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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 
a recent review 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 & 
Iannetti, 2015; Sambo, Forster, Williams, & Iannetti, 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, & Iwamura, 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 tool in 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 
a recent 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 μs, 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, it is 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 kΩ. 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. Signals 
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 & Iannetti, 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 −.5 to 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 (§ 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 (Iannetti, 
Hughes, Lee, & Mouraux, 2008; Ronga et al., 2021; Ronga, Valentini, Mouraux, & Iannetti, 
2013; Torta, Liang, Valentini, Mouraux, & Iannetti, 2012; Valentini, Torta, Mouraux, & Iannetti, 
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 perceptual illusions (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, Ilhan, 
& 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 set at 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-2c31-4a7f-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 (F2,52 = 11.35; p < .001, η2 = .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, η2 = .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 (F2,52 = .34; p = .711, η2 = .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, η2 = 
.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, η2 = 
.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; η2 = .61), but 
not a significant effect of Scenario (F1,19 = 1.08; p = .310; η2 = .05). Notably, a significant 
Scenario by Position Interaction was found (F1,19 = 25.26; p ≤ .001; η2 = .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: 
124–173 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-
cognitive 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 ± .07μV2; TAFar: .51 ± .07μV2 – 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 a first 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 tool is 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 
cognitive 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 a time 
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 
cognitive 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 tool is 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 & Iannetti, 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. 

Author contributions 

Irene Ronga: conceptualization, methodology, software, formal analysis, investigation, writing 
and original draft, visualization. 

Mattia Galigani: conceptualization, methodology, software, formal analysis, investigation, 
writing and original draft, visualization. 



Valentina Bruno: methodology, software, formal analysis, investigation, writing and review 
and editing. 

Nicolò Castellani: investigation, writing and review and editing. 

Alice Rossi Sebastiano: investigation, writing and review and editing. 

Elia Valentini: methodology, formal analysis, writing and review and editing. 

Carlotta Fossataro: methodology, software, formal analysis, writing and review and editing. 

Marco Neppi-Modona: conceptualization, writing and review and editing. 

Francesca Garbarini: conceptualization, methodology, writing and review and editing, 
supervision, project administration, funding acquisition. 

Funding 

This work was supported by the San Paolo Foundation 2016 grant (CSTO165140) to F.G. and 
by Bando Talenti della Società Civile 2019, Italy to M.G. 

 

Open practices 

The study in this article earned Open Data and Open Materials badges for transparent 
practices. Data and materials for this study can be found at https://doi-
org.bibliopass.unito.it/10.17632/j5t3tzfh29.1 

. 

Acknowledgement 

The authors are grateful to the volunteers involved in the study. The authors declare no 
conflict of interest. 

 

r e f e r e n c e s 

Abu-Rmileh, A., Zakkay, E., Shmuelof, L., & Shriki, O. (2019). Co- 

adaptive training improves efficacy of a multi-day EEG-based 

motor imagery BCI training. Frontiers in Human Neuroscience, 13, 

362. https://doi.org/10.3389/fnhum.2019.00362 

Bernasconi, F., Noel, J. P., Park, H. D., Faivre, N., Seeck, M., 

Spinelli, L., … Serino, A. (2018). Audio-tactile and peripersonal 

space processing around the trunk in human parietal and 

temporal cortex: An intracranial EEG study. Cerebral Cortex, 

28(9), 3385e3397. https://doi.org/10.1093/cercor/bhy156 



Berti, A., & Frassinetti, F. (2000). When far becomes near: 

Remapping of space by tool use. Journal of Cognitive 

Neuroscience, 12(3), 415e420. 

Bolognini, N., Casanova, D., Maravita, A., & Vallar, G. (2012). 

