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Tactile sensations can bias visual perception in the awake state while visual sensitivity is known to be facilitated by sleep. It
remains unknown, however, whether the tactile sensation during sleep can bias the visual improvement after sleep. Here, we
performed nap experiments in human participants (n= 56, 18 males, 38 females) to demonstrate that repetitive tactile motion
stimulation on the fingertip during slow wave sleep selectively enhanced subsequent visual motion detection. The visual
improvement was associated with slow wave activity. The high activation at the high beta frequency was found in the occipi-
tal electrodes after the tactile motion stimulation during sleep, indicating a visual-tactile cross-modal interaction during sleep.
Furthermore, a second experiment (n= 14, 14 females) to examine whether a hand- or head-centered coordination is domi-
nant for the interpretation of tactile motion direction showed that the biasing effect on visual improvement occurs according
to the hand-centered coordination. These results suggest that tactile information can be interpreted during sleep, and can
induce the selective improvement of post-sleep visual motion detection.
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Significance Statement

Tactile sensations can bias our visual perception as a form of cross-modal interaction. However, it was reported only in the
awake state. Here we show that repetitive directional tactile motion stimulation on the fingertip during slow wave sleep selec-
tively enhanced subsequent visual motion perception. Moreover, the visual improvement was positively associated with sleep
slow wave activity. The tactile motion stimulation during slow wave activity increased the activation at the high beta fre-
quency over the occipital electrodes. The visual improvement occurred in agreement with a hand-centered reference frame.
These results suggest that our sleeping brain can interpret tactile information based on a hand-centered reference frame,
which can cause the sleep-dependent improvement of visual motion detection.

Introduction
Tactile sensory information, such as texture and hardness, influ-
ence our visual information by way of cross-modal interaction.

For instance, tactile sensory inputs can strengthen visual motion
perception when the two modalities are presented congruently in
a direction-sensitive manner (Bensmaïa et al., 2006). However,
when visual and tactile stimuli are presented with a delay,
repeated exposure to tactile motion stimulation produces a coun-
terphase motion aftereffect in the visual modality afterward
(Konkle et al., 2009; Xiao et al., 2021). The presumed neural
mechanism underlying this cross-modal interaction relies on
processing in partially overlapping neural circuits. For example,
the primary visual cortex and human middle temporal/V5 com-
plex (hMT/V5) show activation during the tactile orientation
processing and tactile motion processing (Zangaladze et al.,
1999; Hagen et al., 2002). In addition, the primary somatosen-
sory cortex (S1) shows directionally selective neural responses to
both visual and tactile motion stimulations (Pei et al., 2010; Pei
and Bensmaia, 2014). The above-mentioned evidence suggests
that the tactile sensory inputs can act to both facilitate, and adapt
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to, visual motion processing through the shared neural circuits
between the visual and tactile domains. To date, most studies
have focused on visual and tactile cross-modal interactions dur-
ing the awake state, but no research has assessed these interac-
tions during sleep.

Sleep plays an important role to facilitate our visual system,
for instance in the form of visual perceptual learning, that is, the
visual enhancement through practices, such as texture discrimi-
nation and motion discrimination (Mednick et al., 2003; Sasaki
et al., 2010), and even perceptual exposure of the task-irrelevant
visual motion stimulus (Watanabe et al., 2001). The visual
improvements after sleep correlate with the extent of activation
of the trained visual cortical region (Yotsumoto et al., 2009) and
with slow wave initiation during sleep (Mascetti et al., 2013). The
role of sleep in the facilitation of visual perception and the inter-
action between the visual and tactile modalities suggest that the
tactile motion stimulation during slow wave sleep could improve
the visual motion detection in a direction-selective manner: ei-
ther in the direction of the presented tactile stimulation or in the
direction opposite to the tactile motion because of adaptation.

Furthermore, in the awake state, tactile spatial perception is
attributed to the integration of information weights assigned to
multiple spatial reference frames, such as hand/skin, head, and
vision (Heed et al., 2015). The context of the task demand modu-
lates the weights to adjust the tactile spatial processing via a top-
down signal (Azañón and Soto-Faraco, 2008). Previous studies
have shown that, with closed eyes, as it happens during sleep, ei-
ther a hand- or head-centered reference frame (an alternative of
a world-centered reference frame) can potentially underlie tactile
direction-selective effects (Carter et al., 2008; Moscatelli et al.,
2015). However, the specific body reference frame contributing
to possible behavioral improvements through visual-tactile inter-
action during sleep remains unknown.

The present study addressed whether visual-tactile cross-
modal interactions during sleep affect the subsequent wake per-
formance. First, we examined the performance changes in the
visual motion detection across sleep and wakefulness periods
with tactile motion stimulation to the index finger using a 64-pin
braille-type tactile device. A custom-built closed-loop interface
was used to target directional tactile stimulation to the finger
based on the detection of the amplitude features of the sleep slow
waves from an EEG. Next, using the same closed-loop interface,
we performed directional stimulation in a new group of partici-
pants sleeping with their arms outstretched to create a misalign-
ment situation with multiple body reference frames, thereby
allowing us to observe whether behavioral improvements depend
on a head- or hand-centered reference frame.

Materials and Methods
Participants
In Experiment 1, 83 right-handed healthy participants who passed the
online questionnaire were recruited for the sleep experiment. Twenty-
seven participants were excluded from the analysis for the following rea-
sons: awareness of the direction of the tactile motion stimulation during
sleep (n=1), an insufficient number (10 times) of tactile stimulations
presented in sleep Stage N3 (n=10), accidental detachment of index fin-
ger from the tactile stimulation device owing to spontaneous body
movements in sleep (n=4), technical failure of the closed-loop interface
(n= 8), or excessive response bias (i.e., ≧ 100 times) toward one of the
eight response options during the visual motion task because of fatigue
(n= 4). Accordingly, the remaining 56 participants were included in the
analysis (18 males, 38 females, 23.06 0.47 [mean 6 SEM] years old). In
Experiment 2, 38 participants who passed the online questionnaire but
did not participate in Experiment 1 were recruited for the experiment.

