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Previous studies reported that an object in one's peripersonal space (PPS) attracts
attention and facilitates subsequent processing of stimuli. Recent studies showed
that visual stimuli approaching the body facilitated the spatial prediction of
subsequent tactile events, even if these stimuli were task-irrelevant. However, it
is unclear whether the approach is important for facilitating this prediction or if
the simple existence of stimuli within the PPS is what matters. The present study
aimed to scrutinize the predictive function of visuo—tactile interaction in the PPS
by examining the effects of visual stimuli approaching the hand and of visual
stimuli near the hand. For this purpose, we examined electroencephalograms
(EEGs) during a simple reaction time task for tactile stimuli when visual stimuli
were presented approaching the hand or were presented near the hand, and we
analyzed event-related spectral perturbation (ERSP) as an index of prediction and
event-related brain potentials (ERPs) as an index of attention and prediction error.
The tactile stimulus was presented to the left (or right) wrist with a high probability
(80%) and to the opposite wrist with a low probability (20%). In the approach
condition, three visual stimuli were presented approaching the hand to which
the high-probability tactile stimulus was presented; in the near condition, three
visual stimuli were presented repeatedly near the hand with the high-probability
tactile stimulus. Beta-band activity at the C3 and C4 electrodes, around the primary
somatosensory area, was suppressed before the onset of the tactile stimulus, and
this suppression was larger in the approach condition than in the near condition.
The P3 amplitude for high-probability stimuli in the approach condition was larger
than that in the near condition. These results revealed that the approach of visual
stimuli facilitates spatial prediction and processing of subsequent tactile stimuli
compared to situations in which visual stimuli just exist within the PPS. This study
indicated that approaching visual stimuli facilitates the prediction of subsequent
tactile events, even if they are task-irrelevant.
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peripersonal space, prediction, multimodal interaction, event-related desynchronization
(ERD), event-related spectral perturbation (ERSP), time-frequency analysis, event-related
brain potential (ERP)

01 frontiersin.org


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://doi.org/10.3389/fnhum.2023.1203100
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2023.1203100&domain=pdf&date_stamp=2023-10-12
mailto:kimura@ai.sanken.osaka-u.ac.jp
https://doi.org/10.3389/fnhum.2023.1203100
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnhum.2023.1203100/full
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org

Kimura and Katayama

1. Introduction

Primates, including humans, maintain a special representation
of the space surrounding the body called peripersonal space (PPS;
Brain, 1941; Rizzolatti et al., 1981). Many decades after it was
originally conceived of and named, the PPS is still a hot topic
in various research areas and has gained increasing attention,
especially with systematic reviews in the last 10 years (Cléry et al.,
2015; de Vignemont and Iannetti, 2015; Van der Stoep et al,
2015; Hunley and Lourenco, 2018). Two achievements of these
reviews are that they have categorized the PPS as having not only a
defensive but also a non-defensive function and evaluated the effect
of multisensory stimulus processing in the PPS.

The defensive function has been a classical explanation of the
importance of the PPS. The approach of a dangerous object (e.g., a
knife) could hurt the body; then, it is necessary to predict physical
contact before the object touches us and to decide whether to
defend ourselves or flee. Therefore, attention to objects in the PPS
is important for physical defense, and the PPS is interpreted as a
function safety margin (e.g., Cooke and Graziano, 2003; Graziano
and Cooke, 2006; Sambo and ITannetti, 2013). In parallel with this
interpretation, it is known that even non-dangerous and non-
affective stimuli attract attention within the PPS (e.g., Graziano
and Gross, 1995; Reed et al., 2006). This non-defensive function
has been interpreted as functioning to focus attention on useful
objects (e.g., food and tools) within close proximity (e.g., Rizzolatti
et al., 1997; Brozzoli et al., 2014). Recent studies have assumed
that defense is not the only important function of the PSS but also
that non-defense functions and the interaction of each function
also matter (e.g., de Vignemont and Iannetti, 2015). The defensive
function is important for self-protection, and this is interpreted by
an automatic process by which attention is attracted to a specific
threat stimulus, whereas the non-defensive function is the active
process of allocating attention to useful information around us and
preparing for present and future benefits, e.g., perceiving reward
prospects in one’s surroundings and estimating reward values in
changing social contexts (Coello et al., 2018; Gigliotti et al., 2021,
2023). In addition, the benefits from the non-defensive function
could be leveraged when the defense is needed (e.g., we can eat
the food we get and also throw it at menacing animals as a
decoy). Therefore, the importance of the non-defensive function
is still drawing attention and discussion in PSS studies on how
non-affective information attracts our attention.