Bisecting real and fake body parts: Effects of prism adaptation 

after right brain damage. Frontiers in Human Neuroscience, 6, 

154. https://doi.org/10.3389/fnhum.2012.00154 

Borghini, G., Arico, P., Graziani, I., Salinari, S., Sun, Y., Taya, F., … 

Babiloni, F. (2016). Quantitative assessment of the training 

improvement in a motor-cognitive task by using EEG, ECG and 

EOG signals. Brain Topography, 29(1), 149e161. https://doi.org/ 

10.1007/s10548-015-0425-7 

Brozzoli, C., Cardinali, L., Pavani, F., & Farne, A. (2010). Action- 

specific remapping of peripersonal space. Neuropsychologia, 

48(3), 796e802. https://doi.org/10.1016/ 

j.neuropsychologia.2009.10.009 

Bruno, V., Ronga, I., Fossataro, C., Capozzi, F., & Garbarini, F. 

(2019). Suppressing movements with phantom limbs and 

existing limbs evokes comparable electrophysiological 

inhibitory responses. Cortex, 117, 64e76. https://doi.org/ 

10.1016/j.cortex.2019.02.024 

Bufacchi, R. J., & Iannetti, G. D. (2019). The value of actions, in 

time and space. Trends in Cognition Science, 23(4), 270e271. 

https://doi.org/10.1016/j.tics.2019.01.011 

Canzoneri, E., Magosso, E., & Serino, A. (2012). Dynamic sounds 

capture the boundaries of peripersonal space representation 

in humans. Plos One, 7(9), Article e44306. https://doi.org/ 

10.1371/journal.pone.0044306 

Canzoneri, E., Ubaldi, S., Rastelli, V., Finisguerra, A., Bassolino, M., 

& Serino, A. (2013). Tool-use reshapes the boundaries of body 



and peripersonal space representations. Experimental Brain 

Research, 228(1), 25e42. https://doi.org/10.1007/s00221-013- 

3532-2 

Cecere, R., Rees, G., & Romei, V. (2015). Individual differences in 

alpha frequency drive crossmodal illusory perception. Current 

Biology, 25(2), 231e235. https://doi.org/10.1016/ 

j.cub.2014.11.034 

Chandrasekaran, C. (2017). Computational principles and models 

of multisensory integration. Current Opinion in Neurobiology, 43, 

25e34. https://doi.org/10.1016/j.conb.2016.11.002 

Conson, M., Errico, D., Mazzarella, E., De Bellis, F., Grossi, D., & 

Trojano, L. (2015). Impact of body posture on laterality 

judgement and explicit recognition tasks performed on self 

and others' hands. Experimental Brain Research, 233(4), 

1331e1338. https://doi.org/10.1007/s00221-015-4210-3 

di Pellegrino, G., & Ladavas, E. (2015). Peripersonal space in the 

brain. Neuropsychologia, 66, 126e133. https://doi.org/10.1016/ 

j.neuropsychologia.2014.11.011 

de Vignemont, F., & Iannetti, G. D. (2015). How many peripersonal 

spaces? Neuropsychologia, 70, 327e334. https://doi.org/10.1016/ 

j.neuropsychologia.2014.11.018 

Farne, A., & Ladavas, E. (2000). Dynamic size-change of hand 

peripersonal space following tool use. Neuroreport, 11(8), 

1645e1649. 

Forsberg, A., O'Dowd, A., & Gherri, E. (2019). Tool use modulates 

early stages of visuo-tactile integration in far space: Evidence 

from event-related potentials. Biological Psychology, 145, 42e54. 

https://doi.org/10.1016/j.biopsycho.2019.03.020 

Fossataro, C., Bruno, V., Gindri, P., Pia, L., Berti, A., & Garbarini, F. 

(2018). Feeling touch on the own hand restores the capacity to 



visually discriminate it from someone else' hand: Pathological 

embodiment receding in brain-damaged patients. Cortex, 104, 

207e219. https://doi.org/10.1016/j.cortex.2017.06.004 

Galigani, M., Castellani, N., Donno, B., Franza, M., Zuber, C., 

Allet, L., … Bassolino, M. (2020). Effect of tool-use observation 

on metric body representation and peripersonal space. 

