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Abstract

The peripersonal space (PPS) is a special portion of space immediately surrounding the body,
where the integration between tactile stimuli delivered on the body and auditory or visual
events emanating from the environment occurs. Interestingly, PPS can widen if a tool is
employed to interact with objects in the far space. However, electrophysiological evidence of
such tool-use dependent plasticity in the human brain is scarce. Here, in a series of three
experiments, participants were asked to respond to tactile stimuli, delivered to their right
hand, either in isolation (unimodal condition) or combined with auditory stimulation, which
could occur near (bimodal-near) or far from the stimulated hand (bimodal-far). According to



multisensory integration spatial rule, when bimodal stimuli are presented at the same
location, we expected a response enhancement (response time — RT - facilitation and event-
related potential - ERP - super-additivity). In Experiment 1, we verified that RT facilitation was
driven by bimodal input spatial congruency, independently from auditory stimulus intensity. In
Experiment 2, we showed that our bimodal task was effective in eliciting the magnification of
ERPs in bimodal conditions, with significantly larger responses in the near as compared to far
condition. In Experiment 3 (main experiment), we explored tool-use driven PPS plasticity. Our
audio-tactile task was performed either following tool-use (a 20-min reaching task, performed
using a 145 cm-long rake) or after a control cognitive training (a 20-min visual discrimination
task) performed in the far space. Following the control training, faster RTs and greater super-
additive ERPs were found in bimodal-near as compared to bimodal-far condition (replicating
Experiment 2 results). Crucially, this far-near differential response was significantly reduced
after tool-use. Altogether our results indicate a selective effect of tool-use remapping in
extending the boundaries of PPS. The present finding might be considered as an
electrophysiological evidence of tool-use dependent plasticity in the human brain.
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1. Introduction

The concept of peripersonal space (from now on, PPS) captures the idea of a portion of space
immediately surrounding the body. The neural representation of this specific area of the near
space, mapping the link between the bodily self and the external space, has been proposed to
serve different purposes. PPS is where the integration between somatosensory inputs and
other sensory events most often occurs, contributing to the emergence and maintenance of a
coherent multimodal bodily self-representation (i.e., bodily self-consciousness purpose —for
arecentreview see e.g., Noel JP et al., 2018). Nonetheless, PPS has also been described as a
safety margin surrounding the body, whose constant monitoring is crucial to recognize and
react to potentially noxious incoming events (i.e., defensive purpose) (de Vignemont &
lannetti, 2015; Sambo, Forster, Williams, & lannetti, 2012); and as the space of goal-directed
actions (i.e., interactive purpose), allowing the individual to interact with external objects (in
this case the near space is delimited by the arm-reaching distance, whereas the far space
includes objects beyond reaching distance) (Brozzoli, Cardinali, Pavani, & Farne, 2010;
Macaluso & Maravita, 2010; Rizzolatti, Fadiga, Fogassi, & Gallese, 1997).

Here, we specifically focus on PPS as the preferential space for multisensory integration (i.e.,
bodily self-consciousness purpose above). The spatial congruency rule of multisensory
integration states that when two stimuli belonging to different modalities are presented at the
same location, responses to such stimuli result enhanced, as shown by single-cell recordings



in animal models (Meredith & Stein, 1996; Stein & Stanford, 2008) and by neuroimaging
studies in humans, including functional Magnetic Resonance Imaging (see e.g., Gentile et al.,
2011) and electroencephalography (EEG) (e.g., Senkowski D et al., 2011) techniques. This rule
has been particularly relevant for delimiting the boundaries of multisensory integration
around the body (di Pellegrino & Ladavas, 2015; Maravita, Spence, & Driver, 2003). Monkey
bimodal visuo-tactile neurons have their visual receptive fields anchored to the tactile one, so
that neurons only fire in response to visual stimuli occurring close to the body district mapped
by tactile receptive fields (Graziano, Yap, & Gross, 1994). Accordingly, only visual/auditory
stimuli appearing within the boundary of the nearby space (i.e., close to the stimulated body
district) speed up the behavioural responses to simultaneously presented tactile stimuli
(Canzoneri et al., 2013; Serino, Bassolino, Farne, & Ladavas, 2007; Stone, Kandula, Keizer, &
Dijkerman, 2018) and magnify the EEG activity with super-additive responses (Bernasconi et
al., 2018; Forsberg, O'Dowd, & Gherri, 2019; Noel et al., 2019; Ronga et al., 2021; Sambo &
Forster, 2009).

However, since PPS representations have been shown to plastically adapt to experience
(Noel, Blanke, & Serino, 2018; Serino, 2019), in some instances, multisensory integration may
extend to the far space. In a seminal single-cell recording study, Iriki and colleagues provided
compelling evidence of receptive field plastic changes following tool-use in the monkey brain
(Hihara, Obayashi, Tanaka, & Iriki, 2003; Iriki, Tanaka, & lIwamura, 1996). The authors showed
that the visual receptive fields of the bimodal neurons in the intraparietal sulcus, which are
normally confined to the portion of space immediately surrounding the monkey's arm,
following tool-use may expand to include the tip of a rake used to reach food pellets
dispensed beyond the arm's reaching distance. In other words, the tool-use training induced
the embodiment of such a toolin the monkey's body schema, thus in turn resulting in the
remapping of the space surrounding the tool as near space (Iriki et al., 1996; Ishibashi,
Hihara, & Iriki, 2000; Maravita & Iriki, 2004).

The first evidence of tool-use dependent PPS plasticity in humans came from a series of
behavioural studies on brain-damaged patients affected by neglect syndrome (i.e., the
inability to detect and respond to stimuli coming from the side contralateral to their brain
lesion; Ricci et al., 2016), with a dissociation in the representation of the near and far space
(Berti & Frassinetti, 2000; Farne & Ladavas, 2000; Fossataro et al., 2018). Interestingly,
following a training with a tool and its embodiment in patients’ body schema, symptoms
associated with the pathological representation of the near space transiently migrated to the
far space. Research on multisensory integration in healthy participants showed the
occurrence of a similar tool-use dependent space remapping effect (Galigani, Castellani, et
al., 2020; Guterstam, Szczotka, Zeberg, & Ehrsson, 2018; Noel et al., 2018; Serino, 2019). In
normal circumstances, according to the spatial congruency rules described above, only
visual/auditory stimuli presented within the boundary of the nearby space (i.e., close to the
stimulated body district) speed up the behavioural responses to tactile stimuli (Noel et al.,
2019; Serino, Noel, et al., 2015; Stone et al., 2018). However, following a training with a tool,
the multisensory integration-related facilitation observed in the near space may extend to the
far space (Canzoneri et al., 2013; Serino et al., 2007).



Similarly to what observed in the animal model, the active tool-use results in the embodiment
of such a tool that becomes a proper ‘sensory extension’ of the body (Miller et al., 2018).
Coherently, Sposito, Bolognini, Vallar, Posteraro, and Maravita (2010), by exploiting an arm
bisection task (Bolognini, Casanova, Maravita, & Vallar, 2012; Garbarini et al., 2015),
demonstrated that an active training with a long tool (60 cm) may alter the body metric
representation, by shifting the subjective forearm midpoint estimation distally. In other words,
the tool-use training increased the perceived arm's length estimation, inducing the remapping
of the far space as near space.

To the best of our knowledge, however, electrophysiological evidence of such tool-use
dependent plasticity in the human brain is scarce and limited to the time domain (Forsberg et
al., 2019). Furthermore, the interpretation of tool-use related effects appears still
controversial (Holmes, Martin, Mitchell, Noorani, & Thorne, 2020): while response
enhancement in the far space has been generally ascribed to a genuine remapping of PPS (for
arecent review, see Serino A 2019), it cannot be excluded that it might also be caused by a
shift of spatial attention toward the tip of tool located in the far space (Holmes, 2012).

In the present study, in order to explore the mechanisms underlying tool-use dependent
plasticity, we performed three experiments, specifically aimed at: replicating and extending
previous behavioural findings on multisensory integration, also comparing the effect of space
congruity and stimulus intensity modulations on multisensory integration (Experiment 1);
verifying the presence of super-additive electrophysiological responses as a biomarker of
multisensory integration in our specific task (Experiment 2); linking behavioural indexes of
tool-use plasticity (i.e., RT modulation) with possible electrophysiological correlates of such a
plasticity (Experiment 3), both focusing on event-related potentials (ERPs - i.e., analyses in
the time domain) and in investigating post-stimulus neural oscillatory activity (i.e., analyses in
the frequency domain). Furthermore, in Experiment 3 (the main study), to dissociate genuine
tool-use related PPS remapping effects from other possible confounding factors (e.g., spatial
attention shift - Holmes NP 2012), we designed a specific visual discrimination control task,
where participants’ attention was directed toward the far space, in absence of tool-use (see
cognitive training below).

