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When we look at our body parts, we are immediately aware that they belong to us and we rarely doubt about the integrity, continu-
ity, and sense of ownership of our body. Despite this certainty, immersive virtual reality (IVR) may lead to a strong feeling of embodi-
ment over an artificial body part seen from a first-person perspective (1PP). Although such feeling of ownership (FO) has been
described in different situations, it is not yet understood how this phenomenon is generated at neural level. To track the real-time
brain dynamics associated with FO, we delivered transcranial magnetic stimuli over the hand region in the primary motor cortex
(M1) and simultaneously recorded electroencephalography (EEG) in 19 healthy volunteers (11 male/8 female) watching IVR renderings
of anatomically plausible (full-limb) versus implausible (hand disconnected from the forearm) virtual limbs. Our data show that
embodying a virtual hand is temporally associated with a rapid drop of cortical activity of the onlookers’ hand region in the M1 con-
tralateral to the observed hand. Spatiotemporal analysis shows that embodying the avatar’s hand is also associated with fast changes of
activity within an interconnected fronto-parietal circuit ipsilateral to the brain stimulation. Specifically, an immediate reduction of con-
nectivity with the premotor area is paralleled by an enhancement in the connectivity with the posterior parietal cortex (PPC) which is
related to the strength of ownership illusion ratings and thus likely reflects conscious feelings of embodiment. Our results suggest that
changes of bodily representations are underpinned by a dynamic cross talk within a highly-plastic, fronto-parietal network.
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Significance Statement

Observing an avatar’s body part from a first-person perspective (1PP) induces an illusory embodiment over it. What remains
unknown are the cortical dynamics underpinning the embodiment of artificial agents. To shed light on the physiological
mechanisms of embodiment we used a novel approach that combines noninvasive stimulation of the cortical motor-hand
area and whole-scalp electroencephalographic (EEG) recordings in people observing an embodied artificial limb. We found
that just before the illusion started, there is a decrease of activity of the motor-hand area accompanied by an increase of con-
nectivity with the parietal region ipsilateral to the stimulation that reflects the ratings of the embodiment illusion. Our results
suggest that changes of bodily representations are underpinned by a dynamic cross talk within a fronto-parietal circuit.

Introduction
The strong conviction that we own our body and are in control
of its actions is challenged not only by brain lesions but also by

changing healthy people multimodal integration of visual and
tactile inputs concerning the body. A striking example of
induced ownership over an external body part [feeling of
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ownership (FO)] is the famous rubber hand illusion (RHI;
Botvinick and Cohen, 1998).

Neuroimaging studies suggest that embodiment of an artifi-
cial body part is linked to activation of different frontal and pos-
terior areas (Ehrsson et al., 2004). The premotor area (PM)
seems to have a prominent role, suggested by the positive corre-
lation between its activation and the strength on the illusory FO
and the changes in connectivity dynamics with parietal areas
(Kanayama et al., 2017). A causal role of the posterior parietal
cortex (PPC) in the RHI has also been suggested by its noninva-
sive stimulation with transcranial magnetic stimulation (TMS;
Kammers et al., 2009; Tsakiris et al., 2008; Grivaz et al., 2017).
Interestingly, imaging studies have not investigated the role
of the primary motor cortex (M1) in the same context.
Corticospinal excitability, tested with motor-evoked potentials
(MEPs), have been reported to decrease during RHI (Della
Gatta et al., 2016). This has been interpreted as a consequence
of the decreased potentiality for action which follows the
reduced self-consciousness of the upper limb caused by the
RHI (Gallese and Sinigaglia, 2010). Taken together, these stud-
ies suggested that (1) during body ownership, a large fronto-pa-
rietal network is activated; (2) during the illusory ownership of
an external hand, changes of excitability of its motor somato-
topic representation might occur. Less information is available
on the link between cortical network dynamics and the emer-
gence of embodiment-related illusions. Indeed, neuroimaging
techniques do not provide the temporal resolution needed for
detecting instantaneous changes of cortical activity. On the
other hand, the TMS approach based only on MEPs, does not
inform on effective connectivity in the neural network involved
in the embodiment process.

Recently, thanks to immersive virtual reality (IVR), it has
been possible to elicit FO over virtual body parts and its related
vicarious agency (VA), i.e., the feeling that we exert full control

over virtual body parts actions (Slater et al., 2008). Indeed, the
mere observation in IVR of a human virtual body, seen from a
first-person perspective (1PP), induces a strong illusory FO over
the observed body part (Tieri et al., 2015a). Here, we built a novel
setup based on the combination of TMS and simultaneous elec-
troencephalographic (EEG) recordings in healthy participants
immersed in a VR scenario and observing from a 1PP, through a
head mounted display, a virtual limb perfectly aligned with their
real one. Single-pulse TMS was delivered over the hand repre-
sentation in the M1 (M1hand), while measuring EEG changes
over all the scalp (Fig. 1). Previous studies already used EEG to
explore the electrophysiological correlates of embodiment
(Guterstam et al., 2019); however, the main novelty provided
by our TMS-EEG-IVR lies in the possibility to directly assess
the brain dynamics underpinning embodiment with a causal
and directional approach from the stimulated area to the entire
cortex (Ilmoniemi et al., 1997). The EEG activity evoked by
TMS, in fact, is a direct measure of the excitability of the stimu-
lated area and of its connections. In addition, by reconstructing
the timing of activation, it is possible to differentiate the contri-
bution of different interneuronal populations involved in the
TMS-evoked cortical response (Premoli et al., 2014a).

We hypothesized that the ownership illusion over the embod-
ied avatar’s hand would induce specific spatiotemporal dynamic
changes in cortical excitability of somatotopic M1 representation
and of other interconnected areas, within a dedicated fronto-pa-
rietal circuit (Blanke et al., 2015). We also expected that this
change in excitability would occur closely in time to the start of
the illusory ownership over the embodied avatar’s hand.