Neuropsychologia, 148, 107622. https://doi.org/10.1016/ 

j.neuropsychologia.2020.107622 

Galigani, M., Ronga, I., Bruno, V., Castellani, N., Rossi 

Sebastiano, A., Fossataro, C., et al. (2020). Face-like 

configurations modulate electrophysiological mismatch 

responses. The European Journal of Neuroscience. https://doi.org/ 

10.1111/ejn.15088 

Galigani, M., Ronga, I., Fossataro, C., Bruno, V., Castellani, N., 

Rossi Sebastiano, A., … Garbarini, F. (2021). Like the back of my 

hand: Visual ERPs reveal a specific change detection 

mechanism for the bodily self. Cortex, 134, 239e252. https:// 

doi.org/10.1016/j.cortex.2020.10.014 

Garbarini, F., Fossataro, C., Berti, A., Gindri, P., Romano, D., Pia, L., 

… Neppi-Modona, M. (2015). When your arm becomes mine: 

Pathological embodiment of alien limbs using tools modulates 

own body representation. [Research support, non-U.S. Gov't]. 

Neuropsychologia, 70, 402e413. https://doi.org/10.1016/ 

j.neuropsychologia.2014.11.008 

Gentile, G., Petkova, V. I., & Ehrsson, H. H. (2011). Integration of 

visual and tactile signals from the hand in the human brain: 

An FMRI study. Journal of Neurophysiology, 105(2), 910e922. 

https://doi.org/10.1152/jn.00840.2010 

Gescheider, G. (1997). The classical psychofisical methods 

psychophysics: The fundamentals (3rd ed.). Mahwah: 



Lawrence Erlbaum Associates. 

Giard, M. H., & Peronnet, F. (1999). Auditory-visual integration 

during multimodal object recognition in humans: A 

behavioral and electrophysiological study. Journal of Cognitive 

Neuroscience, 11(5), 473e490. https://doi.org/10.1162/ 

089892999563544 

Gillmeister, H., & Eimer, M. (2007). Tactile enhancement of 

auditory detection and perceived loudness. [Research Support, 

Non-U.S. Gov't]. Brain Research, 1160, 58e68. https://doi.org/ 

10.1016/j.brainres.2007.03.041 

Graziano, M. S., Yap, G. S., & Gross, C. G. (1994). Coding of visual 

space by premotor neurons. Science, 266(5187), 1054e1057. 

https://doi.org/10.1126/science.7973661 

Gulbinaite, R., Ilhan, B., & VanRullen, R. (2017). The triple-flash 

illusion reveals a driving role of alpha-band reverberations in 

visual perception. Journal of Neuroscience, 37(30), 7219e7230. 

https://doi.org/10.1523/JNEUROSCI.3929-16.2017 

Guterstam, A., Szczotka, J., Zeberg, H., & Ehrsson, H. H. (2018). 

Tool use changes the spatial extension of the magnetic touch 

illusion. Journal of Experimental Psychology General, 147(2), 

298e303. https://doi.org/10.1037/xge0000390 

Harris, A. M., Dux, P. E., & Mattingley, J. B. (2018). Detecting 

unattended stimuli depends on the phase of prestimulus 

neural oscillations. Journal of Neuroscience, 38(12), 3092e3101. 

https://doi.org/10.1523/JNEUROSCI.3006-17.2018 

Hihara, S., Obayashi, S., Tanaka, M., & Iriki, A. (2003). Rapid 

learning of sequential tool use by macaque monkeys. 

Physiology & Behavior, 78(3), 427e434. 

Holmes, N. P. (2012). Does tool use extend peripersonal space? A 

review and re-analysis. Experimental Brain Research, 218(2), 



273e282. https://doi.org/10.1007/s00221-012-3042-7 

Holmes, N. P., Martin, D., Mitchell, W., Noorani, Z., & Thorne, A. 

(2020). Do sounds near the hand facilitate tactile reaction times? 