In Experiment 3, to explore multisensory integration effects within and outside the PPS, we
compared experimental conditions in which a multimodal audio-tactile paradigm was
performed either following tool-use (performed with a 145 cm long rake) or following an
attentional control task (i.e., cognitive training). During the multimodal paradigm,
somatosensory stimuli, delivered to the participants' right hand, might occur either in
isolation or combined with auditory stimulation. Importantly, auditory stimuli could originate
near to or far from (at a distance of 145 cm, corresponding exactly to tool-use rake length) the
participant's stimulated hand. Participants were asked to respond as fast as possible when
they perceived the tactile stimulation, while ignoring auditory stimuli. According to the spatial
congruency rule, auditory stimuli occurring near the participants' stimulated hand, or in other
words within the PPS, are expected to speed up RTs to tactile stimulation and to enhance the
corresponding electrophysiological responses, following both tool-use and visual cognitive
trainings. Importantly, if tool-use is able to induce a genuine PPS remapping (i.e., ‘expanding’
the near space) rather than a simple spatial attention shift, differences between tool-use and



visual cognitive trainings are expected when auditory stimuli occurred far from participants'
stimulated hand. More specifically, only following tool-use the boundaries of the PPS are
expected to expand, thus resulting in faster RTs and enhanced EEG responses even when the
simultaneously (auditory) stimulation appears in the previously considered “far” space, now
remapped as “near” space (Berti & Frassinetti, 2000). Therefore, while we predict to find a
clear difference between behavioural and electrophysiological responses elicited in near and
far positions following visual cognitive training, we expect a significant reduction of such a
difference following tool-use, due to the extension of PPS boundaries.

2. Materials and methods
2.1. Participants

Experiment 1: Twenty-eight healthy right-handed subjects aged 21-34 years (mean = SD: 25.1
*+ 3.1; years of education: 17.1 £.8, 17 women) participated in Experiment 1.

Experiment 2: Ten healthy right-handed subjects aged 21-28 years (mean = SD: 23.5+ 2.1;
years of education: 17.5 £ .5, 6 women) participated in the Experiment 2.

Experiment 3: Twenty healthy right-handed subjects participated in Experiment 3, aged 21-29
years (mean = SD: 23.7 = 2.1; years of education: 17.5 = .6, 11 women). Sample size for
Experiment 3 (N = 20) was a priori determined according to a power analysis applied to the
results obtained during the piloting of the audio-tactile EEG paradigm (Experiment 2, see
below).

For all experiments, we reported how we determined our sample size, all data exclusions, all
inclusion/exclusion criteria, established prior to data analysis (being healthy, young right-
handed participants), all manipulations, and all dependent measures that were acquired.

All participants reported to have a normal or corrected-to-normal vision and gave their written
informed consent to participate in the study, which conformed to the standards required by
the Declaration of Helsinki and was approved by the Ethics Committee of the University of
Torino (prot. n. 125055, 12/07/16).

2.2. General experimental procedures and stimuli

In the present study, especially directed to explore multisensory integration effects, the same
multimodal paradigm was employed in all experiments (for a schematic presentation of the
experimental paradigm, see Fig. 1). Somatosensory and auditory stimulations could occur
either in isolation (i.e., unimodal conditions: Touch, from now-on T; Auditory stimulus coming
from near position, from now-on ANear; Auditory stimulus coming from far position, from
now-on AFar) or combined (i.e, bimodal conditions: Touch+Auditory stimulus coming from
near position, from now-on TANear; Touch+Auditory stimulus coming from far position, from
now-on TAFar). Between each stimulation, the inter-trial interval was randomly jittered
between 7 and 9 sec, in a way that participants could not anticipate stimulus occurrence. As
demonstrated by previous research investigating possible multimodal facilitating effects on
RTs to tactile stimulation, controlling for participants’ temporal expectancy is crucial to
eliminate a possible methodological confound from experimental results (Holmes et al.,
2020).



Participants were always asked to focus on somatosensory stimulation, while ignoring
auditory stimulation. In Experiment 1 and in Experiment 3, participants were also asked to
respond as fast as possible to somatosensory stimulation (see the paragraphs below for
further methodological specifications of each experiment).

In all experiments, paradigm presentation and subjects’ responses were controlled and
recorded by Eprime V2.0 software (Psychology Software Tools Inc., Pittsburgh, PA, USA).
Tactile stimulus delivering was triggered by Eprime and directly controlled by an Arduino ©
platform.

Through a research focusing on audio-visual interactions, Los and Van der Burg (2013)
proposed that the behavioural enhancements observed in bimodal conditions, rather than
representing a genuine multisensory integration phenomenon, might instead be interpreted
as a temporal preparation effect, due to the faster processing of auditory inputs as compared
to other modalities (for another investigation on the effects of stimulus onset asynchrony on
multisensory integration, refer to Spence, Pavani, & Driver, 2004). In adults, when electrical
stimuli are delivered on the median nerve, responses to auditory and tactile stimuli reach
primary sensory cortices almost simultaneously (Musacchia & Schroeder, 2009). However,
when stimulating the skin instead of the median nerve, the latencies of the responses to
tactile stimulation are delayed (Lauronen et al., 2006). In the present research, with the aim of
preventing this methodological confound due to the different transduction velocities of
auditory and somatosensory inputs, in all bimodal conditions, we set a delay of 40 msec
between somatosensory and auditory stimuli (with the auditory input following the tactile
one), thus limiting possible motor preparatory effects induced on the somatosensory
stimulation by the concurrent auditory stimuli. However, in all experiments, subjects always
perceived the two stimuli as simultaneous, since the window of perceived stimulus
simultaneity for audio-tactile events has been demonstrated to be = 80 msec (Vroomen &
Keetels, 2010). Note that the same methodology was also employed in Ronga et al. (2021).

Somatosensory stimulation consisted of non-painful transcutaneous electrical, constant
current square-wave pulses (duration: 200 ps, delivered by DS7A, Digitimer) applied to the
right-hand dorsum, using surface bipolar electrodes (around 1 cm between electrodes). The
stimulation intensity, adjusted according to participants' sensitivity, corresponded to the
individual perceptual threshold*2. Subjective threshold was estimated before each
experimental session using the methods of limits (Gescheider, 1997). The mean stimulus
intensity was = 3.7 £ 1.3 mA (Experiment 1: 3.5 £ 1.0 mA; Experiment 2: 4.1 £ 1.5 mA;
Experiment 3: 3.6 £ 1.4 mA). To avoid participants' long-term habituation to electrical stimuli,
we systematically shifted stimulation sites, by randomly displacing the electrodes’ position of
about 1 cm.

Auditory stimulation consisted of 784 Hz tones (intensity = 64 dB; 50 msec duration)
delivered by two different loudspeakers: the first loudspeaker was placed near (<5 cm) to
participants' right (stimulated) hand (from now-on, near position), the second loudspeaker
was positioned at 145 cm from participants’ right hand (from now-on, far position), a distance
clearly outside both the hand (= 45 cm) and the chest (= 72 cm) PPS, as defined by previous



behavioral multisensory integration tasks and by experiments exploiting looming auditory
stimuli (Canzoneri, Magosso, & Serino, 2012; Serino et al., 2007; Serino, Noel, et al., 2015).
For further details on auditory stimulation, see also Experiment 1, § 2.2.1.

Note that the set intensities for somatosensory and auditory stimulations were relatively
weak. This allowed us to obtain better multisensory integration according to the law of inverse
effectiveness, that is the multisensory integration is stronger the closer stimulation intensities
are to perceptual threshold level (Gillmeister & Eimer, 2007; Stein & Stanford, 2008).

