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Abstract
Introduction: Many researchers took advantage of the well-established rubber hand 
illusion (RHI) paradigm to explore the link between the sense of body ownership and 
the different brain structures and networks. Here, we aimed to review the studies 
that have investigated this phenomenon by means of neurophysiological techniques.
Methods: The MEDLINE, accessed by Pubmed and EMBASE electronic databases, 
was searched using the medical subject headings: “Rubber hand illusion” AND 
“Transcranial magnetic stimulation (TMS)” OR “Evoked potentials (EP)” OR “Event re-
lated potentials (ERP)” OR “Electroencephalography (EEG)”.
Results: Transcranial magnetic stimulation studies revealed a significant excitabil-
ity drop in primary motor cortex hand circuits accompanying the disembodiment of 
the real hand during the RHI experience and that the perceived ownership over the 
rubber hand is associated with normal parietal–motor communication. Moreover, 
TMS provided causal evidence that the extrastriate body area is involved in the RHI 
and subsequently in body representation, while neuromodulation of ventral pre-
motor area and the inferior parietal lobe did not result in an enhancement of em-
bodiment. EP and ERP studies suggest that pre-existing body representations may 
affect larger stages of tactile processing and support predictive coding models of the 
functional architecture of multisensory integration in bodily perceptual experience. 
High-frequency oscillations on EEG play a role in the integrative processing of stimuli 
across modalities, and EEG activity in γ band activity in the parietal area reflects the 
visuotactile integration process. EEG studies also revealed that RHI is associated with 
the neural circuits underlying motor control and that premotor areas play a crucial 
role in mediating illusory body ownership.
Conclusion: Neurophysiological studies shed new light on our understanding of the 
different aspects that contribute to the formation of a coherent self-awareness in 
humans.
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1  | INTRODUC TION

The rubber hand illusion (RHI) paradigm experimentally produces an 
illusion of rubber hand ownership and arm shift by simultaneously 
stroking a rubber hand in view and a participant's visually occluded 
hand (Botvinick & Cohen, 1998). Since during RHI the subjects per-
ceive a fake hand as part of their own body, this paradigm represents 
therefore a well-known experimental manipulation of body owner-
ship and has been used to induce an illusory feeling of owning the 
dummy hand through congruent multisensory, visuotactile stimu-
lation. RHI refers to the ability to recognize our body as our own, 
which allows us to interact properly with the outside world.

The dummy hand is incorporated in the mental representation of 
one's body through a multisensory integration mechanism.

The conscious experience of being the author of our own actions 
is thought to be grounded in prereflective and low-level sensorimo-
tor representations of the self as different from the other.

Therefore, the RHI paradigm also enables to investigate how the 
brain resolves conflicting multisensory evidence during perceptual 
inference and can grant insights into how our brain represents our 
body as our own.

We aimed here at identifying the neurophysiological studies cur-
rently available in the literature that have examined this phenom-
enon. Transcranial magnetic stimulation (TMS), evoked potentials 
(EP), event-related potentials (ERP), and electroencephalography 
(EEG) studies were reviewed and discussed.

2  | METHODS

A literature review was conducted using MEDLINE, accessed 
by Pubmed (1966–June 2020) and EMBASE (1980–June 2020) 
electronic databases. The following medical subject headings 
(MeSH) and free terms were searched: “rubber hand illusion 
(RHI)” AND “transcranial magnetic stimulation (TMS)” OR “re-
petitive transcranial magnetic stimulation (rTMS)” OR “evoked 
potentials (EP)” OR “event related potentials” (ERP) OR “elec-
troencephalography (EEG)”. Original articles written in English 
were considered eligible for inclusion, while review articles and 
single case reports were excluded. Techniques that reproduce 
the well-known rubber hand illusion, but in virtual reality, were 
excluded.

For the selected titles, full-text articles were retrieved, and 
reference lists of them were searched for additional publications. 
The principal investigators of included studied were contacted 
when necessary to require additional information. Two review 
authors independently screened the titles and abstracts of the 
initially identified studies and then assessed the methodologi-
cal quality of each study and risk of bias, including blinding. This 
search strategy yielded 24 results (13 TMS, 4 EP or ERP, 7 EEG 
studies).

