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Spatial proximity to others induces
plastic changes in the neural
representation of the peripersonal space

Carlotta Fossataro,1 Mattia Galigani,1 Alice Rossi Sebastiano,1 Valentina Bruno,1 Irene Ronga,1

and Francesca Garbarini1,2,3,*

SUMMARY

Peripersonal space (PPS) is a highly plastic ‘‘invisible bubble’’ surrounding the
body whose boundaries are mapped through multisensory integration. Yet, it
is unclear how the spatial proximity to others alters PPS boundaries. Across
five experiments (N = 80), by recording behavioral and electrophysiological
responses to visuo-tactile stimuli, we demonstrate that the proximity to others
induces plastic changes in the neural PPS representation. The spatial proximity
to someone else’s hand shrinks the portion of space within which multisensory
responses occur, thus reducing the PPS boundaries. This suggests that PPS repre-
sentation, built from bodily and multisensory signals, plastically adapts to the
presence of conspecifics to define the self-other boundaries, so that what is
usually coded as ‘‘my space’’ is recoded as ‘‘your space’’.When the space is shared
with conspecifics, it seems adaptive to move the other-space away from the self-
space to discriminate whether external events pertain to the self-body or to
other-bodies.

INTRODUCTION

Influential views in neuroscience describe the concept of peripersonal space (PPS) as an ‘‘invisible bubble’’

surrounding the body,1 whose boundaries are coded through the integration of multisensory stimuli arising

from the body and from the space around it. This portion of space has the adaptive function of discrimi-

nating external stimuli occurring close to our body from those occurring far from it, thus orienting goal-

directed actions2 and supporting the body protection.3–5 In non-human primates, there is extensive

evidence that multimodal PPS neurons are able to map the body boundaries, as their firing rate decreases

whereas the distance between the stimulated body district and the concurrent (visual or auditory) stimuli

increases.3,6 Analogously, in humans, visual or auditory stimuli occurring at a limited distance from the

body speed up the behavioral responses to tactile stimuli7–9 and boost the neural activity (e.g.,10–13). In

both human and non-human primates, the PPS representation is known to be highly plastic, changing

with experience (e.g.,14–19). Accordingly, it is well known that PPS can widen if a tool is employed to interact

with objects in the far space, as proven by converging evidence in monkeys14 and humans, including

several examples in clinical (e.g.,20–22) and normal populations (e.g.,7,15,16,23–27). Furthermore, the size of

PPS varies depending on contextual factors, such as the emotional valence of the external stimuli, so

that a threatening stimulus expands it whereas a safe one reduces it.18,28–31 By contrast, how the PPS

size varies depending on a social factor, such as the presence of another individual, is controversial.

Some studies suggest that viewing another’s body fosters multisensory responses,32–34 thus enlarging

the space for integration to create a ‘‘shared mapping of own and others’ bodies’’.35 Conversely, other

studies propose that the presence of someone else reduces multisensory responses,36–39 thus inducing

a sort of PPS shrinkage.

Here, in a series of five experiments, we focus on the hand-centered PPS representation because the hand

plays a crucial role in human social life, being the medium through which we come in contact with others.40

In particular, we ask whether the mere spatial proximity to someone else’s hand alters the size of the hand-

centered PPS and, if so, which is the underlying mechanism that modulates the direction of this change

(widening versus shrinking). To this aim, we manipulate (1) the occurrence of multisensory stimuli, so

that they can appear at either shorter (ultra-near) or larger (near) distance from the participants’ hand
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(hereinafter ‘‘self-hand’’), and (2) the presence/absence of someone else’s hand (hereinafter ‘‘other-hand’’).

In each experiment, participants actively respond to (psychophysics) or passively attend (electroencepha-

lography - EEG) tactile stimuli delivered to the self-hand, either in isolation or simultaneously with visual

stimuli. A multisensory enhancement occurs when the presence of visual stimuli induces faster reaction

times (RTs) to tactile stimuli (e.g.,8,41–44) and sub- or super-additive responses in event related potentials

(ERPs) (e.g.,12,13,45–48). Such effect is expected to be greater when visual stimuli occur at a shorter (ultra-

near) than a larger (near) distance from the self-hand receiving tactile stimuli. This spatial modulation

can be considered as a proxy of an effective coding of the hand-centered PPS, thus representing a reliable

variable to investigate whether and how the size of PPS varies depending on the spatial proximity to others.

For details, see STAR Methods.

In Experiment 1 (preliminary study), starting from electrophysiological evidence in non-human primates

suggesting that visual receptive fields of visuo-tactile neurons are anchored to the hand and move with

it,49 we initially verify whether our experimental paradigm is able to map the hand-centered PPS regardless

the self-hand position in space, by recording both psychophysical and EEG measures. In Experiment 2

(discovery sample), we ask whether the spatial proximity to others alters the hand-centered PPS represen-

tation, by comparing the multisensory enhancement on psychophysical measures in two different sce-

narios, differing from the presence/absence of the other-hand. Significant differences between the two

scenarios should support the view that the proximity to others is able to modulate the PPS extent, also

showing the directionality of this effect (i.e., widening versus shrinking). In Experiment 3 (position control

experiment), we control whether the modulation induced by the other-hand is present irrespective of its

position in space. In Experiment 4 (replicating sample), we replicate the design of Experiment 2, also

collecting EEG measures. The modulation induced by the other-hand proximity is expected not only

when participants actively respond to the tactile stimulus (psychophysics), but also when they passively

attend it (EEG), thus revealing the electrophysiological correlate of this effect. Finally, in Experiment 5

(perspective control experiment), we test whether the modulation observed when the other-hand is pre-

sented in first-person perspective (as in Experiment 2, 3, 4) persists when the other-hand is presented in

third-person-perspective, from which we typically observe other people in social context.

RESULTS

Experiment 1 (preliminary study; N = 16): Comparing internal and external position of the

self-hand

This experiment is designed to map the hand-centered PPS irrespective of the self-hand position in space.

To this aim we compared two scenarios wherein the self-hand could be either close to the participants’

trunk (i.e., internally aligned to the participants’ shoulder) or farther from it (i.e., externally misaligned to

the shoulder) (Figure 1A). Both RTs and ERPs are collected (in separate sessions).

Psychophysical results

The 2x3 ANOVA, with ‘Scenario’ (two levels: Internal; External) and ‘Condition’ (three levels: T; VT near; VT

ultra-near) as within-subject factors, shows a significant main effect of Condition (F2,28 = 17.4910;

p = 0.000012; h2
p = 0.5555428) (Figure 1B), while neither a main effect of Scenario (F1,14 = 0.1741;

p = 0.682849) nor a Scenario*Condition interaction (F2,28 = 0.8599; p = 0.434063) is found, suggesting

the presence of similar effects in both scenarios (Figure 1C). Post hoc comparisons exploring the main ef-

fect of Condition reveal (1) a significant multisensory enhancement (i.e., faster RTs compared to unimodal T

condition) in both bimodal VT ultra-near (p = 0.000129) and VT near conditions (p = 0.002493) and (2) a

significant difference between the two bimodal conditions, with faster RTs in VT ultra-near than in VT

near conditions (p = 0.016617).