2.2.1. Experiment 1: preliminary comparison of the effect of space congruity and stimulus
intensity modulations on multisensory integration

Previous behavioural studies demonstrated that RTs in response to bimodal stimulation are
faster when stimulus sources are near rather than far in space, in accordance with the spatial
congruency rule of multisensory integration (Chandrasekaran, 2017; Serino et al., 2007).
Importantly, previous research employing auditory static stimulation adopted two different
methodological options to set the sound intensity. While some studies, by using a
phonometer, matched the intensity (i.e., the pressure in dB) of the two sounds at participants’
location (e.g., Serino A et al., 2007), in other studies the same tones are delivered from the
two loudspeakers (e.g., Noel JP et al., 2019; Ronga et al., 2021). Here, we preferred this
second option, with two physically identical sounds delivered by the two loudspeakers. This
was done to adhere to the methodology of Noel et al. (2019) paper which, because of the
focus on the spatial modulation of multisensory EEG responses, was extremely relevant for
the present study. Furthermore, it is important to note that the two employed sounds were
anyway similar in terms of pressure level (sound coming from the near position: 65 dB; sound
coming from the far position: 63 dB).

Nonetheless, through the present experimental paradigm, participants always perceive the
tones coming from the near position as slightly louder than those coming from the far
position. Thus, itis not possible to exclude that this perceived differences in stimulation
intensity might directly contribute to RT facilitation in the near position. To control for such an
intensity driven effect, we performed Experiment 1.

Participants were randomly divided into two different groups. In one group (Group 1) we
delivered physically identical auditory stimuli from the near and far positions. Therefore, the
resulting perceived intensities were slightly different and louder for the near position (= 65 dB)
than for the far position (= 63 dB). In a second group (Group 2) we asked each participant to
match the intensity of the original louder tone coming from the near position with that coming
from the far position (i.e., increasing the volume of the far tone), and we selected that specific
intensity for the far position. At the same time, we asked participants to match the intensity of
the original weaker tone coming from the far position with that coming from the near position
(i.e., decreasing the volume of the near tone), and we selected that specific intensity for the
near position. We ensured that tones coming from the far position were perceived louder than
tones coming from the near position (i.e., tones coming from the near position were perceived
as weaker than those coming from the far position). This approach allowed us to control for
possible intensity-driven effects.



In the present experiment, participants were asked to respond as fast as possible to the
somatosensory stimulation, while ignoring concurrent auditory stimulation. The multimodal
paradigm (as described in § 2.2) was divided into two experimental blocks of 8 min each. 24
trials per condition were delivered. During the task, RTs to somatosensory stimuli were
recorded.

2.2.1.1. Data analyses

Subjects’ RTs in response to T, TANear, and TAFar conditions were averaged. Trials with
individual RTs exceeding two standard deviations below or above the mean (of each specific
experimental condition) were discarded (Conson et al., 2015; Galigani et al., 2021; Los & Van
der Burg, 2013; Ronga et al., 2018; Sarasso et al., 2018). The average number of discarded
responses per participant was around 3%.

To explore multisensory integration effects and possible intensity-driven modulations, we
performed a repeated-measure ANOVA with RTs as dependent variable and one within-
subject factor: “Condition” (three levels: T, TANear, TAFar); and one between-subject factor:
“Group” (two levels: Group 1, Group 2). To explore the presence of possible differential effects
among conditions (such as a space-dependent modulation of multisensory integration
effects), and the possible interaction between the factors, post hoc comparisons (with
Bonferroni corrections) were performed. Statistical threshold was set at p <.05.

2.2.2. Experiment 2: piloting electrophysiological responses in a bimodal audio-tactile
paradigm

The multimodal paradigm (as described in § 2.2) was divided into two experimental blocks of
8 min each. 24 trials per condition were delivered (for a discussion on the number of collected
trials, please see below § 2.2.3). Participants were asked to focus on somatosensory
stimulation, while ignoring concurrent auditory stimulation.

Considering the results of Experiment 1, showing a similar RT facilitation for sound coming
from the near position independently from sound perceived intensity (see Results § 3.1), and
in accordance with previous EEG studies employing static auditory stimulation (Noel et al.,
2019; Ronga et al., 2021), here and in Experiment 3, tones with of the same amplitude (dB)
were delivered from the two loudspeakers.

During Experiment 2, EEG responses to somatosensory stimuli were recorded. The EEG was
recorded using 32 Ag-AgCl electrodes placed on the scalp according to the International 10-
20 system and referenced to the nose. Electrode impedances were kept below 5 kQ. The
electro-oculogram (EOG) was recorded from two surface electrodes, one placed over the
right lower eyelid and the other placed lateral to the outer canthus of the right eye. Signhals
were amplified and digitized at a sampling rate of 1,024 Hz (HandyEEG - SystemPlus
Evolution, Micromed, Treviso, Italy).

2.2.2.1. Data analyses
ERPs were pre-processed and analyzed using Letswave v.6 (https://www.letswave.org/

, Mouraux & lannetti, 2008). Continuous EEG data were segmented into epochs using a time
window ranging from .5 sec before stimulation to 1 sec after stimulation (total epoch duration:



1.5 sec), and band-pass filtered using a fast Fourier transform filter (.5-35 Hz for the
frequency domain - see Experiment 2 — and 1-30 Hz for the time domain; a slightly different
band-pass filtering ranges were used for the analysis in the time and in the frequency domains
to avoid that the transition bands were contaminated by any artifact produced by the
frequency transform). Each epoch was baseline corrected using the interval from -.5to 0 sec
as reference. Artifacts due to eye blinks or eye movements were subtracted using a validated
method based on an Independent Component Analysis (ICA -Jung et al., 2000). Epochs
belonging to the same condition were averaged time-locked to the onset of the stimulus, thus
yielding five average waveforms (T, ANear, AFar, TANear, TAFar) for each subject.

To highlight possible multisensory integration effects, expressed with super-additive
responses in bimodal conditions, ERPs elicited in auditory unimodal conditions (i.e., ANear
and AFar) were summed to the tactile unimodal condition, thus yielding to two different
waveforms: T+ANear; T+AFar. The presence of super-additive responses is indicated by a
larger amplitude of the bimodal integrated conditions (TANear; TAFar) as compared to the
respective sum (T+ANear; T+AFar).

This methodological choice is in line with classical literature investigating multisensory
integration as the difference between the responses to bimodal stimuli (e.g., AT) and the sum
of the responses to unimodal stimuli (e.g., A+T): i.e., super-additivity. In this context, the
spatial modulation of audio-tactile integration can be described as a greater super-additive
effect in near than in far position (Bernasconi et al., 2018; Giard & Peronnet, 1999; Murray et
al., 2005; Quinn et al., 2014). To verify the presence of this space-dependent modulation on
multisensory integration responses even in our paradigm, we subtracted each sum (T+ANear;
T+AFar) to the corresponding bimodal condition (TANear; TAFar), thus yielding to two
integration curves, one for the near position [TANear-(T+ANear)], and one for the far position
[TAFar-(T+AFar)]. For a similar methodology, please refer to Noel et al. (2019) and to (Ronga et
al., 2021). To explore the presence of this space-dependent modulation, we performed one
point-by-point, paired-sample T-tests on ERPs directly comparing the two integration curves.

Point-by-point analyses represent a statistical approach common in EEG studies (Bruno,
Ronga, Fossataro, Capozzi, & Garbarini, 2019; Galigani, Ronga, et al., 2020; Harris, Dux, &
Mattingley, 2018; Novembre et al., 2018; Sarasso et al., 2021; Sarasso et al., 2020; Sarasso et
al., 2019), directed to highlight significantly different ERP time windows among different
experimental conditions, without any a-priori assumption. Point-by-point statistics perform
one statistical comparison for each time point composing a waveform and separately for
each single channel. This approach allows us to capture significant amplitude difference and
latency shifts at the same time, since both are displayed as discrepant waveform
distributions across time. With the only purpose of correcting for the resulting multiple
comparisons, cluster-based permutation testing (performing 1000 random permutations) is
employed to each point-by-point analysis (Maris & Oostenveld, 2007). This analysis yields to
the identification of significant clusters across conditions. Permutation testing is based on
both temporal consecutively and spatial adjacency of EEG electrodes (1000 permutations;
alpha level = .05; percentile of mean cluster sum = 95; minimum number of adjacent
channels = 2). In the result section, we therefore list each significant time-window identified
by the cluster-based permutation testing and the group of electrodes where this time-window



is significant. For illustrative purposes, we report results from the vertex electrode Cz, since
central channels display the maximal activity of interest.