Materials and Methods
Participants
Nineteen healthy volunteers (eight females; age mean 6 SD, 276 3
years) were enrolled in the study. They were all right handed (Oldfield,
1971), with normal visual acuity, and were naive to the purpose of the
experiment. All subjects gave their written informed consent before the
experiment and did not have exclusion criteria for TMS (Rossi et al.,
2009). The experimental protocol was approved by the ethics committee
of the Santa Lucia Foundation and was conducted in accordance with
the ethical standards of the 2013 Declaration of Helsinki. The appropri-
ateness of our sample size was established by a power calculation per-
formed with G*Power software, which indicated that 15 participants
would be required to detect an effect with a power of 0.95 and an a level
of 0.05. Since the TMS-EEG-IVR approach has been used for the first
time in the present work, this estimation was based on previous studies
in which EEG was recorded while embodying a virtual avatar in 1PP
during conflicting conditions (Pezzetta et al., 2018).

General procedure
Participants were seated in a chair and asked to rest their hands comfort-
ably on a table in front of them. Their upper limbs were covered with a
white cloth to avoid vision of the hands. Before the experiment, partici-
pants underwent a calibration phase where the avatar’s size and the
point-of-view were adjusted to individual hand size and position. Then,
participants underwent three TMS-EEG-IVR sessions, whose order was
counterbalanced across subjects. Each session was composed of three re-
cording blocks, named pre-IVR, IVR, and post-IVR; while pre-IVR and
post-IVR did not change across sessions, the IVR block was recorded
under three different experimental conditions: a target experimental
condition named “Wristl-M1” and two control conditions named
“noWristl-M1” and “Wristr-M1.” Participants were instructed to focus
their attention on a virtual right hand, which could appear connected or
disconnected from a virtual right forearm, aligned with the real one,
while receiving 160 TMS pulses over the hand representation of the left
M1 (Wristl-M1 and noWristl-M1 conditions, respectively) or of the right
M1 (Wristr-M1 condition; Fig. 2). The two control conditions, i.e.,

Figure 1. The TMS-EEG-IVR setup. During IVR, each participant was instructed to
observe a virtual right hand while TMS was applied over (1) the left (Wristl-M1 con-
dition) or (2) the right (Wristr-M1) hand M1 representation (M1hand) or (3) a right
disconnected hand while stimulated over the left M1hand (noWristl-M1). TMS was
constantly monitored through stereotaxic neuronavigation, and cortical activation
was continuously recorded with EEG. During IVR, participants were asked to refer
whether they start to feel the ownership illusion over the virtual right hand, i.e.,
SoI. TMS, transcranial magnetic stimulation; EEG, electroencephalography; IVR,
immersive virtual reality; M1, primary motor cortex; SoI, start of illusion.
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noWristl-M1 and Wristr-M1, were performed to avoid confounding
related to the observed stimulus, i.e., connected versus disconnected
arm, and to the site of stimulation, i.e., ipsilateral versus contralateral
M1, respectively. During the IVR block, participants were asked to stay
still and to report whether they started to feel the illusory ownership
over the hand [start of illusion (SoI)] and whether the illusion dimin-
ished or disappear [end of illusion (EoI); for more details, see below,
Embodiment questionnaire]. Importantly, at the beginning of the experi-
ment, participants were not informed about the different experimental
conditions (i.e., appearance of the virtual arm or site of stimula-
tion). At the end of the IVR block, a black screen covered the whole
virtual scenario and the participants verbally rated the strength of
the FO and VA by answering a questionnaire (see Table 1). During
pre-IVR and post-IVR blocks, subjects were asked to fixate a white
cross (6� 6 cm) in the middle of a black screen, to avoid eye move-
ments, and to maintain a relaxed position, while their upper were
covered with a white cloth, to avoid observation of their hands.
During both blocks, subjects received 120 TMS pulses over the
M1hand hotspot used for the related IVR block. Subjects wore ear-
plugs that played a masking noise reproducing the specific time-
varying frequencies of the TMS click to reduce possible auditory
responses because of the TMS click (Massimini et al., 2005; Casula
et al., 2020), and a 0.5-cm foam layer was place beneath the coil to
minimize bone conduction of sound and the sensation caused by
coil vibration (Mancuso et al., 2021; Rocchi et al., 2021).

IVR setup
The virtual scenario was designed using 3DS Max 2015 (Autodesk)
and implemented in XVR 2.0 (Botvinick and Cohen, 1998; Moseley
et al., 2008). It consisted of a dark room with a virtual avatar sitting
in front of a real-sized table (scale 1:1). The virtual avatar was cre-
ated using Poser Pro 2010 library (Smith Micro) and implemented
in XVR. The virtual body and the scenario were presented by
means of an Oculus Rift DK1 HMD with a 110° field-of-view (diag-
onal FOV), a resolution of 1280� 800 (16:10 aspect ratio,
640� 800 per eye) and an internal sensor for head tracking (3 df).
The virtual body was presented with the right upper limb placed

on the table in a fixed position, while the left upper limb was
occluded from view by a virtual gray panel. The virtual right upper
limb could take two different visual appearances based on the ex-
perimental condition, namely a standard full limb (“Wrist” condi-
tion) or a limb with a missing wrist and a plastic gray panel placed
in the blank space between the hand and the forelimb (“noWrist”
condition; Fig. 2). During the IVR block, the virtual scenario was
rendered in both the HMD and a computer screen, so that the ex-
perimenter could monitor the participant’s point of view and
ensure that the virtual hand appeared always at the center of their
focus of attention.

