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Abstract

Observing negative and positive valence virtual stimuli can influence the onlookers’ subjective and brain reactivity. However, the rela-
tionship between vicarious experiences, observer’s perspective-taking, and cerebral activity remains underexplored. To address this
gap, we asked 24 healthy participants to passively observe pleasant, painful, and neutral stimuli delivered to a virtual hand seen from
a first-person (1PP) or third-person perspective (3PP) while undergoing time and time—frequency EEG recording. Participants reported
a stronger sense of ownership over the virtual hand seen from a 1PP, rated pain and touch valence appropriately, and more intense
than the neutral ones. Distinct EEG patterns emerged across early (N2, early posterior negativity, EPN), late (late positive potential, LPP)
event-related potentials, and EEG power. The N2 and EPN components showed greater amplitudes for pain and pleasure than neutral
stimuli, particularly in 1PP. The LPP component exhibited lower amplitudes for pleasure than pain and neutral stimuli. Furthermore,
theta-band power increased, and alpha power decreased for pain and pleasure stimuli viewed from a 1PP vs. 3PP perspective. In the
ultra-late time window, we observed decreased theta, alpha, and beta-band power specifically associated with pleasure stimuli. Our
study provides novel evidence that perspective-taking modulates the temporal dynamics of vicarious pain and pleasure.
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Introduction elicits in the onlooker unpleasant and pleasurable sensations,
respectively (Fusaro et al. 2016, 2019, 2021). However, despite the
call for research concerning empathy for positive events (Morelli
et al. 2015, Mello et al. 2024), research about the brain correlates
of vicarious pleasure mapping is generally limited and almost

(Singer and Lamm 2009, Betti and Aglioti 2016, Lockwood 2016), absentin IVR. In a similar vein, EEG studies about vicarious expe-
much less attention has been paid to pleasurable touch (Morrison rience showlmodulatlio.n of compon.ents like N1/N2/P3 (Coll 2018),
etal, 2011, Chiesa et al. 2015, Lamm et al. 2015, 2017). Interest- early posterior negativity (EPN; Fabi and Leuthold 2017), and late
ingly, increasing attention has been given to the vicarious experi- ~ Positive potential (LPP; Fan and Han 2008), as well as modula-
ence of pain and pleasure (Mello et al. 2022, Pamplona et al. 2022, tion of theta and alpha (Mu et al. 2008, Fabi and Leuthold 2017)
Seinfeld et al. 2022) also thanks to the ecological validity of immer- and beta responses (Riecansky et al. 2014). However, much less
sive virtual reality (IVR; Tieri et al. 2018). Indeed, IVR typically is known about whether vicarious social touch modulates EEG
elicits illusory ownership, i.e. the sensation that the virtual body ~ activity. Interestingly, Peled-Avron et al. (2016) demonstrate that

observed from 1PP is one’s own body (Kilteni et al. 2015). Moreover, behavioural and electrocortical reactivity to observed social touch
is modulated by levels of empathy. Schirmer and McGlone (2019)

found observing affectionate touch elicited larger LPPs, an elec-

Affective and cognitive variables modulate our first-hand and
vicarious sensations (Nicolardi et al. 2020; Lisi et al, 2024). While
the vicarious experience of others’ feelings and their neural
underpinnings has been studied extensively in the domain of pain

seeing virtual pain or pleasure stimuli (e.g. a syringe penetrat-
ing or a virtual caress) delivered to an embodied virtual hand
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trocortical marker of socioaffective processes, but they could not
clarify the overlap in brain responses to vicarious pain and plea-
sure. To fill this gap, we combined an adapted version of our
previous IVR paradigm (Fusaro et al. 2016, 2019) with time and
time-frequency domain EEG recordings in healthy participants
who observed virtual painful, pleasurable, and neutral stimuli,
delivered to the hand of an avatar seen from a 1PP (‘own’ hand)
or 3PP (other’s hand). Based on the notion that affective salience,
arousal, and attentional engagement are at play in our task, we
analysed EEG in time and time-frequency domain electrocortical
components that are known to be involved in sensorimotor and
higher-order processes. In particular, we focused on the N2-visual
evoked potential(VEP) that index selective attention and stimulus
intrinsic relevance (Olofsson, 2008, Luck and Kappenman 2011,
Valentini et al. 2017a); the LPP, reflected the arousal and the moti-
vational salience of the stimulus (Hajcak et al. 2009, Valentini
et al. 2015), and the EPN that reflects automatic emotion-related
influences on information processing (e.g. Schupp et al. 2004,
Olofsson et al. 2008). We also focused on frontocentral theta
and centrolateral alpha power that seem modulated by vicari-
ous experience (Sarlo et al. 2005, Gonzalez-Franco et al. 2014,
Fabi and Leuthold 2017); frontocentral theta rhythm (Cavanagh
et al. 20123, Valentini et al. 2017a, Moreau et al. 2020) that is
enhanced by observation of pain and affective touch compared to
control conditions (Mu et al. 2008). Finally, we computed central
alpha/mu power that appears to decrease when observing painful
situations (Mu et al. 2008, Riecansky et al. 2014).

We expected participants to exhibit greater ownership in 1PP
vs. 3PP and provide appropriate valence ratings (i.e. pleasant
to touch, unpleasant to pain, and neutral to control clip). Fur-
thermore, we expected N2-VEP, LPP, and EPN to have greater
amplitude associated with vicarious pain and pleasure, compared
to neutral, and in 1PP compared to 3PP. We also expected (i)
stimulus valence and perspective affect frontocentral theta and
central alpha power; (ii) theta power increases for pain and plea-
sure compared to neutral, and in 1PP vs. 3PP; (iii) alpha power
decreases for pain and pleasure compared to neutral, and for
1PP vs. 3PP.

