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ABSTRACT Acoustic and electrical brain stimulations are techniques well known to enhance memory
consolidation by driving slow oscillations (SO, < 1Hz) and sleep spindle activity. Recent studies have
suggested that the temporal relationship between SO and sleep spindle activity may be an important
key to understanding memory consolidation mechanisms. We hypothesized that evoking SO after sleep
spindle activity may enhance memory consolidation. To derive these spindle-SO pairs, we delivered acoustic
stimulation after sleep spindle detection and investigated its effects onmemory consolidation with behavioral
tests and analyses of neurophysiological features. Thirteen healthy male subjects (mean ± SD age: 26.3 ±
2.4 years) participated in this study. Subjects took a nap with acoustic stimulation after spindle activity
detection and a sham nap without acoustic stimulation. All subjects performed word-pair memorization
and finger tapping tasks before and after their nap. We found phase-locked SO and delta (1–4 Hz) activity
during the stimulation nap in response to acoustic stimuli, and the subjects had a greater improvement in
finger tapping tasks after the stimulation nap than after the sham nap (p = 0.014). We found strong motor-
learning enhancement after the stimulation nap, but this effect was limited to the subjects who did not
demonstrate evoked spindle activity after their acoustic stimulation. Evoked spindle activity occurred in
the up-state following the negative peak in auditory evoked potential (AEP), and this activity was observed
only in subjects who had a greater AEP amplitude than normal SO. Based on these results, we suggest that
subject-specific stimulation parameters, such as acoustic amplitude and timing, improve motor learning, and
are appropriate to drive SO without causing a spindle response.

INDEX TERMS Acoustic stimulation, closed-loop feedback system, motor memory, sleep spindle detection.

I. INTRODUCTION
Sleep spindle activity and slow oscillation (SO) are notable
features of sleep electroencephalography (EEG) during the
non-rapid eye movement (NREM) sleep stage [1]–[8]. Sleep
spindle activity is a key feature that is observed easily during
NREM sleep stage 2 and is understood to be the result of
thalamocortical interaction with a waxing and waning shape
in the sigma frequency range (11–16 Hz) [9]–[11]. There
is some evidence of sleep spindle activity’s role in memory
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consolidation [2], [12] with synaptic plasticity in learn-
ing [13]. SO is a low-frequency (< 1Hz), frontal dominant
EEG activity during sleep [14], [15] and is most prominent
during NREM sleep stage 3.

Furthermore, SO has been shown to contribute to the
consolidation of declarative memory, as SO-enhanced sleep
has been shown to parallel a stronger memory con-
solidation effect [16], [17] compared to normal sleep.
Lustenberger et al. [18] attempted to deliver a spindle-like
(12Hz) transcranial alternating current stimulation (tACS)
as feedback to detect spindle activity, and they observed
enhanced spindle activity associated with a larger effect of
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memory consolidation during the stimulation night than the
sham night. Previous studies suggest that SO and spindle
activity may have some causal relation with memory consol-
idation during sleep.

However, there is another perspective indicating that rather
than SO and sleep spindle activity, the temporal relationship
between the two may be related to the memory consolidation
mechanism [19], [20]. Ngo et al. [17] and Ong et al. [21]
found spindle activity during the intervals of SO trains
and suggested that a temporal association between spindle
activity and SO could be a key mechanism in memory con-
solidation during sleep. Similar to the viewpoints of previ-
ous studies, an explanation was suggested about SO’s role
in orchestrating spindle activity and the memory-enhancing
effects during sleep [22]–[24].

Another concept of SO is top-down control of spindle
activity formation as hierarchical nesting of SO and tha-
lamic spindles [25]–[27]. Although there is increasing
interest in the temporal dynamics between spindle activi-
ties and SO, no study has introduced a spindle-SO pair.
Antony et al. [28] attempted to investigate an audi-
tory cue’s memory-enhancement effect after the spindle
refractory period, but they did not consider the phase-
locked spindle-SO pair generation or procedural memory
consolidation.

In this study, we investigated whether the temporal syn-
chronization between SO and sleep spindle activity can be
manipulated artificially or not. We also considered whether
the spindle-SO pair contributes to the memory consolida-
tion effect. To create a SO-spindle pair, we designed a
real-time feedback system that includes a sleep spindle activ-
ity detector and delivers pink noise sound. We attempted
to deliver this sound after sleep spindle activity was
detected so that we could induce SO activity after the spin-
dle activity as a response to acoustic stimulation during
sleep [17], [21], [29]. Moreover, we investigated the causal
effect of the spindle-SO pair on procedural memory and
declarative memory by introducing two types of memory
tasks.

We note that this paper is an extended version of a
paper reported in IEEE EMBC 2018 [30]. In Section II, all
experimental procedures and all methodological issues are
described in a detailed manner. Results of behavioral and
EEG analyses are described in Section III. Acoustic stimu-
lation effects and limitation of this study are addressed in
Section IV. Finally, our findings are summarized briefly in
Section V. In summary, the aim of this study is
• to induce and modulate of spindle-SO pair which may
play an important role in memory consolidation during
sleep.

• to analyze neurophysiological activities from stimula-
tion and sham conditions to compare the effect of acous-
tic stimulation after spindle activity.

• to understand the effects of acoustic stimuli on
behavioral changes and causalities through neurophys-
iological EEG recording during a nap.

II. METHODS AND MATERIALS
A. PARTICIPANTS
Thirteen male subjects (26.3 ± 2.4 years; range =
21–30 years) were recruited and reported their mental state
by answering a sleep-related questionnaire before the exper-
iment. All subjects were neurophysiological and disorder-
free non-smokers who took no long-term medications and
all were right-handed, as verified by the Edinburgh Hand-
edness Inventory (EHI) questionnaire [31]. In addition, all
subjects had an Epworth Sleepiness Scale (ESS) score of
less than 15, which indicates that they were free of patho-
logic sleepiness [32]. The Institutional Review Board from
the Gwangju Institute of Science and Technology (GIST)
approved this experiment (20180438-HR-37-05-06), and all
subjects were informed about the experiment and provided a
written consent form before their participation.