When objects are present in the PPS, they are often in the
process of approaching the body. If we can see or hear them
approaching, this visual and auditory information in the PPS is
processed at the bimodal or trimodal neurons, and processing
elicits larger neural activity than information presented outside
of the PPS (e.g., Rizzolatti et al., 1981; Graziano et al., 1999).
Moreover, the combination of these visual (or auditory) stimuli
within the PPS and a tactile stimulus facilitates a response to
the tactile stimulus (e.g., Gray and Tan, 2002; Makin et al., 2007;
Canzoneri et al., 2012). Taking together the approach of an object
to the PPS and a multisensory interaction, it is possible that this
interaction could be used to predict subsequent contact (tactile
event) since the approaching object might subsequently contact
the body. It is necessary to keep in mind that such visuo-tactile
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interaction in the PPS could vary flexibly, e.g., the facilitation
effect of multisensory integration in the PPS could be extended
to a wider space depending on the meaning of the visual stimuli
and the social context (Geers and Coello, 2023). Therefore, the
relationship between multisensory integration and interactions
with the environment should be considered for each situation. In
this study, we focused only on the PPS effect of the approach of
non-affective and task-irrelevant visual stimuli and a subsequent
tactile stimulus.

Recent studies reported that the approach of non-affective
and task-irrelevant visual stimuli facilitates the prediction of a
subsequent tactile stimulus. In research by Kimura (2021), visual
stimuli were presented, followed by a tactile stimulus to the
hand, and these visual stimuli were presented either sequentially
approaching the hand or at a fixed distance from the hand (not near
each hand). To confirm the event-related desynchronization (ERD)
for a subsequent tactile event, event-related spectral perturbation
(ERSP) of the electroencephalogram (EEG) was examined. The
results showed that ERD in the beta band occurred strongly at the
electrodes near the primary somatosensory area, which processes
the tactile stimulus when the visual stimuli approached the hand
(tactile stimulus presentation site). ERD is one of the analytical
indicators of EEG (e.g., Pfurtscheller and Lopes da Silva, 1999;
Engel et al., 2001), and ERD of the beta-band activity in the
primary somatosensory area reflects the intensity of prediction of
subsequent tactile events (e.g., van Ede et al., 2010). Therefore,
this study shows that the approach of visual stimuli within
the PPS facilitates the spatial prediction of a subsequent tactile
stimulus. Moreover, in previous studies examining ERPs, when a
tactile stimulus was presented to the opposite hand from the one
approached, the amplitude of event-related brain potentials (ERPs)
reflecting prediction error increased (Kimura and Katayama, 2015).
This phenomenon occurs not only in spatial prediction but also in
temporal prediction (Kimura and Katayama, 2017) and in response
to the type of stimulus (Kimura and Katayama, 2018).