Materials and methods
Participants

Twenty-four healthy volunteers participated in the study (nine
males; age mean+s.d., 27.25 4 3.95). All participants were right-
handed with normal visual acuity and were naive as to the pur-
poses of the experiment. The experimental protocol was approved
by the ethics committee of the IRCCS Santa Lucia Foundation and
was carried out under the ethical standards of the 2013 Decla-
ration of Helsinki. All participants gave their written informed
consent to take part in the study. The number of participants was
determined by a priori power analysis performed with MorePower
6.0 (Campbell, 2012), which indicated that 24 participants would
be required to detect an effect size of n”?P = .19 with a power of 0.80
and a level of 0.05. This estimation was based on previous studies
by our group using the same experimental paradigm (Fusaro et al.
2016, 2019).

Experimental stimuli and setup

The virtual environment was designed using 3DS Max 2017
(Autodesk, Inc.) and implemented in Unity 2017 game software
environment (https://unity.com/). It consisted of a real-size living
room equipped with some furniture, lamps, and a table where

two virtual avatars sat facing each other. A virtual grey panel
was placed between the avatars to avoid their reciprocal face
view and to leave visible only the bodies (see Fig. 1a). Avatars
were created by using the Morph Character System (MCS) Male
avatar asset and were presented in Unity. Participants observed
the virtual scenario and the virtual upper limb from a first-
person perspective (1PP) through an Oculus Rift head-mounted
display (HMD; www.meta.com), having 110° field of view (diag-
onal FOV) with a resolution of 2.160x1.200 (see Fig. 1a, right
panel).

To reach the best spatial match between the real and vir-
tual environment, the virtual table was designed with the same
height as the real one, and the virtual body observed in 1PP was
designed and programmed with the same posture and position
as the participant’s real body. This method, widely used in our
previous studies (Tieri et al. 2015a, 2015b, Fusaro et al. 2016,
2017, 2019, Fusco et al. 2020, Monti et al. 2020, 2021), allowed
us to implement the basic condition (based on visuopropriocep-
tive congruence between the hidden real and observed virtual
body) to induce illusory ownership over the virtual body. Exper-
imental stimuli consisted of about three different animations
implemented in the virtual environment, with the resulting clips
having the same length: ie. (i) a virtual arm holding a needle
on the avatar’s right hand and penetrating it, (ii) a virtual hand
approaching the avatar’s right hand and caressing it, and (iii) a
virtual green ball approaching and touching the avatar’s right
hand (Fig. 1, Panel b). The virtual caress was realized in Unity by
readapting the real actor’s kinematics used in our previous study
(Fusaro et al. 2019). Each stimulus was delivered on the virtual
hand observed from 1PP (and thus perceived as ‘own’) or observed
from 3PP (and thus perceived as ‘other’). Subjective ratings, con-
cerning the valence of the stimuli (un/pleasantness ratings), their
intensity, and the illusory ownership over the observed virtual
hand were collected through a PC keyboard placed in front of
the participant (not displayed in the virtual environment) and
interfaced with Unity with a customized C# script (see para-
graph Subjective ratings for more details). A Neuroscan SynAmps
RT amplifiers system (Compumedics) with a 64-channel EEG cap
(Electro-Cap International) has been used to record EEG signals
(see paragraph EEG recording for more details). The EEG system was
interfaced with VR using a TriggerStation TS832U (Braintrends ltd,
www.braintrends.it).

General procedure

Participants were seated comfortably on a chair before a table
and wore a 64-channel EEG cap and the HMD (through which
they passively observed the virtual body and the scenario from
1PP). Before the experiment, participants underwent the calibra-
tion and familiarization phases. In the calibration phase, the
point-of-view of each participant was adjusted to pair the 1PP
avatar with individual positioning to obtain the best spatial match
between the participant’s real and virtual body. In the familiar-
ization phase, participants (i) were invited to look both at their
virtual body and at the environment and to verbally describe what
they were seeing (60s; Slater et al. 2010, Tieri et al. 2015b) and
(ii) become familiar with each clip (pain, neutral and pleasure in
both 1PP and 3PP) and requested to rate the stimuli-related sen-
sations on the Visual Analogue Scale (VAS). The experiment was
composed of two separate blocks (one for each perspective 1PP-
3PP) presented in a counterbalanced order across subjects. Each
block consisted of 90 trials, including each stimulus valence (30
pain, 30 pleasure, and 30 neutral presented in pseudorandom-
ized order). Thus, participants performed a total of 180 trials (90
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pleasure

Figure 1. (a) Left panel: experimental setup where a participant wore the HMD and EEG, with their real hand positioned on a table in the exact
location and posture as the virtual hand; right panel: representation of the virtual environment and the two avatars sat in front of the table facing
each other with a grey panel placed between them. (b): experimental stimuli (pain, neutral, and pleasure) observed from 1PP and 3PP.
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Figure 2. Representative event trial sequence. VAS 1 and 2, refer to items 1 and 2 of Table 1.

1PP, 90 3PP). Each trial started with observing a right virtual hand
(in 1PP or 3PP). After 5500 + 500 ms, the stimulus was delivered
to the virtual right hand on a region overlying the first dorsal
interosseous. Each stimulus lasted ~2.500 ms. Upon its disappear-
ance, participants continued to observe the virtual hand until a
sequence of two VAS was presented. Participants were requested
to provide ratings about stimulus-related sensations concerning
the perceived valence and intensity (see Fig. 2 for the sequence
of event trials). Moreover, three additional VAS were presented
to let participants rate the illusory feeling of ownership over the
observed virtual hand (see Table 1, Items 3-5). In particular, in
six trials of each block, the ownership ratings’ VASs appeared in
counterbalanced order across trials. Thus, while VAS items 1-2
(Table 1) appeared after each stimulus, VAS items 3-5 were pre-
sented in counterbalanced order, 6 times per block, i.e. after 15

trials (two times for pain, pleasure, and neutral stimuli in each
block).