Four experiments and a meta-analysis provide mixed support 

and suggest a small effect size. Experimental Brain Research, 

238(4), 995e1009. https://doi.org/10.1007/s00221-020-05771-5 

Iannetti, G. D., Hughes, N. P., Lee, M. C., & Mouraux, A. (2008). 

Determinants of laser-evoked EEG responses: Pain 

perception or stimulus saliency? [Research support, non-U.S. 

Gov't]. Journal of Neurophysiology, 100(2), 815e828. https:// 

doi.org/10.1152/jn.00097.2008 

c o r t e x 1 4 4 ( 2 0 2 1 ) 1 3 3 e1 5 0148 

Iriki, A., Tanaka, M., & Iwamura, Y. (1996). Coding of modified 

body schema during tool use by macaque postcentral 

neurones. Neuroreport, 7(14), 2325e2330. 

Ishibashi, H., Hihara, S., & Iriki, A. (2000). Acquisition and 

development of monkey tool-use: Behavioral and kinematic 

analyses. Canadian Journal of Physiology and Pharmacology, 

78(11), 958e966. 

Jung, T. P., Makeig, S., Humphries, C., Lee, T. W., McKeown, M. J., 

Iragui, V., et al. (2000). Removing electroencephalographic 

artifacts by blind source separation. [Clinical trial research 

support, non-U.S. Gov't research support, U.S. Gov't, non- 

P.H.S.]. Psychophysiology, 37(2), 163e178. https://doi.org/ 

10.1111/1469-8986.3720163 

Lauronen, L., Nevalainen, P., Wikstrom, H., Parkkonen, L., 

Okada, Y., & Pihko, E. (2006). Immaturity of somatosensory 

cortical processing in human newborns. Neuroimage, 33(1), 

195e203. https://doi.org/10.1016/j.neuroimage.2006.06.041 

Los, S. A., & Van der Burg, E. (2013). Sound speeds vision through 



preparation, not integration. Journal of Experimental Psychology 

Human Perception and Performance, 39(6), 1612e1624. https:// 

doi.org/10.1037/a0032183 

Macaluso, E., & Maravita, A. (2010). The representation of space 

near the body through touch and vision. [Review]. 

Neuropsychologia, 48(3), 782e795. https://doi.org/10.1016/ 

j.neuropsychologia.2009.10.010 

Magosso, E., Ursino, M., di Pellegrino, G., Ladavas, E., & Serino, A. 

(2010). Neural bases of peri-hand space plasticity through tool- 

use: Insights from a combined computational-experimental 

approach. Neuropsychologia, 48(3), 812e830. https://doi.org/ 

10.1016/j.neuropsychologia.2009.09.037 

Maravita, A., & Iriki, A. (2004). Tools for the body (schema). Trends 

in Cognition Science, 8(2), 79e86. https://doi.org/10.1016/ 

j.tics.2003.12.008 

Maravita, A., Spence, C., & Driver, J. (2003). Multisensory 

integration and the body schema: Close to hand and within 

reach. Current Biology, 13(13), R531eR539. https://doi.org/ 

10.1016/s0960-9822(03)00449-4 

Maris, E., & Oostenveld, R. (2007). Nonparametric statistical 

testing of EEG- and MEG-data. Journal of Neuroscience Methods, 

164(1), 177e190. https://doi.org/10.1016/ 

j.jneumeth.2007.03.024 

Meredith, M. A., & Stein, B. E. (1996). Spatial determinants of 

multisensory integration in cat superior colliculus neurons. 