These results indicate that the approach of visual stimuli in
the PPS facilitates the spatial prediction of a subsequent tactile
event. However, these studies did not examine the effect of
the presentation of visual stimuli immediately near the hand.
Therefore, it is unclear whether the approach of stimuli is
important for the prediction of subsequent tactile events or if
being located within the PPS (i.e., the presentation of visual stimuli
near the hand) is sufficient. Considering the safety margin, it is
possible to predict subsequent contact at an early stage, before
contact, by using the approach of visual stimuli. Furthermore, the
facilitation effect of bimodal sensory stimulation on multisensory
interactions varies flexibly and could occur even in spaces away
from the body; thus, it might be possible to predict the contact
of a tactile stimulus from the beginning of the approach of the
visual stimuli (e.g., Serino et al., 2015a,b; Bertoni et al., 2021;
Geers and Coello, 2023). Considering finite cognitive resources,
it is possible to allocate attentional resources just before contact
(i.e., near the hand) to predict a tactile stimulus. The present
study aimed to scrutinize the predictive function of visuo-tactile
interaction in the PPS by examining the effects of visual stimuli
approaching the hand and of visual stimuli simply existing near
the hand.
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We focused on ERDs in the beta-band activity as an index
of the spatial prediction caused by the approach of visual stimuli
and P3 in ERP as an index of attention to a subsequent tactile
stimulus and the prediction error between spatial prediction from
this approach and the deviation of the tactile stimulus from this
prediction. Even non-dangerous and non-affective stimuli attract
attention within the PPS (e.g., Graziano and Gross, 1995; Reed
et al., 2006). In addition, the sequential approach of visual stimuli
is processed as useful information for the spatial prediction of
a subsequent tactile stimulus (e.g., Kimura and Katayama, 2015;
Kimura, 2021), and it is possible that this facilitation effect might
not be generated by visual stimuli simply existing in close proximity
to the body (e.g., Serino et al., 2015a,b; Bertoni et al., 2021; Geers
and Coello, 2023). Therefore, we hypothesized that sequentially
approaching visual stimuli facilitates the spatial prediction of a
subsequent tactile stimulus due to a non-defensive function of the
PSS to direct attention to useful information around us. Based
on this hypothesis, we predicted that ERDs in the beta band
would occur in each condition before the presentation of the
tactile stimulus if participants can predict the tactile stimulus
(e.g., van Ede et al, 2010) and that the ERD in the approach
condition would be larger than that in the near condition if the
approach of visual stimuli better facilitates prediction compared
with the nearness of the presentation (e.g., Kimura, 2021). P3
reflects attention to the target stimulus (e.g., Duncan-Johnson and
Donchin, 1977; Donchin, 1981; Katayama and Polich, 1996a), and
its amplitude increases in response to the deviation of a tactile
stimulus from spatial prediction due to the approach of visual
stimuli (e.g., Kimura and Katayama, 2015). In the present study,
participants were asked to perform a simple reaction time task
in response to a tactile stimulus, in which it was necessary to
allocate attention rapidly to the tactile stimulus. We predicted
that the P3 amplitude elicited by the high-probability stimulus
in the approach condition would be larger than that elicited
by the high-probability stimulus in the near condition if the
approach of a visual stimulus induces attention to the direction
from which a tactile stimulus approaches, making it easier to
predict and quickly allocate attention to the tactile stimulus. In
addition, we predicted that the P3 amplitude elicited by the
low-probability stimulus in the approach condition would be
larger than that elicited by the low-probability stimulus in the
near condition if the approach of visual stimuli better facilitates
the prediction of a tactile stimulus compared with the near
presentation of visual stimuli. In addition, we examined contingent
negative variation (CNV; Walter et al, 1964) in ERP before
the presentation of tactile stimuli to ensure that the temporal
prediction of tactile stimuli did not differ between conditions.
CNV reflects the temporal prediction of a subsequent stimulus,
including tactile stimuli (Kimura and Katayama, 2015; Kimura,
2021). We predicted that the amplitude of CNV would not differ
between conditions if participants could predict the timing of the
presentation of the tactile stimulus in both conditions, as was
found in previous studies (Kimura and Katayama, 2015; Kimura,
2021).
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2. Materials and methods

2.1. Participants

Twelve undergraduate and graduate students (nine female
students and three male students; 18-24 years of age) participated
in the experiment, and all were newly recruited for this experiment.
All participants were right-handed, had a normal or corrected-
to-normal vision, and had tactile sensitivity without hindrance to
perform the task, according to their self-report. This experiment
was approved by the Kwansei Gakuin University (KGU) Research
Ethics Review Board under the KGU Regulations for Research
with Human Participants. Written informed consent was obtained
from all participants, and their rights as experimental subjects
were protected. In this study, this sample size was determined
with reference to Kimura and Katayama (2015) by a similar
experimental paradigm rather than by prior calculation. Therefore,
we conducted a post-hoc power analysis to consider the power of the
result. The most important analysis of this study was examining the
influence of visual stimuli approaching the hand and visual stimuli
close to the hand on the prediction of a subsequent tactile stimulus.
The analysis of ERD corresponded to this predictive effect; thus, in
our results section, we report a post-hoc power analysis of the results
of ERD analysis.