Embodiment questionnaire
In order to assess the degree to which participants experienced the illu-
sory FO and VA over the virtual right hand, a 12-item questionnaire
(see Table 1) was used. The questionnaire consisted of two parts contain-
ing six items, of which three were control items, concerning the FO
(Q1–3 experimental, Q4–6 control) and VA (Q7–9 experimental, Q10–
12 control), respectively. While the order of the parts was counterbal-
anced across participants, the order of the items in each part was
randomized. Moreover, a vocal reaction time was recorded to determine
the exact timing of the SoI and EoI. Specifically, participants were given
the following instructions as they observed the virtual hand: “please say
‘now’ when you begin to feel the virtual hand as your own” (statement
adapted from Q3). The average values of Q1–Q3 and Q4–Q6 were con-
sidered as an experimental and control index for FO, while those of Q7–
Q9 and Q10–Q12 were considered as an experimental and control index
for VA.

TMS
TMS was conducted using a Magstim R2 stimulator with a 50-mm fig-
ure-of-eight coil (Magstim Company Limited), which produced a bipha-
sic waveform with a pulse width of ;0.1-ms duration. For M1hand
stimulation, the position of the coil on the scalp was functionally defined
as the site where TMS evoked the largest MEPs in the relaxed first dorsal
interosseous (FDI) muscle of the contralateral hand. This position was
sampled in a Montreal Neurologic Institute (MNI) space template

Figure 2. Schematic representation of the experimental procedure. Each participant underwent three TMS-EEG-IVR sessions (one for each condition, i.e., Wristl-M1, noWristl-M1, Wristr-M1),
each consisting of an IVR block (160 pulses) preceded by a pre-IVR (120 pulses) and followed by a post-IVR (120 pulses) block. The order of observation conditions was counterbalanced across
participants. At the end of IVR block, a black screen covered the whole virtual scenario, and the participants verbally rated the strength of FO and VA over the virtual hand by answering to the
embodiment questionnaires. IVR, immersive virtual reality; TMS, transcranial magnetic stimulation; EEG, electroencephalography; M1, primary motor cortex; FO, feeling of ownership; VA, vicari-
ous agency.
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derived from a standard 1-mm resolution brain (Colin27). To ensure the
same coil positioning throughout the blocks we used a Softaxic neurona-
vigation system (E. M. S.) coupled with a Polaris Spectra optical mea-
surement system (Northern Digital Inc). During the experimental
sessions, the coil was oriented tangentially to the scalp at ;45° away
from the midline, so that a posterior to anterior directed current was
induced in the brain. Stimulation intensity was 90% of the resting motor
threshold (RMT), measured for each hemisphere, and defined as the
lowest TMS intensity which evoked at least five out of ten MEPs with a
peak-to-peak amplitude of at least 50mV in the contralateral FDI at rest
(Rossini et al., 1994). RMT was re-tested right before all the pre-IVR
blocks, to assess whether changes in cortical excitability occurred we per-
formed a one-way ANOVA comparing the RMT among the three condi-
tions (Wristl-M1, noWristl-M1, Wristr-M1). Single pulses were delivered
with an average interstimulus interval (ISI) of 26 20% s. Surface EMG
was acquired from the right FDI muscle via Ag/AgCl electrodes in a
belly-tendon montage and monitored by Signal software (Cambridge
Electronic Design). Raw signals were sampled at 2.5 kHz and bandpass
filtered between 5 and 1000Hz. EMG activity from both hands was con-
tinuously monitored to ensure that during the experimental session par-
ticipants kept their hands relaxed and TMS did not evoke any MEPs.

EEG recordings and preprocessing
EEG was recorded using a TMS-compatible DC amplifier (BrainAmp
MR plus, BrainProducts GmbH). The amplifier was optically connected
to a PC with BrainVision Recorder, through which the EEG was moni-
tored online, and to a 64-channels EEG cap (EasyCap Inc.). EEG was
continuously recorded with 62 TMS-compatible Ag/AgCl passive pellet
electrodes mounted on the cap according to the 10–20 international sys-
tem, including Fp1, Fpz, Fp2, AF7, AF3, AF4, AF8, F7, F5, F3, F1, Fz, F2,
F4, F6, F8, FT7, FC5, FC3, FC1, FC2, FC4, FC6, FT8, T7, C5, C3, C1, Cz,
C2, C4, C6, T8, TP7, CP5, CP3, CP1, CPz, CP2, CP4, CP6, TP8, P7, P5,
P3, P1, Pz, P2, P4, P6, P8, PO7, PO3, POz, PO4, PO8, O1, Oz, O2.
Recordings were on-line referenced to the tip of the nose and the ground
electrode was placed on AFz. Skin impedance was kept below 5 kV. EEG
signal was bandpass filtered between 0.1 and 1000Hz and the sampling
frequency was 5000Hz. We first removed the TMS-pulse between �1
and 110ms, and applied a cubic interpolation on the missing segment.

The continuous EEG signal was then bandpass filtered between 1 and
80Hz (Butterworth zero phase filter). A 50Hz notch filter was also
applied to reduce electrical line noise. After this, the continuous EEG sig-
nal was downsampled to 1000Hz and segmented into epochs starting
1000ms before the TMS pulse and ending 1000ms after it. Then, a
demean was applied to all the epochs (i.e., the average amplitude of the
entire epoch was subtracted from each time point in the epoch), which
were then visually inspected, and those with excessive noise were
excluded from the analysis (,5% for each participant). Independent
component analysis (INFOMAX-ICA) was applied to the segmented
EEG signal to identify components reflecting continuous muscle activity,
eye movements, blink-related activity, and residual TMS-related artefacts
(because of activation of scalp muscles and voltage decay). Artefact-
related components were identified in terms of scalp distribution, fre-
quency, timing and amplitude, and then manually removed (Casula et
al., 2017). Importantly, during ICA, the three blocks (i.e., pre-IVR, IVR,
and post-IVR) were concatenated to ensure that the same artifact-related
components were removed, to avoid biasing the results.