B. PROCEDURES
In the study, all subjects visited the laboratory three times
on different days. Subjects were requested to follow a good
sleep pattern at night (midnight to 8 a.m.) immediately before
the experimental days to maintain a stable nap condition.
The subjects’ sleep patterns were monitored via actigraphy
devices (wGT3X BT, Actigraph, USA). They took an adap-
tation nap to determine their first-night effects with 1.5 hours
of EEG and polysomnography (PSG) recording on the first
day (see Figure 1 for procedural details). Before and after
the adaptation nap, they answered a questionnaire about
current sleepiness (Stanford sleepiness scale, SSS), mood
(Positive Affect and Negative Affect Schedule; PANAS), and
the subjective quality of sleep before the experiment (Pitts-
burg sleep quality index, PSQI). They also performed three
cognitive tasks for vigilance: psychomotor vigilance test,
(PVT); short-term (Visual 2-back task); and long-term (word
fluency) memory retrieval before and after the nap to assess
their cognitive condition and vigilance. On the second and
third days of the experiment, the subjects took a stimulation,
or sham nap, in a pseudo-random order on days separated
by at least two weeks. Before and after the stimulation and
sham naps, they also answered the same questionnaires and
performed the same cognitive tasks as those on the adaptation
nap day. In addition, they performed memory tasks to investi-
gate the memory consolidation effect during naps (details are
described in the next section).

C. MEMORY TASKS
On the days of stimulation and sham naps, the participants
had a learning session before their nap and recall session after
the nap (Figure 1). A finger tapping task (tapping five digits
composed of 1-4, e.g., 3-2-4-1-3, with the non-dominant
hand using a keypad [33]) was used to investigate
procedural memory (non-declarative). In addition, a word-
pair memorization task (memorizing 54 pairs of related
words, e.g., airport–flight [16]), was used to investigate
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FIGURE 1. Experimental design. Subjects proceeded to the stimulation nap or the sham nap in pseudo-random order after the adaptation nap.

FIGURE 2. A detailed description of the memory tasks. Two learning and
recall sessions. After memory evaluation (Test) in the learning session,
subjects were allowed to take a nap.

declarative memory. A detailed description of the experimen-
tal procedure is in Figure 2.

1) FINGER-TAPPING TASK (PROCEDURAL MEMORY)
For the finger-tapping task, subjects were trained to tap 12
sequences of digits before their nap as the learning session.
Each tapping sequence was within 30 seconds with a different
set of digits and a 30-second inter-trial interval for a rest.
Subjects were instructed to tap the digits correctly as fast and
asmany times as they could. After their nap, there was a recall
session for the same three sequences of digits as the last three
sequences in the learning session.

2) WORD-PAIR MEMORIZATION TASK (DECLARATIVE
MEMORY)
During the learning session in the word-pair memorization
task, each pair of words was shown on a monitor for four sec-
onds in random order, and the subjects tried to memorize the
word pairs presented.

After the learning session, the subjects proceeded to an
immediate test that required them to type the words that
corresponded to the words presented on the screen. If they did
so correctly, a sound indicated a correct response and then the
next question was presented.

We presented the correct word for two seconds when the
subject typed the wrong word. After the first immediate test,
there was a second test without providing the correct word for
the wrong answer, and we obtained the result of the training
session.

Among 54 word pairs, the first and last two were removed
from the analysis to avoid the primacy and recency effects.
After their nap, the subjects performed the same task in the
recall session like that in the second test to assess the memory
preserved during their nap.

D. SLEEP EEG AND PSG RECORDING
EEG data from 32 channels (passive electrodes positioned
according to the 10–20 international system) were recorded
and amplified via the Analog Input Box (Biosemi, Nether-
lands) at 512 Hz. Electrocardiography (ECG), electromyog-
raphy (EMG), and electrooculography (EOG) were recorded
simultaneously using the ActiveTwo AD-Box (Biosemi,
Netherlands). In addition, PSG data were recorded with the
SOMNOscreenTM plus (SOMNOmedics, Germany), includ-
ing breathing, pulse, position, and snoring data. We recorded
all of these data during 1.5 hours after the light was turned
off in the experimental room; all subjects’ mean nap duration
was 86.6 ± 1.86 minutes. During their sleep, infrared video
is recorded to visually inspect the condition of the subject.

E. REAL-TIME SLEEP SPINDLE DETECTION
We used a sleep spindle activity detection algorithm [34]
in the Matlab environment (Mathworks, Natick, MA) that
calculated the root mean square (RMS) of each subject’s
spindle frequency range (calculated from the adaptation nap)
from EEG channel Cz or Pz.

Each subject’s spindle RMS values were specified from
the spindle activity troughs during the adaptation nap and the
spindle activity detection threshold that was set as the 42th

percentile (this parameter was determined experimentally) of
the spindle RMS histogram distribution. Detection criteria are
designed to identify spindle activity troughs (spindle bound-
aries) that have a spindle RMS above a determined threshold.
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FIGURE 3. A sample trial during the stimulation nap. The upper panel is
bandpass filtered (1–30 Hz) EEG signal from Cz channel, and the bottom
panel is an RMS time series of the spindle (11–16 Hz) from the same Cz
channel. The red vertical dotted line represents the spindle detection
time.

Finally, among spindle candidates, the duration of
0.5–3.0 seconds was determined as the spindle activity.
We detected spindle activities during the sham nap and stim-
ulation nap, respectively. During the stimulation nap, we
delivered acoustic stimulation only when spindle activity was
detected.

F. ACOUSTIC STIMULATION
Pink noise [17], [21], [29] was introduced as the acoustic
stimulation (duration of 50 ms with 5 ms of ramping at the
beginning and end of the stimulation). Acoustic stimulation
at 62dB SPLwas delivered through a binaural in-ear earphone
(we used a B&K2242 soundmeter tomeasure the sound pres-
sure level). The system latency for the acoustic stimulation
ranged from 10 to 25 ms.

During the stimulation nap, acoustic stimulation began
10 minutes after the first detection of sleep spindle activity
during the ongoing stable nap [29]. Stimulation was paused
when the subject’s EMG and alpha level increased to the level
of wakefulness that was measured before the light was turned
off. None of the subjects were informed about whether they
carried out stimulation or sham session.