Fourteen participants (14 female, 226 0.99 [mean 6 SEM] years old)
were included in the analysis. Twenty-four participants were excluded
from the analysis because of shallow sleep (n= 13), awareness of the
direction of the tactile motion stimulation during sleep (n= 2), excessive
response bias (i.e.,≧ 100 times) toward one of the eight response options
during the visual motion task because of fatigue (n=3), an insufficient
number (i.e., 5 10 times) of tactile stimulations presented in sleep Stage
N3 (n=2), technical failure of the closed-loop interface (n= 1), acciden-
tal detachment of index finger from the tactile device (n=1), and chang-
ing arm position because of body movements during sleep (n=2). All
participants followed the same instruction used in Experiment 1. The
number of participants is determined based on sample sizes referring to
prior sleep studies of the targeted memory enhancement (Rasch et al.,
2007; Rudoy et al., 2009; Antony et al., 2012).

The protocol of the experiment was approved by the ethics commit-
tee of the Department of Psychology, University of Amsterdam. All par-
ticipants signed a consent form before the experiment. None of the
participants had a history of excessive intake of alcohol and/or drugs,
neurologic, psychological, sleep or sensory disorders, or medication use
that may affect cognitive function.

Online questionnaire and sleep quality check before the experiment
All participants were examined by an online questionnaire before their
recruitment as participants. The online questionnaire consisted of ques-
tions regarding medication and current or prior diagnoses of neurologic
or psychiatric disorders, the Athens Insomnia Scale (Soldatos et al.,
2000), Pittsburgh Sleep Quality Index (Buysse et al., 1989), and Ford
Insomnia Response to Stress Test (Chang et al., 1997). All selected par-
ticipants scored below the cutoff for insomnia or other sleep disorders
(Pittsburgh Sleep Quality Index , 5, Athens Insomnia Scale , 6) and
stress responsivity (Ford Insomnia Response to Stress Test, 19).

To verify regular sleep cycles 3 d before the experiment, wrist move-
ments were recorded using an actigraph (GENEActiv, Activeinsights).
During actigraphy, participants were instructed to keep a sleep diary
(Carney et al., 2012). All participants slept.7 h daily and maintained
their regular bedtimes in the days preceding the experiment. The partici-
pants were instructed to refrain from any intake of caffeine and medicine
for 24 h before the sleep experiment.

Experimental design
The experiment was conducted in a soundproof bedroom of the sleep
laboratory at the Department of Sleep and Cognition, The Netherlands
Institute for Neuroscience. The behavior of each participant during the
experiment was monitored by an infrared video camera (IPELA, Sony).
The experiment was held from 10:30 A.M. to 3:30P.M. to keep the same
experimental schedule across participants, thereby avoiding the effects
of circadian rhythm on cognitive performance (time-of-day effects).
Participants were randomly assigned to one of sleep/wake conditions
(SLEEP-MOTION, SLEEP-RANDOM, and WAKE-MOTION condi-
tions, Fig. 1A). Each condition consisted of 14 participants.

In Experiment 1, the pre-test session of the visual motion task was
conducted from 10:30 A.M. to 11:30 A.M., after the assessment sessions
to determine the motion coherence threshold for the pre-test task.

Following the 30 min lunch intermission, there was 60 min prepara-
tion of the polysomnography, including EEG, EOG, and chin EMG for
the sleep conditions (SLEEP-MOTION and SLEEP-RANDOM condi-
tions). The sleep session in all sleep conditions or rest session in the
WAKE-MOTION condition took place from 1:00 P.M. to 2:30 P.M. In
the sleep session, participants lay down on the bed and received tactile
motion stimulation of one of four directions (up, down, left, right) in
the SLEEP-MOTION condition or tactile random stimulation during
slow wave activities mainly in sleep N3 sleep. The tactile device was
placed under a thick blanket to avoid any sounds from the stimulation
device potentially disturbing the participants’ sleep. In the SLEEP-
MOTION and SLEEP-RANDOM conditions, the participants who
only entered light sleep (Stage N1-N2) without receiving tactile stimu-
lation were recategorized as the LIGHT SLEEP–NO STIMULATION
condition. In the rest session for theWAKE-MOTION condition, partici-
pants sat upright behind a desk and received one of four tactile motion
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stimulation used in SLEEP-MOTION condi-
tions from the device on the tabletop, fol-
lowing the previous study of visual-tactile
motion perception (Konkle et al., 2009).
The hand and tactile device were also cov-
ered by a small towel.

After the 30 min intermission to recover
from sleep inertia for the sleep conditions, the
post-test session of the visual motion task was
conducted with the same threshold used in the
pre-test session. Subsequently, participants
filled out the post-experiment questionnaire
and the areas of their right index fingertips
were measured.

In Experiment 2, participants were assigned
to the SLEEP-POSTURE condition. In this con-
dition, participants received the upward linear
tactile stimulation used in the SLEEP-MOTION
condition. When receiving the tactile stimula-
tion during sleep, their right arms were
stretched out in a 90 degree angle away from
the body. A small towel was placed under the
arm to support the stretched arm. The experi-
mental procedure and time schedule were the
same in the SLEEP-MOTION condition of the
Experiment 1.

Visual random dot motion task
To quantify the visual motion detection ability
in different directions, participants performed
the random dot motion task (Shadlen and
Newsome, 1996; Watanabe et al., 2001) in the
pre-test and post-test sessions (Fig. 1B). The
stimulus consisted of a subset of dots moving
coherently toward one of eight particular
directions (0°, 45°, 90°, 135°, 180°, 225°, 270°,
and 315° in polar coordinates) within a noise
of randomly moving dots. The moving dots
were presented for 500ms after displaying
each trial number for 1 s. The dots moved
8°/s and had a density of 0.935 dots/deg2.
The diameter of the stimulation area was 14.6°.
The task was programmed in Psychtoolbox
3 (Brainard, 1997) installed in MATLAB
(R2011b, The MathWorks). The stimulation
was displayed on a gamma-corrected CRT
monitor (Dell Trinitron P1130, DELL) under
dark conditions. The distance between the com-
puter screen and the eyes of the participants was
43 cm. To keep the same distance across trials
and tominimize fatigue during the task, the par-
ticipant’s head was supported by a chin rest
(HeadSpot, UHCO Technical Services).

Preceding the pre-test session, assessment sessions were held for
15min to measure the individual threshold of visible motion coherence
level (50% performance level in a two-alternative forced choice task)
using a staircase method. After the assessment sessions, participants per-
formed the pre-test session of the random dot motion task with eight
possible response options for ;30-40min. The task consisted of 240
trials with a 1 min intermission after every 48 trials to minimize
fatigue during the task. No time restriction was applied for giving the
response. No feedback for correct/incorrect responses was provided in
both the assessment session and the pre-test/post-test sessions.