Cortical dynamics analysis
EEG analysis was performed with EEGLAB 13.3.2 (Delorme and
Makeig, 2004) and Brainstorm toolbox (Tadel et al., 2011), running in a
MATLAB environment (version 2017, MathWorks Inc.). To assess corti-
cal excitability changes related to the embodied avatar’s hand we first
computed TMS-evoked potentials (TEPs) over all the recording electro-
des by averaging all the epochs of each block of stimulation. TEPs repre-
sent a direct measure of cortical excitability being produced by a mixture
of inhibitory and excitatory postsynaptic potentials mediated by different
interneuronal populations (Rogasch and Fitzgerald, 2013; Rocchi et al.,
2018). For TEPs analysis, we considered a time window from 100ms
before to 300ms after the TMS pulse.

To track the timing of cortical activation in relation to the perceived
FO, we conducted a trial-by-trial analysis before and during the avatar’s
hand observation (i.e., pre-IVR and IVR block) by means of the
ERPIMAGE function, as implemented in EEGLAB. This analysis
allowed us to monitor TMS-evoked activity in a millisecond temporal
scale and at each trial in relation to the SoI, i.e., the trial at which the par-
ticipants started to feel the ownership illusion. Trial-by-trial analysis was
conducted over a cluster of electrodes surrounding M1 (FC1, FC3, C1,
and C3 for left M1hand; FC2, FC4, C2, and C4 for right M1hand).

To estimate the spatial distribution of cortical activity, we fitted a dis-
tributed source model consisting of 8000 elementary current dipoles.
These dipole sources were distributed at each vertex of a tessellated corti-
cal mesh template surface derived from a standard 1-mm resolution
brain (Colin27) in the MNI space, as provided by Brainstorm toolbox.
First, the head model for source imaging was implemented according to
the OpenMEEG boundary element method (Gramfort et al., 2010).
Based on this head model, the inverse problem was solved using current
density maps. Noise covariance for source reconstruction was obtained
separately for each subject from a baseline window ranging from 500 to
10ms before TMS. The estimated source distribution was averaged
across all the participants and three regions of interest (ROIs) were cho-
sen a priori to analyze the source activity in a time window from �100
to 300ms after TMS: hand representation in the M1 (M1hand), ventral
premotor cortex (PM), and PPC. M1hand ROI was established based on
each stimulated hotspot of the 19 subjects tested and was centered over
the following MNI coordinates: x = �44.46 4, y = �14.66 2,
z=49.36 4 mm. For the left PPC and the left PM, the following MNI
coordinates were chosen, respectively: x = �47.3, y = �77.7, z=37.2 and
x = �54.2, y=15.7, z=41.5. These coordinates were selected according
to the definition of the Desikan–Killiany atlas (Desikan et al., 2006) and
roughly correspond to the coordinates localized from the individual
motor hotspot, based on previous neuroimaging and TMS studies for
PM (Fink et al., 1997; Bäumer et al., 2009; Buch et al., 2010; Casula et al.,
2018) and PPC (Koch et al., 2007; Casula et al., 2016a, b). Basing on pre-
vious studies and on our signal-to-noise ratio (on average 5.24), we esti-
mated a localization error (,2 cm) sufficient to discriminate the
activations of the three ROIs (Hauk et al., 2019; Samuelsson et al., 2021).

Table 1. Demographic information, RMT of the two hemispheres, SoI, and EoI
timings expressed in seconds for each participant in each experimental
condition

Demographic RMT
Wrist
l-M1

noWrist
l-M1

Wrist
r-M1

Subject Age Sex l-M1 r-M1 SoI EoI SoI EoI SoI EoI

1 25 F 84 88 70 78
2 25 M 71 71 40 42
3 25 M 84 85 46 47
4 26 M 64 72 42 82
5 32 M 65 79 22 50 110 76
6 23 F 79 75 86 44
7 26 M 64 70 43 44 20
8 28 M 72 64 48 44
9 24 F 46 49 38 38
10 30 F 69 73 44 40
11 32 M 59 60 62 46
12 27 F 71 72 52 60
13 32 M 66 72 24 24
14 24 M 56 67 45 30
15 26 M 69 63 14 46 86 48
16 26 F 56 64 30 70 103 18
17 22 M 65 69 47 84
18 26 F 53 55 98 62
19 25 F 52 53 21 48 12
Avg 26.53 65.53 68.47 45.89 51.60 99.67 47.11
SE 0.69 2.38 2.31 4.92 4.71 7.13 5.01

RMT, resting motor threshold; M1, primary motor cortex; SoI, start of illusion; EoI, end of illusion.
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Experimental design and statistical analysis
All data were analyzed using SPSS version 22 (SPSS Inc.) for parametric
ANOVA procedures or MATLAB (version 2017, MathWorks Inc.) for
nonparametric permutation analysis. Normal distribution of data was
assessed by means of the Shapiro–Wilk test. Sphericity of the data were
tested with Mauchly’s test. Level of significance was set at a = 0.05.
When sphericity was violated the Greenhouse–Geisser correction was
used. Pairwise comparisons were corrected with the Bonferroni method.

Analysis of FO and VA ratings was separately conducted with a two-
way ANOVA with factors “condition” (Wristl-M1, noWristl-M1, Wristr-M1)
and “item” (target vs control). To exclude any effect of expectations about
the experimental condition (i.e., appearance of the virtual arm, site of
stimulation) on the strength of illusion, we compared FO/VA ratings in
the experimental versus control items of the first experimental condition,
i.e., when participants were not aware of the other conditions. This analy-
sis was conducted with paired t tests for each single participant tested in
the first experimental session (six participants for Wristl-M1 and Wristr-M1

condition, seven participants for no Wristl-M1 condition). Given the high
number of t test conducted, we used the Bonferroni correction to reduce
the occurrence of Type I error (pcrit = 0.05/19=0.0026).