2.2. Stimulus and equipment

2.2.1. Visual and tactile stimuli

Figure 1 shows the positioning of the visual and tactile stimuli.
The stimuli were set according to the previous studies (Kimura
and Katayama, 2015, 2017, 2018). Participants were seated and
put their hands and forearms on a desk in front of them.
Their hands were 32.0cm apart. Visual stimuli were presented
by three white light-emitting diodes (LEDs; square with 0.8 cm
sides). These were placed between the arms on the desk (at
equal distances of 8.0cm intervals). The intensity and duration
of visual stimuli were 25cd and 200 ms. Somatosensory stimuli
were presented by an electrical stimulus generator (Nihon Kohden
Corporation, SEN-7203, Japan), electric isolators (Nihon Kohden
Corporation, SS-203], Japan), and Ag/AgCl electrodes (diameter
of 1.0cm) on participants’ forearms. The anode electrode was
placed on the participants’ wrists, and the cathode electrode
was 3.0cm from the anode toward the elbow. The electrical
stimulus was a single block pulse with a 0.2-ms duration. The
intensities of stimuli were three times as high as the sensory
threshold for each participant. This intensity was also used in
a previous study of ERP elicited by tactile stimuli (e.g., Kimura
and Katayama, 2015), and it never caused pain. The average
intensity of the stimuli across all participants was 3.3 mA. The
presentation of visual and tactile stimuli was controlled with
MATLAB R2010b (MathWorks, Inc.) and Psychtoolbox (Kleiner
et al., 2007) installed on a desktop computer (Precision T5500,
DELL).
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FIGURE 1
The positions of visual stimuli and tactile stimuli.

2.2.2. Recording of EEG

EEG data were recorded by NuAmps (Compumedics
Neuroscan, USA) and an electrode cap (Easycap GmbH, Germany)
using Ag/AgCl electrodes at 30 sites (Fpl, Fp2, F7, F3, Fz, F4, F8,
FT7, FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4,
TP8, P7, P3, Pz, P4, P8, O1, Oz, and O2) according to the modified
10-20 System. In addition, electrodes were also placed on both
earlobes (Al and A2). The reference electrode was on the tip of
the nose, and the ground electrode site was AFz. The data from
all channels were recorded using SCAN software (Compumedics
Neuroscan, USA). The electrode impedances were kept below 5
kQ. A bandpass filter of 0.1-200 Hz was used for recording. The
sampling rate was 1000 Hz.

2.2.3. Procedure

Figure 2 shows the experimental procedure. The procedure was
set according to the previous studies (Kimura and Katayama, 2015;
Kimura, 2021). Each trial was composed of three visual stimuli and
one tactile stimulus. The stimulus onset asynchrony (SOA) was set
to 1000 ms. The interval between trials was either 1000 or 1200 ms
at random with equal probability. Each block was composed of
84 trials [high-probability tactile stimuli: 64 trials; low-probability
tactile stimuli: 16 trials; no tactile stimuli (catch trial): 4 trials],
which took 7 min. Two blocks were presented for each condition
(overall: four blocks per participant). The interval between blocks
was 2 min, and after the second block, the participants rested for
10min and then started the remaining two blocks. The order of
conditions was randomized between participants.