Electrophysiological results

In both internal and external scenarios, the analysis reveals significant time-periods of super-additivity in

both bimodal conditions (VT ultra-near; VT near), meaning that the amplitude of somatosensory evoked

potentials (SEPs) elicited by each bimodal condition is significantly different from the sum of the two

respective unimodal conditions (V ultra-near + T; V near + T). Such super-additivity represents the electro-

physiological signature of the multisensory enhancement.10,50 This effect is found in long-latency SEPs

components, with super-additive effects within a time-window coinciding with the P2 latency. See

Figures 2A, 2B, 2D, and 2E). Furthermore, in both internal and external scenarios, the difference between
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bimodal conditions (VT) and the sum of unimodal conditions (V + T), calculated as an integration index [i.e.,

VT-(V + T)], is significantly greater in ultra-near as compared to near position, in a time-window correspond-

ing to the P2 latency. See Figure S1 in SI. Importantly, when internal and external scenarios are compared

within each position, no significant difference between scenarios is found neither in ultra-near nor in near

positions. Figures 2C–2G.

Taken together, these preliminary results suggest that, at both psychophysical and electrophysiological

level, our experimental paradigm is able to map the hand-centered PPS, with greater multisensory

enhancement on both RTs and ERPs in ultranear than in near condition, irrespective of the self-hand

position.

Experiment 2 (discovery sample; N = 16): Exploring the other-dependent modulation of PPS

This experiment is designed to investigate whether the spatial proximity to others alters the hand-centered

PPS representation. Themultisensory enhancement is tested in two scenarios differing because of the pres-

ence/absence of the other-hand, so that visual stimuli occurring at a larger distance from the self-hand are

presented either close to the other-hand or in an empty portion of the table (Figure 3A). Only RTs are

collected.

Figure 1. Experiment 1

(A) The figure depicts the experimental setting and conditions. Tactile and visual stimuli are respectively represented with

a flash and a red dot. The self-hand is depicted in black.

(B) The figure represents the RTs (ms) modulation as shown by the main effect of Condition, while (C) represents the

Scenario*Condition interaction. The empty histograms represent the unimodal T condition, the solid ones represent the

VT ultra-near condition and the dotted ones the VT near condition. Error bars represent the standard error of the mean

(SEM) and the asterisks the significant differences (*p<0.05; *p<0.05; **p<0.005; ***p<0.0005). Dots represent individual

values.
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Psychophysical results

The 2x3 ANOVA, with ‘Scenario’ (two levels: Without other-hand; With other-hand) and ‘Condition’ (three

levels: T; VT near; VT ultra-near) as within-subject factors, shows a significant main effect of Condition

(F2,30 = 25.9415; p = 0.000001; h2
p = 0.633623) with post hoc comparisons revealing significantly faster

RTs in VT ultra-near as compared to both T (p= 0.0001) andVT near conditions (p= 0.0001), but no significant

difference between VT near and T condition (p = 0.1376) (Figure 3B). Crucially, a significant Scenario*Con-

dition interaction (F2,30 = 4.31; p = 0.02; h2
p = 0.22) better explain this result (Figure 3C). Post hoc compar-

isons exploring the interaction reveal, in both scenarios, a significant difference between bimodal

conditions, with faster RTs in VT ultra-near than in VT near condition (without other-hand p = 0.00092;

with-other-hand p = 0.00013). More importantly, although in both scenarios a significant multisensory

enhancement (i.e., faster RTs compared to unimodal T condition) is found in bimodal VT ultra-near condition

(without-other-hand p = 0.00013; with other-hand p = 0.00012), a significant multisensory enhancement in

bimodal VT near condition is found only in thewithout other-hand scenario (p = 0.00323), when visual stimuli

appear in an empty portion of the table, and not in the with other-hand scenario (p = 0.89115), when visual

stimuli appear close to the other-hand. Coherently, a significant difference between the two scenarios is

found when comparing the two VT near conditions, with significantly slower RTs in the with other-hand sce-

nario as compared to the without other-hand scenario (p = 0.00482). Importantly, no difference between

scenarios is found in both T (p = 0.711534) and VT ultra-near (p = 0.37054) conditions.

These results suggest that the presence of someone else’s hand induces a shrinkage of the hand-centered

PPS representation (i.e., other-dependent effect), abolishing the multisensory enhancement when visual

stimuli occurring at a larger distance from the self-hand are delivered close to the other-hand instead of

in an empty portion of the table.

Figure 2. ERPs results of Experiment 1

The figure represents the ERPs waveforms at Cz electrode (referenced to the nose). The x axis represents time (s) and the y axis represents the voltage

amplitude (mV), the vertical dashed line represents the stimulus onset. In the top panels the ultra-near conditions are shown, whereas the near conditions are

shown in the bottom panels. The time window wherein the ERPs waveforms are significantly different between conditions are highlighted by color bars, and

the t and p values reported within the colored box are collected from Cz. Super-additivity was significant in (A) within 183–241 ms after stimulus onset; in

(B) within 175–213 ms after stimulus onset; in (D) within 188–225 ms post stimulus onset; in (E) within 183–199 ms after stimulus onset. No significant

differences emerged in (C) and (F). Topographical CSD maps for peaks latency within the significant range are plotted too. The scalp topography of the

positive peak and negative peaks is symmetrically distributed over central and parietal regions. See also Figure S1.
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Experiment 3 (position control experiment;N=16): Comparing internal and external position

of the self-hand and the other-hand

Once we demonstrated that the presence of the other-hand affects the PPS boundaries, in Experiment 3 we

test whether the reciprocal position of the self-hand and the other-hand can impact on the other-depen-

dent effect (Figure 4A). Only RTs are collected.

Psychophysical results

The 2x3ANOVA, with ‘Scenario’ (two levels: Internal; External) and ‘Condition’ (three levels: T; VT near; VT ultra-

near) as within-subject factors, shows a significant main effect of Condition (F2,30 = 33.12392; p = 0.00001;

h2
p = 0.688305) (Figure 4B), whereas neither a main effect of Scenario (F1,15 = 0.75850; p = 0.397524) nor a Sce-

nario*Condition interaction (F2,30 = 1.26387; p = 0.297175) is found, suggesting a presence of similar effects in

both internal and external scenarios (Figure 4C). Post hoc comparisons exploring the main effect of Condition

reveal a significant multisensory enhancement (i.e., faster RTs compared to unimodal T condition) in VT ultra-

near (p = 0.000121) but not in VT near conditions (p = 0.256085) and a significant difference between bimodal

conditions, with faster RTs in VT ultra-near than in VT near condition (p = 0.000138).

These results suggest that the reciprocal position of the self-hand and the other-hand has no impact on the

other-dependent modulation of PPS. In both scenarios, the multisensory enhancement is abolished when

visual stimuli are delivered close to the other-hand, irrespective of its location.

Figure 3. Experiment 2

(A) The figure depicts the experimental setting and conditions. Tactile and visual stimuli are respectively represented with

a flash and a red dot. The self-hand is depicted in black, whereas the other-hand in green.

(B) The figure represents the RTs (ms) modulation as shown by the main effect of Condition, while (C) represents the

Scenario*Condition interaction. The empty histograms represent the unimodal T condition, the solid ones represent

the VT ultra-near condition and the dotted ones the VT near condition. Error bars represent the SEM and the asterisks the

significant differences (*p<0.05; **p<0.005; ***p<0.0005). Dots represent individual values.
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Experiment 4 (replicating sample; N = 16): Replicating the other-dependent modulation of

PPS and exploring its electrophysiological correlate

This experiment is designed to replicate psychophysical data (RTs) of Experiment 2 (also controlling for the

presence of a neutral object instead of the empty portion of the table) and to explore the electrophysio-

logical correlate of the other-dependent modulation of PPS, by collecting ERPs (Figure 5A).

