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1. Introduction
Sleep is a state of reversible disconnection from the environment 
characterized by the quiescence and reduced responsiveness 
usually associated with immobility. Although the precise function 
of sleep remains to be elucidated, it appears that sleep primarily 
benefits the brain [1]. As stated in Nature, sleep is of the brain, by 
the brain, and for the brain [2]. Not surprisingly, the brain activity 
during sleep undergoes striking changes in comparison to that 
during wakefulness. In humans, rapid eye movement (REM) sleep 
and non-rapid eye movement (NREM) sleep cyclically alternate 
with a periodicity of approximately 90 minutes. REM and NREM 
sleep occupy approximately 20 and 80 percent of total sleep 
time, respectively.

NREM sleep includes lighter stages N1 and N2, as well as deep 
sleep N3 (also known as slow wave sleep). During NREM, cortical 
neurons are bistable, alternating between “up” and “down” states 
with an approximate periodicity of one second. Up states are 
associated with vigorous neural firing, whereas down states are 
associated with minimal firing [3]. This bistable pattern results in 
large-amplitude oscillations (slow waves), which are particularly 
prominent during slow wave sleep (see Figure 1). In humans, N2 
sleep is the most prevalent in both the first and second halves 
of nocturnal sleep. However, the first half is characterized by a 
higher amount of N3 sleep, while the second half has a higher 
amount of REM sleep [4].
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A comprehensive hypothesis (Synaptic Homeostasis Hypothesis or SHY) about the function of sleep has recently emerged [5, 6]. 
According to SHY, plastic processes occurring during wakefulness result in a net increase in synaptic strength in many cortical circuits. 
As a consequence, when cortical neurons begin oscillating at low frequencies during sleep, these oscillations become strongly 
synchronized, leading to the occurrence of large slow waves in the EEG. The hypothesis also claims that slow waves in sleep do 
not merely reflect synaptic strength, but also play a functional role. As such, sleep slow waves serve to “renormalize” or downscale 
synaptic strength to a baseline level that is energetically sustainable and beneficial for performance.

2. Regulation of sleep and wakefulness
Two processes play a dominant role in sleep regulation: a sleep-dependent process (Process S) and a sleep-independent circadian 
process (Process C). Process S addresses sleep need, which builds up during wakefulness and dissipates during sleep. The longer the 
period of wakefulness is, the higher the level of sleepiness and the shorter the sleep latency become. The circadian component of 
sleep is unaffected by the occurrence of waking from sleep, and it appears to be closely related to the circadian rhythms of metabolic 
and endocrine processes [7].

The dynamics of sleep-need dissipation are linked to the temporal 
variation of the sleep EEG power in the 0.5-to-4-Hz band, which 
is referred to as slow wave activity (SWA) [7]. SWA is a quantitative 
measure of the number and amplitude of slow waves [6]. SWA 
has a typical behavior throughout the cyclic variations of a sleep 
night: increasing during NREM sleep, declining before the onset of 
REM sleep, and remaining low during REM. The level of increase 
in successive NREM cycles gets progressively lower. Figure 2 
illustrates the SWA dynamics along with the corresponding  
sleep stages.

Sleep restriction causes an SWA increase during the next 
sleep opportunity following restriction. It is reported in Human 
Neurobiology that an extended waking period of 40.5 hours 
caused a massive increase of slow wave activity during recovery 
sleep [7]. Restricting sleep to four hours for four consecutive nights 
causes an SWA increase of approximately 20% in the first night 
following sleep restriction [8]. Conversely, a preceding daytime nap 
causes a reduction in SWA during subsequent nocturnal sleep [8].