By visual inspection of the results of Experiment 2 (without motor response) and the
Experiment 3 (with motor response), we decided to focus our analyses on the first 300 msec
following stimulus onset, since afterwards ERP might be contaminated by subjects’ motor
responses and therefore might be no longer reliable. However, all the significant effects within
the ERP epoch are disclosed in the Figures.

2.2.3. Experiment 3 (main study): investigating possible electrophysiological indexes of tool-
use dependent remapping of the peripersonal space

A schematic representation of the experimental paradigm employed in the main study is
presented in Fig. 1. The experiment consisted of two separate sessions, divided by a 7-day
break. Session order was counterbalanced across participants. Each session was composed
of a 20-min training period, followed by our multimodal paradigm (as described in § 2.2). We
opted for a two-session design rather than a pre versus post training paradigm, to avoid
possible unspecific learning effects, which might derive from the repetition of the same task,
twice in a day.

In one session, the training consisted in a tool-use task, performed with a 145 cm long rake.
Tool-use training procedure partially replicated the one described in the seminal study by Iriki
et al. (1996), adapting it for human participants. Subjects, while seated in a chair, were asked
to reach small plastic cubes placed in the far space, by means of the rake, and to drag them
close to their feet. The same reaching task was repeated for 20 min (i.e., training period
duration). The experimenter ensured that all participants correctly performed the training.

In the other session, participants had to perform a visual cognitive task (from now-on
cognitive training), where participants, seated in a silent room, were asked to focus on visual
stimulation, in order to judge whether two sequentially-presented (1-sec inter-stimulus
interval) configurations were identical or different. Visual stimuli (i.e., three dots forming an
arrow pointing leftward, rightward, upward, or downward) were presented on a computer
screen, placed at 145 cm from participant right hand. The screen was placed in the far space
(at a distance corresponding to tool-use rake length) to control for possible unspecific
attentional shifts, merely driven by the performance of a training in a specific portion of space
(Holmes, 2012). Subjects’ responses and accuracy rates were recorded to check that
participants were actually paying attention to the task and to visual stimuli presented in the
far space.

Following both trainings, participants had to perform the same multimodal paradigm (8§ 2.2),
composed of two 8-min blocks. Overall, 24 trials per experimental condition (i.e., T; ANear;
AFar; TANear; TAFar) were presented. We acknowledge that 24 trial per condition may lower
the signal-to-ratio of the resulting ERPs. However, to maximize the signal-to-noise ratio of the
collected trials we employed a very long inter-trial interval (on average 8 sec), thus in
accordance with previous literature employing a similar number of presented trials (lannetti,
Hughes, Lee, & Mouraux, 2008; Ronga et al., 2021; Ronga, Valentini, Mouraux, & lannetti,
2013; Torta, Liang, Valentini, Mouraux, & lannetti, 2012; Valentini, Torta, Mouraux, & lannetti,
2011). The choice of including a relatively low number of trials might represent a limitation of



the present study, by preventing the possibility of observe any significant result. However, in
the piloting phase of Experiment 2 (§ 2.2), we observed that 24 trials per condition seemed to
be enough to highlight the modulations target of the present study (as also demonstrated by
the significant results of Experiment 3). Importantly, in Ronga et al. (2021) a similar number of
trials demonstrated to be enough to highlight a significant modulation of the audio-tactile
responses between the near and the far space.

During the task, participants were seated in a chair in a silent room. As for Experiment 1,
subjects were asked to focus on their right hand and respond to somatosensory stimuli as
fast as possible, by pressing a key with their right index finger, while ignoring auditory
stimulation. During the multimodal paradigm, RTs to somatosensory stimuli and EEG were
recorded (for EEG recording details, see Experiment 2, § 2.2.2).

2.3. Main experiment: data analysis
2.3.1. Behavioural data

Subjects' RTs in response to T, TANear, and TAFar conditions were collected and averaged.
Note that we did not find any violation of normality performing Shapiro Wilks's test on RTs data
(ps >.10). As for Experiment 1, trials with individual RTs exceeding two standard deviations
below or above the mean (of each specific experimental condition) were discarded. The
average number of discarded responses per participant was around 5%.

2.3.1.1. Space-dependent modulation of the multisensory integration

In order to explore the multisensory integration effect (i.e., significant differences between
unimodal vs bimodal conditions) and the presence/absence of a space-dependent effect (i.e.,
significant differences between near position and far positions), we performed two (one for
post cognitive training session, and one for post tool-use training session) one-way repeated-
measure ANOVA with RTs as dependent variable and one within-subject factor: “Condition”
(three levels for both sessions: T, TANear, TAFar). To explore the presence of possible
differential effects among conditions, in each ANOVA, post hoc comparisons (with Bonferroni
corrections) were performed. Statistical threshold was set at p <.05.

2.3.1.2. Exploring tool-use dependent plasticity: the space remapping effect

To directly compare results obtained in the two different sessions (i.e., post cognitive training
and post tool-use training), we performed a two-way repeated-measure ANOVA with RTs in
response to TANear and TAFar conditions as dependent variable and with two within-subject
factors: “Scenario” (two levels: post-cognitive training; post tool use) and “Position” (two
levels: near; far). To explore the possible interaction between the two factors, we performed
post-hoc comparisons (with Bonferroni correction). Statistical threshold was set at p <.05.
For the spatial congruency rule, bimodal stimulation coming from sources close in space (i.e.,
TANear) should induce greater super-additive responses (i.e., greater RT facilitation) than
spatially incongruent bimodal stimulation (i.e., TAFar). However, if effective, tool-use training
should be able to widen the boundaries of peripersonal space, thus extending the portion of
space to be considered as spatially congruent with the tactile input. According to this
hypothesis, we expect to find a smaller difference between TANear and TAFar conditions



following tool-use than following cognitive training. The presence of a significant Scenario by
Position interaction would indicate a differential space encoding between the two sessions.

2.3.2. Electrophysiological data
For ERP recording and preprocessing see Experiment 2.

2.3.2.1. Analyses in the time domain - space-dependent modulation of the multisensory
integration

Epochs belonging to the same condition were averaged time-locked to the onset of the
stimulus, thus yielding five average waveforms (T, ANear, AFar, TANear, TAFar) for each
subject. As in Experiment 2 (§ 2.2.2), ERPs elicited in auditory unimodal conditions (i.e., ANear
and AFar) were summed to the responses to tactile stimulation, thus yielding to two different
sum waveforms: T+ANear; T+AFar. The presence of super-additive responses is indicated by a
larger amplitude of the bimodal conditions (TANear and TAFar) as compared to the respective
sum (T+ANear; T+AFar).

Therefore, to investigate the presence of super-additive responses in each session, we
performed two point-by-point (for the methodological details of the present statistical
approach, see Experiment 2, § 2.2.2), repeated-measure T-tests on ERPs (corrected with
cluster-based permutation testing — 1000 permutations), directly comparing the bimodal
conditions (TANear; TAFar) to the corresponding sum (T+ANear; T+AFar).

Furthermore, similarly to Experiment 2, the presence of a space-dependent effect on
multisensory integration is indicated by a larger amplitude of super-additive responses to the
spatial-congruent input (near position) as compared to the spatial-incongruent input (far
position). To verify the presence of this space-dependent modulation on multisensory
integration responses, we computed the to two integration curves, one for the near position
[TANear-(T+ANear)], and one for the far position [TAFar-(T+AFar)]. Therefore, to explore the
presence of a space-dependent modulation of super-additive responses in each session, we
performed one point-by-point, repeated-measure T-test on ERPs (corrected with cluster-
based permutation testing — 1000 permutations), directly comparing the two integration
curves. Statistical threshold was set at p <.05. The presence of a significant difference would
indicate that multisensory integrated responses may also encode for the spatial proximity of
the co-occurrent auditory input.

2.3.2.2. Analyses on ERPs - tool-use dependent plasticity: the space remapping effect

To directly compare the results obtained in the two different sessions (i.e., post cognitive
training and post tool-use training) and explore the presence of a tool-use dependent
plasticity, in each session, we subtracted the responses to the bimodal far condition from the
bimodal near condition (TANear-TAFar), thus yielding to one subtraction waveform for each
session, from now-on the space index. Importantly, the greater the space index waveform, the
greater would be the difference between near and far conditions. We directly compared the
two indexes with a one point-by-point, repeated-measure T-test on ERPs (corrected with
cluster-based permutation testing — 1000 permutations). Statistical threshold was set at p <
.05. As for RT facilitation, if effective, tool-use training should be able to widen the boundaries
of peripersonal space, thus extending the portion of space to be considered as spatially



congruent with the tactile input. Accordingly, we expect to find a smaller space index
following tool-use than following cognitive training, thus suggesting a different space
encoding in the two sessions.