Analysis of TEPs was performed with a nonparametric, cluster-based
permutation statistics conducted at each time point, for each individual
electrode. This method performs a nonparametric statistical test by cal-
culating Monte Carlo estimates of the significance probabilities from
two surrogate distributions constructed by randomly permuting the two
original conditions data for 3000 times. The clusters for permutation
analysis were defined as the two (or more) neighboring electrodes in
which the statistic value at a given time point exceeded a threshold of
p= 0.01 (Maris and Oostenveld, 2007). This analysis was conducted by
comparing the three blocks (pre-IVR, IVR, and post-IVR) and the three
conditions (Wristl-M1, noWristl-M1, Wristr-M1).

Analysis of trial-by-trial activity was performed using the same per-
mutation statistics of TEP analysis. To investigate activity at individual
level, we computed the mean TMS-evoked activity over the 10 trials
before each individual SoI. The averaged TMS-evoked activity at each
individual SoI was then compared among the three blocks (pre-IVR, IVR,
post-IVR) of the three conditions (Wristl-M1, noWristl-M1, Wristr-M1) by
means of a repeated-measures ANOVA.

Analysis of source activity was conducted in two steps. We first per-
formed a preliminary analysis on the averaged baselines of the two pre-
IVR blocks with left M1 stimulation (i.e., Wristl-M1 and noWristl-M1

condition) to ensure that we could discriminate the activation of left
M1hand, left PM, and left PPC ROIs. To this aim, we computed a con-
cordance correlation coefficient (CCC) between source activations of
M1hand, PM, and PPC to check for possible relations and distinguish the
three signals (Kerwin et al., 2018; Rocchi et al., 2021; Mancuso et al.,
2021). CCC is a nonparametric coefficient optimally tuned to assess
agreement between distributions (Lawrence and Lin, 1989). We com-
puted CCC for M1-PM; M1-PPC and PM-PPC, in two time windows: a
pre-TMS baseline time window, as a reference (from 200 to 10ms before
the TMS pulse) and a post-TMS time window (from 10 to 200ms after
the TMS pulse). To check for significant differences, we performed
paired t tests comparing the pre-TMS versus the post-TMS CCC of each
subject in the three couples of signals. Afterwards, we did a second anal-
ysis aimed at assess cortical excitability changes during IVR (IVR block)
compared with baseline level (pre-IVR block) among the different con-
ditions. To this aim, we performed permutation analysis comparing two
surrogate distributions constructed by randomly permuting the original
distribution data for 3000 times. Significant time points (p, 0.05) were
then corrected with the false discovery rate method.

To assess whether the activation of M1hand, left PM, and left PPC
during the observation of the realistic avatar’s hand was linearly related
to FO and VA ratings, we computed the Spearman’s correlation coeffi-
cient. All the p values resulting from the correlations were corrected with
the Bonferroni method (pcrit = 0.05/3= 0.016).

Results
Embodiment measures
All of our participants reported to start feeling the ownership
illusion (SoI) between 20 and 90 s of observation of the virtual
realistic hand, regardless of the TMS site (Wristl-M1 condition:
45.896 4.92 s; Wristr-M1 condition: 47.116 5.01 s; all the meas-
ures are expressed as mean 6 SE); only five participants reported
the SoI during observation of the disconnected hand (noWristl-M1

condition: 51.66 4.71 s), and three of them reported EoI within
the first 2min of observation (99.76 7.13 s). Analysis of FO rat-
ings revealed a significant “condition� item” interaction (F(2,36) =
8.024; p=0.001; h 2 = 0.308). Post hoc comparisons showed
that FO ratings measured by experimental items in the no
Wristl-M1 condition (3.316 0.33) were lower compared with the

Figure 3. Embodiment measures. Mean ratings of FO (panel A) and VA (panel B) for the Wristl-M1 (green bars), noWristl-M1 (yellow bars), and Wristr-M1 (red bars) condition. Striped bars
depict the control items; *p, 0.05. Error bars indicate SE. FO, feeling of ownership; VA, vicarious agency; M1, primary motor cortex.
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Wristl-M1 condition (4.746 0.34; post hoc p = 0.001) and to the
Wristr-M1 condition (4.696 0.26; post hoc p = 0.007; Fig. 3A).
No significant difference between the target items in the
Wristl-M1 and Wristr-M1 conditions was found (post hoc
p. 0.05). A main effect of factor item was also observed
(F(1,18) = 102.878; p, 0.001; h 2 = 0.864), revealing that FO
ratings in the control items were the same between conditions
(post hoc ps. 0.05), but were significantly lower compared
with target ones (post hoc ps, 0.001).

Analysis of VA ratings revealed a significant condition �
item interaction (F(2,36) = 4.145; p=0.024; h 2 = 0.187). Post hoc
comparisons showed that VA ratings measured by experimental
items in the noWristl-M1 condition (2.686 0.34) were lower com-
pared with the Wristl-M1 condition (4.056 0.33; post hoc p=0.003)
and to the Wristr-M1 condition (3.846 0.30; post hoc p=0.043; Fig.
3B). No significant difference between the experimental items in the
Wristl-M1 and Wristr-M1 conditions was found (post hoc p. 0.05).
A main effect of factor items was also observed (F(1,18) = 54.439;
p, 0.001; h 2 = 0.752), revealing that VA ratings in control items
were the same between conditions (post hoc ps. 0.05), but were
significantly lower compared with target ones (post hoc ps, 0.001).