Closed-loop interface for automatic slow wave detection and tactile
stimulation
To present tactile stimulation to participants during slow wave
sleep, we created a closed-loop interface to detect slow wave activ-
ities and to present tactile stimulation in real time (Fig. 1C,D). This

interface consisted of the streaming of EEG data, preprocessing, ar-
tifact detection, slow wave detection, and tactile stimulation.

The 256-channel EEG data were acquired at 500Hz sampling frequency
using a Geodesic EEG system and Amp server pro SDK (Electrical
Geodesics) implemented in Mac Pro (Apple). The acquired data were
streamed in chunks of 1024 data points to the EEG processing computer. In
the processing computer, the streamed data were imported by BCI2000
(Schalk et al., 2004) and the 3-channel EEG data of the frontal electrode (Fz)
and left and right mastoids were used for the further analysis. The streamed
EEG data (Fz) were rereferenced by using the average EEG data of the left
and right mastoids, detrended, bandpass filtered from 0.5 to 50Hz, multi-
plied by a Hanning window, and converted to an amplitude spectrum calcu-
lated by the absolute value of the fast Fourier transform (FFT).

The epochs of preprocessed data were analyzed by the artifact
detector and slow wave detector. The artifact detector assessed the
preprocessed EEG data first; and subsequently, the slow wave detec-
tor examined the data that passed the artifact detector.

EEG epoch data

Computer 2
(EEG processing)

Computer 1 
(EEG acquisition)

RandomUp Down Left Right

Tactile stimulator 

Stimulation
criteria

Slow wave 
detection
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detection
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(Random dot motion task)
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Figure 1. Experimental procedure, the visual motion task, the setup, and tactile stimulation types of the closed-loop inter-
face for the sleep experiment. A, Experimental procedure and timeline. B, The random dot motion task. A fixation screen was
followed by an array of moving dots. Subsequently, the subject chose the perceived direction from eight response options
(white filled circles) by a mouse click. No tactile stimulation was assigned during the task. The white dot circle was drawn for
visualization purposes and not presented during the task. C, The closed-loop interface presented tactile stimulation on the
assessments of the artifact and slow wave detectors and the stimulation criteria (a minimum of 15 slow waves in the preceding
minute). In the tactile motion stimulation conditions, 8 adjacent white plastic pins forming a line popped up simultaneously
for 25 ms and moved in one of four directions (up, down, left, right) to establish the sensation of a linear movement. In the
tactile random stimulation, every plastic pin popped up once per stimulation, thus stimulating the entire index fingertip and
maintaining the same spatial-temporal features between both stimulation types, except the motion feature. D, An example of
the tactile random stimulation.
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The tactile stimulation was performed on the right index fingertip
from the custom-made tactile device when the slow wave detector clas-
sified EEG epochs as the slow wave activity.15 times in the preceding
60 s. The distal and proximal interphalangeal joints of the index finger
were taped on the tactile device to maintain the same position on the
active area of the instrument during the sleep experiment. A gel
mousepad was placed under the palm and wrist of the right hand to
support the hand.

Construction of artifact and slow wave detectors
To construct the detectors of movement artifact and slow wave activity,
we used a machine-learning algorithm, the Support Vector Machine
with the radial-basis-function kernel, implemented in the LIBSVM
toolbox (Chang and Lin, 2011).

All datasets were generated from 90 min sleep EEG data of a total of
15 participants of other sleep experiments conducted in the sleep labora-
tory of the Department of Sleep and Cognition, The Netherlands
Institute for Neuroscience. The sleep data were recorded using the same
256-channel high-density EEG at 500Hz sampling frequency. None of
the participants or sleep scorers of the datasets was involved in this
experiment. All datasets were preprocessed in the same manner as the
real-time preprocessing. For the construction of the slow wave detector,
datasets of 12 participants were used. The training datasets consisted of
the concatenated data of the Stage W (Wake) and light sleep (Stages N1
and N2), and the data of Stage N3. A total 1008 epochs of 1024 data
points were generated from each participant’s data. For the con-
struction of the artifact detector, datasets of breathing and move-
ment artifacts from 12 participants (9 participants’ data used for
training slow wave detector and 3 additional participants’ data)
were used. The training datasets consisted of the artifact data and
the concatenated data of Stage W and sleep Stages N1, N2, and N3.
The 38 epochs of 1024 data points were generated from each partici-
pant’s data. All data were extracted from the frontal electrode (Fz)
after being rereferenced by the averaged EEG data of the left and
right mastoid, detrended, bandpass filtered from 0.5 to 50 Hz, multi-
plied by a Hanning window, and converted to an amplitude spec-
trum calculated by the absolute value of FFT.

The prediction accuracies of each detector were evaluated by a leave-
one-subject-out cross-validation (Fig. 2). The 12 cross-validation data-
sets were generated; the 11 participant datasets were used to train the
detectors, and the remaining one was used to test the detectors. This pro-
cedure was repeated 12 times by changing data to validate the accuracies
of each detector. Two-sided binomial tests were performed to check the
classification performance. To evaluate the accuracies of the detectors in
the cross-validation, we drew the receiver operating characteristic curve
by shifting the detection threshold of the output probability estimates
from the support vector machine and calculated area under the curve
(AUC).

Tactile stimulation and stimulation criteria
Tactile stimulation was presented to the right index fingertip on a cus-
tom-made MR-compatible tactile stimulator (950 mm height� 1920
mmwidth� 280 mm depth) in the sleep or rest session. The tactile stim-
ulator consisted of eight piezoelectric actuators (Braille cell B11, Metec
AG) to form the 8� 8 active plastic pin area (21 mm height� 21 mm
width) with 64 stimulation spaces (2.45 mm height� 2.45 mm width).
Each pin is pushed up 0.7 mm by the actuator and can be operated inde-
pendently by MATLAB (R2011b, The MathWorks).

For both SLEEP-MOTION and WAKE-MOTION conditions,
adjacent linear stimulation of eight pins was presented eight times
at 25 ms each to achieve the 200 ms motion sensation. For the
SLEEP-RANDOM condition, eight consecutive stimulations that
consisted of eight pins chosen randomly were presented with the
same parameters as the linear motion stimulation. It ensured that
each pin would provide stimulation only once every 200ms and
the total surface area covered in each stimulation cycle was identi-
cal between all stimulation types.