Subjective ratings

After each clip, a black panel with a horizontal green line
appeared in the virtual space in front of the participants (see
Fig. 2). The horizontal green line was 60cm long with left and
right extremities marked as ‘-’ and ‘++’, respectively. Partici-
pants used their left index and middle finger to control a green
cursor along the horizontal line to provide the evaluations listed
in Table 1 (items selected and readapted from previous stud-
ies; Fusaro et al. 2016, 2019). In particular, item 1 concerned
the valence (‘-—’ =strongly unpleasant, middle =neutral, ‘++’
strongly pleasant) and item 2 the intensity (‘--' =very weak, ‘++’
=very strong) of the observed clip (Bufalari et al. 2007). Item 3-5
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Table 1. VAS questions concerning the stimulus’s valence (Item 1:
“—"=strongly unpleasant, middle=neutral, “++"= strongly pleas-
ant) and intensity (Item 2: “—“=very weak, “++"=very strong) and
VAS statements assessing the illusory feeling of body ownership
(Item 3-5: “—"=no illusion; “++"=maximal illusion).

Item Index Stimulus-related sensation

1 Valence Was the stimulus pleasant or unpleasant for you?
2 Intensity How intense was the stimulus for you?
Index Body ownership
3 Ownership I felt as if [ were looking at my own right hand
Ownership I felt as if the virtual hand were part of my body
5 Control It felt as if I had more than one right hand

concerned the illusory feeling of body ownership over the virtual
hand (‘=" = no illusion; ‘44’ = maximal illusion).

EEG recording and processing

EEG signals were recorded and amplified using a Neuroscan
SynAmps RT amplifiers system (Compumedics Limited, Mel-
bourne, Australia). These signals were acquired from 60 tin scalp
electrodes embedded in a fabric cap (Electro-Cap International,
Eaton, OH), arranged according to the 10-10 system. The EEG was
recorded from the following channels: Fp1, Fpz, Fp2, AF3, AF4, F7,
F5, F3, F1, Fz, F2, F4, F6, E8, FCS5, FC3, FC1, FCz, FC2, FC4, FC6, T7,
C5, C3, C1, Cz, C2, C4, Ce, T8, TP7, CP5, CP3, CP1, CPz, CP2, CP4,
CP6, TP8, P7, PS5, P3, P1, Pz, P2, P4, P6, P8, PO7, PO3, AF7, POz, AF§,
P04, PO8, 01, Oz, 02, FT7, and FT8. All electrodes were physically
referenced to an electrode placed on the right earlobe and were
re-referenced off-line to the average of all electrodes. Impedance
was kept below 5 K for all electrodes for the whole duration of
the experiment, the amplifier hardware band-pass filter was 0.01
to 200Hz, and the sampling rate was 1000 Hz.

The continuous EEG data were preprocessed with EEGLAB
(Delorme and Makeig 2004) and Letswave 6 (www.letswave.org).
Data were band-pass filtered from 0.1 to 30Hz (filter order 4)
and resampled at 250Hz. Bad channels have been interpolated
when needed, based on the signal of the three closest electrodes.
Data were segmented into epochs lasting from 1 s before to 1.5
s after the stimulus onset. Eye movements or eye blinks were
removed using an independent component analysis (ICA; Jung
et al. 2000). The resultant signal was then baseline corrected to
a reference interval from -1 to -0.5 s before the stimulus onset
and re-referenced to the average reference.

EEG analyses in the time domain

In the time domain, middle and late latency VEPs and EPN were
analyzed separately. Specifically, we focused on: the N2-P2 wave-
forms, occurring between 200 and 300 ms, which have been pro-
posed to reflect selective attention processes in a complex visual
scene (Olofsson et al. 2008); the LPP, a positive deflection occur-
ring after 300 ms (Hajcak et al. 2009), the magnitude of which has
been associated with motivational salience, subjective arousal
and more in general, processing of emotional contents (Jung et al.
2000, Valentini et al. 2017a) and the EPN, a negative deflection
occurring between 200 and 300ms (Farkas et al. 2020), that has
been proposed to reflect ‘natural selective attention’, and to be
more sensitive to affective arousing contents (Schupp et al. 2004,
Olofsson et al. 2008). VEPs amplitude was measured at occipi-
tal ROI (POz-Oz) (Olofsson et al. 2008) while EPN amplitude was
measured at left parietal ROI contralaterally to stimulus pre-
sentation side (P5-P7-PO7) (Frank and Sabatinelli 2019, Farkas
et al. 2020). To investigate any differences between amplitudes

across the experimental conditions, single subject average ERPs
amplitude for each condition was entered in whole-waveform 2
(Perspective, 1PP vs. 3PP) X 3 (stimulus valence, neutral vs pain vs
pleasure) ANOVAs. Post-hoc comparisons were performed using
the Letswave 6 software, t-tests with correction for multiple com-
parisons (Maris and Oostenveld 2007). This method of correction,
based on a cluster-level randomisation, allowed us to control the
Type-1 error rate involving multiple comparisons. It consists of
the following steps: firstly, selecting the points represented by F/t
values lower than P<.05 to identify the groups (clusters) of con-
tiguous points that show a significant effect; second, estimate the
magnitude of each cluster by calculating the sum of the F/t values
comprising each cluster. Afterwards, random permutation (500
times) of the differences between data points/pixels at the cluster
level within each individual was used to obtain a reference dis-
tribution. This distribution was obtained by randomly swapping
the conditions within participants and calculating the maximum
cluster-level test statistic. For each cluster, a significance thresh-
old was found around the value Z > 2 standard deviations from the
mean. Then, for each cluster, a value corresponding to F/t and P
(two-tailed) was obtained and the statistical significance ascribed
only to differences lower than 0.05 at the end of the permutation
process.