A flowchart (Figure 1) illustrates the selection/inclusion process.
The methodological and technical aspects of the reviewed TMS, 

EEG, and SEP studies are illustrated in the Tables 1 and 2.

K E Y W O R D S

electroencephalography, event-related potentials, evoked potentials, rubber hand illusion, 
transcranial magnetic stimulation

F I G U R E  1  Flowchart showing the 
selection/inclusion process
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3  | TR ANSCR ANIAL MAGNETIC 
STIMUL ATION

3.1 | Motor cortex

Transcranial magnetic stimulation (TMS) is an approach that, if de-
livered repetitively, can influence brain function. Repetitive TMS 
(rTMS) can be applied as continuous trains of low frequency (LF) or 
bursts of higher-frequency (HF) rTMS. Generally, LF rTMS (stimulus 
rates ≤1 Hz) induces inhibitory effects on motor cortical excitability, 
whereas HF rTMS (≥3 Hz) usually promotes an increase in cortical 
excitability (Fitzgerald et al., 2006; Lefaucheur, 2019).

A coherent self-awareness implies the existence of a tight link 
between the sense of body-ownership and the motor system. To as-
sess the effects of the motor system down-regulation on the RHI 
susceptibility, in a sham-controlled study the primary motor cortex 
(M1) excitability was modulated by off-line LF rTMS.

Participants underwent the RHI after real or sham rTMS, either 
on the right hand, contralateral to the inhibited hemisphere or on the 
left hand in the Experiment 1, ipsilateral to the inhibited hemisphere, 
in Experiment 2 (Fossataro et al., 2018).

Subjective and objective RHI measures, that are the Embodiment/
Disembodiment Questionnaires and the Proprioceptive Drift (PPD), 
respectively, were assessed. Only in Experiment 1, rTMS strength-
ened the illusory experience, as revealed by a significant increase 

of both measures in the real compared to sham group. This finding 
demonstrates that the down-regulation of the M1 activity can lead 
to an attenuation of the sense of body ownership, so that the subject 
becomes more prone to incorporate an alien body part. This evidence 
also suggests the presence of a mutual interaction between the sense 
of body ownership and the motor system, shedding new light on the 
construction mechanisms of a coherent sense of self as an acting body.

During the RHI, subjects experience an artificial hand as part of 
their own body, while the real hand is subject to a sort of “disembod-
iment.” To investigate whether this altered belief about the body also 
affect physiological mechanisms involved in body ownership, such 
as motor control, the effect of this illusion on the excitability of the 
motor pathways to the real (disembodied) hand has been assessed 
(Della Gatta et al., 2016). A significantly reduced motor-evoked po-
tentials (MEPs) amplitude from the real hand was found, with respect 
to baseline, when subjects in the synchronous, but not in the asyn-
chronous, condition experience the fake hand as their own (Figure 2).

3.2 | Motor system—Observation of 
action and action

Observation of another's action can selectively facilitate the brain's 
motor circuits for making the same action. A "mirror-matching mech-
anism" might map observed actions onto the observer's own motor 

TA B L E  1  Methodological and technical aspects of the TMS studies

Study n Age
TMS 
paradigms.

F 
(Hz)

Intensity
% of rMT Time Site Neuronav.