2.3.2.3. Analyses of unimodal conditions

Importantly, to ascertain that our results were specifically driven by tool-use related plasticity
and not to differences in the responses to the unimodal auditory stimuli between the two
sessions, we also directly compared the amplitude of unimodal conditions post tool-use and
post cognitive training. With this aim, for each session, we subtracted AFar to ANear, thus
obtaining two subtraction waveforms (i.e., Post tool-use: ANear-AFar; Post cognitive training:
ANear-AFar), indicating the difference between the near and the far position in the auditory
conditions post tool-use and post cognitive training. Furthermore, to verify the presence of
any difference in the unimodal conditions between the two sessions, we directly compared
the two subtraction waveforms (i.e., Post tool-use: Near-Far unimodal vs Post cognitive
training: Near-far unimodal) with a point-by-point paired-sample T-tests (applying cluster-
based permutation testing approach to correct for multiple comparisons — 1000 random
permutations). Crucially, the presence of a significant difference would indicate a difference
in the unimodal condition between the two sessions, conversely the absence of a significant
effect would indicate that unimodal conditions did not differ across sessions.

2.3.2.4. Analyses of EEG oscillatory activity — space-dependent modulation of the
multisensory integration

Previous research on multimodal perceptualillusions (such as the rubber hand illusion and
the double flash illusion), both in healthy controls and in pathological populations showed
that neural oscillatory activity, especially in the alpha and beta frequency bands, plays a key
role in multisensory integration phenomena (Cecere, Rees, & Romei, 2015; Gulbinaite, ILlhan,
& VanRullen, 2017; Rao & Kayser, 2017; Roa Romero et al., 2016). Therefore, in the present
paradigm, we explored the post-stimulus neural oscillatory activity within the alpha and beta
frequency bands, to test whether a space-dependent modulation of multisensory integration
as well as possible tool-use dependent effects might be detected even in non-time locked
responses. We excluded the theta frequency band from the analyses, since post-stimulus
EEG epochs extracted from Experiment 3 were too short (1 sec) to allow a reliable exploration
of the slow-frequency theta oscillations.

Since in the power-value analyses, it would not be meaningful to compare directly summed
with non-summed responses, we decided not to compare TANear and TAFar conditions with
their sums, but instead, in each session, we simply explored the difference between TANear
and TAFar conditions. The 500 msec pre-stimulus was cropped by each subject's single trials,
to obtain epochs selectively containing post-stimulus activity. Furthermore, we applied a Fast
Fourier Transform (FFT) to such epochs, in order to quantify the power in the alpha (8-12 Hz),
low-beta (13-16 Hz), and high-beta (17-30) frequency bands, for each experimental condition.
Power values were calculated extracting the average power of the whole epoch from each
single subject, for each frequency band, thus yielding two different measurements (i.e.,
TANear and TAFar) for each frequency band.



To explore the presence of a space-dependent modulation of multisensory integration in the
post-stimulus activity, we performed two (one for post cognitive training session, and one for
post tool-use training session) t-tests with power values as dependent variable for each
considered frequency band. Bonferroni correction was applied to T-test alpha level: .05/6 =
.008.

Note that we explored the presence of possible spatial modulation of multisensory integration
in the time-frequency domain by deriving the instantaneous amplitude in the alpha frequency
band by applying Hilbert transform to bandpass filtered data (for a similar methodological
approach, see Valentini, Koch, Nicolardi, and Aglioti (2015)). Further details on the present
time-frequency analysis are reported in the Supplementary Information.

2.3.2.5. Analyses in the frequency domain - tool-use dependent plasticity: the space
remapping effect

To directly compare results obtained in the two different sessions (i.e., post cognitive training
and post tool-use training), as for behavioural and time-domain analyses, in each session and
for each frequency band, we subtracted the responses to the bimodal far condition from the
bimodal near condition (TANear-TAFar), thus yielding to one space index for each session. For
each frequency band, where we found a significant difference between TANear and TAFar, we
directly compared the two space indexes with a paired-sample T-test. Statistical threshold
was setat p <.05.

2.3.2.5.1. Resource availability

The datasets generated during this study are available at Mendeley
https://data.mendeley.com/datasets/j5t3tzfh29/draft?a=4920c0df-2¢c31-4a7f-9a25-
4a2ff9987522

No part of the study procedures or analyses was pre-registered prior to the research being
conducted.

3. Results

3.1. Experiment 1: preliminary comparing the effect of space congruity and stimulus intensity
modulations on multisensory integration

The ANOVA on RTs revealed a main effect of Condition (F2s, = 11.35; p <.001, n? =.30), with
faster RTs for TANear as compared to T and TAFar stimuli (mean * SEM: T:

428.25 = 16.99 msec; TANear: 403.86 = 18.52 msec; TAFar: 427.34 £ 17.76 msec). Post-hoc
comparisons revealed that TANear was significantly different from both T (p <.001) and TAFar
(p <.001). Conversely, TAFar did not result significantly different from T (p = 1).

We did not find a significant main effect of Group (F1 26 = .64; p =.431, n?=.02). Conversely, RT
modulation across experimental conditions was similar in the two groups, independently
from tones’ intensity modulation. The interaction between factors Condition and Group was
not significant (F2s. =.34; p=.711,n%?=.01).



These findings seem to indicate that RT facilitation always occurred in the near position,
according to spatial congruency rule and regardless to the intensity of incoming auditory
stimulation.

3.2. Experiment 2: exploring electrophysiological responses in a bimodal audio-tactile
paradigm

The point-by-point paired-sample T-test revealed that, at Cz, the two integration curves were
significantly different, with a larger waveform for the near position as compared to the far
position, in one time interval: 286-328 msec (T9 =5.03; p <.001). Furthermore, we found two
extra marginally significant clusters, which did not survive to permutation testing but should
likely reach significance with a larger sample size: 127-172 msec (T9=3.08; p =.0132) and
226-250 msec (T9 = 2.04; p =.071). This finding, even though observed in a limited sample of
subjects, seems promising in indicating that, in accordance with the spatial congruency rule
of multisensory integration, greater super-additive responses can be observed when the
concurrent auditory inputs arise near rather than far from the stimulated body district.
Apparently, the modulation of EEG responses to bimodal audio-tactile stimulation might
therefore represent a good candidate to signal the boundaries of the peripersonal space.
Thus, on the ground of the present results, we computed the required sample numerosity to
find a statistical difference between the integration curves resulting from the near versus far
positions (i.e., space-dependent modulation of the multisensory integration) and to reach a
power of .9 (power analysis results: effect size on ERPs d = .78, sample size = 20, actual power
=.91). We then targeted the desirable sample size (N = 20) in the Main experiment.

3.3. Experiment 3 (main study): investigating possible electrophysiological indexes of tool-use
dependent remapping of the peripersonal space

3.3.1. Behavioral results
Behavioral results to the multimodal paradigm are represented in Fig. 2, panels b-c-d.
3.3.1.1. Post cognitive training

The one-way ANOVA on RTs revealed a main effect of Condition (F2,38 =13.46; p<.001,n2 =
.41), with, on average, faster RTs (indicating a performance facilitation likely due to
multisensory integration) for TANear (bimodal near condition) as compared to T (unimodal
condition) and TAFar (bimodal far condition) stimuli (mean = SD: T: 487.59 * 127.77 msec;
TANear: 438.62 £ 142.50 msec; TAFar: 482.81 + 131.29 msec). Post-hoc comparisons
revealed that TANear was significantly different from both T (p <.001) and TAFar (p <.001).
Conversely, TAFar did not result significantly different from T (p = 1). Overall, these findings
seem to indicate that RT facilitation, due to integration of somatosensory and auditory
stimulation, only occurred in the near position (i.e., TANear condition), according to spatial
congruency rule.