For the delivery of the tactile motion stimulation in the sleep or rest
sessions of all SLEEP- and WAKE-MOTION conditions, one of four

possible directions (up, down, left, right) was selected by the criteria
based on the score of the random dot motion task in the pre-test
session; the selected direction should be visually perceived at more
than chance level (12.5% in an eight-alternative forced choice task)
and could not be the most frequently selected direction to avoid
the incidental facilitation of the participants’ response preferences
instead of the facilitation of the visual motion detection ability.
The numbers of each motion direction assigned to participants in
the SLEEP-MOTION condition were four up, one down, four left,
and five right, whereas those of the WAKE-MOTION condition
were four up, three down, four left, and three right.

To equalize the interstimulus intervals of the tactile stimulation in
the WAKE-MOTION condition with those of the SLEEP-MOTION and
SLEEP-RANDOM conditions, we generated a dataset of interstimulus
intervals from the kernel probability distribution that was fitted to data
within 95th percentiles of the distributions of interstimulation intervals
in both sleep conditions. The data generation was performed by the
MATLAB function called “fitdist” in the MATLAB statistics toolbox
(The MathWorks).

Offline sleep scoring
To qualify the sleep state, the 90 min polysomnographic data
recorded in the sleep sessions were scored every 30 s by two well-
trained sleep scorers, following the standardized sleep score man-
ual (Iber et al., 2007).

Figure 2. Performance of the artifact and slow wave detectors, and offline analyses of the
slow wave detector in the different conditions, and the percentages of tactile stimulation across
sleep stages. A, The leave-one-subject-out cross-validation confirmed that the artifact detector
successfully classified EEG epochs as an artifact-contaminated EEG, and the slow wave detector
classified EEG epochs as slow wave activity (artifact detector: p, 10�6; slow wave detector:
p, 10�6; two-sided binomial test). B, The AUC calculated by the receiver operating character-
istic curve with the cross-validation of each detector confirmed that both detectors had sufficient
accuracies (AUC of the artifact detector = 0.826 0.0059 [mean6 SEM], AUC of the slow wave
detector = 0.906 0.0011). Dotted line indicates the baseline. C, The offline analysis of the slow
wave detection confirmed that the detector successfully classified EEG epochs as slow wave activ-
ities or no slow wave activities above chance level (SLEEP-MOTION condition: p, 10�6 for all
participants; SLEEP-RANDOM condition: p, 10�6 for all participants; two-sided binomial test).
D, The percentages of tactile stimulation across sleep stages verified that the slow wave detector
allowed for selective timing of tactile stimulation during Stage N3 sleep. Post hoc verification
indicated that the classification results in Stage N2 were derived from the transition period
between Stage N2 and N3, while the results in Stage W were derived from the sudden waking
epochs immediately after Stage N3. Chance level is 50%. Error bars indicate SEM.
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Detection methods and quantification of the spindles and slow waves
After applying a 0.2-4Hz bandpass filter to the EEG potentials on each
electrode, slow waves were identified when the EEG activity met three
criteria that conformed to the sleep scoring manual (Iber et al., 2007).
The slow wave density in Stages N2 and N3 was calculated as the

number of slow waves per minute. For the slow, fast, and both types of
spindle detection, all EEG potentials were processed by bandpass filter-
ing of 11-13Hz for slow spindles, 13-15Hz for fast spindles, or 11-16Hz
for both types of spindles; and subsequently, the signal envelopes were
computed by the Hilbert transform. Spindles were detected when the

A

B

Figure 3. Behavioral performance of the random dot motion task. A, Visual performance change in four conditions. The radial axis plots the difference of the correct ratio from the pre-test
session to the post-test session. Each colored line indicates the median value of the difference of the correct ratio. The degrees in SLEEP-MOTION and WAKE-MOTION conditions indicate the
angle of the visual coherent motion relative to the tactile motion direction based on the hand-centered reference frame. The degrees in SLEEP-RANDOM and LIGHT SLEEP-NO STIMULATION con-
ditions indicate the angle of the visual coherent motion. B, Correct ratio at the pre- and post-test sessions in four conditions. The radial axis plots the correct ratio. Error bar indicates SEM.
*p, 0.05. **p, 0.01. This figure is extended in Extended Data Figures 3-1 and 3-2.

Table 1. The mean number of tactile stimulations, and mean interstimulus intervals of the tactile stimulations, the motion coherence threshold in the random
dot motion task, the surface area of the index fingertip, the scores of Edinburgh Handedness Inventory, and sleep architecture (mean 6 SEM) in Experiment 1

No. of tactile stimulations Mean interstimulus intervals Motion coherence threshold (%) Surface area (mm2) Hand score (points)

SLEEP-MOTION 238.46 49.7 9.46 2.1 7.86 1.6 272.96 11.9 91.06 4.1
SLEEP-RANDOM 286.36 73.7 9.86 1.7 4.86 0.6 266.96 12.8 89.86 3.6
LIGHT SLEEP-NO STIMULATION NA NA 5.06 0.9 278.16 12.3 86.46 4.9
WAKE-MOTION 248.46 3.1 6.26 1.7 5.96 0.9 281.16 12.7 86.66 4.3
p value (comparison across four conditions) 0.41 0.13 0.21 0.86 0.89

Sleep architecture

Stage W (min) Stage N1 (min) Stage N2 (min) Stage N3 (min) Stage R (min)

SLEEP-MOTION 16.96 4.0 8.76 1.5 39.66 2.6 24.06 2.9 06 0
SLEEP-RANDOM 13.36 3.0 8.06 2.6 36.86 3.8 32.06 4.2 06 0
LIGHT SLEEP-NO STIMULATION 43.76 7.0 14.86 2.9 30.56 6.9 06 0 06 0
WAKE-MOTION NA NA NA NA NA
p value (SLEEP-MOTION vs. SLEEP-RANDOM) 0.49 0.82 0.59 0.11 NA
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envelope was above a 3mV threshold. Spindle density in Stages N2 and
N3 was calculated as the number of spindles per minute. The numbers
and densities of spindles and slow waves in each sleep Stage N2 and N3
were computed at each electrode by using previously described methods
for offline spindle and slow wave detection (Massimini et al., 2004;
Piantoni et al., 2013).

The difference of the slow wave density and fast/slow spindle den-
sity between conditions was computed by two-tailed independent-sam-
ple t tests. To control for multiple comparisons across electrodes, we
performed a cluster-based permutation test (Maris and Oostenveld,
2007) with 5000 iterations and a cluster-forming threshold of 0.05 with
maxsum statistics based on the sum of t statistics, using Mass
Univariate ERP Toolbox (Groppe et al., 2011). The a level for the clus-
ter-wise p values (p, 0.05, two-tailed) was set to 0.017 (= 0.05/3 fea-
tures) as adjusted by Bonferroni correction for the multiple
comparisons of the three features (slow wave density, fast spindle den-
sity, and slow spindle density).