Single-subject analysis of FO/VA ratings in the first ex-
perimental session, revealed a higher FO/VA ratings in the
experimental compared with the control items for each of
the six participants tested first in the Wristl-M1 condition
(all ps, 0.01; mean p = 0.0024), for each of the six partici-
pants tested first in the Wristr-M1 condition (all ps, 0.01;
mean p = 0.0008), whereas none of the seven participants
tested first in the noWristl-M1 condition show any difference
between the FO/VA ratings in the experimental versus control
items (all ps. 0.05, mean p = 0.259).

Cortical dynamics
No participants reported any adverse effects because of the
stimulation. RMT evaluated with TMS was 65.536 2.38% and

68.336 2.37% for the left and right
M1hand, respectively. When re-tested
across sessions, RMT did not change for
any of the participants (p. 0.05).

Single-pulse TMS of M1hand evoked
a well-known sequence of positive and
negative deflections in the EEG signal
with amplitude ranging from �6 to
6mV and lasting up to ;250ms. The
cluster-based analysis of TEPs revealed
an amplitude reduction over a bilateral
cluster of central electrodes during the
observation of the realistic avatar’s
hand, i.e., IVR block of the Wristl-M1

condition, compared with the pre-IVR
and post-IVR block of the same condi-
tion (p, 0.01; Fig. 4). When the IVR
block was compared between condi-
tions (Wristl-M1 vs noWristl-M1), dif-
ferences were significant in a cluster of
electrodes in the left stimulated hemi-
sphere (p, 0.01; Fig. 4). No differences
were observed among the three blocks for
the noWristl-M1 and Wristr-M1 condition,
nor among the pre-IVR blocks of the three
conditions (all ps. 0.05).

Trial-by-trial analysis revealed a
prominent decrease of cortical excit-

ability in the IVR block of the Wristl-M1 condition between
the 12th and the 20th TMS pulse, compared with the pre-
IVR block of the same condition and the IVR block of the
two control conditions, i.e., noWristl-M1 and Wristr-M1 (all
ps, 0.01); such decrease was still significant at different time
windows between the 30th and 90th TMS pulse (all ps, 0.05;
Fig. 5A). To characterize this temporal dynamic at individual
level, we measured cortical activity in the significant temporal
window for each single participant (Fig. 5B). This analysis
revealed that, in the Wristl-M1 condition, 16 out to 19 partici-
pants showed a reduction of 42.436 15.7% of M1-TEP ampli-
tude (pre-IVR block: 5.716 0.45mV; IVR block: 2.816
0.54mV), this effect was not observable in the noWristl-M1 (pre-
IVR block: 6.136 0.58 mV; IVR block: 5.966 0.54mV) nor in
the Wristr-M1 condition (pre-IVR block: 6.096 0.43 mV; IVR
block: 6.426 0.47 mV). To verify whether the observed suppres-
sion was statistically significant, we conducted a further re-
peated-measures ANOVA comparing TEP amplitude among
the three conditions and the three blocks. This analysis showed
a significant condition � block interaction (F(2.36,42.54) = 8.108;
p= 0.001; h 2 = 0.311). Post hoc analysis revealed a significant
reduction of TMS-evoked activity during the IVR block of
the Wristl-M1 condition compared with pre-IVR and post-IVR
block (all post hoc ps = 0.001) of the same condition, and com-
pared with all the blocks of the noWristl-M1 condition (all post
hoc ps, 0.01) and of the Wristr-M1 (all post hoc ps, 0.001; Fig.
5C). No differences were detected between the pre-IVR
blocks of the three conditions (all post hoc ps. 0.9). In the
Wristl-M1 condition, we observed a decrease of TMS-evoked
activity of 42.436 15.70% during the observation of the re-
alistic avatar’s hand; by contrast, in the noWristl-M1 and in
the Wristr-M1 control conditions, there was an enhance-
ment of TMS-evoked activity, clearer in the noWristl-M1

condition (30.266 27.91%) than the Wristr-M1 condition
(7.046 4.87%).

Figure 4. Spatiotemporal analysis of TEPs. TEPs (rectified) from left M1hand for the three sessions (Wristl-M1,
noWristl-M1, and Wristr-M1) in the three blocks: pre-IVR, IVR, and post-IVR. (Panel A) Topography of voltage distribution
represent TEPs from 40 to 230 ms for all the conditions and in the three blocks. (Panel B) Significant electrodes
(p, 0.05) from the cluster-based comparison between pre-IVR and IVR block within the Wristl-M1 session are repre-
sented by gray and white circles; significant differences (p, 0.05) between the two IVR blocks of the Wristl-M1 and
the noWristl-M1 conditions are represented by only gray circles. IVR, immersive virtual reality; TMS, transcranial mag-
netic stimulation; TEP, TMS-evoked potential; M1, primary motor cortex.
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Source analysis over the three ROIs, i.e.,
PM, M1hand, and PPC, showed three main
peaks of activity after the TMS pulse around
30, 100, and 200ms (Fig. 6A). Analysis of
CCC showed that pre-TMS signals
(M1hand-PM: 0.73; M1hand-PPC: 0.69;
M1hand-PPC: 0.59) were significantly higher
compared with the post-TMS signals
(M1hand-PM: 0.14; M1hand-PPC: �0.06;
M1hand-PPC: �0.50; all ps, 0.05). During
the observation of the realistic avatar’s
hand, i.e., IVR block of the Wristl-M1 condi-
tion, we found a prominent reduction of
PM (from 5 to 32ms after TMS, mean
p=0.021) and M1hand source activity (from
5 to 33ms after TMS, mean p =0.015)
within the first peak of activation, as com-
pared with the baseline level (pre-IVR
block), which did not occur in the noWristl-
M1 condition (PM mean p= 0.529; M1
mean p=0.548). Differently, we found an
opposite pattern for the PPC, in which the
neural activity related to the embodiment of
the avatar’s hand was enhanced within the
third peak of activation (from 234 to 268ms
after TMS, mean p=0.036), as compared
with baseline level. This effect was not
observable in the noWristl-M1 condition
(mean p= 0.558).