Figure 2: SWA increases during NREM sleep, declines before the 
onset of REM sleep, and remains low during REM. The level of 
increase in successive NREM cycles gets progressively lower.
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Figure 1: An electroencephalogram of the sleeping brain shows that slow waves characterize NREM sleep and are particularly 
prominent during N3 sleep.
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3. Slow wave sleep and its impact on 
wakefulness behavior and cognition
Sleep plays an important role in the optimization of the memory-
consolidation process, which results in quantitative and qualitative 
changes of memory representations [9, 10, 11]. Slow wave and REM 
sleep support system and synaptic consolidation by promoting 
specific patterns of neuromodulatory and electric activities. For 
instance, Proceedings of the National Academy of Sciences of 
the United States of America found that sleep slow waves are 
more synchronized following intense declarative learning [12], and 
according to the Journal of Cognitive Neuroscience, there is better 
retention of declarative memories after slow wave sleep than after 
a wakefulness control interval [13]. Furthermore, memories that are 
expected to be relevant in the future appear to be the ones that 
benefit the most from slow wave sleep [14].

Interestingly, a local increase of SWA can be observed in brain 
areas previously activated by a learning task during wakefulness. 
The increase in SWA after learning correlated with improved 
performance in the task after sleep [15]. Clear evidence of the 
beneficial role of sleep slow waves comes from studies in which 
selective slow wave deprivation during the night was carried out 
in healthy subjects. This manipulation, which did not affect sleep 
time and efficiency, prevented the improvement in performance 
after visuomotor and visuoperceptual tasks, and the changes in 
performance after slow wave deprivation were correlated with 
SWA changes, suggesting a causal role for slow waves in the 
sleep-dependent improvement of cognitive performance [15].

Slow wave sleep also plays a role in sleep quality. In a study 
aimed at finding objective correlates of subjective sleep quality, 
it is reported that quality relates to continuity (sleep efficiency) 
and depth of sleep (particularly duration of slow wave sleep) [16, 
17]. The importance of deep sleep in explaining subjective sleep 
quality confirms the results of similar studies [18, 19, 20]. This is 
also in line with the hypothesis that slow wave sleep is crucial for 
the restorative value of sleep [5]. The Journal of Sleep Research 
stated that “subjective sleep quality seems to be a matter of slow 
wave sleep and sleep continuity” [17]. Not surprisingly, stress 
during wakefulness can have an adverse effect on slow wave 
sleep. It is reported in Biological Psychology that the anticipation 
of a difficult and stressful day curtails deep sleep and negatively 
affects subjective sleep quality [21]. 

4. Slow wave sleep enhancement
Given the importance of slow waves, a variety of methods to 
enhance slow wave sleep have been studied. Pharmacological 
GABAergic agents such as tiagabine can increase the time in 
slow wave sleep, but they fail to benefit memory consolidation 
[22]. Pharmacological methods can also lead to residual effects, 
which is why alternative strategies relying on peripheral (electric, 
magnetic, or sensory) stimulation have been proposed.

As reported in Nature, when intermittent transcranial direct-
current stimulation (tDCS) was applied at 0.75 Hz for five-minute 
intervals separated by one-minute off periods after slow wave 
sleep onset, there was an increase in the EEG power in the slow-
oscillation band (< 1 Hz) during the stimulation-free intervals, 
as well as enhanced retention of hippocampal-dependent 
declarative memories [23]. PLoS Computational Biology also  
found that tDCS accelerated the SWA homeostatic decay [24]. 

The precise impact of tDCS is difficult to characterize with EEG 
due to strong signal interference induced by the stimulation. 
Also, the complex pattern of activated/deactivated cortical 
areas following tDCS makes it difficult to predict the effect of 
the stimulation on sleep slow waves [25]. Transcranial magnetic 
stimulation (TMS) applied during NREM triggers slow waves that 
are indistinguishable from naturally occurring ones [26]. However, 
the long-term effect of repeated exposure to either tDCS or TMS is 
unknown [27], making it preferable to evoke sleep slow waves in a 
more natural physiological manner using sensory stimulation.