EEG analysis in the time-frequency domain

A short-time fast-Fourier transform, as implemented in Letswave
6, has been computed to measure response power in the time-
frequency domain. The following parameters were used: fre-
quency between 1-30 Hz, step of 25 for 30 lines, to compute power
for each trial, then averaged. The resultant signals were displayed
as an event-related change of average power (ER%) relative to a
reference interval before the onset of the stimulus (-1 to -0.5 s).
We focused on the theta and mu power measured at a central
ROI (FCz, Cz, C3) that are considered possible indices in perspec-
tive taking, conflict monitoring, and action mirroring (Pavone et al.
2016, Mu et al. 2008, Riecansky et al. 2014).

To investigate any differences in the time-frequency domain
between experimental conditions (neutral-1PP, neutral-3PP;
pleasure-1PP, pleasure 3PP; pain-1PP, pain-3PP), the single subject
average power of each experimental condition underwent ANOVA
and t-testin Letswave 6, with correction for multiple comparisons
(Maris and Oostenveld 2007, see previous paragraph for details).

Results
Subjective ratings

A graphical representation of subjective reports analysis is pro-
vided in Fig. 3.

Valence ratings (Table 1, Item 1). We conducted a nonparamet-
ric rank-aligned repeated measures analysis of variance (ART-
ANOVA; Wobbrock et al. 2011) to examine within-group effects
of valence (pain, neutral, pleasure), perspective (1PP, 3PP), and
their interactions. The aligned rank transform (ART) procedure
provides a robust alternative to parametric ANOVA when assump-
tions (e.g. normality of residuals) are violated, while still allowing
for the examination of interaction effects in factorial designs
(Wobbrock et al. 2011). Follow-up analyses were performed using
Tukey-corrected ART-C post-hoc comparisons (Elkin et al. 2021).
We found a significant main effect of valence (F(2138) =216.66,
P<.0001; n?P = .76; Fig. 3a). Post-hoc comparisons showed that
pain elicited stronger unpleasantness than neutral (estimate=
-51.44, SE=4.26, df = 138, t.ratio=-12.08<.0001, d = —-1.02) and
pleasure (= -88.25, SE=4.26, df = 138, t.ratio=-20.72, P<.0001, d
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Figure 3. VAS ratings (means and SE) of valence (a), intensity (b), and ownership (c) elicited by virtual pain, pleasure, and neutral stimuli in 1PP and 3PP.
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Table 2. Means and SDs of each VAS rating (Valence, Intensity and Ownership) for the type of observed stimulus (pain, pleasure, neutral)
in the differerent Perspectives (1PP and 3PP). High and low Valence values indicate pleasant and unpleasant sensations, respectively.

First-person perspective (1PP)

Third-person perspective (3PP)

Pleasure Neutral Pleasure Neutral
(mean +s.d.) Pain (mean+s.d.) (mean+.d.) (mean +s.d.) Pain (mean+s.d.) (mean+s.d.)
Valence 66.96 4+ 12.56 27.634+12.87 50.75+2.52 64.21414.46 26.204+13.28 50.7542.95
Intensity 55.98 4+20.20 52.98 +£20.83 35.264+16.38 49.48 +22.53 47.97 £22.20 33.65+20.57
Ownership 67.02 +15.84 68.224+17.28 64.07 +21.67 32.30+22.17 33.26 +24.52 28.87 +£23.77
(experimental
items)
Ownership 23.614+22.71 23.47 +23.65 25.58424.75 2.05+24.59 23.60 £24.51 22.35425.77

(control item)

Table 3. Summary of the main results regarding the subjective
Valence, Intensity and Ownership.

Rating Post-hoc comparisons (* = P<.05; ** =P<.001)

Valence Pain < Neutral; n=24; estimate = -51.44; SE =4.26; df
=138; t ratio=-12.08; d = -1.02**
Neutral < Pleasure; n = 24; estimate = -36.81; SE = 4.26;
df =138; t ratio=-8.64; d=-0.73""
Pain < Pleasure; n = 24; estimate = -88.25; SE =4.26;
df =138; tratio=-20.72; d=-1.76"

Intensity Pain > Neutral; n = 24; estimate =34.23; SE = 7.87; df
=138; t ratio=4.35; d =0.37*"
Neutral < Pleasure; n = 24; estimate =-39.15; SE = 7.87;
df =138; t ratio=-4.98; d =-0.42""

Ownership  Experimental 1PP>Control 1PP; n=24; esti-

mate =119.54; SE =11.29; df =276; t ratio=10.58;
d=0.64"

Experimental 1PP > Experimental 3PP; n = 24; esti-
mate =95.72; SE =11.29; df = 276; t ratio = 8.47;
d=0.37"

