in younger populations as a SWS en-
hancement strategy to boost verbal declarative memory. 
As suggested by Paßmann et al. [44], delayed SWS onset 
in older adults may mean that having electrical stimula-
tion begin almost immediately after the onset of NREM 
stage two sleep is too early and leads to increased arousal 
rather than increased SWS.

There is evidence that so-tDCS is efficacious in im-
proving SWA and certain areas of cognitive performance 
in patients with schizophrenia, boys with ADHD, and 
patients with mild cognitive impairment (MCI). Specif-
ically, verbal declarative memory was improved in the 
study of patients with paranoid schizophrenia [45], ob-
ject location memory was improved in the study of boys 
with ADHD [11], and picture recognition memory was 
improved in a study of patients with MCI [46].

Every pharmacological study involving healthy 
participants enhanced SWS duration, but only sodium 
oxybate [27,28], tiagabine [24], and interleukin-6 [32] 
were found in at least one study to improve cognitive 
performance in any domain. There is evidence that olan-
zapine can increase the amount of SWS experienced by 
patients with schizophrenia [30] but this study did not 
find that this improvement in SWS duration led to signif-
icant improvements in declarative verbal memory, visual 
declarative memory, or procedural memory compared to 
placebo. Olanzapine also failed to increase SWS duration 
(but did decrease latency to SWS) and did not provide 
cognitive benefits to patients currently experiencing a 
major depressive episode [31].

Clinical Future Directions
The investigation of auditory stimulation as a meth-

od of enhancing slow-wave activity (SWA) and cognitive 
outcomes has focused exclusively thus far on healthy 
populations. Future studies should test the efficacy of au-

study where auditory stimulation enhanced SWA and 
cognitive outcomes, but spindle activity was decreased 
in several pharmacological studies where SWS duration 
was enhanced and no cognitive improvements arose, sug-
gests that the simultaneous enhancement of sleep spin-
dles may be necessary for augmented SWS to effectively 
improve cognitive performance. This idea is supported by 
recent evidence showing that sleep spindles are modu-
lated by SO-upstates and that it may be the functional 
coupling between slow oscillations and spindles (instead 
of either sleep parameter individually) that leads to im-
proved memory consolidation [49]. However, there were 
also several so-tDCS studies where spindle activity was 
not significantly improved despite improvements in SWA 
and cognitive outcomes [21,41,42], which complicates 
this conclusion and is a worthwhile avenue for future 
studies that seek to explore sleep and memory enhance-
ment via so-tDCS.

Causal Effects of SWA Enhancement Methods on 
Cognitive Improvement

Most auditory stimulation studies found that im-
provements in verbal declarative memory and enhanced 
slow oscillatory power co-occurred as a result of audi-
tory stimulation [10,13,15,16,18]. Moreover, several of 
these studies reported significant correlations between 
cognitive outcomes and induced changes in SWA 
[10,15,16,19]. These results suggest that an increase in 
slow-wave power is causally implicated in the mecha-
nism that allows auditory stimulation to improve verbal 
declarative memory.

The causal connection between SWA enhancement 
mediated by so-tDCS and improvements in verbal declar-
ative memory is somewhat less clear than with auditory 
stimulation, as no significant correlations were found 
between cognitive outcomes and SWA enhancement in 
any study. Nevertheless, significantly improved perfor-
mance on at least one cognitive task was noted in nearly 
every study (Paßmann et al. (2016) [44] was the only 
exception) where so-tDCS successfully increased SWA 
[11,12,20,21,41,43,46]. This provides some evidence for 
a causal relationship between so-tDCS-mediated SWA 
enhancement and benefits to verbal declarative memory, 
picture recognition memory, and location memory.

Of the pharmacological enhancement methods, tiag-
abine, sodium oxybate, and interleukin-6 each induced 
increases in SWS duration that led to improvements in 
several cognitive outcomes [24,27,28,32]. However, the 
causal connection between pharmacologically-enhanced 
SWS and cognitive performance is quite ambiguous as 
44.4% of the studies found an increase in SWS duration 
without a concurrent increase in any cognitive variable 
[25,26,29-31]. Moreover, no studies found a correlation 
between increases in SWS duration and improvements in 
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whether any of the statistically significant differences in 
memory performance found in previous studies were also 
clinically significant. By determining relative effect sizes, 
a more conclusive comparison could be made between 
the different enhancement methods.

Slow-oscillatory transcranial direct current stim-
ulation has shown mixed results in its ability to im-
prove SWA and cognitive outcomes. While a number 
of studies have found positive effects of so-tDCS 
[11,12,20,21,41,43,45,46] several studies have found 
no effect or a negative effect of active stimulation on 
memory [22,42,44] and recent evidence has found that 
inter-individual factors may predict whether so-tDCS is 
effective in enhancing cognitive performance [40]. Such 
mediating and moderating factors (such as spindle activ-
ity or participant characteristics) that may contribute to 
whether stimulation methods targeting sleep slow waves 
leads to cognitive improvements are worthy targets of 
further investigation.

CONCLUSION

Closed-loop in-phase auditory stimulation, slow-os-
cillatory transcranial direct current stimulation, and 
several pharmacological substances including tiagabine, 
sodium oxybate, and interleukin-6 were found in this re-
view to be capable of enhancing slow-wave activity/SWS 
duration and improving performance in several cognitive 
domains. Future research should put emphasis on involv-
ing broader clinical populations, investigating the role of 
spindles and other mediators in the connection between 
SWA enhancement and cognitive benefits, and determin-
ing effect sizes of each enhancement strategy.
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