Time-frequency analysis of the post-stimulus period
of the tactile stimulation
To assess the activation of the visual area induced
by the tactile motion stimulation during sleep, we
compared the spectral contents of the post-stimulus
period between the motion and random tactile stim-
ulation in slow wave sleep in the SLEEP-MOTION
and SLEEP-RANDOM conditions. Since it takes
200ms to achieve the motion sensation, we focused
on the post-stimulus period from 200 to 300ms. The
total number of EEG epochs in Stage N3 was 2822 in
SLEEP-MOTION condition and 3744 in SLEEP-
RANDOM condition. The 256-channel EEG data
were rereferenced by the average EEG data of the left
and right mastoids, and bandpass filtered (0.5-
40Hz) after DC offset removal. EEG data were
chunked as 1500 ms epochs that consist of 750 ms
pre-stimulus period, 200 ms stimulus period, and
550 ms post-stimulus periods. EEG data with poor
signal quality were excluded by visual inspection of
the data. The power spectra were computed by field-
trip toolbox (Oostenveld et al., 2011), adopting a
Hanning taper method with a 500 ms fixed sliding
window length. The average relative power change
of the post-stimulus interval from 200 to 300ms with
respect to the pre-stimulus baseline interval from�300
to �100ms was computed on each electrode in each
frequency band (d , 0.5-4Hz; theta, 4-8Hz; alpha, 8-
12Hz; low b , 15-20Hz; high b , 20-30Hz; g , 30-
40Hz).

The difference of the power change subsequent
to the tactile stimulation between conditions was
evaluated by a two-tailed independent-sample t test
in each frequency band. To control for multiple com-
parisons across electrodes, we performed a cluster-

based permutation test with 5000 iterations and a cluster-forming thresh-
old of 0.05 with maxsum statistics based on the sum of t statistics, using
fieldtrip toolbox (Maris and Oostenveld, 2007; Oostenveld et al., 2011).
The a level for the cluster-wise p values (p, 0.05, two-tailed) was set to
0.0083 (= 0.05/6 frequency bands) adjusted by Bonferroni correction for
the multiple comparisons of the six frequency bands. When there was a
significant conditional difference that showed higher activations in
SLEEP-MOTION condition than in SLEEP-RANDOM condition at a
specific frequency range, an additional parametric test, a two-tailed in-
dependent-sample t test with Bonferroni correction for multiple compar-
isons across all electrodes, was performed to evaluate the spatial extent of
the conditional difference.

Post-experiment questionnaire and measurement of fingertip areas
The post-experiment questionnaire was provided to participants to
assess the participants’ awareness of the tactile stimulation and the

A B

Figure 4. The correlation between the slow wave density in the sleep Stage N3 and the performance changes in the direction opposite to the tactile stimulation in the SLEEP-MOTION condi-
tion. A, Topographic map of the correlation coefficients. Black dots represent significant electrodes in the clusters. B, Correlation plot of the averaged slow wave density derived by electrodes in
the clusters and the performance changes in the direction opposite to the tactile stimulation.

Figure 5. The topographic maps of the difference in relative power change during the post-stimulus periods
between SLEEP-MOTION and SLEEP-RANDON conditions in sleep Stage N3. The topographic maps of the relative power
difference between conditions in six frequency bands (delta, 0.5-4 Hz; theta, 4-8 Hz; alpha, 8-12 Hz; low beta, 15-
20 Hz; high beta, 20-30 Hz; gamma, 30-40 Hz). Black and gray dots represent the positive and the negative electrode
cluster, respectively, from the cluster-based permutation test. White asterisks in the high beta band represent the elec-
trodes that showed the significant higher activations in SLEEP-MOTION condition (p, 0.05 adjusted by Bonferroni cor-
rection across electrodes).
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stimulation direction, and the hand preferen-
ces of participants. The hand preferences were
evaluated by the modified version of the
Edinburgh Handedness Inventory (Oldfield,
1971). Afterward, to measure the anterior
area of the right index fingertip, the index fin-
gers were scanned at 1200dpi by a digital
scanner (HP Scanjet G4010, Hewlett-Packard
Development). The image of the anterior area
of the index fingertip was segmented man-
ually and converted into binary images by the
global image threshold. Subsequently, the area
was calculated as the number of pixels and
converted from pixels to mm2. All calcula-
tions were performed using MATLAB Image
Processing Toolbox (The MathWorks).

Statistical analyses
All statistical analyses were computed with
IBM SPSS Statistics (SPSS version 22L) and
MATLAB (R2011b, The MathWorks).

Behavior indices. The correct ratio of vis-
ual motion discrimination was calculated in
each pre-test and post-test session. The
changes of the correct ratio served as the
effect of primary interest and were calculated
by subtracting the performance of the pre-
test session from the performance of the
post-test session for all eight directions. To
validate the behavioral improvement, we
adopted a two-tailed Wilcoxon signed-rank
test adjusted by Bonferroni correction to
the performance changes between pre- and
post-test sessions at eight visual motion
directions in all conditions. To compare
behavioral performances between SLEEP-
MOTION and WAKE-MOTION conditions,
two-tailed two-sample Mann–Whitney’s U
tests adjusted by Bonferroni correction for
multiple comparisons were applied. In addi-
tion, two separate permutation tests were
performed with 105 iterations to test whether
median values of the visual performance change in the SLEEP-
RANDOM and LIGHT SLEEP-NO STIMULATION conditions
exceeded the median values of the visual performance change at the
opposite direction to the tactile motion stimulation in the SLEEP-
MOTION condition. In the permutation test, the performance change
data of eight directions in either SLEEP-RANDOM or LIGHT SLEEP-
NO STIMULATION condition was shuffled in random order within
each participant. Subsequently, the p value was calculated, comparing
the performance change at the opposite direction of the tactile motion
stimulation in the SLEEP-MOTION condition against the distribution
of the performance change from the randomized data.