G. EEG ANALYSIS
1) EVENT-RELATED POTENTIAL (ERP) AND ROOT MEAN
SQUARE (RMS) ANALYSIS
We investigated the EEG response from the acoustic stimula-
tion. First, the event-related potential (ERP) was investigated
to identify an auditory evoked response [21]. To extract ERPs,
EEGdatawere re-referenced using themastoid reference, and
band-pass filtered with a cut-off frequency of 0.5 and 4 Hz.
Trigger information (spindle detection) was used to segment
trial epochs from preprocessed data, and we removed trials
that contain artifacts by using amplitude thresholds or manual
inspection [35], [36]. Then, we estimated the mean potentials
over stimulation trials and sham trials, respectively. Data for
each trial were extracted from the 3,000ms preceding the trial
onset (spindle activity detection time) to 3,000 ms after onset,
and the preceding 3,000 ms was used to correct the baseline
(see Figure 3 for an exemplary trial).

RMS analysis was conducted to compare spindle activity
between the stimulation and sham conditions [17]. To cal-
culate the RMS value for each trial, EEG data from channel
Cz were band-pass filtered between 11 Hz and 16 Hz, and
RMS values were calculated for a moving temporal window
of 64mswithout overlap. Then, RMS values were normalized
for every trial as z-scores with a baseline from pre-stimulation
epochs (3,000 ms). The mean RMS values of the stimulation
and sham trials were compared after normalization.

2) TIME-FREQUENCY ANALYSIS WITH PHASE-LOCKING
COMPONENT
Next, we analyzed the EEG trial epochs at channel Cz in the
time-frequency (TF) domain to investigate the time-varying
frequency response for each condition [18]. The Fast Fourier
Transform (FFT) with the Hanning window was applied to
each trial epoch for TF analysis. The window length was
1,000 ms (512 samples), the step size was 64 ms, and the
frequency bin consisted of 100 steps between 0.5 Hz and
50 Hz. For each trial, the period between -3000 ms and -
1000 ms from the trial’s onset was used as the baseline to
calculate the relative change in spectral power after the base-
line period.We then evaluated the Inter-trial coherence (ITC),
which measures the phase-locked component, to specify the
phase consistency across all trials with respect to spindle
detection (onset of trials) [37]. ITC can be calculated as
the coherence among trials by emphasizing the synchronized
frequency components. We used the EEGLAB toolbox [38]
for TF and ITC analysis.

3) THE TOPOLOGICAL PLOT FOR SO AND SPINDLE ACTIVITY
SO activity’s peak amplitude appears in the frontal region
and sleep spindle activity is observed commonly in the cen-
tral region [20]. To emphasize the SO’s frequency response
(0.5–1 Hz) and the spindle activity’s (11–16 Hz) response
over the hemisphere, we plotted a topological figure for the
frequency of each activity over trials. At first, we applied
TF analysis for every channel and calculated the relative
change in power in the SO and spindle bands from base-
line (time epochs from 3 to 1 seconds before the trial
onset).

Then, we plotted a topological figure in every 500 ms
time window (without overlap) as the grand mean of the
relative power change in SO and spindle activity over all
trials. We used the FieldTrip toolbox [39] for topological
analysis.

H. BEHAVIORAL ANALYSIS AND QUESTIONNAIRES
We estimated ‘‘finger tapping speed’’ for the motor task from
the recall session and the last three sequences of the learning
session (the same series of digit sequences). The tapping
speed is the mean delay to correct key presses. We note
that samples with a delay over three times of the standard
deviation were excluded [18].

For each nap, we measured the ‘‘increment of tapping
speed’’ during the nap by measuring the difference in tapping
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FIGURE 4. Averaged EEG potential (black curve, from Fz channel) over all trials for both conditioned naps. (a) Averaged potential for the sham nap.
(b) The same plot for the stimulation nap. Gray curves represent time series for all trials, the black and red vertical dotted lines represent the border of
baseline (−3 to −2 seconds) and spindle detection time (trial onset), respectively. (c) Statistical comparison between trials from each condition. (The
number of SHAM trials: 1017, the number of STIM trials: 733).

FIGURE 5. Time-Frequency (TF) map and Inter-trial coherence (ITC) over trials from Fz channel. (A) Event-related spectral perturbation (ERSP) of
spindle detection trials from the stimulation nap, (B) same plot from the sham nap, and (C) ERSP difference between STIM and SHAM. Contour area
means significant TF activity points (p<0.005), comparing to the average level of baseline (−3000 to − 2000 ms). Vertical lines represent the end of
baseline (black dashed, beginning at −3000 ms) and the spindle detection time (red dotted). (D) ITC (phasic consistency among trials) from the
stimulation condition. (E) ITC from the sham condition. (F) ITC difference between STIM and SHAM.

speed between learning sessions and recall sessions. This
implies the motor memory consolidation effect during the
nap. To determine the acoustic stimulation’s effect on motor
memory consolidation, we estimated the ‘‘difference in
increment of tapping speed’’ between the stimulation and
sham naps and defined this value as ‘‘Affected Procedural
Memory’’ (APM).

For the word-pair memorization task, we calculated the
number of words forgotten as the difference between the
number of words memorized in the second immediate test
(training result) and the recall after the nap (test) for each nap.
We then defined ‘‘Affected Declarative Memory’’ (ADM) as

the difference between the number of words forgotten from
the stimulation to the sham nap.

Subjects were instructed to answer questionnaires to pro-
vide their subjective evaluation of the quality of the nap three
minutes after awakening. This included the following factors
as perceived subjectively: sleep onset time, total sleep time,
the number of awakening, sleep quality, and sleep depth [18].
They also reported Sleepiness (SSS), emotion (PANAS), and
motivation after the nap. In addition to the scores from the
questionnaires, we also measured the differences in all fac-
tors between the stimulation and sham naps to measure the
acoustic stimulation’s effect on each factor.
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I. STATISTICAL ANALYSIS
We used paired and unpaired Student’s t-tests to compare the
mean values from groups or conditions. We compared mean
RMS amplitudes between the stimulation and sham trials, and
behavior performances from motor and word-pair tasks, and
scores from questionnaires.

We also estimated Pearson’s correlations and a linear
regression among features that implied the acoustic stimula-
tion’s effect to determine whether there were any positive or
negative relations between the EEG and behavioral results.