The difference between the two conditions was the pattern
of visual stimuli, and these patterns were presented in separate
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blocks. In the approach condition, LEDs flashed sequentially
toward the hand where the high-probability tactile stimulus was
presented (i.e., if the high-probability tactile stimulus was set
at the left wrist, the LEDs flashed sequentially right, center,
and left), and the subsequent tactile stimulus was presented to
the left (or right) wrist with a high probability (80%) and to
the opposite wrist with a low probability (20%). In the near
condition, the LED flashed three times near the hand where
the high-probability tactile stimulus was presented (i.e., if the
high-probability tactile stimulus was set at the left wrist, the left
LEDs flashed three times), and the subsequent tactile stimulus
was presented to the left (or right) wrist. The participants were
required to gaze at the center LED in order to control their
eye movements and not to move their eyes and bodies more
than necessary in each condition. Moreover, the participants were
instructed to respond by pressing a button with the left (or
right) foot whenever the tactile stimuli were presented and to not
respond when tactile stimuli were not presented (i.e., the catch
trials). Half of the participants used the left foot, and the other
half used the right foot. Finally, they were told at the start of
each block which hand would be presented with the high-/low-
probability stimuli.

2.2.4. Data analysis

The mean reaction times (RTs) for the tactile stimuli were
calculated. Based on previous studies, trials with an incorrect
response or with RTs shorter than 200 ms or longer than 1500 ms
were discarded from analysis (Kimura and Katayama, 2015,
2017, 2018). After the rejection, a two-way repeated-measures
ANOVA on RTs was conducted with the two conditions (approach
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FIGURE 2
The procedure of the experiment.
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and near condition) and two probabilities (high probability and
low probability).

The EEG data were analyzed based on the method of Kimura
(2021). The EEGLAB toolbox (Delorme and Makeig, 2004) and
ERPLAB toolbox (Lopez-Calderon and Luck, 2014) on MATLAB
were used for this analysis. Artifacts derived from eye movements
and eye blinks were rejected using an automatic EEG artifact
detector based on the joint use of spatial and temporal features
(ADJUST) of the EEGLAB toolbox (Mognon et al., 2011). In
the time-frequency analysis, the EEG data epoch was 1800 ms
(including a 900 ms prestimulus of the tactile stimulus). Epochs in
which the EEG signal variation exceeded £100 wV were rejected.
After artifact rejection, EEG data were transformed by the Morlet
wavelet transformation function applied in a Hanning-tapered
window in EEGLAB. The settings were as follows: epoch time
limits: —900 to 900 ms, using 400-time points; frequency limits:
8-30 Hz; baseline limits: —900 to —500 ms; wavelet cycles: 3-0.5.
The processed data were output from —691.88 to 690.88 ms (400
time points) and from 8 to 30 Hz (22 frequency points). The beta-
band (14.29-30Hz) ERSPs for the time range —300 to Oms at
the electrodes of C3 and C4 (i.e., the neighboring electrodes for
the primary somatosensory area) were averaged in each block. In
addition, these electrodes were distinguished by the prediction of a
tactile stimulus. C3 (C4) is ipsilateral and C4 (C3) is contralateral
when the block with the high-probability tactile stimulus is
presented to the left (right) hand. The averaged beta-band ERSP
for ipsilateral and contralateral was calculated in each condition.
After this processing, the numbers of the remaining trials were
146-160 (0-8.65% rejected) for the approach condition and 149-
160 (0-6.87% rejected) for the near condition. To check the
ERD, one-sample ¢-tests of beta-band ERSPs were conducted with
all combinations between conditions and lateralities (ipsilateral
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and contralateral). If ERD occurred in all combinations, two-way
repeated-measures ANOVAs of ERSPs were conducted with the
two conditions and two lateralities.

The ERPs were analyzed based on the method of Kimura
and Katayama (2015). The data were digitally low-pass filtered at
30Hz (6 dB/octave) using an IIR Butterworth analog simulation
filter. Artifacts derived from eye movements and eye blinks were
rejected using ADJUST. To extract P3, the EEG epoch was set at
1000 ms (including a 200 ms prestimulus of the tactile stimulus).
The epoch in which the EEG signal variation exceeded & 100 WV
was excluded from averaging. After artifact rejection, the numbers
of remaining trials ranged from 118 to 128 (0-7.81% of trials
were rejected) for the high-probability stimuli and 28-32 (0-12.5%
rejected) for the low-probability stimuli in the approach condition,
and 121-128 (0-5.47% rejected) for the high-probability stimuli
and 28-32 (0-12.5% rejected) for the low-probability stimuli in the
near condition.