= -1.75; note that lower and higher ratings represent unpleas-
ant and pleasant sensations, respectively). Additionally, plea-
sure elicited higher pleasantness than neutral (estimate= 36.81,
SE=4.26, df = 138, t ratio =-8.64, P<.0001, d = 0.73; see Table 2-3
for descriptives). No effect of perspective (P = .55) and no inter-
action between perspective and valence (P = .67) was observed.
These results suggest that pain and pleasure stimuli reliably
elicited unpleasant and pleasant vicarious sensations, regardless
of the perspective from which the stimuli were observed.
Intensity ratings (Table 1, Item 2). A nonparametric rank-
aligned repeated measures ANOVA revealed a significant main
effect of valence (F(2, 138)=14.70, P<.0001; n?P =.18; Fig. 3b).
Tukey-corrected post-hoc comparisons showed significant differ-
ences between pain vs. neutral (estimate= 34.22, SE=7.87, df
= 138, t ratio=4.35, P<.0001, d=0.36) and pleasure vs. neutral
(estimate = 39.15, SE=7.87, df = 138, t ratio=4.98, P<.0001,
d=0.42; see Table 2-3 for descriptives), but not pain vs. pleasure
(P=.81). No significant main effect of perspective (P =.24) or inter-
action between perspective and valence (P = .74) was found. These
results suggest that participants perceived pain and pleasure as
more intense than neutral stimuli in both perspectives.
Ownership ratings (Table 1, Items 3-5). A nonparametric rank-
aligned repeated-measures ANOVA was conducted to examine
the within-group effects of valence (pain, neutral, pleasure),
perspective (1PP. 3PP), and item (experimental, control). The
analysis revealed significant main effects of perspective (F(1,
276)=49.69, P<.0001; n?P = .15), item (F(1, 276) = 87.68, P<.0001;

n?P = .24), as well as a significant perspective x item interaction
(F(1,276) = 44.46, P<.0001; 1P = .14; Fig. 3¢). Post-hoc comparisons
showed that scores on the experimental items were higher than
those on the control items in 1PP (estimate= 119.54, SE=11.3, df
= 276, t ratio=10.58, P<.0001, d =0.64), but not in 3PP (estimate
= 27.96, SE=11.3, df = 276, t ratio=2.47, P=.066, d=0.14; see
Table 2-3 for descriptive statistics and significant comparisons).
The main effect of Valence (P=.65), the interaction between
valence and item (P=.73), the interaction between valence and
perspective (P=.95), and the interaction between valence, item,
and perspective (P=.95) were not significant. These results sug-
gest that illusory ownership was experienced only when the
virtual hand was observed from 1PP, regardless of the stimulus
valence.

EEG in the time domain: ERPs results

The ANOVA on VEPs revealed a main effect of valence (pain, neu-
tral, pleasure; F(2,46) =32.83, P<.001, n?P = .59) between 160 and
400 ms, and perspective (1PP, 3PP; F(1,46) = 22.17, P<.001, n?P = .32)
between 190 and 310ms, on the N2-P2 complex (see Fig. 4). In
line with our hypothesis, post-hoc comparisons showed greater
amplitude for pain and pleasure as compared to neutral (pain vs.
neutral: t=-6.53,P<.001, d =-1.33; pleasure vs. neutral: t =-6.55,
P<.001, d=-1.34; Fig. 4a) as well as for 1PP compared to 3PP
(t=-6.37, P<.001, d=-1.30; Fig. 4b), for the N2-P2 waveforms.
Analysis of LPP showed a main effect of valence (F(2,46) =13.59,
P<.001,#?P = .23) between 400 and 600 ms. Surprisingly, this effect
was accounted for by greater amplitude for neutral and pain com-
pared to pleasure (pain vs. pleasure: t=-4.66, P<.001, d=-0.95;
pleasure vs. neutral: t=-4.40, P<.001, d=.90; Fig. 4 panel a).
Figure 4 shows the effect of valence (panel a), and of perspective
(panel b); significant post-hoc comparisons are highlighted in the
yellow boxes of each panel.

The ANOVA on EPN revealed a main effect of valence (F=32.83,
P<.001, n?P = .59) between 200 and 535ms. Post-hoc compar-
isons indicate greater amplitude for pain and pleasure compared
to neutral (pain vs. neutral: t=-4.98, P<.001, d=-1.02; plea-
sure vs. neutral: t=-6.81, P<.001, d=-1.39; Fig. 5, panel a). The
main effect of perspective was also significant (F=32.83, P<.001,
n?P = 0.42; Fig. 5b) between 260 and 485ms, an effect that was
accounted for by greater amplitude for 1PP compared to 3PP
(t=-6.41, P<.001, d = -1.31). No significant interaction was found.

EEG in the time-frequency domain: power
changes in different frequency bands

ANOVA on EEG power revealed a main effect of valence
(F(2,46)=2.9, P<.001, n?P = .11) and perspective (F(1,46)=73.86,
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Figure 4. VEPs results. Grand average waveform and scalp topographies of VEPs observed at POz-Oz electrodes. The ANOVA with correction for
multiple comparisons revealed a main effect of valence between 160 and 400ms (left, indicated by the first yellow rectangle) and perspective between
190 and 310ms (right, in the rectangle) on the N2-P2 complex while a main effect of valence only, on the LPP between 400 and 600 ms (left, second
yellow rectangle), with no significant interaction. Post-hoc comparisons showed greater amplitude for pain and pleasure than neutral, and 1PP
compared to 3PP was found for the N2-P2 waveforms. The main effect of valence on the LPP was accounted for by greater amplitude of neutral and

pain compared to pleasure.
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Figure 5. EPN results. Grand average waveforms and topography for EPN at the electrodes P5-P7-PO7. The ANOVA with correction for multiple
comparisons on EPN revealed a main effect of valence between 200 and 500 ms (left, within rectangles) and perspective between 260 and 500 ms (right,
within the rectangle), with no significant interaction. The main effect of perspective was accounted for by greater amplitude for 1PP than 3PP. Post-hoc
comparisons between the valence levels indicate greater amplitude for pain and pleasure compared to neutral.