3.3.1.2. Post tool-use training

The one-way ANOVA on RTs showed a main effect of Condition (F2,38 =8.55; p=.001,n2 =
.31), with, on average, faster RTs (indicating a performance enhancement) for both TANear
and TAFar as compared to T (mean = SD: T: 474.26 + 139.77 msec; TANear: 442.13 + 150.35



msec; TAFar: 450.93 £ 149.20 msec). Post-hoc comparisons revealed that TANear was
significantly different from T (p <.001), but not from TAFar (p = .839). Differently from results
following the cognitive training, TAFar resulted significantly different from T (p =.018). These
findings seem to indicate that tool-use training induced an RT facilitation both in the near
position (i.e., TANear condition) and in the far position (i.e., TAFar), since both TANear and
TAFar were significantly different from T.

3.3.1.3. Comparative analysis between the two sessions: the space remapping effect

The two-way ANOVA revealed a significant main effect of Position, with faster RTs for the near
than far positions (mean = SD: Near: 440.37 £ 143.25; F1,19=29.72; p=.001; n2 =.61), but
not a significant effect of Scenario (F1,19=1.08; p =.310; n2 = .05). Notably, a significant
Scenario by Position Interaction was found (F1,19 = 25.26; p < .001; n2 = .57), suggesting that
the difference between TANear and TAFar is significantly greater in post-cognitive training than
post tool-use. Fig. 2 illustrates this significant interaction in the form of a space index,
depicting the difference between TANear and TAFar conditions in both scenarios. The present
findings, in accordance with one-way ANOVAs presented above, showed that the differential
response between near and far positions is significantly reduced following tool-use as
compared to following cognitive training.

3.3.2. ERP results
3.3.2.1. Post cognitive training
3.3.2.1.1. Multisensory integration effects

The point-by-point T-tests revealed that both bimodal condition (TANear; TAFar) were
significantly larger than the corresponding sum (T+ANear; T+AFar) over frontal, central and
parietal channels, thus highlighting the presence of super-additive multisensory integrated
responses. At Cz, TANear was significantly larger than T+ANear within one large time interval:
210-280 msec (T19=4.12, p <.001), coinciding with the descending portion of the N1 and the
subsequent P2 peak (see Fig. 4, first panel). At Cz, TAFar was significantly larger than T+AFar
within one time interval: 230-260 msec (T19=2.60, p =.017), coinciding with the descending
portion of the N1. These results seem to indicate that superadditive responses are present
both in near and far conditions.

3.3.2.1.2. Space-dependent modulation effects

The point-by-point T-test directly comparing the two integration curves [i.e., for the near
position TANear-(T+ANear); for the far position TAFar-(T+AFar)] revealed two significant
intervals encompassing central, frontal and parietal electrodes. At Cz, the integration curves
for the near position was significantly larger than the integration curves for the far position at:
124173 msec (T19=-3.13, p =.005), coinciding with the first negative peak; 216-250 msec
(T19=3.28, p =.003), coinciding with the larger positive peak (see Fig. 4, first panel).

Overall, the analysis on the integration curves indicate that, in accordance with the spatial
congruency rule of multisensory integration, we observe a significant space-dependent
modulation of super-additive responses, with greater ERPs in the near rather than far position.

3.3.2.2. Post tool-use training



3.3.2.2.1. Multisensory integration effects

The point-by-point T-tests revealed that both bimodal condition (TANear; TAFar) were
significantly larger than the corresponding sum (T+ANear; T+AFar) over frontal, central and
parietal channels, thus highlighting the presence of super-additive multisensory integrated
responses, as for post-cognitive training. At Cz, TANear was significantly larger than T+ANear
within one time intervals: 210-275 msec (T19 =4.20, p <.001), coinciding with the descending
portion of the N1 and the subsequent P2 peak (see Fig. 4, second panel). At Cz, TAFar was
significantly larger than T+AFar within one time interval: 215-257 msec (T19 = 3.76, p =.001),
coinciding with the descending portion of the N1 (see Fig. 4).

3.3.2.2.2. Space-dependent modulation effects

The point-by-point T-test directly comparing the two integration curves [i.e., for the near
position TANear-(T+ANear); for the far position TAFar-(T+AFar)] was not significant (see Fig. 4,
second panel).

Overall, the analysis on the integration curves suggests that, even though the pattern of
results is similar between post cognitive training and tool-use (with a larger integration curve
for the near as compared to the far position), following tool-use, super-additive responses
elicited in the near condition were not significantly different from those elicited in the far
condition.

3.3.2.3. Comparative analysis between the two sessions: the space remapping effect

The point-by-point t-test directly comparing the two space indexes (for both sessions,
expressed as the differential waveform: TANear-TAFar), revealed that the post tool-use training
index is significantly smaller than the post cognitive training index over central, frontal and
parietal electrodes (see Fig. 4, third panel). At Cz, the space remapping index of post-
coghnitive training was significantly larger than post tool-use index within one time interval:
218-251 msec (T19 =-3.94, p =.001). This finding, in accordance with the analyses on the
integration curves, showed that the differential response between near and far positions is
significantly reduced following tool-use as compared to following cognitive training.

Since we observed that the pattern of behavioural data paralleled that of EEG results, as an
exploratory analysis, we tried to put RT changes across subjects in relation with EEG
amplitude modulations. Therefore, we performed a correlation between RT and EEG space
indexes in both scenarios. Unfortunately, this correlation was not significant (see
Supplementary Information).

3.3.2.4. Analyses on unimodal conditions

To exclude that our results were due to differences in the responses to the unimodal stimuli
between the two sessions, we directly compared the amplitude of unimodal auditory
conditions post tool-use and post cognitive training. The point-by-point paired-sample T-tests
(1000 random permutations) performed on subtraction waveforms, indicating the difference
between the near and the far positions in the unimodal conditions (i.e., Post tool-use: ANear-
AFar vs Post cognitive training: ANear-AFar), revealed no significant difference. The absence of
a significant effect indicates that auditory unimodal conditions did not differ across sessions,



thus ruling out the possibility that our results on the space remapping index were due to
differences in the auditory stimuli across the sessions.

3.3.3. Oscillatory activity results

Two subjects were discarded from the sample for the frequency analysis as outliers (their
power values exceeded two standard deviations from mean).

3.3.3.1. Post cognitive training

The T-tests on power values within the alpha, low-beta, and high-beta frequency bands
revealed a significant difference only in the alpha frequency band (T17=4.71; p=.001,dz =
1.28), with, on average, greater power for TANear as compared to TAFar stimuli (mean = SEM:
TANear: .60 =.07uV2; TAFar: .51 £ .07uV2 - see Fig. 4, third panel).

3.3.3.2. Post tool-use

The T-tests on power values within the alpha, low-beta, and high-beta frequency bands
revealed no significant differences (p always >.05).

Overall, the present findings indicate that, following cognitive training, even the analyses on
oscillatory activity revealed a space-dependent modulation of multimodal responses, with
greater power values for TANear as compared to TAFar conditions selectively within the alpha
frequency band. Interestingly, even when looking at the power of post-stimulus oscillations,
tool-use training reduced the difference between near position (i.e., TANear) and far position
(i.e., TAFar), since following tool-use power values of TANear and TAFar conditions were
similar and not significantly different also within the alpha frequency band. Notably, the beta
frequency band does not appear to support the expression of the multisensory phenomena
investigated in the present study.

Furthermore, we noticed that, in each frequency band, the mean power values obtained
following tool-use were generally higher (even though not significantly) as compared to the
values acquired in the same conditions, following cognitive training (mean * SEM: Tool-use:
.38 = .09; Cognitive training: .28 + .03). For a further confirmation of this general oscillatory
activity enhancement following tool-use also observed in a time-frequency decomposition
using Hilbert transform, refer to the Supplementary Information. This trend, showing greater
power following a training with a tool, is in line with previous research demonstrating that
post-stimulus neural oscillations are often enhanced following a training entailing motor
actions or motor imagery (Abu-Rmileh, Zakkay, Shmuelof, & Shriki, 2019; Borghini et al., 2016;
Wriessnegger, Brunner, & Muller-Putz, 2018).

3.3.3.3. Comparative analysis between the two sessions: the space remapping effect

Within the alpha frequency band (the only showing a difference between near and far
condition at least in one session; see above), the paired-sample T-test directly comparing the
two space indexes (computed from the difference between power values in the near and far
positions in the cognitive and tool-use trainings — see 2.3.2 for further details), revealed that
the two indexes were significantly different (Space indexes, mean + SD: Post cognitive
training: .008 = .07; Post tool-use: .000 = .15; t-test: T17 = 2.19; p =.043; dz = .53). This finding



showed that the differential response between near and far positions is significantly reduced
following tool-use as compared to following cognitive training.