To analyze the P3, the time range of P3 was defined to
be 230-290ms for high-probability stimuli and 260-350 ms for
low-probability stimuli. These time ranges were decided by peak
latencies of the grand averaged waves for each probability used
in the analysis. The mean P3 amplitudes at Pz, where the P3 was
elicited at maximum amplitude, were analyzed. Two-way repeated-
measures ANOVAs of P3 were conducted with the two conditions
and two probabilities. In addition, to investigate CNV, the EEG
epoch was set at 1400ms (the baseline was a - 200 to Oms
prestimulus of the third visual stimulus). The signal processing
and rejection were the same as in the method for P3. After
artifact rejection, the numbers of remaining trials were 146-160 (0—
8.65% rejected) for the approach condition and 142-160 (0-11.25%
rejected) for the near condition. The mean CNV amplitude was
obtained from a latency window of 500-1000 ms. The appropriate
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latency window was defined based on the observation of the
resultant ERP waveforms. The mean CNV amplitudes at Cz, where
the CNV was elicited at maximum amplitude, were compared
between conditions by a paired ¢-test.

The normality of the data for ERD, P3, CNV, and RT was
checked by the Shapiro-Wilk test using the R function shapiro.test.
These ANOVAs were conducted by applying Greenhouse-
Geisser corrections to the degrees of freedom when appropriate
(Greenhouse and Geisser, 1959). Post-hoc comparisons were
made using Shaffer’s modified sequentially rejective multiple-test
procedure, which extends the Bonferroni t-tests in a stepwise
fashion (Shaffer, 1986). The effect sizes for ANOVAs were indicated
in terms of partial eta squared (17,%), and t-tests were calculated by
computing Cohen’s d. The significance level was set at a p-value of
< 0.05 for all statistical analyses.

3. Results

3.1. Normality test for each data

To confirm the normality of values of ERD, P3, CNV, and
RT, Shapiro-Wilk tests were conducted using the R function
shapiro.test. The results revealed that these distributions of the data
did not significantly differ from a normal distribution (ps > 0.05).

3.2. Post-hoc power analysis

To confirm the statistical power of this study, a post-hoc power
analysis was conducted using G*Power 3.1.9.4 (Faul et al.,, 2007).
The analysis revealed that the statistical power for the result of ERD
was 1-B = 0.99 [12 participants, & = 0.05, n,> = 0.38 (f = 0.78)].

3.3. Reaction times

Figure 3 shows the mean RTs for the tactile stimuli for
each condition. Averaged RTs of all participants were 310 ms
(SE = 15.33), 361 ms (SE = 20.44), 337ms (SE = 18.00), and
372 ms (SE = 23.15) for the approach-high-probability, approach-
low-probability, near-high-probability, and near-low-probability
stimuli. The results of the ANOVA revealed that the main effect of
conditions [F(y,11) = 8.72, p = 0.013, np2 = 0.44] and probabilities
[Fq,11) =27.42,p < 0.001, 771,2 = 0.71] were significant. In addition,
the interaction of conditions and probabilities was significant
[Fi,11) = 12.84, p = 0.004, npz = 0.54]. Post-hoc comparisons
indicated that the RT in the approach condition was shorter
than in the near condition for high-probability stimuli (p =
0.002), and low-probability stimuli did not show a significantly
different condition effect (p = 0.171). In addition, RT to high-
probability stimuli was shorter than to low-probability stimuli in
each condition (ps < 0.001).

3.4. Event-related spectral perturbations

Figure 4A shows the ERSPs in each condition and each
laterality and Figure 4B the averaged beta-band ERSPs at the time
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range of —300 to 0 ms in all conditions and lateralities. The results
of the one-sample ¢-test revealed that the beta-band ERSPs were
smaller than zero in all conditions and lateralities [¢s(11) > 3.30, ps
< 0.07, ds > 1.14]; therefore, ERD occurred in all conditions and
lateralities. The results of the ANOVA revealed that the main effect
of the condition was significant [F(; ;1) = 6.83, p = 0.024, 77p2 =
0.38] and that the ERD of the approach condition was larger than
that of the near condition. The main effect of laterality [F(; ;) =
1.21, p = 0.295, np2 = 0.20] and the interaction [F(; ;) = 0.23,p =
0.618, 77p2 = 0.02] was not significant.