Journal of Neurophysiology, 75(5), 1843e1857. https://doi.org/ 

10.1152/jn.1996.75.5.1843 

Miller, L. E., Montroni, L., Koun, E., Salemme, R., Hayward, V., & 

Farne, A. (2018). Sensing with tools extends somatosensory 

processing beyond the body. Nature, 561(7722), 239e242. 



https://doi.org/10.1038/s41586-018-0460-0 

Mouraux, A., & Iannetti, G. D. (2008). Across-trial averaging of 

event-related EEG responses and beyond. Magnetic resonance 

imaging, 26(7), 1041e1054. https://doi.org/10.1016/ 

j.mri.2008.01.011 

Murray, M. M., Molholm, S., Michel, C. M., Heslenfeld, D. J., 

Ritter, W., Javitt, D. C., … Foxe, J. J. (2005). Grabbing your ear: 

Rapid auditory-somatosensory multisensory interactions in 

low-level sensory cortices are not constrained by stimulus 

alignment. Cerebral Cortex, 15(7), 963e974. https://doi.org/ 

10.1093/cercor/bhh197 

Musacchia, G., & Schroeder, C. E. (2009). Neuronal mechanisms, 

response dynamics and perceptual functions of multisensory 

interactions in auditory cortex. Hear Research, 258(1e2), 72e79. 

https://doi.org/10.1016/j.heares.2009.06.018 

Noel, J. P., Blanke, O., & Serino, A. (2018). From multisensory 

integration in peripersonal space to bodily self-consciousness: 

From statistical regularities to statistical inference. Annals of 

New York Academy Science. https://doi.org/10.1111/nyas.13867 

Noel, J. P., Chatelle, C., Perdikis, S., Johr, J., Lopes Da Silva, M., 

Ryvlin, P., … Serino, A. (2019). Peri-personal space encoding in 

patients with disorders of consciousness and cognitive-motor 

dissociation. Neuroimage Clinical, 24, 101940. https://doi.org/ 

10.1016/j.nicl.2019.101940 

Novembre, G., Pawar, V. M., Bufacchi, R. J., Kilintari, M., 

Srinivasan, M., Rothwell, J. C., … Iannetti, G. D. (2018). Saliency 

detection as a reactive process: Unexpected sensory events 

evoke corticomuscular coupling. Journal of Neuroscience, 38(9), 

2385e2397. https://doi.org/10.1523/JNEUROSCI.2474-17.2017 

Patane, I., Cardinali, L., Salemme, R., Pavani, F., Farne, A., & 



Brozzoli, C. (2019). Action planning modulates peripersonal 

space. Journal of Cognitive Neuroscience, 31(8), 1141e1154. 

https://doi.org/10.1162/jocn_a_01349 

Quinn, B. T., Carlson, C., Doyle, W., Cash, S. S., Devinsky, O., 

Spence, C., … Thesen, T. (2014). Intracranial cortical responses 

during visual-tactile integration in humans. Journal of 

Neuroscience, 34(1), 171e181. https://doi.org/10.1523/ 

JNEUROSCI.0532-13.2014 

Rao, I. S., & Kayser, C. (2017). Neurophysiological correlates of the 

rubber hand illusion in late evoked and alpha/beta band 

Activity. Frontiers in Human Neuroscience, 11, 377. https:// 

doi.org/10.3389/fnhum.2017.00377 

Ricci, R., Salatino, A., Garbarini, F., Ronga, I., Genero, R., Berti, A., 

et al. (2016). Effects of attentional and cognitive variables on 

unilateral spatial neglect. Neuropsychologia, 92, 158e166. 

https://doi.org/10.1016/j.neuropsychologia.2016.05.004 

Rizzolatti, G., Fadiga, L., Fogassi, L., & Gallese, V. (1997). The space 

around us. Science, 277(5323), 190e191. 

Roa Romero, Y., Keil, J., Balz, J., Niedeggen, M., Gallinat, J., & 

Senkowski, D. (2016). Alpha-band oscillations reflect altered 

multisensory processing of the McGurk illusion in 

schizophrenia. Frontiers in Human Neuroscience, 10, 41. https:// 

doi.org/10.3389/fnhum.2016.00041 

Ronga, I., Galigani, M., Bruno, V., Noel, J. P., Gazzin, A., 

Perathoner, C., … Garbarini, F. (2021). Spatial tuning of 

electrophysiological responses to multisensory stimuli reveals 

a primitive coding of the body boundaries in newborns. 