III. RESULTS
A. BEHAVIORAL ANALYSIS AND QUESTIONNAIRES
We observed a notable difference in ERP (the trial mean time
series) between the sham and stimulation naps (Figure 4).
No evoked response after the spindle detection onset (red
dotted line, Figure 4a) was found in the sham nap, but theAEP
showed a clear transition from the up- to down-state after the
trial onset (figure 4b).

Statistical tests on the amplitude of the ERP showed signif-
icant differences between the sham and the stimulation condi-
tion (Figure 4c, p<0.05). We also found more evidence of the
SO phenomenon in the TF map (Figure 5). There was strong
spectral perturbation among the bandwidths under 10 Hz
during the 1 second after the stimulation onset (Figure 5A),
but we found high phasic consistency in SO (0.5Hz–1Hz) and
the delta (1Hz–4Hz) activity band only over the stimulation
trials (Figure 5D).

When we compared the RMS amplitude between con-
ditions, we found a stronger evoked spindle response at
0.7–1.2 seconds after stimulation onset in the stimulation
trials, and stronger spontaneous spindle activity around
1.6–3.0 seconds after spindle detection onset in the sham
trials (Figure 6, p < 0.05).

B. EEG RESPONSES ACCORDING TO THE ACOUSTIC
STIMULATION ONSET TIME
We observed that acoustic stimulation onset timing was dif-
ferent among trials. To investigate how stimulation onset
timings were distributed relative to spindle activity, we plot-
ted a histogram for the stimulation onset time relative to
the time when the spindle activity diminished (Figure 7).
Spindle diminishment is the moment when the spindle RMS
drops below the spindle detection threshold level (0 ms in
Figure 7). Notably, we found that in about 80% of the stimu-
lation trials, acoustic stimulation was given after the spindle
activity diminished (probability distribution between 0 ms
and 750 ms). To investigate the stimulation timing’s effect
considering the spindle activity, we divided the stimulation
nap trials into two groups: 1) the ‘‘pre-stimulation group’’
for trials whose stimulation was given before spindle activity
diminished (i.e., stimuli were delivered during the spindle
activity) and 2) the ‘‘post-stimulation group’’ for trials whose
stimulation was given after spindle activity diminished.

Details on numbers of total trials, pre-stimulation trials,
and post-stimulation trials for each subject were tabulated

FIGURE 6. Slow wave activity (SWA, 0.5–4Hz) from Fz channel (top panel)
during the stimulation nap, relative to spindle RMS activity from Cz
channel for each condition (middle panel), and unpaired student’s t-test
between conditions (bottom panel). 0 second represents trial onset
(spindle detection time point, red vertical dotted line). We note that Fz
was selected as the main channel for SO analysis because SO is mainly
activated at the frontal channel, and Cz channel was selected for spindle
analysis because spindles (fast spindle) are more clearly observed at the
central channel. The differences between activities from Fz and Cz
channels were not significant.

in Table 1. We noted that the number of trials was the same
as the number of spindles. We found there was a statistically
significant difference in the number of trials between two
conditions (p = 0.048), but there was not a significant dif-
ference in the spindle density between the stimulation period
from the stimulation nap and the corresponding period from
the sham nap (p = 0.06).
We plotted a mean topological figure for SO activity and

spindle activity every 500 ms for pre-/post-stimulation trials
(Figure 8). We found that channels with peak SO amplitude
for the response to acoustic stimulation differed depend-
ing on the stimulation timing (pre- and post- stimulation
in Figure 8, the first and second row). The SO response
from pre-stimulation was evoked in the central area (Cz),
but post-stimulation evoked peak SO activity in the frontal
area (Fz). In addition, the mean spindle duration for the
pre-stimulation group was longer (0.6017 ± 0.5 seconds vs.
0.3325± 0.6 seconds, p < 10−12) and themean spindle RMS
was greater in the pre-stimulation group than those in the
post-stimulation group (2.46± 0.4 vs. 2.13± 0.4, p < 10−8).

C. BEHAVIORAL AND QUESTIONNAIRE ANALYSIS
There was a significantly stronger enhancement in
finger-tapping speed after the stimulation nap compared to
that after the sham nap (Figure 10a, p = 0.014), while there
was no significant difference in word-pair recall before and
after the nap between conditions (Figure 10b, p = 0.286).
No statistically significant differences were found between
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FIGURE 7. The probability distribution of stimulation onsets for the
stimulation nap. 0 ms represents the onset of spindle diminishment; thus
negative stimulation onset point implies that stimulation is given before
spindle diminishment (pre-stimulation).

conditions on questionnaire scores (SSS and PANAS) and
the subjective assessment of the nap’s quality (Table 2).

D. LARGE-ENHANCEMENT GROUP VS. NO-EFFECT
GROUP
We divided the subjects according to their APM value into
the ‘‘Large-enhancement group’’ (LE, APM > 10 ms) and
‘‘No-effect group’’ (NE, APM < 10 ms) to determine the
reason for the motor-learning enhancement effect. Then,

TABLE 1. The number of trials for each condition of nap.

we measured the grand mean of the ERP (from Fz channel)
and RMS (from Cz channel) for each group by condition
(Figure 9) and found a larger ERP amplitude in the NE group
than in the LE group. Moreover, there was strong spindle
activity during the cortical up-state (depolarization) for the
NE group (Figure 9b, magenta curve).

E. CORRELATION ANALYSIS
We measured the relative increment of spectral activity of
SO (0.5–1Hz), delta (1–4Hz), theta (4–8Hz), alpha (8–13Hz)
and beta (13–30Hz) band from the sham to the stimulation

FIGURE 8. Topological plots for pre- and post-stimulations. The first and second rows represent relative SO (0.5–1 Hz) activity over time as a response of
the stimulation. The third and fourth rows represent relative spindle frequency band (11–16 Hz) activity over time.