Psychophysical results

Analyses on RTs fully parallel the results of Experiment 2. The 2x3 ANOVA shows a significant main effect of

Condition (F2,30 = 12.40027; p = 0.0001; h2
p = 0.452560) with post hoc comparisons revealing significantly

faster RTs in VT ultra-near condition as compared to both T (p = 0.000208) and VT near conditions

(p = 0.002765), but no significant difference between VT near and T condition (p = 0.119257) (Figure 5B).

Crucially, a significant Scenario*Condition interaction (F2,30 = 4.37564; p = 0.021504; h2
p = 0.225832) better

explain this result (Figure 5C). Post hoc comparisons exploring the interaction reveal significant differences

between bimodal conditions in both scenarios, with faster RTs in VT ultra-near than in VT near conditions

(with other-hand scenario: p = 0.000121; with object scenario: p = 0.000336). More importantly, although in

both scenarios a significant the multisensory enhancement (i.e., faster RTs compared to unimodal T condi-

tion) is found in bimodal VT ultra-near condition (with other-hand scenario: p = 0.000160; with-object

scenario: p = 0.000134), a significant multisensory enhancement in bimodal VT near condition is found

only in the with object scenario (p = 0.000300), when visual stimuli appear close to a neutral object, and

Figure 4. Experiment 3

(A) The figure depicts the experimental setting and conditions. Tactile and visual stimuli are respectively represented with

a flash and a red dot. The self-hand is depicted in black, whereas the other-hand in green.

(B) The figure represents the RTs (ms) modulation as shown by the main effect of Condition, while (C) represents the

Scenario*Condition interaction. The empty histograms represent the unimodal T condition, the solid ones represent

the VT ultra-near condition and the dotted ones the VT near condition. Error bars represent the SEM and the asterisks the

significant differences (*p<0.05; **p<0.005; ***p<0.0005). Dots represent individual values.
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not in the with-other-hand scenario (p = 0.443706), when visual stimuli appear close to the other-hand.

Coherently, a significant difference between the two scenarios is found in VT near condition, with

significantly slower RTs in the with other-hand scenario as compared to the with object scenario

(p = 0.006826). Importantly, no difference between scenarios was found in both T (p = 0.226172) and VT

ultra-near (p = 0.703754) conditions.

Electrophysiological results

In both with-object and with-other-hand scenarios, the analysis reveals significant time-periods of super-

additivity in each bimodal condition (VT ultra-near; VT near) as compared to the sum of two respective

unimodal conditions (V ultra-near + T; V near + T), representing the electrophysiological signature of

the multisensory enhancement. This effect is found in long-latency SEPs components, with super-additive

effect within a time-window coinciding with and P2 latency. Figures 6A, 6B, and 6D. Note that in near

position of the with-other-hand scenario the multisensory enhancement effect is confined to the P2 latency

(Figure 6E).

Furthermore, in both with-object and with-other-hand scenarios, a significantly greater difference between

bimodal conditions (VT) and the sum of unimodal conditions (V + T), calculated as an integration index [i.e.,

VT-(V + T)], is found in ultra-near as compared to near position in a time-window corresponding to the P2

Figure 5. Experiment 4

(A) The figure depicts the experimental setting and conditions. Tactile and visual stimuli are respectively represented with

a flash and a red dot. The self-hand is depicted in black, whereas the other-hand in green. The pink box represents the

neutral object.

(B) The figure represents the RTs (ms) modulation as shown by the main effect of Condition, while (C) represents the

Scenario*Condition interaction. The empty histograms represent the unimodal T condition, the solid ones represent the

VT ultra-near condition and the dotted ones the VT near condition. Error bars represent the SEM and the asterisks

the significant differences (*p<0.05; **p<0.005; ***p<0.0005). Dots represent individual values.
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latency. See Figure S2 in SI. More interestingly, when with-object and with-other-hand scenarios are

compared within each position, a significant difference between scenarios is found in near positions

only, where the presence of the other-hand significantly reduces the multisensory enhancement at the

P2 latency (Figure 6F). In ultra-near position, when the two scenarios are compared, no significant

differences emerge (Figure 6C).

These results fully replicate the other-dependent modulation of PPS in psychophysical measures (see

experiment 2), also controlling for the presence of a neutral object instead of the empty portion of the

table. Importantly, here, the EEG correlate of this effect is described, with a reduced P2 when visual stimuli

appear close to the other-hand instead of a neutral object.

Experiment 5 (perspective control experiment; N = 16): Exploring the other-dependent

modulation of PPS in third-person-perspective

This experiment is designed to investigate whether the other-dependent modulation of PPS persists when

the other hand is presented in third-person-perspective, from which we typically observe other people in

social context (Figure 7A). Only RTs are collected.

Psychophysical results

The 2x3 ANOVA, with ‘Scenario’ (two levels: With object; With other-hand) and ‘Condition’ (three levels:

T; VT near; VT ultra-near) as within-subject factors, shows a significant main effect of Condition (F2,30 =

21.45; p = 0.000002; h2
p = 0.59) with post hoc comparisons revealing significantly faster RTs in VT ultra-

near as compared to both T (p = 0.0001) and VT near conditions (p = 0.000689), and between VT near

Figure 6. ERPs results of Experiment 4

The figure represents the ERPs waveforms at Cz electrode (referenced to the nose). The x axis represents time (s) and the y axis represents the voltage

amplitude (mV), the vertical dashed line represents the stimulus onset. In the top panels the ultra-near conditions are shown, while the near conditions are

shown in the bottom panels. The time window wherein the ERPs waveforms are significantly different between conditions are highlighted by color bars, and

the t and p values reported within the colored box are collected from Cz. Super-additivity was significant in (A) within 181–238 ms after stimulus onset; in

(B) within 162-262 ms; in (D) within 156-200 ms after stimulus onset; in (E) within 181–209 ms after stimulus onset; in (F) within 163-191 ms after stimulus onset.

No significant difference emerged in (C). Topographical CSD maps for peaks latency within the significant range are plotted too. The scalp topography of

the positive and negative peaks is symmetrically distributed over central and parietal regions. See also Figure S2.
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and T condition (p = 0.012587) (Figure 7B). Crucially, a significant Scenario*Condition interaction

(F2,30 = 3.57; p = 0.04; h2
p = 0.19) better explains this result (Figure 7C). Post hoc comparisons exploring

the interaction reveal, in both scenarios, a significant difference between bimodal conditions, with faster

RTs in VT ultra-near than in VT near condition (with object: p = 0.032513; with other-hand: p = 0.000312).

More importantly, although in both scenarios a significant multisensory enhancement (i.e., faster RTs

compared to unimodal T condition) is found in bimodal VT ultra-near condition (with object:

p = 0.000135; with other-hand: p = 0.000217), a significant multisensory enhancement in bimodal VT

near condition is found only in the without-other-hand scenario (p = 0.000825), when visual stimuli appear

close to the neutral object, and not in the with-other-hand scenario (p = 0.541375), when visual stimuli

appear close to the other-hand. Coherently, a significant difference between the two scenarios is found

when comparing the two VT near conditions, with significantly slower RTs in the with-other-hand scenario

as compared to the without-other-hand scenario (p = 0.002031). Importantly, no difference between

scenarios is found in both T (p = 0.712928) and VT ultra-near (p = 0.155524) conditions.

These results fully replicate the other-dependent modulation of PPS in psychophysical measures already

observed when the other hand was presented in first-person perspective (see experiment 2, 3, 4), thus

suggesting that this effect also pertains to the third-person-perspective that is typical of real-world social

interaction with other people.