Proceedings of the National Academy of Sciences of the United States 

of America, 118(12). https://doi.org/10.1073/pnas.2024548118 

Ronga, I., Sarasso, P., Fossataro, C., Salatino, A., Garbarini, F., 



Ricci, R., et al. (2018). Everything is illuminated: Prismatic 

adaptation lowers visual detection threshold in normal 

subjects. Journal of Experimental Psychology Human Perception 

and Performance, 44(10), 1619e1628. https://doi.org/10.1037/ 

xhp0000559 

Ronga, I., Valentini, E., Mouraux, A., & Iannetti, G. D. (2013). 

Novelty is not enough: Laser-evoked potentials are 

determined by stimulus saliency, not absolute novelty. 

[Research support, non-U.S. Gov't]. Journal of Neurophysiology, 

109(3), 692e701. https://doi.org/10.1152/jn.00464.2012 

Sambo, C. F., & Forster, B. (2009). An ERP investigation on 

visuotactile interactions in peripersonal and extrapersonal 

space: Evidence for the spatial rule. Journal of Cognitive 

Neuroscience, 21(8), 1550e1559. https://doi.org/10.1162/ 

jocn.2009.21109 

Sambo, C. F., Forster, B., Williams, S. C., & Iannetti, G. D. (2012). To 

blink or not to blink: Fine cognitive tuning of the defensive 

peripersonal space. Journal of Neuroscience, 32(37), 

12921e12927. https://doi.org/10.1523/JNEUROSCI.0607-12.2012 

Sarasso, P., Ninghetto, M., Salatino, A., Ronga, I., Bongiardina, A., 

Iarrobino, I., … Ricci, R. (2018). Everything is (still) illuminated: 

Dual right cathodal-left anodal tDCS of PPC prevents fatigue 

on a visual detection task. Brain Stimulation. https://doi.org/ 

10.1016/j.brs.2018.09.017 

Sarasso, P., Perna, P., Barbieri, P., Neppi-Modona, M., Sacco, K., & 

Ronga, I. (2021). Memorisation and implicit perceptual 

   earning are enhanced for preferred musical intervals and 

chords. Psychonomic Bulletin & Review. https://doi.org/10.3758/ 

s13423-021-01922-z 

Sarasso, P., Ronga, I., Kobau, P., Bosso, T., Artusio, I., Ricci, R., et al. 



(2020). Beauty in mind: Aesthetic appreciation correlates with 

perceptual facilitation and attentional amplification. 

Neuropsychologia, 136, 107282. https://doi.org/10.1016/ 

j.neuropsychologia.2019.107282 

Sarasso, P., Ronga, I., Pistis, A., Forte, E., Garbarini, F., Ricci, R., 

et al. (2019). Aesthetic appreciation of musical intervals 

enhances behavioural and neurophysiological indexes of 

attentional engagement and motor inhibition. Scientific 

Reports, 9(1), 18550. https://doi.org/10.1038/s41598-019- 

55131-9 

Senkowski, D., Saint-Amour, D., Hofle, M., & Foxe, J. J. (2011). 