To examine the association between behavioral improvements
and sleep physiological factors, Spearman’s rank correlation coeffi-
cient was calculated to assess associations between the performance
changes of the opposite direction to the tactile motion stimulation
in the SLEEP-MOTION condition and the slow wave density and
fast/slow spindle density of Stage N3 across all electrodes. To con-
trol for multiple comparisons across electrodes, we performed a
cluster-based permutation test (Maris and Oostenveld, 2007) with
5000 iterations and a cluster-forming threshold of 0.05 with maxsum
statistics based on the sum of t statistics, using a modified script of Mass
Univariate ERP Toolbox (Groppe et al., 2011) used in the previous study
(Baranauskas et al., 2017) that allowed us to compute Spearman’s rank
correlation coefficient instead of Pearson correlation coefficient. The a
level for the cluster-wise p values (p, 0.05, two-tailed) was set to 0.0063
(= 0.05/8 directions) adjusted by Bonferroni correction for the multiple
comparisons of the possible eight motion directions.

Physiologic indices. Two-tailed one-way ANOVA was conducted
to compare the threshold of the visible motion coherence level
between conditions, the scores of Edinburgh Handedness Inventory,
the difference of the number of tactile stimulations and mean inter-
stimulus intervals between experimental conditions, and the differ-
ences in the surface area of fingertips between the four conditions.
To compare durations of each sleep stage between SLEEP-MOTION
and SLEEP-RANDOM conditions and between SLEEP-MOTION
and SLEEP-POSTURE conditions, a two-tailed two-sample t test
was performed.

Data availability
Further information and requests for all data relevant to the conclusion
of this paper are available from the corresponding authors on reasonable
request.

Results
Tactile stimulation during sleep biases the post-sleep visual
improvement in a direction-selective manner
We examined the performance changes of the visual motion
detection across periods of sleep and wakefulness. For the analy-
sis, we postulated that the visual motion direction was congruent
with the tactile motion direction defined by the hand-centered
reference frame (i.e., the up-motion direction on the fingertip
corresponds to the up-motion direction on the visual area). The
performance changes of participants that received tactile motion

A

B

Figure 6. The experimental setup of Experiment 2 and visual performance. A, The schematic diagram of the experimental
setup and the expected outcomes from the possible dominant reference frames: hand-centered reference frame and head-cen-
tered reference frame. B, Visual performance change and correct ratio at pre- and post-test sessions in Experiment 2. Left,
Green line indicates the median value of the difference of the correct ratio. Right, Each green and light green line indicates the
correct ratio at the pre- and post-test sessions. The degrees indicate the angle of the visual coherent motion. Error bar indicates
SEM. *p, 0.05.
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stimulation across sleep and wake in SLEEP-MOTION and
WAKE-MOTION conditions showed a significant difference
between conditions only in the direction opposite to the tac-
tile motion stimulation during slow wave sleep (p = 0.0064,
Z = 3.40, effect size r = 0.64; two-tailed two-sample Mann–
Whitney’s U test adjusted by Bonferroni correction for multiple
comparisons; Fig. 3A). Additionally, a significant improvement
of the performance change between pre-test and post-test ses-
sions across sleep occurred only in the direction opposite to the
tactile motion stimulation (p= 0.04, Z= 2.79, effect size r= 0.53;
two-tailed Wilcoxon signed-rank test adjusted by Bonferroni
correction for multiple comparisons; Fig. 3A,B). In contrast, no
improvement in any direction occurred when participants
received the tactile stimulation during waking. Furthermore,
participants in the SLEEP-RANDOM and LIGHT SLEEP–NO
STIMULATION conditions showed no visual improvement in
any direction (all p. 0.05; two-tailed Wilcoxon signed-rank
test adjusted by Bonferroni correction for multiple compari-
sons). To compare the behavioral improvement found in
SLEEP-MOTION condition with the two other control con-
ditions, we also performed a permutation test by comparing
the shuffled performance changes in SLEEP-RANDOM and
LIGHT SLEEP-NO STIMULATION conditions with the per-
formance change in SLEEP-MOTION conditions at the op-
posite target direction. As a result, there was no significant
difference between these conditions (p. 0.9998). No condi-
tional difference was found with respect to thresholds of dot
motion coherence for the task (F(3,52) = 1.57, p = 0.21, two-
tailed one-way ANOVA), the duration of sleep stages, the
number of tactile stimulations (F(2,39) = 0.91, p = 0.41, two-
tailed one-way ANOVA), or the mean interstimulus intervals
(F(2,39) = 2.18, p = 0.13, two-tailed one-way ANOVA) (Table
1). In both conditions, .85% of the stimulation was pre-
sented in sleep Stage N3. These results suggest that tactile
motion information during slow wave sleep induces a
direction-selective facilitation of the visual performance
after sleep, possibly based on the hand-centered reference
frame.

To investigate sleep factors that account for individual dif-
ferences in the sleep-dependent visual improvement at the
direction opposite to tactile motion stimulation in SLEEP-
MOTION condition, we performed a correlation analysis of
the cross-sleep motion improvement and the slow wave den-
sity and fast/slow spindle density detected at each EEG elec-
trode in sleep Stage N3. We found a significant association of
Stage N3 slow wave density with the enhancement of the vis-
ual motion detection (left hemisphere cluster t = 48.42, right
hemisphere cluster t = 22.67, p, 0.0063; Fig. 4A). Highly cor-
related electrodes (r . 0.7) included significant electrodes
forming clusters found over bilateral parietal areas. The corre-
lation coefficient between the visual improvement and the
averaged slow wave density of electrodes within the cluster
was 0.81 (left hemisphere cluster) and 0.71 (right hemisphere
cluster) (Fig. 4B). No significant correlation was found for the
fast/slow spindle density. These results suggest that the
ongoing slow wave activity possibly provides a suitable state
for the consolidation of neural adaptation by repeated tactile
stimulation.

To assess whether the tactile motion stimulation activates
the visual regions of the sleeping brain in agreement with pre-
vious reports during the waking state (Zangaladze et al., 1999;
Hagen et al., 2002; Müller et al., 2019), we performed a time-
frequency analysis to compute EEG power spectra during the

post-stimulus periods of every tactile motion stimulation and
tactile random stimulation in sleep Stage N3. We compared the
relative power change of the post-stimulus periods between
these two different tactile stimulations in multiple frequency
bands (delta, 0.5-4Hz; theta, 4-8Hz; alpha, 8-12Hz; low beta,
15-20Hz; high beta, 20-30Hz; gamma, 30-40Hz). The results
showed that linear tactile motion stimulation presented in the
SLEEP-MOTION condition induced a significantly higher
power in the high beta frequency band (20-30Hz) than tactile
random stimulation presented in the SLEEP-RANDOM con-
dition (cluster t = 65.23, p, 0.0083; Fig. 5). The conditional
difference was prominent over the occipital electrodes possi-
bly overlying the visual area (p, 0.05 adjusted by Bonferroni
correction for multiple comparison across electrodes). In
contrast, the activation during the tactile motion stimulation
was significantly lower at the low beta frequency. Since the
motion and random stimulation conditions were matched
for spatial-temporal features of the stimulation, except the
motion aspect, this suggests that the high beta frequency re-
flects visual cortical processing of tactile motion information
during sleep while the low beta frequency may reflect sensory
processing, which may account for a stronger sensation in the
random tactile stimulation than the linear tactile stimulation.
This finding confirmed that the repetitive tactile motion stimu-
lation induced high activations in the occipital electrodes over-
lying the visual regions during sleep.