VOLUME 7, 2019 56303



J. Choi et al.: Acoustic Stimulation Following Sleep Spindle Activity May Enhance Procedural Memory Consolidation

FIGURE 9. Comparison of averaged ERP and spindle RMS between (a) large-enhancement group and (b) no-effect group. Black curve:
averaged time series of Fz channel, red vertical dotted line: stimulation onset, cyan curve: relative spindle RMS over sham trials,
magenta curve: relative spindle RMS over the stimulation trials. (The number of LE trials: 315, NE trials: 440).

nap for each subject. The mean spectral activity during the
sham nap was subtracted from that during the stimulation
nap and was divided by the mean spectral activity during the
sham nap. We found that ADM was correlated marginally,
but not significantly, with the relative theta power increment
(Figure 11, r = 0.53, p = 0.059).

IV. DISCUSSION
A. ACOUSTIC STIMULATION’S NEUROPHYSIOLOGICAL
EFFECT AFTER SPINDLE ACTIVITY DETECTION
We observed evoked SO (0.5Hz–1.0Hz), delta (1.0Hz–
4.0Hz), and theta (4.0Hz-8.0Hz) activities by acoustic stimu-
lation (pink noise) after the sleep spindle detection triggered
(Figure 5A). In particular, as can be seen clearly, SO and
delta activities were phase-locked to the stimulation onset
with high phasic consistency over trials (Figure 5D). It may
be deduced that acoustic stimulation after spindle detection
may evoke the SO phenomenon, but we found this phe-
nomenon was limited only to trials with acoustic stimulation
that was delivered after spindle activity diminished (post-
stimulation). As evidence, we found clear SO activity in the
frontal area in post-stimulation trials (Figure 8, 2nd row).
However, there was a weak response with a peak amplitude
in the central area during pre-stimulation trials (Figure 8, 1st
row), a phenomenon referred to as the vertex sharp wave
(VSW). It is expected that acoustic stimulation may evoke
VSW and SO, however, weak acoustic stimulation may evoke
VSW commonly in the central region that is insufficient to
evoke the SO response [40]. This type of weak AEP response
may be explained as a result of blocking or attenuating
sensory information by sleep spindle [41], [42]. This gating
mechanism may protect sleep stability from environmental
noise, and functional isolation that promotes stable plasticity
change [43], [44]. Taken together, we suggest that acous-
tic stimulation should be delivered after the spindle activity
diminishes to evoke SO activity. In our system, we observed
80% of post-stimulation trials among all stimulation trials
(distributions after 0 ms in Figure 7), however, probability of

TABLE 2. Subjective assessments about the nap.

post-stimulation got increased up to 92.9% when considering
time delay (250 ms) between spindle detection onset and
acoustic stimulation onset (a probability distribution between
−250 ms to 0 ms is 12.9%). Meanwhile, although there was
a consistent effort to evoke SO during the stimulation nap,
we found no significant difference in SO activity between the
stimulation and sham naps during and after the stimulation
period (not shown here, but a case of four participants are
shown in [30]).

In addition to the SO and delta response, we observed
that theta (4Hz–8Hz) activity was evoked after the acous-
tic stimulation (Figure 5A). It had small phasic consistency
(Figure 5D), but its evoked amplitude was large enough to
be observed. A report [19] has addressed the observation of
a transient increase in theta activity during slow wave sleep
(SWS), which suggests a memory reactivation mechanism
and communication between the hippocampus and cortex.
Moreover, we found a marginal correlation between ADM
(declarative memory consolidation change by acoustic stim-
ulation) and a relative increase in theta activity (Figure 11,
r = 0.53, p = 0.059).
This result may imply that theta activity has a positive

effect on declarative memory consolidation, but we need

56304 VOLUME 7, 2019



J. Choi et al.: Acoustic Stimulation Following Sleep Spindle Activity May Enhance Procedural Memory Consolidation

FIGURE 10. The performance measure for each task. Left: finger tapping speed enhancement from before to after the nap for each condition. Right: the
number of forgotten word pairs during the nap for each condition.

more evidence on the functional mechanism of theta activity
during ongoing sleep [25], [26]. Therefore, more subjects are
needed to investigate the causal relationship between theta
activity and declarative memory consolidation during a nap,
which will be under investigation.

B. ACOUSTIC STIMULATION’S EFFECT ON BEHAVIORAL
PERFORMANCE AFTER SPINDLE DETECTION
In this study, it was assumed that memory consolidation
is related to the spindle-SO pair. As a result, motor mem-
ory enhancement improved over sham nap during stimu-
lation nap (Figure 10). To investigate the reason for this
enhancement, we divided the subjects based on APM, which
implies an increased degree of procedural memory consolida-
tion through acoustic stimulation. The mean ERP in the LE
group (large-enhancement group, APM over 10 ms) showed
appropriate AEP amplitude after the stimulation onset, with
an amplitude similar to that of a spontaneous slow wave
(Figure 9a). Meanwhile, the mean ERP in the NE group (no-
enhancement group) was larger than that of a spontaneous
slow wave, and there was a strong spindle response following
AEP (Figure 9b).

These types of spindle responses reflect a post-inhibitory
rebound of spindle spikes after a huge negative potential at
hyperpolarization (down-state) [10]; Colrain et al. reported
that a larger tone-pip evoked a greater AEP amplitude dur-
ing sleep [40]. Interestingly, we delivered the same acoustic
stimulation to every subject at the same sound level, but the
LE and NE groups exhibited different AEP amplitudes. This
difference can be explained by the individual variability of
the thresholds for sensing external sensory input. Bellesi et al.
suggested that there is a threshold for the acoustic stimulation
intensity that evokes the SO response [45]; this threshold may
be related to individual hearing acuity. Therefore, we suggest
that seeking appropriate volume of acoustic stimulation that
evokes AEP with an amplitude similar to that of a sponta-

FIGURE 11. Correlation between word-pair memorization enhancement
by stimulation and relative theta power change (from sham to
stimulation).

neous slow wave can be crucial in enhancing motor memory
consolidation.

There have been reports about spindle modulation’s causal
effect on motor learning during sleep [18], [46], [47], but
we observed that acoustic stimulation enhanced the procedu-
ral memory consolidation effect without modulating spindle
activity. Therefore, our results may be evidence of a mech-
anism for motor learning that is related not only to spindle
activity itself but is associated as well with a spindle-SO pair.

In summary, acoustic stimulation (pink noise) after spindle
activity may be beneficial for procedural memory consoli-
dation by generating a spindle-SO pair when stimulation is
delivered at an appropriate sound level.