Figure 7. Experiment 5

(A) The figure depicts the experimental setting and conditions. Tactile and visual stimuli are respectively represented with

a flash and a red dot. The self-hand is depicted in black, whereas the other-hand in green.

(B) The figure represents the RTs (ms) modulation as shown by the main effect of Condition, while (C) represents the

Scenario*Condition interaction. The empty histograms represent the unimodal T condition, the solid ones represent the

VT ultra-near condition and the dotted ones the VT near condition. Error bars represent the SEM and the asterisks

the significant differences (*p<0.05; **p<0.005; ***p<0.0005). Dots represent individual values.

ll
OPEN ACCESS

iScience 26, 105879, January 20, 2023 9

iScience
Article



DISCUSSION

The PPS has been argued to map the body boundary and to distinguish it from the environment and from

other bodies, by exploiting multisensory integration phenomena. Here, we asked whether the proximity to

others induces plastic changes in the PPS representation. In a series of five experiments, we recorded RTs

and ERPs during a visuo-tactile paradigm, able to elicit multisensory integration, and we manipulated the

presence/absence of someone else’s hand. Our results confirm the previously described multisensory

enhancement within the hand-centered PPS, also providing conclusive evidence about plastic changes

in the PPS extent induced by the simple presence of a conspecific. In particular, the proximity to others

induces a shrinkage of the PPS boundaries, by reducing the space where multisensory responses occur.

Multisensory enhancement in the hand-centered PPS

The multisensory enhancement observed here confirms previous findings with our novel setting, where the

azimuthal instead of radial direction is investigated (see STAR Methods). At the behavioral level, in five

experiments (Experiment 1–5), faster RTs are observed in both bimodal ultra-near and bimodal near

conditions, as compared to unimodal tactile condition (Figures 1, 3, 4, 5, 7B, and 7C), thus supporting

the presence of multisensory facilitation within the hand-centered PPS.51 Importantly, the enhanced

responses in bimodal conditions are spatially organized with faster RTs in ultra-near than in near condition.

This confirms the view of PPS as a continuous field graded with the proximity to the body, whereby the

amplitude of multisensory responses, when engaging the somatosensory system, decreases as the dis-

tance between the location of touch and external (visual) stimulation increases.52–54 As revealed by our pre-

liminary Experiment 1, this multisensory enhancement, as well as its spatial organization within the PPS, is

independent of the self-hand position, either close to the trunk (internal scenario) or farther from it (external

scenario). This suggests a genuine coding of the hand-centered PPS with faster responses being graded

with the proximity of visual stimuli to the self-hand (and not to the trunk or the head). Our results are in

line with electrophysiological studies in monkeys demonstrating that visual receptive field is anchored

to the hand and moves with it.49

Electrophysiological findings (Experiment 1 & 4) fully parallel these behavioral results, highlighting the

physiological signature of multisensory enhancement. The point-by-point analysis indicates a multisensory

non-linearity in both bimodal ultra-near and bimodal near conditions that are significantly different from

their respective sum in a large time window encompassing long-latency SEP component,55 with super-ad-

ditive responses at P212,15,48,50 latency (Figures 2, 6A, 6B, 6D, and 6E). Such a modulation of long-latency

SEP component is in agreement with converging evidence from both scalp12,15,48,50,56 and intracranial

EEG10,46,57 recordings showing that multisensory responses occur at relatively long latencies, likely reflect-

ing processing from multimodal associative areas. Furthermore, the additional analyses, based on the

multisensory integration index [i.e., VT-(V + T);50,58,59], highlight a time-window coinciding with the P2

latency, where the super-additivity is significantly greater in ultra-near than in near position (Figures S1

and S2 in SI), thus supporting the view of a spatial organization of multisensory integration within the PPS.

Multisensory enhancement is modulated by the proximity to the other-hand

In Experiment 2 (discovery sample), we find that the presence of someone else’s hand induces a shrinkage

of the hand-centered PPS representation, abolishing multisensory facilitation when visual stimuli are deliv-

ered close to the other-hand instead of in an empty portion of the table. Experiment 4 (replicating sample)

fully replicates this result, also controlling for the presence of a neutral object instead of the empty portion

of the table. Hence, as systematically replicated among experiments, when the other-hand is absent a

multisensory facilitation on RTs is observed in both bimodal ultra-near and bimodal near conditions,

with faster responses as compared to unimodal tactile condition. Conversely, when the other-hand is

present, the multisensory facilitation on RTs is abolished in bimodal near conditions, when visual stimuli

occur close to the other-hand (Figures 3C and 5C). Coherently, in both Experiment 2 and 4, when the

two scenarios are directly compared, significantly slower RTs are found in bimodal near condition when

visual stimuli occur close to the other-hand as compared to when they occur in an empty portion of the ta-

ble (Experiment 2) or close to a neutral object (Experiment 4). Of interest, as suggested by Experiment 3

(position control experiment), the reciprocal position of the self-hand and the other-hand has no impact

on this effect (i.e., irrespective of the self-hand position, either internal or external, multisensory facilitation

is abolished when visual stimuli are delivered close to the other-hand). Furthermore, as suggested by

Experiment 5 (perspective control experiment), the multisensory enhancement is abolished also when

the other-hand is presented in third-person perspective, from which we typically perceive the others’
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body parts in social context, thus supporting the idea that the abolishment of multisensory enhancement at

the other-hand location can be related to a social recoding of the PPS.

These behavioral findings highlight the presence of a specific mechanism modulating the PPS extent as a

function of the proximity to others, by constantly updating the multisensory representation of the body in

space (Figure 8). Electrophysiological findings (Experiment 4) fully parallel these behavioral results. When

bimodal conditions are directly compared between scenarios, no difference is found in bimodal ultra-near

condition (Figure 6C), although in bimodal near condition significantly different responses are found within

a time-window corresponding to the P2 latency (Figure 6F). In particular, the multisensory facilitation at the

P2 latency is significantly reduced when visual stimuli occur close to the other-hand (with-other-hand

scenario) as compared to when they occur close to a neutral object (with-object scenario). Of interest, ac-

cording to both previous12,50 and present data, the spatial modulation of multisensory integration, with

greater multisensory enhancement in ultra-near than in near condition (see above), occurs within the P2

latency. This means that the same multisensory component is enhanced by the proximity to the self-

hand and reduced by the proximity to the other-hand, thus suggesting that the neural mechanism for

multisensory enhancement is diametrically modulated by the body identity.

Taken together, these behavioral and electrophysiological data provide evidence for a PPS shrinkage when

someone else’ body is close to us, regardless of the perspective from which the body is perceived. The

abolishment of the multisensory enhancement suggests that the presence of other’s body boosts the

self-other discrimination mechanism by inducing a shrinkage of the PPS boundary. This suggests that, in

line with some previous studies,36–38 when the space is shared with conspecifics, it seems adaptive to

move the other-space away from the self-space to distinguish between external events pertaining to the

self-body or to the other-body. Of interest, an enhanced PPS segregation between individuals has been

described in post-versus pre-pandemic context as a consequence of social distancing measurements,60

thus supporting the existence of an adaptive discrimination mechanism that plastically modulates the

boundary between self and others according to contextual factors.