34.5 %

53.6 %

11.9 %

Experiment 1 
(SLEEP-MOTION condition) 

Experiment 2 
(SLEEP-POSTURE condition) 

Visual performance changes 
at the stimulus-irrelevant directions

Decrease (post-test < pre-test)Increase (post-test > pre-test)

No change (post-test = pre-test)

11.9 %

36.9 %

51.2 %

Experiment 1 
(SLEEP-MOTION condition) 

Experiment 2 
(SLEEP-POSTURE condition) 

Visual performance changes 
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3.6 %
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Figure 7. The ratio of the visual performance changes (post-test – pre-test) in SLEEP-
MOTION and SLEEP-POSTURE conditions. The visual performance changes at the target and
opposite-target directions are mostly increased, whereas stimulus-irrelevant directions (i.e.,
all directions except target direction and opposite target direction) are mostly decreased or
not changed.
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Hand-centered reference frame plays a
dominant role to determine tactile motion
direction during sleep for post-sleep visual
improvement
Our results from the first experiment sug-
gest that repetitive tactile information dur-
ing sleep induced the biased facilitation
of the visual performance in a direction-
selective manner. It implies that the hand-
centered reference frame was possibly
dominant to determine the tactile motion
direction that influenced the sleep-de-
pendent visual improvement. However, it
remains unclear whether the other body
reference frame, especially the head-cen-
tered reference frame, may influence this
visual improvement and how body reference
frames were selected during sleep in the
misalignment situation of body references
to judge tactile motion direction for the
selective post-sleep enhancement of visual
motion detection. Therefore, we conducted a
second experiment that misaligns the hand-
and head-centered reference frames bymanipu-
lating limb posture. The experimental setup
and stimulus parameters were the same as the
first experiment. We induced the tactile linear
motion from the bottom row to the top row on
the index fingers of the new participants whose
right arms were stretched out at 90 degrees to
the side (SLEEP-POSTURE condition) (Fig.
6A). The linear motion can be recognized either
as a vertical direction from the hand-centered
reference frame or a horizontal direction from
the head-centered reference frame.

In the behavioral performance, the vis-
ual improvement was found only on the
orientation of the hand-centered reference
frame, especially in the vertical “down” di-
rection (p = 0.024, Z = 3.00, effect size r =
0.57; two-tailed Wilcoxon signed-rank test adjusted by
Bonferroni correction for multiple comparisons. Fig. 6B). No vis-
ual improvement was observed in any direction. Similar to the
results of the SLEEP-MOTION condition, the results of the
SLEEP-POSTURE condition showed that the visual improve-
ment was dominant at the stimulus-related directions while
the visual performance changes at the stimulus-irrelevant
motion directions were mostly decreased or not changed
(Fig. 7).

Regarding EEG characteristics of the SLEEP-POSTURE
condition, the analysis of the spatial distribution of slow
wave density and fast/slow spindle density during sleep
Stage N3 revealed broadly suppressed slow wave activity
(cluster t = �362.39, p, 0.017) and increased fast spindle
activity (cluster t = 755.10, p, 0.017) in the SLEEP-
POSTURE condition, compared with the SLEEP-MOTION
condition of the Experiment 1 (Fig. 8). No conditional dif-
ference was found in the duration of sleep stages (Table 2).

These results suggest that the hand-centered reference frame
becomes dominant during sleep, even in the misalignment situa-
tion across the multiple reference frames for the tactile motion
coordination, which determines direction-selective enhancement
of visual motion detection.

Discussion
Using the closed-loop interface that automatically delivered
tactile motion stimulation triggered by slow wave activity
mainly in sleep Stage N3, we observed selective post-sleep
improvement of visual motion detection exclusively in the
direction opposite to the tactile motion stimulation. The vis-
ual improvement was positively associated with slow wave
density. The tactile linear motion stimulation induced higher
activation specifically over the occipital region in the high
beta frequency (20-30Hz). For the achievement of visual-tactile
interaction during sleep, the hand-centered reference frame domi-
nates to anchor the coordination of the tactile motion direction
during sleep, even under misalignment of multiple body reference
frames.

Our results reveal, for the first time, that visual-tactile cross-
modal interaction as a form of motion adaptation can occur dur-
ing sleep. The findings are in agreement with the report that re-
petitive sound stimulation induces a stimulus-specific adaptation
during both non-rapid and rapid eye movement sleep (Nir et al.,
2015) and commensurate with previous work showing an oppo-
site visual motion aftereffect after directional tactile stimulation
during wakefulness (Konkle et al., 2009; Xiao et al., 2021). The
neural mechanism of the motion aftereffect is thought to involve
a selective neural adaptation resulting in an imbalance between

Figure 8. A topographical visualization of the significant difference of slow wave density and fast spindle density in
sleep Stage 3 between SLEEP-POSTURE condition and SLEEP-MOTION condition (Experiment 1). Gray and black dots rep-
resent the negative and positive electrode clusters, respectively.
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the activities of subpopulations of different direction-selective
neurons in both visual and tactile motion-processing areas, such
as visual cortical area (V1-V3) and hMT/V5 (Mather et al.,
2008). Furthermore, complementing cross-modal fMRI studies
(Zangaladze et al., 1999; Hagen et al., 2002), our time-frequency
analysis reveals that tactile motion stimulation induces a higher
activation in occipital electrodes over the visual areas in the high
beta frequency (20-30Hz). The beta frequency band (14-30Hz)
has been reported to reflect sensorimotor processing (Brovelli et
al., 2004), and tactile stimulation induced stronger effective con-
nectivity of the beta frequency band from both somatosensory
cortex and visual cortex to thalamus, in comparison between the
sighted group and a congenitally blind group (Müller et al., 2019).
It suggests a functional interaction of neuronal ensembles for
the motion information processing across different sensory
circuits during sleep through the thalamocortical system
(McCormick and Bal, 1994) that underlies sensory adaptation
(Mease et al., 2014).