P<.001,1?P = .08) (see Fig. 6), and a significant interaction between
the two (see Fig. 7) (F(2,46)=4.83, P=0.008, n’P = .17 for the
theta range; F(2,46) = 10.63, P<.001, n?P = .32 for the alpha range).
Concerning the main effect of valence (Fig. 6, upper row), spe-
cific comparisons between the levels of valence (neutral, pain,
and pleasure) did not show significant differences after correct-
ing the P-value for multiple comparisons (500 permutations, see
‘Materials and methods section’). The main effect of perspective
(Fig. 6, bottom row) was accounted for by increased theta power in
1PP compared to 3PP in the 300-500 ms window (t=3.27, P<.005,
d=0.67), and decreased alpha power in 1PP compared to 3PP in
the 500-1000 ms window (t=-2.92, P<.005, d =-0.59). The signifi-
cant interaction showed increased theta power in the 200-350 ms
window, for pain (t=6.08, P<0.001, d = 1.24) and pleasure (t=5.29,
P<.001, d=1.08) compared to neutral, in 1PP (Fig. 7a) but not in
3PP (Fig. 7b). Interestingly, in the ultra-late time window (after
800 ms), a specific effect of pleasure was found, indicating a power
decrease for pleasure compared to neutral. In 1PP, a beta power
decrease was found for pleasure compared to neutral (t=-3.01,

P=.006; d=-0.61; Fig. 7a). Moreover, in 3PP, a power decrease for
pleasure compared to neutral was found in the theta (t=-3.83,
P<.001, d=-0.78), alpha (t=-3.56, P=.003, d=-0.73) and beta
(t=-3.72, P=.001, d=-0.76) band (Fig. /b, second row) in the
ultra-late time window.

Correlations between subjective ratings and EEG
in the time—frequency domain

We used repeated-measures correlation (rmcorr; Bakdash and
Marusic, 2017) to examine associations between the ERP compo-
nents, EEG power, and subjective ratings. To account for multiple
comparisons, P-values were corrected using the false discovery
rate (FDR) method (see Table 4). Intensity ratings showed a mod-
erate positive correlation with the Ownership ratings (r=0.28,P =
.018), and a moderate negative correlation with the N2 component
(r = -0.34, P = .003) and the EPN component (r = -0.25, P =.037),
where negative values reflect higher ERP amplitudes. Additionally,
ownership ratings were moderately correlated with alpha desyn-
chronization during the 500-1000 ms window (r = -0.30, P = .010).
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Figure 6. Time-frequency results. Main effects of Valence and Perspective Grand average of EEG total power for the two main effects of valence and
perspective at the Central ROI (FCz, Cz, C3) and significant comparisons with corrected P-values within the top-right and bottom-central boxes. For the
main effect of valence, single comparisons between the three levels (neutral, pain, and pleasure) did not show significant differences after correcting
the p-value for multiple comparisons (500 permutations, see methods). The main effect of perspective shows increased theta power in 1PP compared
to 3PP between 300 and 500ms, and decreased alpha power in 1PP compared to 3PP between 500 and 1000 ms.

A trend towards significance was also found for the associations
between ownership ratings and alpha desynchronization in the
ultra-late window (r = -0.23, P = .057), and between pleasantness
and LPP amplitude (r = -0.23, P = .057).

Discussion

In the present study, we explored for the first time using a within-
subject design the behavioural and brain reactivity to the obser-
vation of pain and pleasure stimuli delivered to an embodied vs. a
nonembodied virtual avatar. To achieve our aim, we combined IVR
with time- and time-frequency domain EEG recording in healthy
participants observing from a 1PP or 3PP: (i) a virtual arm hold-
ing a needle that approached and then penetrated the right hand
of an avatar (pain condition); (ii) a virtual hand approaching the
avatar’s right hand and caressing it (pleasure) and; (iii) a virtual
green ball approaching and touching the avatar’s right hand (neu-
tral). Subjective and neurophysiological data indicate that cues
to virtual embodiment, like body ownership may operate at both
explicit (Tieri et al. 2015a, Fusco et al. 2020, Monti et al. 2020)
and implicit levels (Tieri et al. 2015b, Fusaro et al. 2016, Pavone
et al. 2016, 2017, 2021, Casula et al. 2022, Pezzetta et al. 2023).
Expanding on previous evidence (Tieri et al. 2015a, Fusaro et al.
2016, Pavone et al. 2016, 2019), subjective reports indicate that our
experimental approach is adept at inducing vicarious sensations
and embodiment over artificial agents. Specifically, participants
reported stronger illusory feelings of ownership over the virtual
hand when observing it from a 1PP compared to a 3PP. Subjec-
tive ratings also indicate that our painful and pleasant virtual
stimuli were effective in eliciting the most unpleasant and most
pleasant sensations, respectively, and were rated as more intense
compared to neutral stimuli. Notably, ownership and intensity
ratings showed a significant correlation, providing further evi-
dence for the role of ownership in vicarious processing. These data
confirm that IVR paradigms effectively reproduce veridical vicari-
ous experiences reminiscent of real-life ones. Tellingly, additional
novel results of the present study concern the effect of affective
salience, i.e. the effect of stimulus valence (painful, pleasurable,
neutral) and the effect of observational perspective (1PP vs 3PP)
on time- and time-frequency domain EEG findings.