Analysis of the linear relationships
between source activity and embodi-
ment measures, i.e., FO and VA,
revealed that FO ratings were directly
correlated with PPC source activity dur-
ing the observation of the virtual realis-
tic hand when embodiment occurred
(R = 0.541; p = 0.008; Fig. 6B) whereas
the correlation between VA and PPC
source activity (R = 0.389; p = 0.050) did
not survive the Bonferroni correction
for multiple correlations (pcrit = 0.016).
No significant linear relationships were detected between
embodiment measurements and the M1hand or PM source
activity (all ps. 0.05).

Discussion
The main contribution provided by our TMS-EEG-IVR study is
the physiological characterization of the embodiment-related
cortical dynamics. The stimulation of the hand representation in
the M1 allowed us to investigate spatiotemporal changes of corti-
cal activity not only within the targeted area (M1) but also in
interconnected areas of the fronto-parietal network involved in
embodiment processed (PM and PPC). Overall, our data show
that FO toward an embodied avatar’s hand induces a decrease in
contralateral M1 excitability that quickly varies according to
changes in the sense of embodiment. During the observation of
the realistic avatar’s hand, all our participants reported to feel an
ownership illusion over the virtual body part. To explore the
associated neurophysiological changes in the temporal domain,
we measured the cortical activity evoked by each TMS pulse and
found a prominent decrease in M1hand excitability in close con-
nection, i.e., a few seconds before the illusion onset (SoI). This
effect was observed in 16 out of 19 participants and persisted for

the first 3min of observation after the SoI. Then, we recon-
structed the cortical activity in the spatiotemporal domain with
a source analysis. We found a decrease of activity in the stimu-
lated M1hand area and in the interconnected PM, within the first
30ms after the TMS pulse. By contrast, M1hand-PPC activation
increased around 250ms after the TMS pulse during the illu-
sory ownership of the avatar’s hand. Importantly, this increase
was positively correlated with subjective ratings of FO, indicat-
ing that participants who reported stronger ownership illu-
sion showed a greater M1hand-PPC activation.

Taken together, these results suggest the presence of fast plas-
ticity mechanisms that regulate the neural dynamics within a
fronto-parietal network, likely at the basis of the illusory feeling
of embodiment of an external body part. Thanks to the accurate
timing analysis of the TMS-evoked EEG activity, we could recon-
struct the physiological origin of the above dynamics. Early TMS-
evoked EEG activity between 10 and 30ms may reflect glutamate-
mediated excitatory post-synaptic potentials (EPSPs), which repre-
sent a direct index of excitability (Ferreri et al., 2011; Cash et al.,
2017). Differently, later TMS-evoked EEG activity, from 30 to 70ms
and from 70 to 250ms, may reflect GABAA-mediated and GABAB-
mediated inhibitory post-synaptic potentials (IPSPs), as revealed by
pharmacological (Kähkönen and Wilenius, 2007; Premoli et al.,

Figure 5. Trial-by-trial analysis. Panel A, Trial-by-trial plots of TMS-evoked activity representing variations in EEG ampli-
tude for the Wristl-M1, noWristl-M1, and the Wristr-M1 condition, in the pre-IVR (left column) and IVR block (central column).
The horizontal dotted line represents the average time at which participants started to perceive the illusory ownership of
the virtual arm (SoI). Significant differences between blocks (right column) and between conditions (lower row) are
depicted in dark red (p, 0.01), orange (p, 0.05), and green (nonsignificant, p. 0.05). Individual SoI are depicted for
each participant with a different marker. Panel B, TEP amplitude for each participant in the SoI time window for the Wristl-
M1 condition (upper plot), the noWristl-M1 (central plot), and the Wristr-M1 (lower plot). Panel C, ANOVA conducted on the
TEP amplitude among the three conditions (green bars, Wristl-M1; yellow bars, nowristl-M1; red bars, Wristr-M1) and the
three blocks (pre-IVR, IVR, post-IVR). Error bars indicate SEM; *p, 0.05. IVR, immersive virtual reality; TMS, transcranial
magnetic stimulation; M1, primary motor cortex; SoI, start of illusion; EoI, end of illusion.

698 • J. Neurosci., January 26, 2022 • 42(4):692–701 Casula et al. · Brain Dynamics during Embodiment of a Virtual Hand



2014a,b) and electrophysiological (Daskalakis et al., 2008; Ferreri et
al., 2011) studies. In our study, we observed a reduction of early (5–
30ms) TMS-evoked EEG activity both in M1hand and in the inter-
connected PM, revealing a reduction of excitability in these areas
during the ownership illusion of a virtual contralateral hand. On the
other hand, we found that late GABABergic inhibitory activity
(230–270ms) was enhanced in the M1hand-PPC connections.
Accordingly, we can speculate that the illusory ownership of an
external body part affects the excitability of the motor areas in
which the body part is represented. This is probably due to a “sub-
stitution” of the real disembodied hand in favor of the virtual
embodied one (Della Gatta et al., 2016) along with the prolonged
immobility of the hand that could have further reduced its sensori-
motor information, thus affecting the motor cortical excitability
(Ngomo et al., 2012; Kilteni et al., 2016). From a physiological point
of view, we can hypothesize that the reduction in motor excitability
is due to a mechanism of GABAergic inhibition originating from
the PPC, given the critical role of this area in processing multisen-
sory inputs (Naito et al., 2002; Ehrsson et al., 2005; Grivaz et al.,
2017) and given its direct projections to M1 and PM (Koch et al.,
2007; 2013). Accordingly, previous studies using a double-coil TMS
approach suggested the inhibitory influence of the PPC over corti-
cospinal excitability depending on the strength of RHI (Karabanov
et al., 2017; Isayama et al., 2019). This is in line with our correlation
analyses showing that participants who experienced a stronger FO
illusion were the ones with a higher activation of PPC. Thus, we
posit that activity in this parietal region could reflect the conscious
feeling of embodiment over the realistic avatar’s hand, as previously
suggested (Gentile et al., 2013; Preston and Ehrsson, 2016; Lira et
al., 2018).