3.5. Event-related brain potentials

Figure 5A shows the grand averages for ERPs elicited by tactile
stimuli in each condition and probability from Pz. The positive
deflection in the high-probability stimuli showed peak latency
at approximately 260 ms and the positive deflection in the low-
probability stimuli showed peak latency at approximately 320 ms.
Figure 5B shows the topographic map at the time range and
mean amplitude of P3. The ANOVA for the mean amplitude of
P3 revealed a significant main effect of probabilities [F(; 1) =
5.18, p = 0.044, npz = 0.32]; the P3 mean amplitude elicited by
the low-probability stimuli was larger than that elicited by the
high-probability stimuli. The main effect of conditions was not
significant [F(; 1) = 3.99, p = 0.071, npz = 0.26]. In addition, the
interaction of conditions and probabilities was significant [F(, 11)
= 8.73, p = 0.013, 77p2 = 0.44]. Post-hoc comparisons indicated
that the P3 mean amplitude in the approach condition was larger
than in the near condition for high-probability stimuli (p < 0.001),
and low-probability stimuli did not show a significantly different
condition effect (p = 0.992). In addition, the probability effect of the
P3 mean amplitude shown in the near condition for low-probability
stimuli was larger than that elicited by the high-probability stimuli
(p = 0.005), and this effect did not show in the approach condition
(p=0.321).

Figure 6 shows the grand average CNV elicited in all trials at
Cz, where the CNV was elicited at maximum amplitude and the
topographic map at the time range of CNV (5000-1000 ms). The
results of the paired t-test revealed no significant difference between
conditions [#(11) = 0.32, p = 0.754, d = 0.12].

4. Discussion

This study aimed to scrutinize the predictive function of visuo-
tactile interaction in the PSS by examining the effect of visual
stimuli approaching the hand and visual stimuli close to the hand.
For this purpose, ERDs, ERPs, and RTs were compared between the
approach condition and the near condition.

RTs to high-probability stimuli were shorter than those to low-
probability stimuli in each condition, and RTs to high-probability
stimuli in the approach condition were shorter than those to the
high-probability stimuli in the near condition. In addition, the
amplitude of CNV did not differ between the conditions. These
results suggest that the participants could predict the timing of
the presentation of the tactile stimulus in both conditions and
that the spatial prediction of the high-probability tactile stimulus
is facilitated in the approach condition.
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Mean RTs (ms) for tactile stimuli and standard errors (SE) of RTs in each condition (*p < 0.05; **p < 0.01; ***p < 0.001).

Near

The beta-band ERSPs were suppressed approximately 300 ms
before the presentation of the tactile stimulus in all conditions
and lateralities. More importantly, the beta-band ERD of the
approach condition was larger than that of the near condition.
The beta-band ERD before the presentation of a tactile stimulus
reflects the intensity of the prediction of a subsequent tactile
stimulus (van Ede et al., 2010), and the approach of visual stimuli
facilitates this prediction (Kimura, 2021). The only difference
between conditions was the method of presentation of visual
stimuli. Therefore, this result suggests that the approach of visual
stimuli is more important for the prediction of a subsequent tactile
stimulus compared with the presentation of visual stimuli near
the hand. The tactile stimulus in this study did not cause pain,
and the visual stimuli were merely flashes of LED lights; thus,
it is possible that these results were caused by a non-defensive
function of the PPS. Visual stimuli approaching the body offer
useful information for the spatial prediction of subsequent tactile
stimuli (e.g., Kimura and Katayama, 2015; Kimura, 2021), and
the non-defensive function of the PPS allocate more attention to
useful information in the PPS (e.g., Rizzolatti et al., 1997; Brozzoli
et al., 2014). Moreover, previous studies reported that an object
approaching the PPS activates bimodal and trimodal neurons and
then promotes stimulus processing (e.g., Rizzolatti et al., 1981;
Graziano et al., 1999). The distance at which these neuronal
activities (and the resulting facilitation effect of stimulus processing
within the PPS) occur varies flexibly (e.g., Serino et al., 2015a,b;
Bertoni et al.,, 2021; Geers and Coello, 2023). Taken together, the
results of this study suggest that visual stimuli approaching the
hand might increase the activity of these neurons, facilitating the
spatial prediction of a subsequent tactile stimulus within the PPS,
even when the stimuli are non-threatening, while the mere presence
of visual stimuli in close proximity to the hand might not.