Figure 8. Other-related plastic changes in the PPS representation

The blue bubble represents the hand-centered PPS, whose gradual tonality represents the PPS as a continuous field

graded with the proximity to the body when only the self-hand is present, as in (A). The proximity to someone else’s hand,

irrespective of the other-hand position in space and regardless the perspective from which it is presented, as in (B, C, and

D) induces a shrinkage of the hand-centered PPS boundary so that the portion of space previously coded as the self-hand

PPS is recoded as the other-hand PPS (i.e., the orange bubble).
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The presence of the other-hand could have alternatively induced an enlargement of the PPS, to include the

other-space in the self-space. In agreement with this (not verified) hypothesis, previous studies suggest the

existence of an ‘‘interpersonal visual enhancement of touch’’.61,62 Viewing the body of another person

significantly enhances the spatial resolution of touch on the corresponding body part, so that tactile

discrimination is significantly more accurate when viewing both one’s own and another’s body compared

to when viewing a neutral object.33,63 However, a crucial difference in our experimental setting can account

for different results. In these previous studies, participants could see only one hand (or hand image) at a

time, so that, when they saw the other-hand, the self-hand (receiving tactile stimulation) was hidden

from view. This induces a dissociation between tactile and visual signals that immediately reminds us of

the well-known embodiment mechanism of the rubber hand illusion (RHI; e.g.,42,64), which may have led

to an enlargement of the PPS to include the (embodied) other-hand space into the self-hand space.

Contrarily, in our design, both hands are visible on the table, and this may have enhanced the relevance

of self-other discrimination mechanisms,65 because it is crucial to differentiate whether the external event

occurs close to the self-body or to the other-body.

Furthermore, the (not verified) enlargement of the PPS could have been expected also on the base of

previous studies proposing that, during an attentional task, the view of either the participant’s hand or a

fake hand (presented one at a time) close to the visual target may induce attentional prioritization of the

occupied portion of space,66–68 thereby increasing the potential relevance of cues and targets appearing

within that space. Nevertheless, in our data, the abolishment of multisensory enhancement when visual

stimuli occur close to the other-hand makes unlikely that attentional prioritization around the other-

hand might explain our results.

Conclusions

In summary, the present behavioral and EEG data fully confirm the existence of a multisensory representa-

tion of the PPS as the radius immediately surrounding the body within which stimuli are perceived as phys-

ically relevant, thus boosting multisensory integration mechanisms. More interestingly, we show that the

proximity to others induces shrinkage of the PPS boundaries, by modulating multisensory integration

responses within the PPS. This means that the same portion of space, usually coded as ‘‘my space’’, is

recoded as ‘‘your space’’ (Figure 8). Overall, these findings suggest that the PPS representation, built

from bodily and multisensory signals, plastically adapts to the presence of a conspecific, to define the

self-other body boundaries.

Limitations of the study

Even though the present study provides compelling evidence for a shrinkage of the PPS boundaries in the

presence of others, some limitations can be acknowledged. For instance, our study focused only on the

hand-centered PPS and tested only two distances from the hand (ultra-near and near). Future studies

should establish whether similar other-dependent plastic changes can be generalized to other body

districts and whether looming visual stimuli might allow more precise mapping of the PPS boundaries re-

coding. Furthermore, the other hand was always of a stranger in our study. Thus, further studies should

establish whether different results can be found with a familiar other-hand. Finally, future applications of

our protocol in brain-damaged patients with selective impairment of the self-other discrimination

mechanism (see e.g.,69,70) could improve our understanding of this clinical condition.
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44. Zanini, A., Patané, I., Blini, E., Salemme, R.,
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95. Schürmann, M., Kolev, V., Menzel, K., and
Yordanova, J. (2002). Spatial coincidence
modulates interaction between visual and
somatosensory evoked potentials.
Neuroreport 13, 779–783. https://doi.org/
10.1097/00001756-200205070-00009.

96. Murray, M.M., Molholm, S., Michel, C.M.,
Heslenfeld, D.J., Ritter, W., Javitt, D.C.,
Schroeder, C.E., and Foxe, J.J. (2005).
Grabbing your ear: rapid auditory-
somatosensory multisensory interactions in
low-level sensory cortices are not
constrained by stimulus alignment. Cereb.
Cortex 15, 963–974. https://doi.org/10.
1093/cercor/bhh197.

97. Cappe, C., Thut, G., Romei, V., and Murray,
M.M. (2010). Auditory-visual multisensory
interactions in humans: timing, topography,
directionality, and sources. J. Neurosci. 30,
12572–12580. https://doi.org/10.1523/
JNEUROSCI.1099-10.2010.

98. Novembre, G., Pawar, V.M., Bufacchi, R.J.,
Kilintari, M., Srinivasan, M., Rothwell, J.C.,
Haggard, P., and Iannetti, G.D. (2018).
Saliency detection as a reactive process:
unexpected sensory events evoke
corticomuscular coupling. J. Neurosci. 38,
2385–2397. https://doi.org/10.1523/
JNEUROSCI.2474-17.2017.

99. Bruno, V., Ronga, I., Fossataro, C., Galigani,
M., Sacco, K., and Garbarini, F. (2020). Long-
term limb immobilization modulates
inhibition-related electrophysiological brain
activity. Neuroimage 218, 116911. https://
doi.org/10.1016/j.neuroimage.2020.116911.

100. Galigani, M., Ronga, I., Bruno, V., Castellani,
N., Rossi Sebastiano, A., Fossataro, C., and
Garbarini, F. (2021). Face-like configurations
modulate electrophysiological mismatch
responses. Eur. J. Neurosci. 53, 1869–1884.
https://doi.org/10.1111/ejn.15088.

101. Maris, E., and Oostenveld, R. (2007).
Nonparametric statistical testing of EEG-
and MEG-data. J. Neurosci. Methods 164,
177–190. https://doi.org/10.1016/J.
JNEUMETH.2007.03.024.

ll
OPEN ACCESS

16 iScience 26, 105879, January 20, 2023

iScience
Article

https://doi.org/10.1016/j.neuropsychologia.2006.09.013
https://doi.org/10.1016/j.neuropsychologia.2006.09.013
https://doi.org/10.1111/j.1460-9568.2005.04267.x
https://doi.org/10.1111/j.1460-9568.2005.04267.x
https://doi.org/10.1152/jn.00097.2008
https://doi.org/10.1152/jn.00097.2008
https://doi.org/10.1152/jn.00464.2012
https://doi.org/10.1152/jn.00464.2012
https://doi.org/10.1007/s00221-012-3019-6
https://doi.org/10.1162/jocn.2011.21609
https://doi.org/10.1162/jocn.2011.21609
http://refhub.elsevier.com/S2589-0042(22)02152-6/sref82
http://refhub.elsevier.com/S2589-0042(22)02152-6/sref82
http://refhub.elsevier.com/S2589-0042(22)02152-6/sref82
http://refhub.elsevier.com/S2589-0042(22)02152-6/sref82
https://doi.org/10.1093/scan/nsx146
https://doi.org/10.1093/scan/nsx146
https://doi.org/10.3389/fpsyt.2020.00449
https://doi.org/10.3389/fpsyt.2020.00449
https://doi.org/10.1016/j.neuroimage.2020.116897
https://doi.org/10.1016/j.neuroimage.2020.116897
https://doi.org/10.1007/s00426-020-01365-6
https://doi.org/10.1007/s00426-020-01365-6
https://doi.org/10.1016/j.neuroimage.2011.03.075
https://doi.org/10.1016/j.neuroimage.2011.03.075
https://doi.org/10.1038/nrn2331
https://doi.org/10.1038/nrn2331
https://doi.org/10.1016/J.CONB.2016.11.002
https://doi.org/10.1016/J.CONB.2016.11.002
https://doi.org/10.1016/j.neuropsychologia.2007.05.025
https://doi.org/10.1016/j.neuropsychologia.2007.05.025
https://doi.org/10.1016/j.pneurobio.2019.01.004
https://doi.org/10.1016/j.pneurobio.2019.01.004
https://doi.org/10.1111/1469-8986.3720163
https://doi.org/10.1111/1469-8986.3720163
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1016/j.ijpsycho.2015.04.012
https://doi.org/10.1016/j.ijpsycho.2015.04.012
https://doi.org/10.1097/00001756-200205070-00009
https://doi.org/10.1097/00001756-200205070-00009
https://doi.org/10.1093/cercor/bhh197
https://doi.org/10.1093/cercor/bhh197
https://doi.org/10.1523/JNEUROSCI.1099-10.2010
https://doi.org/10.1523/JNEUROSCI.1099-10.2010
https://doi.org/10.1523/JNEUROSCI.2474-17.2017
https://doi.org/10.1523/JNEUROSCI.2474-17.2017
https://doi.org/10.1016/j.neuroimage.2020.116911
https://doi.org/10.1016/j.neuroimage.2020.116911
https://doi.org/10.1111/ejn.15088
https://doi.org/10.1016/J.JNEUMETH.2007.03.024
https://doi.org/10.1016/J.JNEUMETH.2007.03.024
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Francesca Garbarini (francesca.garbarini@unito.it).