Overall, the present findings in the frequency domain fully parallel the results in the time
domain when considering the alpha frequency band. Post cognitive training, greater power,
likely due to integration of somatosensory and auditory stimulation, was especially observed
in the near position (i.e., TANear condition). Crucially, power values in the bimodal near
position were indeed significantly greater than the power observed in the bimodal far
condition. Conversely, tool-use training induced a power modulation (i.e., increase) both in
the near position (i.e., TANear) and in the far position (i.e., TAFar), since power values of
TANear and TAFar conditions were similar and not significantly different. However, it must be
pointed out that, while the results of the time-frequency analysis (performed by means of the
Hilbert transform) confirmed the presence of a significant spatial modulation of multisensory
responses, the differential responses between near and far conditions are not differently
affected in the two scenarios (see Supplementary Information).

4. Discussion

In the present study, we investigated the audio-tactile multisensory integration within hands'
PPS (near position) and at a distance of 145 cm from participants' hands (far position), an
area of space which, according to previous studies, should be clearly outside the PPS (both
hand-centred and chest-centred PPS - Serino A. et al., 2015). With the final aim of
highlighting the electrophysiological correlates of PPS plasticity induced by a tool-use
training, we capitalized on previous studies, showing that the PPS is the area where
multisensory integration between somatosensory inputs and other concurrent sensory
modalities (such as vision or audition) preferentially occurs (Noel et al., 2018; Ronga et al.,
2021; Serino, 2019). According to the literature, the amplitude of multisensory integration-
related facilitation (mainly expressed through enhanced RTs and superadditive
electrophysiological responses) may codify for the distance between the haptically
stimulated body district and the concurrent sensory stimulation, with larger response
enhancements in correspondence to crossmodal inputs’ spatial congruity (Bernasconi et al.,
2018; Forsberg et al., 2019; Ronga et al., 2021; Sambo & Forster, 2009; Serino, Canzoneri,
Marzolla, di Pellegrino, & Magosso, 2015).

As afirst step, in Experiment 1, we investigated the possible determinants of multisensory-
related behavioural facilitation. In order to exclude that the perceived different intensity of the
tones employed in our multimodal paradigm might contribute to the facilitation observed in
the near position, we assessed the effect of space congruity and stimulus intensity in
modulating multisensory integration. Crucially, we directly compared a condition where
louder sounds came from the near position and weaker sound came from the far position,
with an opposite experimental condition (with louder sounds coming from the far position).
Our results demonstrate the presence of RT facilitation consistently induced by tones coming
from the near position, regardless of their perceived intensity. Sound perceived intensities
were not matched in Experiment 3 (in line with previous studies exploring the spatial
modulation of multisensory integration along the radial direction with respect to the subjects:
Forsberg et al., 2019; Noel et al., 2019; Sambo & Forster, 2009). However, even though we did
not control for the effect of perceived intensity on EEG responses, the finding of Experiment 1



confirms that, at least for audio-tactile behavioural paradigms, the space congruency, and
not the stimulus intensity, appears crucial for the multisensory facilitation to occur.

Therefore, in our main experiment (Experiment 3), we expected to find a significantly greater
multisensory facilitation in the near as opposed to the far positions. Both behavioural (RTs to
tactile stimulation) and electrophysiological results are in line with this prediction (see below
§ Space-dependent modulation of multisensory facilitation). However, following tool-use,
when the toolis embodied into the own body-schema, the boundaries of the PPS should
widen, thus extending the multisensory facilitation to the far space. To verify this hypothesis,
we directly compared the behavioural and the electrophysiological responses to a
multimodal audio-tactile paradigm when performed following tool-use or following a visual
coghnitive training (i.e., our attentional control task). The present results fully confirm our
hypothesis of a tool-use related PPS plasticity, showing a significantly different modulation of
multisensory integration-related facilitation between post tool-use and post cognitive training
sessions (see below § Tool-use dependent PPS remapping).

4.1. Space-dependent modulation of multisensory facilitation

Overall, the present results are in full accordance with the spatial congruency rule of
multisensory integration, showing greater multisensory facilitation when the auditory
stimulation is delivered close to the tactile input, both at a behavioural and at an
electrophysiological level. In Experiment 1 and in the control condition (i.e., post cognitive
training) of Experiment 3, RTs to tactile stimulation in the near position are significantly
enhanced as compared to the far position and to the responses to the unimodal condition
(see results of the one-way ANOVA on post cognitive training data). This result replicates and
consolidates previous similar findings (Canzoneri et al., 2013; Serino et al., 2007; Serino,
Canzoneri, et al., 2015).

From an electrophysiological point of view, the point-by-point analyses highlighted a
multisensory integration effect, indicating that both bimodal-near and bimodal-far conditions
are significantly larger than their respective sums (i.e., TANear > T+ANear; TAFar > T+AFar). We
found a large time window of significant difference, between (on average) 210 and 280 msec
post stimulus onset, characterized by super-additive responses and localized in a large
cluster of electrodes encompassing frontal, central and parietal regions.

The analyses on the space-dependent modulation of the super-additive multisensory
responses, focused on the integration curves, highlighted an effect of the position of the
auditory input in the post-cognitive session, with larger ERPs in response to bimodal near as
compared to bimodal far conditions, spread within two time windows between 120 and 170
and between 210 and 250 msec post stimulus onset. It is interesting to note that similar
significant time windows are highlighted in Experiment 2 (see Fig. 3). Furthermore, significant
intervals and effect distribution observed in the present research largely overlap with previous
recent studies investigating audio-tactile integration within and outside PPS (Bernasconi et
al., 2018; Noel et al., 2019). Bernasconi et al. (2018) carried out an intracranial EEG study in
humans, exploring the multisensory integration between tactile stimulation and approaching
sounds around the trunk. Time windows of the spatial modulation of super-additive
responses (mainly located in the insular cortex and in the postcentral gyrus) were on average



between 139 and 296 msec post stimulus onset. Similarly, Noel et al. (2019), in an EEG
paradigm investigating the multisensory integration between tactile stimulation and static
sounds delivered near to (5 cm) or far from (75 cm) from the stimulated body district,
pinpointed the difference in bimodal responses between near and far location in atime
window between 156 and 261 msec post stimulus onset.

Furthermore, in the present study, we also present new evidence of multisensory related
responses in the post-stimulus oscillatory activity. Previous research showed promising
results on the role of neural oscillatory activity in crossmodal illusions (Cecere et al., 2015;
Gulbinaite et al., 2017; Rao & Kayser, 2017; Roa Romero et al., 2016). However, to the best of
our knowledge, this is the first evidence showing the ability of post stimulus neural oscillatory
activity within the alpha frequency band in (1) directly highlighting the space-dependent
modulation of multisensory responses (i.e., post-cognitive training, the power of post
stimulus neural oscillatory activity is significantly larger for bimodal near rather than bimodal
far conditions) and (2) in reveling the presence of tool-use related PPS remapping (see below).

4.2. Tool-use dependent PPS remapping

Following the cognitive training, we found a differential response between bimodal near and
bimodal far conditions, evident at a behavioural level in RTs and at an electrophysiological
level, both in ERPs and in post-stimulus oscillatory activity within the alpha frequency band.
Importantly, such differential responses are significantly reduced following tool-use in all
considered variables. RTs in TANear and TAFar conditions were no longer significantly
different; similarly, post tool-use, the integration curves in the bimodal near versus bimodal
far conditions were not significantly different (even though a similar pattern between post
coghnitive training and following tool-use is observed, with larger responses for the near as
compared to the far conditions). Even in the frequency domain, alpha power values elicited in
TANear and TAFar conditions were not significantly different. Crucially, the direct comparison
between the space indexes showed the presence of a significant space remapping effect,
expressed by the smaller differential response between near and far bimodal conditions
following post tool-use session. This space remapping effect (reduced space index post tool-
use as compared to post cognitive session) is present in RTs, ERPs, and alpha power analysis
(even though it was not replicated by the time-frequency analysis — see Supplementary
Information), thus suggesting that EEG results, including both ERP amplitude and non-time
locked oscillatory activity, fully parallel behavioral results. Nonetheless, RT and brain signal
modulations do not seem to be directly correlated in the present sample (see Supplementary
Information).