The P3 amplitude elicited by the high-probability stimuli in
the approach condition was larger than that in the near condition.
P3 reflects attention to a stimulus, and this attention is allocated
based on the importance and meaning of the stimulus (e.g.,
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Duncan-Johnson and Donchin, 1977; Donchin, 1981; Katayama
and Polich, 1996b). In this study, participants performed a simple
reaction time task in response to a tactile stimulus and were
required to allocate attention quickly to the stimuli presented.
Therefore, it is considered that approaching visual stimuli attracts
attention to the space that is approached and that this attention
is allocated to a high-probability tactile stimulus that is presented
there. As a result, P3 amplitude was increased for high-probability
stimuli in the approach condition. Moreover, the P3 amplitude
elicited by the low-probability stimuli did not differ between
conditions. In the near condition, this amplitude was larger than
that elicited by the high-probability stimuli. The results of RT,
ERD, and P3 elicited by the high-probability stimuli suggest that
the approach condition attracted attention to the presentation
location of the high-probability tactile stimulus and facilitated the
prediction of the stimulus, whereas the degree of spatial deviance
of the low-probability tactile stimulus did not differ between
conditions because the distance from one wrist to the other wrist at
which the high-probability stimulus was presented is comparable.
Therefore, it is possible that spatial prediction errors did not
differ between conditions. Moreover, this result may also have
been caused by the ceiling effect. In previous studies using similar
conditions as the approach condition, the P3 amplitude elicited by
low-probability stimuli was comparable to the results in this study
(e.g., Kimura and Katayama, 2015). Therefore, the P3 amplitude
elicited by low-probability stimuli may not increase further in
experiments using this paradigm.

In summary, the present study indicates that the approach
of visual stimuli facilitates the spatial prediction and processing
of a subsequent tactile stimulus compared to situations in which
visual stimuli only exist, without moving, within the PPS. In this
study, visual stimuli were task-irrelevant, and the subsequent tactile
stimulus also produced no pain; thus, the approach of the visual
stimuli within the PPS is considered to relate to an automatic
predictive function that facilitates the prediction of subsequent
tactile events, even if the visual stimuli are non-affective.
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(A) The beta band event-related spectral perturbations (ERSPs) in each condition and laterality, and (B) the mean beta band ERSPs at the time range
of =300 to 0 ms (*p < 0.05; **p < 0.01; ***p < 0.001). The error bars indicate the standard errors (SE).

Finally, it is necessary to consider, in a future study, whether
this effect influences other predictions for visuo-tactile processing.
The approach of visual stimuli facilitates not only spatial prediction
but also temporal prediction manipulated by the presentation
timing of a tactile stimulus (Kimura and Katayama, 2017) and the
prediction of stimulus type manipulated by tactile stimulus features
(Kimura and Katayama, 2018). However, it is unclear whether this
effect is caused by the approach of visual stimuli or the presentation
of visual stimuli within the PPS. Therefore, whether this effect
affects the overall prediction for visuo-tactile processing should be
investigated in future research.
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5. Conclusion

The results of this study revealed that the approach of visual
stimuli better facilitates spatial prediction and processing of a
subsequent tactile stimulus compared to situations in which
visual stimuli just exist within the PPS. This study extended
our understanding of attentional processing within the PPS
and indicated that visual stimuli within the PPS might be
related to an automatic predictive function that facilitates the
prediction of subsequent tactile events, rather than only having a
defensive function.
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CNV (500-1000 ms). The topographic maps indicate the mean amplitudes of CNV for these time ranges.
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