Multisensory interactions in early evoked brain activity follow 

the principle of inverse effectiveness. Neuroimage, 56(4), 

2200e2208. https://doi.org/10.1016/j.neuroimage.2011.03.075 

Serino, A. (2019). Peripersonal space (PPS) as a multisensory 

interface between the individual and the environment, 

defining the space of the self. Neuroscience and Biobehavioral 

Reviews, 99, 138e159. https://doi.org/10.1016/ 

j.neubiorev.2019.01.016 

Serino, A., Bassolino, M., Farne, A., & Ladavas, E. (2007). Extended 

multisensory space in blind cane users. Psychological Science, 

18(7), 642e648. https://doi.org/10.1111/j.1467- 

9280.2007.01952.x 

Serino, A., Canzoneri, E., Marzolla, M., di Pellegrino, G., & 

Magosso, E. (2015). Extending peripersonal space 

representation without tool-use: Evidence from a combined 

behavioral-computational approach. Frontiers in Behaviour 

Neuroscience, 9, 4. https://doi.org/10.3389/fnbeh.2015.00004 

Serino, A., Noel, J. P., Galli, G., Canzoneri, E., Marmaroli, P., 

Lissek, H., et al. (2015). Body part-centered and full body- 



centered peripersonal space representations. Scientific Reports, 

5, 18603. https://doi.org/10.1038/srep18603 

Spaccasassi, C., Romano, D., & Maravita, A. (2019). Everything is 

worth when it is close to my body: How spatial proximity and 

stimulus valence affect visuo-tactile integration. Acta 

Psychologica (Amsterdam), 192, 42e51. https://doi.org/10.1016/ 

j.actpsy.2018.10.013 

Spence, C., Pavani, F., & Driver, J. (2004). Spatial constraints on 

visual-tactile cross-modal distractor congruency effects. 

Cognitive, Affective & Behavioral Neuroscience, 4(2), 148e169. 

https://doi.org/10.3758/cabn.4.2.148 

Sposito, A. V., Bolognini, N., Vallar, G., Posteraro, L., & Maravita, A. 

(2010). The spatial encoding of body parts in patients with 

neglect and neurologically unimpaired participants. 

Neuropsychologia, 48(1), 334e340. https://doi.org/10.1016/ 

j.neuropsychologia.2009.09.026 

Stein, B. E., & Stanford, T. R. (2008). Multisensory integration: 

Current issues from the perspective of the single neuron. 

[Research support, N.I.H., extramural review]. Nature Reviews 

Neuroscience, 9(4), 255e266. https://doi.org/10.1038/nrn2331 

Stone, K. D., Kandula, M., Keizer, A., & Dijkerman, H. C. (2018). 

Peripersonal space boundaries around the lower limbs. 

Experimental Brain Research, 236(1), 161e173. https://doi.org/ 

10.1007/s00221-017-5115-0 

Torta, D. M., Liang, M., Valentini, E., Mouraux, A., & Iannetti, G. D. 

(2012). Dishabituation of laser-evoked EEG responses: 

Dissecting the effect of certain and uncertain changes in 

stimulus spatial location. Experimental Brain Research. https:// 

doi.org/10.1007/s00221-012-3019-6 

Valentini, E., Koch, K., Nicolardi, V., & Aglioti, S. M. (2015). 



Mortality salience modulates cortical responses to painful 

somatosensory stimulation: Evidence from slow wave and 

delta band activity. Neuroimage, 120, 12e24. https://doi.org/ 

10.1016/j.neuroimage.2015.07.025 

Valentini, E., Torta, D. M., Mouraux, A., & Iannetti, G. D. (2011). 

Dishabituation of laser-evoked EEG responses: Dissecting the 

effect of certain and uncertain changes in stimulus modality. 

[Research support, non-U.S. Gov't]. Journal of Cognitive 

Neuroscience, 23(10), 2822e2837. https://doi.org/10.1162/ 

jocn.2011.21609 

Vroomen, J., & Keetels, M. (2010). Perception of intersensory 

synchrony: A tutorial review. Attention, Perception & 

Psychophysics, 72(4), 871e884. https://doi.org/10.3758/ 

APP.72.4.871 

Wriessnegger, S. C., Brunner, C., & Muller-Putz, G. R. (2018). 

Frequency specific cortical dynamics during motor imagery 

are influenced by prior physical activity. Frontiers in Psychology, 

9, 1976. https://doi.org/10.3389/fpsyg.2018.01976 

 

 



 

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. 

 



 

 

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. 

 

 



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 
ANearþT (grey). Central panel: 

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

unimodal responses) in the near (pink) and in the far (purple) condition 

 



 

 

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 ANearþT (grey); ATFar (light blue) versus 
AFarþT (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 
ANearþT (grey); ATFar (light 

blue) versus AFarþT (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 

 

 

 

 

 

 