Interestingly, in the ERP analysis, a significant difference is spread between 218 and 251 msec
post stimulus onset, an interval included in the time window encoding for concurrent
stimulus spatial location (see the difference between near and far positions in the analyses
comparing the two integration curves of post cognitive training session). This finding further
indicates that the tool-use induced a genuine space remapping, modulating those ERP
components, which are mostly sensitive to space congruency.

Therefore, overall, the present results indicate that following tool-use the auditory input
delivered in the far space induced a similar multisensory facilitation as in the near space. It



seems that, following tool-use, when tool is embodied in the body-schema and therefore the
far space around the tip of the toolis remapped as near space (Miller et al., 2018; Sposito et
al., 2010), even the auditory stimuli delivered in the far position are perceived as spatially
congruent with the tactile stimulation.

Our findings are in accordance with a recent EEG study investigating multisensory integration
following tool-use by using different sensory modalities (i.e., visuo-tactile crossmodal task).
Forsberg et al. (2019) found an enhanced visuo-tactile integration in the far space (expressed
as ERP P100 component larger amplitudes) following a training with a long tool, as compared
to a control condition where the training was performed with a short tool and such a response
enhancement in the far position did not occur. However, in this study, a control condition for
attentional confounds is missing. Indeed, Holmes (2012) proposed that tool-use effects on
multisensory facilitation may be driven by a shift of spatial attention toward the tip of tool,
induced by the training performed in the far space. In the present study, to disentangle
genuine tool-use driven space remapping effects from possible attentional confounds, we
especially designed a control condition (i.e., the cognitive training) where participants'
attention was deliberately driven to the far space, by means of a visual discrimination task
performed at a distance from participants’ chest corresponding to the tool length.
Importantly, the present data demonstrate that the attentional shift toward the far space
induced by the cognitive training is not enough to extend the multisensory facilitation present
in the near space to the far space, since following the cognitive training, responses to bimodal
near conditions were always different (greater) from responses to bimodal far conditions. This
finding excludes that an attentional shift could be considered as the only determinant of the
effects observed following tool-use.

4.3. Tool-use dependent plasticity: a cross-modal model

Magosso, Ursino, di Pellegrino, Ladavas, and Serino (2010), in a study integrating neural
network modelling and experimental neuropsychology, proposed a model of the neural
mechanism subserving PPS plasticity (but see also Canzoneri et al., 2013). According to the
model, based on Hebbian learning principles, performing repeated actions with a long tool,
which, once embodied, acts as a direct link between sensory events in the far space and
haptic stimulation on the hand, allows to strengthen the synapses between unimodal
neurons responding to stimuli in the far space and the corresponding multimodal areas,
which therefore extend bimodal neurons’ receptive fields to cover that portion of the far
space. Our data, further excluding that tool-use effects may be simply driven by attentional
shifts, can be considered as a supporting evidence of this interpretative framework.
Furthermore, it is interesting to note that the described neural network model has been tested
with multimodal tasks always involving the same sensory modalities, which were pivotal in
the realization of the tool-use trainings (i.e., a visuo-tactile tool-use training matched with a
visuo-tactile multimodal task in Magosso et al., 2010; Forsberg et al., 2019; and an audio-
tactile tool-use training matched with an audio-tactile multimodal task in Canzoneri et al.,
2013). Interestingly, in the present study, the audio-tactile multimodal paradigm was
preceded by a visuo-tactile tool-use training (where subjects were asked to reach a number of
foam cubes with a rake and to drag them in the near space — an operation requiring
visuomotor coordination, mediated by the haptic input on the hand provided by the tool). Our



findings, therefore, can be considered as an evidence that tool-use dependent plasticity
involves a multimodal network, acting even on sensory modalities not explicitly included in
the training. It is possible that the visuo-tactile training performed in the present research, by
strengthening the synapses between unimodal visual neurons responding to stimuli in the far
space and the corresponding multimodal areas, activated both bimodal (visuo-tactile) and
trimodal (visuo-audio-tactile) neurons, therefore extending to the far space not only the
receptive fields of neurons sensitive to visual stimuli but also of those responding to auditory
stimulation. The proposed process might explain the magnification of audio-tactile responses
following a visuo-tactile training. Future studies should be explicitly directed to investigate
possible mechanisms underlying the observed crossmodal tool-use dependent plasticity.

4.4. Peripersonal space: a “seeming confine”

PPS representation has been described as subserving a number of different functions (i.e.,
self-consciousness purpose; defensive purpose; interactive purpose, see also the
Introduction). Our data, focused on the influence of goal-directed actions (i.e., tool use) on
the space of multisensory integration, highlight the presence of an intertwine between
different PPS functions, where the body, at the same time actors and sensing organism, acts
as the natural trait-d'union between these representations. The idea of a strong link between
the self-consciousness and the interactive purpose is not new and refers to a more
parsimonious, unitary, theoretical framework, where PPS main function is to provide a
(multi)sensory-motor representation of the space nearby the body (Patane et al., 2019;
Serino, 2019). This hypothesis needs to be further explored with novel studies especially
directed to test whether multisensory facilitation-related phenomena may be modulated by
the defensive representation of the PPS (as some recent evidence might suggest —
Spaccasassi C et al., 2019). However, it is interesting to note that such a unitary model is
based on PPS plasticity. If PPS is intended as the general multisensory and motor
representation of the near space (Patane et al., 2019), then this representation needs to be
highly plastic to adapt to the different purposes and to the relevance of the incoming inputs
(Bufacchi & lannetti, 2019). Within this framework, the present study entirely supports the
view that the PPS rather than a hard boundary actually appears as a seeming confine (in John
Keats' words —i.e., only an apparent limit), which may rapidly extend or shrink according to the
situation and individual's needs. Preliminary evidence on human newborns seems to indicate
the presence of a spatial modulation of multisensory integration (i.e., differential responses
between near and far conditions) since few hours after birth (Ronga et al., 2021). Future
studies should be aimed at further investigating the ontogeny and time course of PPS
emergence and plasticity in order to better understand its neural mechanisms and adaptive
significance.
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Fig. 1 e The experimental paradigm. The figure presents a schematic representation of the
experimental paradigm and its

conditions. In the left panel, the visual cognitive training and the tool-use training are
presented. In the right panel, all the

experimental conditions included in the bimodal task are represented.
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Fig. 2 e Behavioural results. The figure presents the behavioural results of the Preliminary
experiment (Panel a) and of the

Main experiment (Panels b-c-d). On the y axis of panels a-b-c RTs to tactile stimulation (in ms)
are reported. The y axis of

panel d (Space index, depicting the Scenario by Position interaction) represents the space
index values of Experiment 3. On

the x axis, the experimental conditions are reported.
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Fig. 3 e Experiment 2 results. The figure presents the ERP results of Experiment 2. The y axis
represents waveform

amplitude (mV); the x axis reports the time (ms). Shaded areas represent significant (grey) or
marginally significant (blue)

clusters, highlighted by the point-by-point analyses. Left panel: ATNear (dark blue) versus
ANearpT (grey). Central panel:

ATFar (light-blue) versus AFarpT (grey). Right panel: integration curves (bimodal responses
minus artificially summed

unimodal responses) in the near (pink) and in the far (purple) condition
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Fig. 4 e Experiment 3 ERP results. The figure presents the electrophysiological results of the

Experiment 3. EEG waveform

figures (panels A-B-C): the y axis represents waveform amplitude (mV); the x axis reports the

time (ms). Shaded areas

represent significant clusters, highlighted by the point-by-point analyses. Panel A: results of

Post Cognitive training




scenario, from left to right, ATNear (dark blue) versus ANearpT (grey); ATFar (light blue) versus
AFarpT (grey); integration

curves (bimodal responses minus artificially summed unimodal responses) in the near (pink)
and in the far (purple)

condition. Panel B: results of Tool use scenario, from left to right, ATNear (dark blue) versus
ANearpT (grey); ATFar (light

blue) versus AFarpT (grey); integration curves (bimodal responses minus artificially summed
unimodal responses) in the

near (pink) and in the far (purple) condition. Panel C: Space index (ATNear minus ATFar) in the
Post Cognitive scenario

(orange) and in the Tool use scenario (green). Power values histograms (panels DeE): the y axis
represents power values (mV 2

),

on the x axis the experimental conditions are reported. Alpha: power values within the alpha
frequency band; LB: power

values within the low-beta frequency band; HB: power values within the high-beta frequency
band