EEG results in the time domain

Valence and perspective differentially modulated early and late
stimulus-evoked EEG components. In specific, early N2-VEPs
and late EPN showed greater amplitude for pain and pleasure

(vs. neutral), and for 1PP (vs 3PP). This pattern of results likely
reflects attentional engagement, which is higher for emotion-
ally valued stimuli than the neutral ones and for 1PP com-
pared with the 3PP. N2-VEPs components are thought to reflect
processes involved in selective attention (Olofsson et al. 2008;
Luck and Kappenman 2011). Here, the early component did
not distinguish between positive or negative value of the stim-
uli but coded its salience, either attentional or emotional (Todd
et al. 2012). A greater EPN amplitude was found for 1PP com-
pared to 3PP and for Pain and pleasure compared to neutral
conditions, suggesting that this EEG component is linked to
emotionally salient scenarios with no differences between pos-
itive and negative valence. Indeed, the EPN reflects automatic
emotion-related influences on information (e.g. Schupp et al.
2004, Olofsson et al. 2008), processing of body parts (Hieta-
nen et al. 2014), and processing of salient affective stimuli,
with no category-specific sensitivity (Fabi and Leuthold 2017).
These findings are further supported by the observed association
between the EPN and N2 components and participants’ intensity
ratings.

Interestingly, vicarious pleasant touch elicited smaller LPP
(400-600ms) amplitude than painful and neutral stimuli. This
result allows us to rule out that electrophysiological differences
may be due to visual differences in the different scenarios, with
pain and pleasure clips showing a syringe holding or a touch-
ing virtual hand approaching the still hand and neutral ones
only a ball. LPP has been proposed to reflect the arousal and the
motivational salience of the stimulus (Jung et al. 2000; Luck and
Kappenman, 2011, Hajcak et al. 2009), with greater amplitude
for more relevant and arousing stimuli. However, studies indi-
cate that central LPP can be modulated by the pleasantness of
the received touch (Haggarty et al. 2020), with smaller LPP for
more pleasant touch, in those people who preferred slow over fast
touch (Schirmer et al. 2023). In line with this, a trend towards
a moderate negative relationship between subjective pleasant-
ness and LPP amplitude emerged in our correlation analysis. Thus,
our result that LPP specifically responded to the pleasant sce-
nario aligns with previous studies concerning real touch. Given
the adopted paradigm, we cannot disambiguate if our LPP mod-
ulation was due to the pleasantness of the vicarious touch, or
to its positive valence with respect to the other scenarios. Yet,
our results expand current knowledge by showing that the effect
of virtual pleasant touch is similar to what is reported for real
stimuli.
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Table 4. Correlations between subjective ratings and EEG indices.
We used repeated measures correlation to test the associations
between the ERPs, EEG power and the Valence, Intensity and
Ownership ratings.

Correlation FDR-adjusted

Variable 1 Variable 2 coefficient (r) P-value
Ownership Intensity 0.28 016’
Ownership Pleasantness -0.02 .902
Ownership N2 -0.20 .094
Ownership LPP 0.19 131
Ownership EPN -0.14 277
Ownership Betalate -0.16 193
Ownership AlphalLate -0.23 .057
Ownership ThetaLate -0.06 696
Ownership Alpha500 -0.30 010"
Ownership Theta300 0.16 193
Intensity Pleasantness -0.01 946
Intensity N2 -0.34 .004”
Intensity LPP -0.07 .696
Intensity EPN -0.25 036’
Intensity Betalate -0.18 131
Intensity Alphalate -0.08 677
Intensity ThetaLate -0.06 .696
Intensity Alpha500 -0.02 .861
Intensity Theta300 0.16 193
Pleasantness N2 -0.04 770
Pleasantness LPP -0.23 .057
Pleasantness EPN 0.13 .305
Pleasantness BetaLate -0.06 .696
Pleasantness AlphalLate 0.02 .861
Pleasantness Thetalate 0.07 .696
Pleasantness Alpha500 0.05 .756
Pleasantness Theta300 -0.04 .770

P-values were FDR corrected ("= p<0.05; **= p<0.01).

EEG results in the time-frequency domain

EEG power in the theta and the alpha band was modulated by
stimulus valence and perspective between 200 and 500 ms. Within
this time interval, for the theta band, the effect of valence led to
an increase in power for pain and pleasure compared to neutral,
while an increased power was found for 1PP scenarios compared
to 3PP. The significant interaction scenarios x perspective inter-
action is explained by the modulation of theta power for pain
and pleasure only in 1PP. The modulation of the theta-band fre-
quency activity observed for affective stimuli is thought to be
related to the emotional processing and affective valence dis-
crimination, with enhanced theta power for affective stimuli,
particularly in central and frontal areas (Aftanas et al. 2001, Mu
et al. 2008, Schirmer and McGlone, 2019). However, theta power
increase has also been associated with cognitive effort (Gregory et
al. 2022), sensorimotor integration (Kober and Neuper 2011), and
conflict/error processing (Cavanagh et al. 2012a, Cavanagh et al.
2012b, Pezzetta et al. 2018, 2023). Thus, the enhanced theta power
for pain and pleasure vs. neutral scenarios found in our study may
be explained by the high cognitive load related to affective con-
tent. Moreover, finding enhanced theta-power only in 1PP suggests
that different mechanisms may underpin vicarious experiences
depending on the adopted perspective. However, this difference
was not reflected in a significant correlation between theta power
and ownership ratings, indicating that while theta activity may
differentiate perspective-driven processing, it may not directly
map onto subjective feelings of ownership. Alpha band power
was modulated by perspective only, showing power decrement