Lastly, we did not observe a positive effect of acous-
tic stimulation on declarative memory after spindle activ-
ity detection. Antony et al. [28] also found no beneficial
effect of acoustic stimulation on declarative memory within
the spindle refractory period (250 ms after spindle activity
detection), but they reported enhanced declarative memory
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with acoustic stimulation after the spindle refractory period
(2,500 ms after spindle activity detection).

On average, our system delivered pink noise sound
153 (± 300) ms after spindle activity (Figure 7), which may
be within the spindle refractory period. This may be the rea-
son that acoustic stimulation did not affect declarative mem-
ory. In addition, acoustic stimulation during spindle activity
does not entrain SO activity in the frontal area (Figure 8,
1st row), but acoustic stimulation after spindle activity did
evoke SO activity (Figure 8, 2nd row). From these results,
we suggest that it is highly important to consider the timing
of acoustic stimulation to evoke SO and modulate memory
consolidation.

V. CONCLUSION
In this study, we attempted to facilitate the closed-loop acous-
tic feedback system with a real-time sleep spindle activity
detector. We believe this is the first study to derive a spindle-
SO pair through acoustical stimulation with an accurate
phase lock. As a result, we found that acoustic stimulation
(pink noise) after spindle activity could evoke phase-locked
SO (0.5–1Hz), delta (1–4Hz), and theta (4–8Hz) activities.
However, there were no differences in the spindle activity
between the stimulation and sham conditions during ongo-
ing naps. The procedural memory consolidation effect was
enhanced during the stimulation nap compared to the sham
nap, although we observed no effect of acoustic stimulation
on declarative memory consolidation.

We suggest that two acoustic stimulation parameters—
the stimulation sound level and timing—are of great impor-
tance to enhancing memory consolidation during a nap.
We observed a large enhancement in motor learning on the
part of subjects who demonstrated AEP with an amplitude
similar to that of the spontaneous slow wave. Therefore,
for the procedural memory enhancement, the acoustic stim-
ulation’s sound level should be controlled so that it does
not evoke a huge negative potential that produces a spindle
rebound. Lastly, acoustic stimulation during spindle activity
did not induce SO, but there was a clear SO activity in
response to the acoustic stimulus delivered after the end of
the spindle. This suggests the importance of stimulus timing
to derive the spindle-SO pair.

Our study has some limitations. We did not consider ran-
domized stimulation’s effect on memory consolidation and
did not rule out pre-stimulation’s (acoustic stimulation during
spindle activity) potential effect on memory consolidation
during the stimulation nap. Moreover, we need to verify
the sound level’s effect on the evoked response and mem-
ory consolidation by adjusting the pink noise sound volume
for the same subjects. Meanwhile, we observed significant
differences in the number of trials between the sham and
stimulation conditions. Investigations on how these differ-
ences may affect memory consolidation should be done.
Lastly, we have a small number of participants. This means
that more participants are needed for a more reliable
statistical testing. We will conduct additional experiments

that address this study’s limitations with a more sophisticated
paradigm considering subject-specific optimized acoustic
stimulation parameters.

REFERENCES
[1] A. L. Loomis, E. N. Harvey, and G. Hobart, ‘‘Potential rhythms of the

cerebral cortex during sleep,’’ Science, vol. 81, no. 2111, pp. 597–598,
Jun. 1937.

[2] L. De Gennaro andM. Ferrara, ‘‘Sleep spindles: An overview,’’ Sleep Med.
Rev., vol. 7, no. 5, pp. 423–440, Oct. 2003.

[3] M. Steriade and I. Timofeev, ‘‘Neuronal plasticity in thalamocortical
networks during sleep and waking oscillations,’’ Neuron, vol. 39, no. 4,
pp. 563–576, Feb. 2003.

[4] M. Steriade, A. Nuñez, and F. Amzica, ‘‘A novel slow (< 1 Hz) oscillation
of neocortical neurons in vivo: Depolarizing and hyperpolarizing compo-
nents,’’ J. Neurosci., vol. 13, no. 8, pp. 3252–3265, Aug. 1993.

[5] P. Achermann and A. A. Borbély, ‘‘Low-frequency (<1 Hz) oscillations
in the human sleep electroencephalogram,’’ Neuroscience, vol. 81, no. 1,
pp. 213–222, Aug. 1997.

[6] M. Massimini, R. Huber, F. Ferrarelli, S. Hill, and G. Tononi,
‘‘The sleep slow oscillation as a traveling wave,’’ J. Neurosci., vol. 24,
no. 31, pp. 6862–6870, Aug. 2004.

[7] M. Mölle, L. Marshall, S. Gais, and J. Born, ‘‘Grouping of spindle activ-
ity during slow oscillations in human non-rapid eye movement sleep,’’
J. Neurosci., vol. 22, no. 24, pp. 10941–10947, Dec. 2002.

[8] C. M. Funk, S. Honjoh, A. V. Rodriguez, C. Cirelli, and G. Tononi, ‘‘Local
slow waves in superficial layers of primary cortical areas during REM
sleep,’’ Current Biol., vol. 26, no. 3, pp. 396–403, 2016.

[9] M. Steriade, ‘‘Corticothalamic resonance, states of vigilance and menta-
tion,’’ Neuroscience, vol. 101, no. 2, pp. 243–276, 2000.

[10] A. Lüthi and D. A. McCormick, ‘‘Periodicity of thalamic synchronized
oscillations: The role of Ca2+-mediated upregulation of Ih,’’ Neuron,
vol. 20, no. 3, pp. 553–563, Mar. 1998.

[11] I. Timofeev, F. Grenier, and M. Steriade, ‘‘Disfacilitation and active inhibi-
tion in the neocortex during the natural sleep-wake cycle: An intracellular
study,’’Proc. Nat. Acad. Sci. USA, vol. 98, no. 4, pp. 1924–1929, Feb. 2001.

[12] M. Schabus et al., ‘‘Sleep spindles and their significance for declarative
memory consolidation,’’ Sleep, vol. 27, no. 8, pp. 1479–1485, Dec. 2004.

[13] G. Tononi and C. Cirelli, ‘‘Sleep function and synaptic homeostasis,’’ Sleep
Med. Rev., vol. 10, no. 1, pp. 49–62, Feb. 2006.