Materials availability

This study did not generate new materials.

Data and code availability

The behavioral and EEG data have been deposited at Mendeley and are publicly available as of the date of

publication. DOIs are listed in the key resources table.

All original code has been deposited at Mendeley and is publicly available as of the date of publication.

DOIs are listed in the key resources table.

Any additional information required to reanalyse the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

A total of eighty healthy volunteers were recruited for the study. Five independent groups of sixteen

participants took part in different experiments. The first group of healthy participants (mean G SD: years=

25.6 G 3.2, 8 females) took part in Experiment 1, the second group (mean G SD: years= 24.4 G 5.9, 9

females) took part in Experiment 2, the third group (mean G SD: years= 23.2 G 2.6, 11 females) took

part in Experiment 3, the fourth one (mean G SD: years= 23.5 G 1.8, 10 females) took part in Experiment

4, and the fifth one (mean G SD: years= 27.3 G 4.0, 11 females) took part in Experiment 5. The sample size

of sixteen subjects for each experiment was based on previous studies,7,71 wherein the effect-sizes

(Cohen’s d = 0.91 and 0.92 respectively) indicated that 16 participants provided 95% statistical power to

detect the effect with alpha = 0.05. All participants were right-handed, as assessed with the Edinburgh

Handedness Inventory,72 naı̈ve to the experimental procedure and they gave written informed consent

before taking part in the study. None of them had history of neurological, major medical or psychiatric dis-

orders. The experimental procedure was approved by local Ethics Committee of the University of Turin

(prot. n. 122571, 11/07/2016). Since it is known that the PPS extent is modulated post-pandemic,60 it is

important to note that the present data have been collected before the pandemic, except for the Exper-

iment 5 that has been collected post-pandemic, based on the suggestion of an anonymous reviewer.

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Arduino UNO Arduino RRID:SCR_017284

E-prime 2.0 E-prime RRID:SCR_009567

Statistica Software release 7 StatSoft RRID:SCR_014213

Matlab MathWorks RRID:SCR_001622

Letswave 6 NOCIONS RRID:SCR_016414

Other

Datasets and program codes This paper https://data.mendeley.com/datasets/

8zvfr55754/draft?a=97ada005-043f-43f4-

9007-5790009a79d6
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METHOD DETAILS

Study design and experimental procedures

Participants were comfortably seated in a silent and dimly lit room, resting their left arm on a table placed in

front of them. Before starting the data recording, we measured the sensory threshold to electrical non-

painful somatosensory stimuli for each participant in order to set tactile stimulation intensity according

to subjective perception (see electrical stimulation details below). Then, subjects underwent a visuo-tactile

multisensory paradigm: tactile stimuli were delivered to their left hand dorsum, while visual stimuli (i.e.,

colored-LEDs; see visual stimulation details below) could appear within the hand-centered PPS, at a shorter

(ultra-near) or larger (near) distance from the self-hand receiving tactile stimuli. Usually, the PPS extent in

the horizontal plane is tested in depth (i.e., in the radial direction relative to the observer), thus the furthest

stimulus position is more distant from both the hand and the trunk (e.g.,15,73). Here, instead, we chose to

explore the azimuthal direction (i.e., orthogonal to the radial direction), to be focused on the hand-

centered PPS, rather than on the whole-body PPS.

In the ultra-near position, visual stimuli appeared close to participants’ stimulated hand, in front of the

index finger. In the near position, visual stimuli appeared 20 cm away from the participants’ index finger

(Figure 1A). The distance between ultra-near and near positions was chosen in agreement with previous

literature suggesting that the multisensory facilitation is still present up to 24 cm from the hand,51 thus

ensuring that both positions were inside the hand-centered PPS. Note that, in those experiments where

the other-hand is present (i.e., Experiment 2-5), a co-experimenter (matched with the participant’s gender

and always a stranger for the participants) put their left hand on the table in the position required by each

experimental design (i.e., either internally aligned or externally misaligned with the participants’ shoulder;

see details in Figures 3, 4, 5, and 7 panel A). Note that we focused on the left hand, instead of the right hand,

for two reasons. A first, more practical, reason was that during RTs collection we preferred that participants

used the contralateral foot with respect to the stimulated hand, and using the right foot is easier for right-

handed participants. The second, more theoretical, reason was that a previous study showed a compati-

bility effect during a multisensory visuo-tactile paradigm only when concomitant visual stimuli occurred

simultaneously to tactile ones delivered on the left (and not on the right) hand.56 Importantly, in experi-

ments 2-4, the other-hand was presented in a first-person (egocentric) perspective in order to isolate the

identity variable, thus presenting the self-hand and the other-hand in the same perspective. However, in

Experiment 5, we presented the other-hand in third-person (allocentric) perspective that is typical of

real-world social interaction (Figure 7A).

During the experiments, RTs to tactile stimuli and ERPs were recorded in separate sessions to avoid ERPs

contamination due to the movement. RTs and EEG sessions took place within the same day in a counter-

balanced order between participants, with half of the subjects starting with the RTs recording and the other

half with the EEG recording. Each scenario was recorded in two different days at one week of distance in a

counterbalanced order across participants. During the experimental task participants were asked to look at

a fixation point, which was placed between ultra-near and near positions (i.e., at a distance of 10 cm from

both positions) to ensure that the participants’ attentional focus was equally distant from both portions of

space (Figure 1A). During the RTs recording, participants were instructed to respond to tactile stimuli

(ignoring the presence of visual stimuli) by pressing a pedal with their right foot as soon as they felt a tactile

stimulus on their left hand. ERPs recording details are explained below in EEG recording and EEG pre-pro-

cessing sessions.

All experiments share the methods and procedures described above, except for specific details described

in the ad-hoc paragraphs below.