When the effects of somatosensory and auditory stimulation on 
SWA were investigated by Medicamundi [28], auditory stimulation 
appeared to be more effective in increasing SWA (see Figure 3). 
Furthermore, the topography of SWA increase due to auditory 
stimulation was observed to be very similar to the topography 
of SWA during natural sleep. High-density EEG analysis of 
the effect of auditory stimulation shows that the morphology, 
topography, and propagation patterns of induced slow waves were 
indistinguishable from those of spontaneous slow waves observed 
during natural sleep [27]. The slow wave enhancement effect of 
auditory stimulation is hypothesized to be the result of a “bottom-
up” activation of large populations of cortical neurons in response 
to  stimulation from the same mechanism that is responsible for 
arousing the organism [27].



Figure 3: Sleep slow waves are enhanced through 
auditory stimulation.

In the Journal of Sleep Research, study participants were exposed 
to continuous auditory stimulation in the form of tones presented 
at a rate of 0.8 Hz, starting during wakefulness just before sleep 
and continuing for about 90 minutes into sleep [29]. Subsequent 
staging and EEG analysis showed an  increase of power in the 
0.5-to-1-Hz band (referred to as “slow oscillation”) during the 
rhythmic stimulation, as compared to a sham condition with no 
stimulation. A related study [30] from the same author reports that 
auditory stimulation delivered through tones in phase with the 
ongoing rhythmic occurrence of slow wave up states substantially 
enhances slow waves, phase-coupled spindle activity, and 
consequently, the consolidation of declarative memory. 
Stimulation out of phase with the ongoing slow waves appeared 
ineffective. A follow-up study [31] tested the effectiveness of 
sequences of tones (“driving stimulation”) presented in synchrony 
with slow wave up states versus a “two-click” condition where 
two tones are likewise presented in synchrony with slow wave 
up states followed by a pause of 2.5 seconds. Compared with a 
sham control condition, the driving stimulation prolonged slow 
waves and enhanced slow wave amplitudes, phase-locked 
spindle activity, and overnight retention of word pairs. However, 
the effects of the driving stimulation did not exceed those of the 
two-click stimulation. Thus, The Journal of Neuroscience suggests 
the presence of a mechanism that prevents  the development of 
hyper-synchronicity during slow wave sleep [31].
 
In-phase stimulation was applied on older adults (age range of 
60-84) in a recent study [32] using the phase-synchronized loop 
method described in the Journal of Neuroscience Methods [33]. 
Blocks of five tones (“on periods”) were followed by equally long 
blocks without stimulation (“off periods”). SWA increased during 
on periods in relation to off periods, and the increase correlated 
with overnight improvement in memory consolidation (recall 
on word pairs). Based on testing involving four memory tasks 
(word pairs, serial finger tapping, picture recognition, and face-
name association), Sleep concluded that the effect of auditory 
stimulation on memory seems to be specific to verbal associative 
memory [34].
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5. Concluding remarks
The beneficial effects of sleep on the restoration of brain 
function are thought to be mediated primarily by neuronal slow 
oscillations that underlie the slow waves of NREM sleep. NREM 
sleep constitutes 80 percent of normal sleep and often 100 
percent of sleep if conditions are stressful. The amplitude and 
number of slow waves can be quantified by the EEG power in 
the 0.5-to-4-Hz band, referred to as slow wave activity, which 
is used in the two-process model of sleep/wake regulation to 
characterize the dissipation of sleep need.

Enhancing slow waves should boost the restorative value 
of sleep. Slow wave enhancement can be achieved through 
transcranial electric/magnetic stimulation, but sensory 
(particularly auditory) stimulation is preferable because it relies 
on a more natural physiological effect and is more amenable to 
practical use. Numerous studies reviewed in this paper report 
the successful use of auditory stimulation to benefit slow wave 
sleep and memory consolidation.

Enhancing the restorative value of sleep based on auditory 
stimulation can be brought into practical use by consumers at 
home. A closed-loop system would allow for analyzing sleep 
EEG in real time, detecting ongoing EEG features (slow waves, 
spindles, microarousals), determining the optimal stimulation 
parameters, delivering the stimulation, and monitoring the 
results in order to adjust the next stimulation sequence.

4. Slow wave sleep enhancement (continued)
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