Here, we provide a direct measure of cortical excitability
revealing the physiological origin and the timing of the dynamics
underlying the feeling of embodiment. By monitoring the TMS-
evoked EEG activity trial-by-trial, we could observe that

reduction of M1 excitability occurred just a few seconds before
the onset of the FO illusion (i.e., SoI). It is worth noting that, to
ensure the induction of a reliable illusory FO and VA, we fol-
lowed a well-established procedure where the feeling of body
ownership is induced by passive observation from 1PP in IVR
(Tieri et al., 2015a,b; Fusaro et al., 2016; Pezzetta et al., 2018).
The present results confirm previous findings concerning the
timing and the strength of the illusion (Tieri et al., 2015a,b; 2017;
Fusaro et al., 2016; Pezzetta et al., 2018). As matter of fact, all
our participants reported the SoI between 20 and 90 s of passive
observation of the virtual realistic hand. Notably, embodiment
illusion was not affected by TMS itself, nor by the site of stimula-
tion, since participants experienced the same FO and VA both
when they were stimulated in the left or right M1hand. Tellingly,
participants showed a low rate of FO and VA only when they
observed the scenario where the virtual hand was disconnected
from the virtual forearm and when they responded to the control
items, suggesting that the perceived illusion was consistent with
the prototypical representation of an intact body (Tieri et al.,
2015a,b). In addition, we can exclude a nonspecific effect of the
avatar’s hand observation that could have influenced cortical
excitability (e.g., motor activation, attention fluctuations), since
the effects on M1 were observed only when stimulating the
M1hand contralateral to the observed virtual hand and not when
stimulating the ipsilateral.

Our study has some potential limitations. First, although we
could monitor instantaneous changes in cortical excitability dur-
ing IVR, it was not possible to measure fluctuations in the per-
ceived strength of the FO illusion. To partially overcome this
limitation, we asked our participants to report whether the illu-
sion disappeared. In agreement with previous studies using

Figure 6. Cortical dynamics in the space domain. Source reconstruction of TMS-evoked activity at ROI level: the stimulated hand area in the M1 (M1hand), the PM, and the PPC. Vertical red
lines over the M1hand ROI indicate the stimulated hotspot of the 19 participants. Panel A: timing of the source activity evoked for the Wristl-M1 condition (pre-IVR block, light green line; IVR
block, dark green line) and for the noWristl-M1 condition (pre-IVR block, light yellow line; IVR block, dark yellow line). Panel B: the correlation analysis between source activity of the three ROIs
and FO rating. IVR, immersive virtual reality; TMS, transcranial magnetic stimulation; M1, primary motor cortex; PM, premotor cortex; PPC, posterior parietal cortex; FO, feeling of ownership.
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similar paradigms, none of the participants reported significant
changes in the illusion strength during the observation of the re-
alistic avatar’s hand (Fusaro et al., 2016; Pezzetta et al., 2018).
Our trial-by-trial analysis showed that reduction of cortical excit-
ability persisted for almost 3min after SoI, although less signifi-
cantly and discontinuously in time. This could possibly reflect a
fluctuation of the FO illusion strength, as observed in a previous
study (Kokkinara and Slater, 2014). Second, we could not use
individual magnetic resonance imaging (MRI) scans for the
source analysis, which was also limited by the relatively low spa-
tial resolution of our EEG recordings. Indeed, it is possible that
the M1hand-TMS could also have influenced nearby regions. In
addition, our source analysis could not discriminate subregions
within PM and PPC. To circumvent this potential limitation, we
adopted several methodological precautions. First, we used a
focal TMS coil (50 mm), checked its location over M1hand based
on of MEPs in each participant, and constantly monitored
the position using a neuronavigation system. When conducting
the source analysis, we computed CCC among the three ROIs
activation, revealing a dissociation between signals estimated
from different areas. Another limitation lies in the fact that TMS
can result in nonspecific effects. Auditory and somatosensory
stimulation, for example, may affect the cortical response
(Rocchi et al., 2021). To reduce the auditory response, we used
an ad hocmasking noise; to reduce bone conduction of the TMS
click and scalp sensation caused by coil vibration we placed a
0.5 cm foam layer underneath the coil (Casula et al., 2021;
Mancuso et al., 2021; Rocchi et al., 2021). It is also important to
consider that we tested two control conditions, one related to the
observed stimulus (i.e., noWristl-M1) and one to the site of stimu-
lation (Wristr-M1). We are thus confident about the specificity of
our results.

In conclusion, our data deepen the understanding of the
neural mechanisms underlying the FO illusion, in particular
in relation to the somatotopic representation of the embodied
hand over M1, whose role in embodiment was investigated
only with corticospinal measures. Here, we demonstrated that
IVR-based embodiment of an avatar’s hand elicits rapid
changes in cortical excitability that occur just before the own-
ership illusion of an external body part. Moreover, we provide
novel evidence concerning the embodiment-related cortical
dynamics within a large fronto-parietal network and showing
the timing of activation in a millisecond temporal resolution.
The novel TMS-EEG-IVR approach adopted here may allow
future investigations of cortical plasticity dynamics underlying
physiological and pathologic bodily representation (e.g., hem-
iplegia, limb apraxia). Moreover, our findings expand our
knowledge on the neural bases of embodiment and may be
useful to develop novel therapeutic approaches based on IVR
in patients with severe motor deficits because of stroke or
limb amputation.
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