[14] M. Steriade, A. Nuñez, and F. Amzica, ‘‘Intracellular analysis of relations
between the slow (<1 Hz) neocortical oscillation and other sleep rhythms
of the electroencephalogram,’’ J. Neurosci., vol. 13, no. 8, pp. 3266–3283,
Aug. 1993.

[15] V. Crunelli and S. W. Hughes, ‘‘The slow (<1 Hz) rhythm of non-REM
sleep: A dialogue between three cardinal oscillators,’’ Nature Neurosci.,
vol. 13, no. 1, pp. 9–17, Jan. 2010.

[16] L. Marshall, H. Helgadóttir, M. Mölle, and J. Born, ‘‘Boosting slow
oscillations during sleep potentiates memory,’’ Nature, vol. 464, no. 7119,
pp. 610–613, Nov. 2006.

[17] H.-V. V. Ngo, T. Martinetz, J. Born, and M. Mölle, ‘‘Auditory closed-
loop stimulation of the sleep slow oscillation enhances memory,’’ Neuron,
vol. 78, no. 3, pp. 547–553, May 2013.

[18] C. Lustenberger, M. R. Boyle, S. Alagapan, J. M. Mellin, B. V. Vaughn,
and F. Fröhlich, ‘‘Feedback-controlled transcranial alternating current
stimulation reveals a functional role of sleep spindles in motor memory
consolidation,’’ Current Biol., vol. 26, no. 16, pp. 38–2127, 2016.

[19] J. G. Klinzing et al., ‘‘Spindle activity phase-locked to sleep slow oscilla-
tions,’’ NeuroImage, vol. 134, pp. 607–616, Jul. 2016.

[20] J. Yordanova, R. Kirov, R. Verleger, and V. Kolev, ‘‘Dynamic coupling
between slow waves and sleep spindles during slow wave sleep in humans
is modulated by functional pre-sleep activation,’’ Sci. Rep., vol. 7, no. 1,
Nov. 2017, Art. no. 14496.

[21] J. L. Ong et al., ‘‘Effects of phase-locked acoustic stimulation during a
nap on EEG spectra and declarative memory consolidation,’’ Sleep Med.,
vol. 20, pp. 88–97, Apr. 2016.

[22] C. M. Werk, V. L. Harbour, and C. A. Chapman, ‘‘Induction of long-term
potentiation leads to increased reliability of evoked neocortical spindles in
vivo,’’ Neuroscience, vol. 131, no. 4, pp. 793–800, Jan. 2005.

[23] L. Marshall and J. Born, ‘‘The contribution of sleep to hippocampus-
dependent memory consolidation,’’ Trends Cogn. Sci., vol. 11, no. 10,
pp. 442–450, Oct. 2007.

56306 VOLUME 7, 2019



J. Choi et al.: Acoustic Stimulation Following Sleep Spindle Activity May Enhance Procedural Memory Consolidation

[24] M.Mölle and J. Born, ‘‘Slow oscillations orchestrating fast oscillations and
memory consolidation,’’ Prog. Brain Res., vol. 193, pp. 93–110, Jan. 2011.

[25] S. Diekelmann and J. Born, ‘‘The memory function of sleep,’’ Nature Rev.
Neurosci., vol. 11, no. 2, pp. 114–126, Jan. 2010.

[26] M. Inostroza and J. Born, ‘‘Sleep for preserving and transforming episodic
memory,’’ Annu. Rev. Neurosci., vol. 38, no. 1, pp. 79–102, Jul. 2013.

[27] B. P. Staresina et al., ‘‘Hierarchical nesting of slow oscillations, spindles
and ripples in the human hippocampus during sleep,’’ Nature Neurosci.,
vol. 18, no. 11, pp. 1679–1686, Sep. 2015.

[28] J. W. Antony, L. Piloto, M. Wang, P. Pacheco, K. A. Norman, and
K. A. Paller, ‘‘Sleep spindle refractoriness segregates periods of mem-
ory reactivation,’’ Current Biol., vol. 28, no. 11, pp. e4.1736–e4.1743,
Jun. 2018.

[29] H.-V. V. Ngo, A. Miedema, I. Faude, T. Martinetz, M. Mölle, and
J. Born, ‘‘Driving sleep slow oscillations by auditory closed-loop
stimulation—A self-limiting process,’’ J. Neurosci., vol. 37, no. 17,
pp. 6630–6638, Apr. 2015.

[30] J. Choi, S. Han, K. Won, and S. C. Jun, ‘‘The neurophysiological effect
of acoustic stimulation with real-time sleep spindle detection,’’ in Proc.
Annu. Int. Conf. IEEE Eng. Med. Biol. Soc., Honolulu, HI, USA, Jul. 2018,
pp. 470–473.

[31] R. C. Oldfield, ‘‘The assessment and analysis of handedness:
The Edinburgh inventory,’’ Neuropsychologia, vol. 9, no. 1, pp. 97–113,
Mar. 1971.

[32] M. W. Johns, ‘‘A new method for measuring daytime sleepiness:
The Epworth sleepiness scale,’’ Sleep, vol. 14, no. 6, pp. 540–545,
Nov. 1991.

[33] M. P. Walker, T. Brakefield, A. Morgan, J. A. Hobson, and R. Stickgold,
‘‘Practice with sleepmakes perfect: Sleep-dependent motor skill learning,’’
Neuron, vol. 37, no. 1, pp. 205–211, Jul. 2002.

[34] S. C. Warby et al., ‘‘Sleep-spindle detection: Crowdsourcing and evaluat-
ing performance of experts, non-experts and automated methods,’’ Nature
Methods, vol. 11, no. 4, pp. 385–392, Feb. 2014.

[35] H. U. Amin, A. S. Malik, N. Kamel, W.-T. Chooi, and M. Hussain,
‘‘P300 correlates with learning &memory abilities and fluid intelligence,’’
J. Neuroeng. Rehabil., vol. 12, p. 87, Sep. 2015.

[36] S. A. Cairney, A. Á. V. Guttesen, N. El Marj, and B. P. Staresina, ‘‘Memory
consolidation is linked to spindle-mediated information processing during
sleep,’’ Current Biol., vol. 28, no. 6, pp. e4.948–e4.954, Mar. 2018.