in 1PP compared to 3PP, with no differences for the stimulus
valence, nor an interaction between valence and perspective.
Alpha band responses to emotionally arousing stimuli led to
conflicting results, with pleasant and unpleasant stimuli asso-
ciated with both alpha power increase or decrease, respectively
(Schubring and Schupp, 2019, Uusberg et al. 2013). However, less
is known about the self-other distinction when stimuli are pre-
sented in ‘own’ vs. ‘other’ perspective. Alpha band responses have
been related to the allocation of visuospatial attention (Mathew-
son et al. 2011), the activation of sensory (Van Ede et al. 2011)
and/or motor cortex (Perry et al. 2011), with alpha/mu suppres-
sion linked to social information processing (Pineda and Hecht
2009) and perception of others’ pain (Cheng et al. 2008). Moreover,
alpha suppression has been related to participants’ engagement
in a task, with larger mu suppression when participants are
engaged in a social game compared to passively looking at the
other’s action (Oberman et al. 2007, Perry et al. 2011). In this
vein, greater alpha suppression is associated with higher entrain-
ment in time during a musical joint action paradigm (Novembre
et al. 2016). Here, we found that the cognitive perspective, rather
than the stimulus valence, modulated alpha power in response to
virtual scenarios, likely indicating different attentional engage-
ment elicited by 1PP or 3PP, respectively. Furthermore, correlation
analysis revealed a moderate association between alpha power
desynchronization and ownership reports, suggesting that alpha
dynamics may reflect the self-relevance or embodiment experi-
enced from different perspectives.

Finally, the significant interaction between valence and per-
spective also showed a power decrease after 800 ms in the theta,
alpha, and beta bands, an effect that was specific to pleasure
scenarios. Interestingly, while theta power increase over mid-
frontal areas has been associated with conflict/error processing
and valence discrimination (Aftanas et al. 2001, Cavanagh et al.
2012a), theta power decrease in virtual reality has been associated
with calmness (ESwaran et al. 2018). Beta desynchronization has
been associated with motor readiness and sensorimotor activa-
tion (Riecansky et al. 2014, Fabi and Leuthold 2017), the obser-
vation of a moving hand (Pfurtscheller et al. 2007), as well as
cognitive aspects of pain processing (Valentini et al. 2017b). More-
over, while the power decrease for theta and alpha concerns only
the 3PP, the power decrease for the beta band is found for both
perspectives. Overall, this power decrease seems specifically asso-
ciated with pleasant stimuli and occurs in the ultra-late time win-
dow. This effect may be associated with attentional engagement
and sensorimotor integration contingent upon vicarious pleas-
ant touch processing. Thus, although somewhat speculatively, we
submit that, our decreased beta power may reflect a reduced alert
or negative state. A similar meaning may be attributed to the late
time-window LPP amplitude reduction we observed for pleasure
compared with neutral scenarios. Our findings of late and ultra-
late time- and time-frequency EEG signs of vicarious processing
are in keeping with a recent multivariate pattern analysis whole-
brain EEG study showing that seeing touch evokes overlapping
representations at later stages of information processing (Smit
et al. 2023).

All in all, our study indicates that stimulus valence and per-
spective differentially affect ERPs related to attentional and moti-
vational/affective processing, as well as EEG responses in theta,
alpha, and beta bands. In particular, the affective scenarios (pain
and pleasure) elicited similar EEG activity related to attentional
engagement (N2, alpha, and theta before 500 ms) while exhibit-
ing distinct activity patterns at late and ultra-late time-window.
Although these novel effects need further characterization, our



patterns of results are compatible with the idea that vicarious
pleasant experience and its calming/consoling effect (Morrison
2016, Peled-Avron et al. 2018) could be related to a specific
cortical reactivity pattern occurring after 500 ms in the neural
processing. A further possible limitation of the study is that the
three clips, like other naturalistic complex stimuli used in neuro-
science research, may differ in conspicuous visual or conceptual
features. Studies indicate that seeing a hand vs. a tool during
visually guided actions may change electrocortical activity in the
time-frequency domain (Mathieu, et al., 2023). Our pain and plea-
sure clips depict a virtual moving hand in addition to the static
one, while the neutral clips depict a ball and a static virtual hand.
These differences may affect the electrocortical responses and
make our interpretation ambiguous. However, most of our effects
are related to the perspective, a condition where the virtual sce-
nario for each clip is similar. More importantly, some of the effects
concerning LPP are specific for pleasure, with pain and neutral
stimuli showing similar patterns. This suggests that higher-order
rather than comparatively low-level factors modulate our reac-
tivity to self vs. other related, positive vs. negative feelings.
Finally, we acknowledge that to provide a fine-grained picture
of the behavioural and neural reactions elicited by observation
of others’ sensory states, additional conditions may be added.
For example, seeing a hand stimulating the embodied avatar
with a feather may also induce pleasant sensations, or a hand
directly pinching the embodied avatar may induce painful sen-
sations. However, to account for the length of the experimental
session, we used stimuli that, according to our previous research,
proved effective at inducing pain, pleasure, and neutral sensa-
tions. Future studies using a more varied set of stimuli will allow
us to tease apart the possible behavioural and neural modulations
induced by social stimuli with different degrees of interpersonal
contact.

Conclusions

Our combined EEG and virtual reality study of how perspective-
taking affects vicarious pain shows: (i) a stronger salience of pain
and pleasure with respect to neutral stimuli, particularly in 1PP,
where the embodiment of the virtual avatar is maximal; (i) a
reduction of the amplitude of a late positivity potential specifi-
cally associated with the observation of pleasure stimuli was also
found. The crucial effect of perspective is reminiscent of stud-
ies indicating that both perceived physical (Avenanti et al. 2010,
Azevedo et al. 2013, 2014) and psychological (Majdandzic et al.
2016, Wang et al. 2016, Ionta et al. 2020) dis-similarity influ-
ence empathic reactivity. All in all, our findings cast new light
on the influence that perspective-taking exerts on the modula-
tion of vicarious processing at behavioural and brain levels and
have potential implications for clinical research, for example,
in patients with abnormal perception or emotional reactivity to
painful or pleasant stimuli (Boehme, et al., 2020, Habig et al. 2021,
Fusaro et al., 2022, Nicolardi et al. 2023).
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