Experiment 1 (preliminary experiment): Comparing internal and external position of the self-

hand

This experiment was specifically designed to investigate whether our experimental paradigm was able to

capture a multisensory enhancement in both psychophysical and electrophysiological measures, irrespec-

tive of the self-hand position in space, which could be either close to or distant from the trunk. To this aim

we compared two scenarios (see Figure 1A). In the ‘Internal’ scenario, the self-hand was aligned with the

participants’ shoulder, thus being closer to the trunk, and visual stimuli occurred at a shorter (ultra-near)

or at a larger (near) distance from both the self-hand and the trunk (and the head). In the ‘external’ scenario,

the participants’ left hand was externally misaligned with the participants’ shoulder thus beingmore distant
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from the trunk. Therefore, visual stimuli occurring at the shorter (ultra-near) distance from the stimulated

hand resulted at a larger distance from the trunk (and the head), while visual stimuli occurring at the larger

(near) distance from the stimulated hand resulted at a shorter distance from the trunk (and the head). In this

experiment, RTs and ERPs were recorded. Note that, due to a technical problem during the RTs recording,

data from one participant were missing, thus the behavioral analysis was performed on 15 participants, but

all participants were included in the EEG analysis.

In bimodal conditions, faster RTs to tactile stimuli and super-additive EEG activity, should confirm the

presence of a multisensory enhancement. Comparable effects in both scenarios should suggest that our

experimental paradigm is able to map the hand-centered PPS irrespective of the self-hand position, either

close to the trunk aligned (internal scenario) or farther from it misaligned (external scenario) with respect to

the shoulder.

Experiment 2 (discovery sample): Exploring the other-dependent modulation of PPS

This experiment aimed at investigating whether the hand-centered PPS boundary was modulated by the

proximity to someone else’s hand. More specifically, we aimed at verifying whether significant differences

were present when visual stimuli in near position occurred either in an empty portion of the table (as in

Experiment 1) or close to the other-hand (i.e., in front of the co-experimenter’s index finger). To this

aim, participants underwent the very same paradigm described above, in two different scenarios (see

Figure 3A). In the ‘without-other-hand’ scenario, as in the ‘external’ scenario of the Experiment 1, the par-

ticipants’ left hand was misaligned with respect to the shoulder, thus leaving an empty portion of the table

between the body midline and the self-hand. In the ‘with-other-hand’ scenario, the co-experimenter

(matched with the participants’ gender and always a stranger) was behind the participants without being

in physical contact with them and the co-experimenter’s arm was extended from the participants’ armpit.

The other-hand (the co-experimenter’s one,) was aligned with the participants’ left shoulder, thus being

placed between the participants’ body midline and their (externally misaligned) self-hand. The partici-

pants’ right hand was always placed on the table aligned with the participants’ shoulder and was never

stimulated. In the ultra-near position of both scenarios, visual stimuli appeared in front of the index finger

of the participants’ stimulated hand. Conversely, in the near position, important differences between the

two scenarios were present; in the ‘without-other-hand’ scenario, visual stimuli appeared in the empty

portion of the table included between the participants’ left hand and their body midline; while in the

‘with-other-hand’ scenario, they appeared close to the other-hand (i.e., in front of the co-experimenter’s

index finger). Note that to create continuity with the participants body, the participants’ trunk and arms

were covered by a black towel in both scenarios. In this experiment, RTs were recorded.

Significant differences between the two scenarios in the near positions, when visual stimuli occur either in

an empty portion of the table or close to the other-hand, should support the view that the proximity to the

other-hand is able to modify the hand-centered PPS representation.

Experiment 3 (control experiment): Comparing internal and external position of the self-hand

and the other-hand

This experiment was designed to explore whether the reciprocal position of the self-hand and the other-

hand can impact on the other-dependent multisensory enhancement observed in Experiment 2. To this

aim, we manipulated the position wherein the other-hand was placed, that is in internal or external portion

of space with respect to the participants’ stimulated hand. The experimental procedure was identical to

that employed in Experiment 1 with two different scenarios (see Figure 4A). In the ‘external’ scenario,

the self-hand was externally misaligned to the shoulder while the other-hand was located internally,

between the participant’s hand and the trunk. In the ‘internal’ scenario, the co-experimenter is always

behind the participants extending the arm laterally, next to the participants’ arm so that the other-hand

was placed externally (on the left) whereas the self-hand was aligned with the shoulder, resulting in an

internal position between the participant’s trunk. Note that to create continuity with the participants

body, the participants’ trunk and arms were covered by a black towel in both scenarios. RTs were recorded.

Comparable effects in both scenarios should confirm the view that the proximity to the other-hand is able

to shape the hand-centered PPS representation, irrespective of the other-hand position, either externally

or internally located with respect to the self-hand.
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Experiment 4 (replicating sample): Replicating the other-dependent modulation of PPS and

exploring its electrophysiological correlate

This experiment was designed to replicate the other-dependent multisensory enhancement on RTs

observed in Experiment 2 (also controlling for the presence of a neutral object, instead of the empty

portion of the table, in the ‘without-other-hand’ scenario) and to explore the electrophysiological counter-

part of the other-dependent modulation of PPS by recording ERPs. We opted for a neutral object as control

condition based on previous studies that successfully employed a neutral object as control condition in

visuo-tactile experiment (see e.g.,61,62,74–77). The procedure was identical to that employed in Experiment

2, except for the near position wherein visual stimuli occurred close to a neutral object (i.e., a wooden paral-

lelepiped with approximatively the same dimension of the other-hand, i.e., 123 183 2 cm for females and

17 3 21 3 2 cm for males) instead of in an empty space (see Figure 5A). Note that to create continuity with

the participants body, the participants’ trunk and arms were covered by a black towel that covered the

discontinuity between the own body and the other hand or the neutral object. In this experiment, both

RTs and ERPs were recorded.

Significant differences between the two scenarios in the near position, when visual stimuli occur either close

to a neutral object or to the other-hand, should confirm the view that the proximity to the other-hand is able

to shape the hand-centered PPS representation, not only when participants actively respond to the tactile

stimulus (psychophysics), but also when they passively attend it (electroencephalography).

Experiment 5 (control experiment): Exploring the other-dependent effect in third-person-

perspective

This experiment was designed to verify whether the other-dependent modulation of PPS was maintained

also when the other-hand was presented in a third-person perspective. To this aim RTs were collected. The

procedure was identical to that employed in Experiment 2, except for the perspective fromwhich the other-

hand was presented, that is allocentric (see Figure 7A).

Significant differences between the two scenarios in the near position, when visual stimuli occur either close

to a neutral object or to the other-hand, should confirm the view that the proximity to the other-hand

shapes the hand-centered PPS representation irrespective of the perspective from which the other-hand

was presented.

Experimental protocol

Each experimental session comprises 4 blocks, two for each scenario. In each experimental block a total of

60 trials was presented at a jittering inter-stimulus interval (ISI) between 7000 and 9000 ms. Each block

consisted of 12 trials of unimodal visual stimuli appearing at a shorter distance from the stimulated hand

(V ultra-near); 12 trials of unimodal visual stimuli appearing at a larger distance from the stimulated hand

(V near; i.e., either in an empty portion of the table in Experiment 1 and Experiment 2, or close to an object

in Experiment 4 and 5, or close to the other-hand in Experiment 2, 3, 4, and 5); 12 trials of unimodal tactile

stimuli delivered to the hand dorsum of the participants’ hand (T); 12 trials of bimodal visuo-tactile stimuli

with the tactile stimuli delivered to the self-hand and the visual ones appearing at a shorter distance from it

(VT ultra-near); 12 trials of bimodal visuo-tactile stimuli with the tactile stimuli delivered to the self-hand and

the visual ones appearing at a larger distance from it (VT near). Overall, for each scenario, a total of 24 trials

per condition (i.e., T, V near; V ultra-near; VT near; VT ultra-near) was collected. The order of trials presen-

tation was pseudorandomized to avoid that more than two identical trials appeared in sequence. We

acknowledge that including only 24 trial per condition may lower the signal-to-ratio of the resulting

ERPs. However, to maximize the signal-to-noise ratio, in accordance with previous literature employing

a similar number of trials,25,78–81 we employed a very long inter-trial interval (on average 8000 ms).