[37] C. Tallon-Baudry, O. Bertrand, C. Delpuech, and J. Pernier, ‘‘Stimulus
specificity of phase-locked and non-phase-locked 40 Hz visual responses
in human,’’ J. Neurosci., vol. 16, no. 13, pp. 4240–4249, Jul. 1996.

[38] A. Delorme and S. Makeig, ‘‘EEGLAB: An open source toolbox for
analysis of single-trial EEG dynamics including independent component
analysis,’’ J. Neurosci. Methods, vol. 134, no. 1, pp. 9–21, Mar. 2004.

[39] R. Oostenveld, P. Fries, E. Maris, and J.-M. Schoffelen, ‘‘FieldTrip: Open
source software for advanced analysis of MEG, EEG, and invasive elec-
trophysiological data,’’ Comput. Intell. Neurosci., vol. 2011, Jan. 2011,
Art. no. 1.

[40] I. M. Colrain, K. E. Webster, G. Hirst, and K. B. Campbell, ‘‘The roles
of vertex sharp waves and K-complexes in the generation of N300 in
auditory and respiratory-related evoked potentials during early stage 2
NREM sleep,’’ Sleep, vol. 23, no. 1, pp. 97–106, Feb. 2000.

[41] M. Elton, O. Winter, D. Heslenfeld, D. Loewy, K. Campbell, and A. Kok,
‘‘Event-related potentials to tones in the absence and presence of sleep
spindles,’’ J. Sleep Res., vol. 6, no. 2, pp. 78–83, Jun. 1997.

[42] M. Schabus et al., ‘‘The fate of incoming stimuli during NREM sleep is
determined by spindles and the phase of the slow oscillation,’’ Frontiers
Neurol., vol. 3, p. 40, Apr. 2012.

[43] M. Steriade, Neuronal Substrates of Sleep and Epilepsy. Cambridge, U.K.:
Cambridge Univ. Press, 2003, pp. 123–127.

[44] T. T. Dang-Vu et al., ‘‘Interplay between spontaneous and induced brain
activity during human non-rapid eye movement sleep,’’ Proc. Nat. Acad.
Sci. USA, vol. 108, no. 37, pp. 15438–15443, Sep. 2011.

[45] M. Bellesi, B. A. Riedner, G. N. Garcia-Molina, C. Cirelli, and G. Tononi,
‘‘Enhancement of sleep slow waves: Underlying mechanisms and practical
consequences,’’ Frontiers Syst. Neurosci., vol. 8, p. 208, Oct. 2014.

[46] L. Genzel, M. Dresler, R. Wehrle, M. Grözinger, and A. Steiger, ‘‘Slow
wave sleep and REM sleep awakenings do not affect sleep dependent
memory consolidation,’’ Sleep, vol. 32, no. 3, pp. 302–310, Mar. 2009.

[47] G. B. Feld et al., ‘‘Slow wave sleep induced by GABA agonist
tiagabine fails to benefit memory consolidation,’’ Sleep, vol. 38, no. 9,
pp. 1317–1326, Sep. 2013.

JINYOUNG CHOI received the B.S. degree
in electronics engineering from Inha University,
Incheon, South Korea, in 2013. He is currently
pursuing the Ph.D. degree in electrical engi-
neering and computer science with the Gwangju
Institute of Science and Technology, Gwangju,
South Korea. He is currently studying sleep and
closed-loop feedback systems.

KYUNGHO WON received the B.S. degree
in embedded system engineering from Incheon
National University, Incheon, South Korea,
in 2016. He is currently pursuing the Ph.D. degree
in electrical engineering and computer science
with the Gwangju Institute of Science and Tech-
nology, Gwangju, South Korea. He is currently
studying brain-computer interface.

SUNG CHAN JUN received the B.S. degree in
mathematics, and the M.S. and Ph.D. degrees in
applied mathematics from the Korea Advanced
Institute of Science and Technology (KAIST),
Daejeon, South Korea, in 1991, 1993, and 1998,
respectively. Hewaswith the LosAlamosNational
Laboratory, USA. He is currently a Professor with
the School of Electrical Engineering and Com-
puter Science, Gwangju Institute of Science and
Technology. His research interests include brain

signal processing and its applications such as brain–computer interface
(BCI), MEG/EEG source localization, computational brain modeling, brain
stimulation, neuro-ergonomics, sleep modulation, and so on.

VOLUME 7, 2019 56307


	INTRODUCTION
	METHODS AND MATERIALS
	PARTICIPANTS
	PROCEDURES
	MEMORY TASKS
	FINGER-TAPPING TASK (PROCEDURAL MEMORY)
	WORD-PAIR MEMORIZATION TASK (DECLARATIVE MEMORY)

	SLEEP EEG AND PSG RECORDING
	REAL-TIME SLEEP SPINDLE DETECTION
	ACOUSTIC STIMULATION
	EEG ANALYSIS
	EVENT-RELATED POTENTIAL (ERP) AND ROOT MEAN SQUARE (RMS) ANALYSIS
	TIME-FREQUENCY ANALYSIS WITH PHASE-LOCKING COMPONENT
	THE TOPOLOGICAL PLOT FOR SO AND SPINDLE ACTIVITY

	BEHAVIORAL ANALYSIS AND QUESTIONNAIRES
	STATISTICAL ANALYSIS

	RESULTS
	BEHAVIORAL ANALYSIS AND QUESTIONNAIRES
	EEG RESPONSES ACCORDING TO THE ACOUSTIC STIMULATION ONSET TIME
	BEHAVIORAL AND QUESTIONNAIRE ANALYSIS
	LARGE-ENHANCEMENT GROUP VS. NO-EFFECT GROUP
	CORRELATION ANALYSIS

	DISCUSSION
	ACOUSTIC STIMULATION'S NEUROPHYSIOLOGICAL EFFECT AFTER SPINDLE ACTIVITY DETECTION
	ACOUSTIC STIMULATION'S EFFECT ON BEHAVIORAL PERFORMANCE AFTER SPINDLE DETECTION

	CONCLUSION
	REFERENCES
	Biographies
	JINYOUNG CHOI
	KYUNGHO WON
	SUNG CHAN JUN