Why does the cross-modal motion adaptation during sleep
facilitate the post-sleep visual performance? We further found
that the visual improvement subsequent to the repetitive tactile
motion stimulation during sleep was associated with the slow
wave activity over the bilateral parietal electrodes possibly corre-
sponding to the somatosensory areas in sleep Stage N3. Slow
wave activity has been known to be modulated by external sen-
sory stimuli to enhance memory performance (Ngo et al., 2013).
Together with the aforementioned neural adaptation process,
our results suggest that (1) a selective imbalance of synaptic con-
nections for visual motion processing by tactile motion stimula-
tion forms the visual-tactile motion adaptation possibly through
the thalamocortical system, and (2) the repeated neural patterns
of the visual-tactile motion adaptation facilitate the synaptic
strength of the neural populations for the opposite target motion
detection through the sleep-dependent consolidation process by
slow wave activity, which results in a selective visual improve-
ment after sleep. This neural mechanism of the sleep-dependent
consolidation process may be explained by either the reactivation
model (Oudiette and Paller, 2013; Wilckens et al., 2018; Klinzing
et al., 2019; Simor et al., 2020) or the synaptic homeostasis model
(Tononi and Cirelli, 2014). In addition to the selective enhance-
ment of the post-sleep visual performance, we observed the sup-
pression of the visual performance at the stimulus-irrelevant
motion directions (Fig. 7). It may be associated with the sleep-
dependent selective-downscaling of task-irrelevant neural popu-
lations reported in the sleep study of neuroprosthetic learning
(Gulati et al., 2017). Further research is necessary to examine a
possible mechanism of the sleep-dependent consolidation and
the down-selection process.

In addition to our finding of Experiment 1, our results from
Experiment 2 suggest maintenance of a body spatial reference

frame, the hand-centered reference frame, during sleep that fos-
ters a contribution to the sleep-dependent visual improvement.
In contrast to the SLEEP-MOTION condition of Experiment 1,
we found a decreased slow wave density and increased fast
spindle density over the frontal and parietal electrodes during
sleep Stage N3 in the SLEEP-POSTURE condition (Fig. 8).
Similar to a previous study (Dang-Vu et al., 2010), it may reflect
that sleep spindles function to maintain sleep, while keeping an
unusual body posture decreases the slow wave density. In addi-
tion, since fast spindles have also been known to be associated
with sleep-dependent visuomotor performance (Tamaki et al.,
2008; Peyrache and Seibt, 2020), this may reflect the interpreta-
tion of the tactile motion direction and the selection process of
the reference frame.

A possible cause to prioritize hand-centered reference
frames during sleep may be attributed to a lower corticocort-
ical connectivity in the slow wave periods (Massimini et al.,
2005; Tagliazucchi and Laufs, 2014). For the tactile spatial
processing, tactile information from the skin/hand (the pri-
mary source of the tactile sensation) would then convert into
other body reference frames based on the integration of weights
assigned to each reference frame for the judgment of tactile spa-
tial location (Heed et al., 2015). The lower corticocortical con-
nectivity might induce lower information weights of reference
frames than the hand-centered reference frame, which would
then have resulted in the preservation of the primary coordi-
nate system of the tactile motion direction. Since all previous
studies were conducted in the awake state, however, further ex-
ploration is required to understand the underlying neural
mechanisms of the body reference for tactile perception during
sleep.

There are several limitations to be mentioned in this study.
First, there is a possibility that not only the 30-40min pre-test
session but also the 15 min assessment session, being almost half
the duration of the pre-test session, may contribute to visual
training before sleep. Further study may be necessary to find
whether the cross-modal selective enhancement can be achieved
without the visual training session before sleep. Second, to evalu-
ate the effect of the tactile motion stimulation during sleep, we
compared the visual performance change in SLEEP-MOTION
and WAKE-MOTION conditions (Fig. 3). In addition to the
conditional difference of sleep and wake status, the difference of
the body posture, the supine body in sleep condition, and upright
body posture in wake condition may change the alertness on the
tactile motion stimulation. Although no improvement at a spe-
cific visual motion direction was found in the WAKE-MOTION
condition, which indicates that the difference alertness may
not influence the improvement of the visual motion detection,
further study is needed to perform the subthreshold tactile stimu-
lation, such as electrocutaneous stimulation (Ramos-Estebanez et

Table 2. The mean number of tactile stimulations, and mean interstimulus intervals of the tactile stimulations, the motion coherence threshold in the random
dot motion task, the surface area of the index fingertip, the scores of Edinburgh Handedness Inventory, and sleep architecture (mean 6 SEM) in Experiment 2

No. of tactile stimulations Mean interstimulus intervals Motion coherence threshold (%) Surface area (mm2) Hand score (points)

SLEEP-POSTURE 131.26 36.7 8.76 1.9 10.46 1.6 264.16 5.1 83.86 6.3
p values (SLEEP-POSTURE vs. SLEEP-MOTION) 0.076 0.73 0.21 0.55 0.38

Sleep architecture

Stage W (min) Stage N1 (min) Stage N2 (min) Stage N3 (min) Stage R (min)

SLEEP-POSTURE 14.16 2.8 6.66 1.5 37.56 3.1 28.46 2.9 06 0
p values (SLEEP-POSTURE vs. SLEEP-MOTION) 0.60 0.41 0.71 0.25 NA
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al., 2007), which minimizes the tactile alertness in both sleep
and wake conditions. In addition to the aforementioned limita-
tion, we demonstrated that the post-sleep visual improvement
occurs through a visual-tactile cross-modal motion adaptation
during a daytime nap. Although sleep has been known to con-
tribute on the long-term stabilization of the enhanced visual
sensitivity through the consolidation as seen in studies of visual
perceptual learning (Stickgold et al., 2000), further investigation
is needed to elucidate whether the improvement of the visual
motion detection in our study will be sustained for a long
period.

Previous studies have coupled multimodal sensory stimuli
before sleep for the subsequent targeted memory reactivation
during sleep to induce selective memory enhancement (Rasch et
al., 2007; Rudoy et al., 2009). The targeted memory reactivation
paradigms have been adopted for the association memory
formation of unrelated information, such as visual object
locations, sound, and odor. However, we demonstrated the
induction of a selective enhancement of the visual perform-
ance through a cross-modal interaction of novel tactile infor-
mation provided during sleep. Together, we here show that
nonassociated sensory information can induce the post-sleep
selective enhancement of the visual performance when an
anatomic and functional neural association is inherently
established between these sensory modalities.
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