Importantly, in previous EEG studies exploiting multisensory paradigm12,25 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. Note that, in Experiment 1 and 4, two experimental sessions comprising 4 blocks

each were collected (within the same day) in order to separately record psychophysical and electrophysi-

ological data. The order of the two sessions was counterbalanced between participants.

Stimulus presentation, synchronization and EEG and RTs recording were controlled by a combined Arduino

(RRID:SCR_017284, https://www.arduino.cc/en/Guide/ArduinoUno) and E-prime 2.0 (RRID:SCR_009567,

http://www.pstnet.com/eprime.cfm) script.
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Stimuli

Somatosensory stimuli were transcutaneous electrical stimuli consisting in constant current square-wave

pulses (DS7A, Digitimer) delivered to the left hand dorsum, using surface bipolar electrodes (1 cm between

electrodes). The stimulus duration was 200 ms and the stimulation intensity was adjusted according to the

individual sensory threshold level (estimated using the methods of limits,82 as in previous studies83–86). The

mean intensity threshold was in Experiment 1: 1.7 G 0.5, range 0.7-2.4 mA; in Experiment 2: 1.7 G 0.4 mA,

range 1.2-2.6 mA; in Experiment 3: 1.7 G 0.4, range 1.1-2.9 mA; in Experiment 4: 1.6 G 0.5, range

0.8-2.4 mA, and in Experiment 5: 1.8G 0.6, range 1.3-3.3 mA. During all experiments the stimulation inten-

sity was set slightly above the perceptual threshold (stimulation intensity = threshold intensity*2), so that

participants always perceived the tactile stimulation, which was never felt as painful and respected the

law of inverse effectiveness (i.e., stating that multisensory stimuli are more likely or effectively integrated

when the best unisensory response is relatively weak87–91). Finally, to prevent habituation, three electrodes

were placed at a constant distance between each other (i.e., about 1 cm) and connected to the electrical

stimulator so that the one with the negative polarity was kept always active, while the other two with

positive polarity were activated one at a time. In this way, participants might perceive the stimulation

arising from two distinct sites of the hand dorsum, thus preventing habituation phenomena.

Visual stimuli were brief flashes (50 ms duration) delivered through two red light emitting diodes (5 mm)

mounted in front of the index finger of the participant’s hand, in the empty portion of the table, as in Exper-

iment 1 (Figure 1A), close to the index finger of the other-hand as in Experiment 2 (Figure 3A), Experiment 3

(Figure 4A), Experiment 4 (Figure 5A), Experiment 5 (Figure 7A), or close to a neutral object as in

Experiment 4 (Figure 5A) and Experiment 5 (Figure 7A).

EEG recording

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 lower than 5 kU. In addition, the elec-

trooculogram (EOG) activity 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. Signal was amplified and digitized

at a sampling rate of 1024 Hz (Handy EEG, System Plus Evolution; Micromed, Treviso, IT).

QUANTIFICATION AND STATISTICAL ANALYSIS

Psychophysical data

Statistical analyses were performed using Statistica Software release 7 (RRID:SCR_014213, http://www.

statsoft.com/Products/STATISTICA/Product-Index). In all experiments, behavioral data are analyzed by

means of 2*3 repeated-measures ANOVAs to explore the effect of the within-subjects factors ‘Scenario’

(two levels: Internal; External, in Experiment 1&3; With-other-hand; Without-other-hand, in Experiment

2; With-other-hand; With-object in Experiment 4) and ‘Condition’ (three levels: T; VT near; VT ultra-

near), as well as their possible interaction. Newman-Keuls tests were performed as post-hoc comparisons.

For each parametrical analysis, we performed Shapiro Wilk test (p always >0.05) to detect violation of

normality. We reported p values and, when a significant effect was found (the level of significance was

set at p<0.05), the effect size (h2
p) was reported as well.

EEG pre-processing

EEG data were pre-processed and analyzed offline using Letswave 6 (RRID:SCR_016414; https://www.

letswave.org), an open-source Matlab (RRID:SCR_001622; http://www.mathworks.com/products/matlab/

) toolbox. Continuous EEG data were segmented into epochs using a time window ranging from 500 ms

before the stimulus onset (either tactile, visual or visuo-tactile) to 1000 ms after the stimulus onset (total

epoch duration: 1500 ms) and band-pass filtered (0.5-30 Hz) using a fast Fourier transform filter. Each epoch

was baseline corrected using the interval from �200 ms to 0 ms as reference. Artifacts due to eye blinks or

eye movements were removed using a validated method based on an Independent Component Analysis

(ICA).92 Blinks were found to be the most frequent cause of rejection. Epochs belonging to the same exper-

imental condition were averaged time-locked to the onset of the stimulus. Thus, five average waveforms

(T; V ultra-near; V near; VT ultra-near; VT near) were obtained for each subject, separately for each scenario

of each experiment. To assess the topography distribution of the relevant effects, current source density

(CSD) maps (Figures 3, 6, S1, and S2) were obtained using spherical spline interpolation.93,94
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ERPs statistical analysis

In EEG analyses of Experiment 1 and 4, we focused on super-additive responses in bimodal conditions that

represents the electrophysiological signature of multisensory enhancement.10,12,46,50,87,95,96 Thus, to verify

the presence/absence of an electrophysiological multisensory enhancement, we compared the bimodal

conditions with the sum of the corresponding unimodal conditions [i.e., VT ultra-near vs V ultra-near + T;

VT near vs V near + T;12,50,58,97]. This approach allows us to verify the presence/absence of an electrophys-

iological multisensory enhancement in each experiment where ERPs are recorded (Experiment 1 and 4).

Then, we calculated an index of multisensory integration by subtracting the sum of the corresponding

unimodal condition from each bimodal condition [i.e., VT ultra-near - (V ultra-near + T); VT near -

(V near + T)13,50,58,59,97]. A gradual modulation of the multisensory enhancement within the hand-centered

PPS should be proved by a greater index in ultra-near than in near positions. More crucially, to test the

other-dependent modulation of the multisensory enhancement, with other-hand and with object scenarios

were compared within each position (i.e., VT ultra-near: with object vs with other-hand; VT near: with object

vs with other-hand). In all analyses, for each contrast of interest, we performed point-by-point, paired

T-tests. Point-by-point analyses represent a statistical approach common in EEG studies,98–100 directed

to highlight significantly different ERP time windows among experimental conditions, without any a-priori

assumption. Point-by-point statistic, indeed, performs one statistical comparison for each time point

composing a waveform. This statistic approach allows capturing significant amplitude differences and

latency shifts at the same time, since both are displayed as discrepant waveform distributions across

time. In order to correct for the resulting multiple comparisons, cluster-based permutation testing

approach (1000 random permutations across all 32 channels) was always employed to each point-by-point

analysis (cluster threshold was set at the 95th percentile of the cluster magnitude distribution; i.e.,

p<0.05101). The same statistical approach (point-by-point analyses combined with permutation testing

as a correction for multiple comparisons) has been repeatedly employed in recent EEG studies.65,99 Impor-

tantly, in this statistical approach, the analysis is performed on each electrode separately. Note that only

effects present in at least three adjacent electrodes (i.e., frontal, central, and parietal clusters98–100) are

reported.
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