Wold et al. (2014) 16 rTMS 1 80/40 20 min Left EBA Yes

Peviani et al. (2018) 24 23.9 rTMS 1 100 15 min Right PMv Yes

Kammers et al. (2009) 13 22.2 rTMS 1 80 20 min Left IPL *ex post

Fossataro et al. (2018) 32 24 rTMS 1 90 20 min Hand area left M1 No

MEP 100 Hand area right M1 No

Frey et al. (2020) 18 30.9 iTBS 80 Right S1 No

Mioli et al. (2018) 25 iTBS 80 Right PMv/right IPL Yes

Ticini et al. (2018) 16 26.4 imTBS/cTBS 80 Left IPL No

MEP 120 Left M1 No

Della Gatta et al. (2016) 44 MEP 110 Hand area left M1 No

Schütz-Bosbach et al. (2006) 14 24 MEP 105 Hand area left M1 No

Schütz-Bosbach et al. (2009) 15 24.7 CSP **130 Hand area left M1 No

Burin et al. (2017) 14 MEP/rMT 120 Hand area left/right M1 No

Karabanov et al. (2017) 7 31.9 MEP 100 Hand area right M1 Yes

20 MEP/ISI/pp 100 Right M1/right aIPS Yes

Isayama et al. (2019) 26 45.2 MEP/pp 90 Left PPC-left M1 Yes

27 44.7 SAI/LAI/DNS Hand area left M1 No

Abbreviation: aIPS, Anterior intraparietal sulcus; CSP, Cortical silent period; cTBS, Continuous theta burst stimulation; DNS, Digital nerve stimulation; 
EBA, Extrastriate body area; F, frequency; imTBS, Intermediate theta burst stimulation; IPL, Inferior parietal lobule; ISI, Inter stimulus interval; 
iTBS, Intermittent theta burst; LAI, Long-latency afferent inhibition; M1, Primary motor cortex; MEP, Motor-evoked potential; MRI, Magnetic 
resonance imaging; PMv, Ventral premotor cortex stimulation; pp, paired pulse; rMT, Resting motor threshold; rTMS, Repetitive transcranial magnetic 
stimulation; S1, Primary somatosensory cortex; SAI, Short-latency afferent inhibition.
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representations. This view implies that the brain represents others' 
actions like one's own. However, the different experience of one's 
own body from that of others' bodies with regard to viewpoint, mor-
phological features, familiarity, and the hallmark feature of kines-
thetic experience makes this hypothesis difficult to test.

Schütz-Bosbach used RHI to compare effects of observing ac-
tions that either were or not illusorily attributed to the subject's 
own body, and TMS to directly compare action facilitation effects 
produced by observing an action attributed to another's body with 
the facilitation effects produced by observing actions of body that 
appears to be one's own (Schütz-Bosbach et al., 2006). The authors 
found that watching another's actions facilitated the motor system, 
while observing identical actions, which were illusorily attributed to 
the subject's own body, displayed the opposite pattern (Figure 3). 
Therefore, motor facilitation strongly depends on the agent to whom 
the observed action is attributed. In contrast to previous concepts of 

equivalence between one's own actions and actions of others, these 
results suggest that social differentiation, rather than equivalence, is 
characteristic of the human action system.

Many studies indicate that both self-generated actions and 
observation of others’ actions activate overlapping neural net-
works, implying a shared, agent-neutral representation of self and 
other. Contrary to the shared representation hypothesis, it has 
been demonstrated that the human motor system is not neutral 
with respect to the agent of an observed action (Schütz-Bosbach 
et  al.,  2009). Unlike the observation of identical actions linked to 
the self, observation of actions attributed to another agent facili-
tated the motor system. The same research group also investigated 
whether the absence of motor facilitation for observing one's own 
actions may reflect cortical inhibitory processes related to self-
representation. The duration of the cortical silent period (CSP) in-
duced by TMS applied over M1 in active muscles reflects the activity 

F I G U R E  2  Average motor-evoked potential (MEP) amplitude variation in the first-dorsal interosseus (FDI) muscle recorded across all 
subjects is plotted in a1, for the main experiment, and in b1 for the control experiments. Histograms represent the peak-to-peak MEP mean 
amplitude (normalized) ±95% CI in the baseline, asynchronous, and synchronous conditions, respectively. Significant levels: **p < .005; 
***p < .0001. Average MEP amplitude profile recorded across all subjects in the synchronous condition are plotted in a2 for the main 
experiment and in b2 for the control experiment; points represent the peak-to-peak MEP mean amplitude (normalized), ±95% CI, at four time 
points after induction of the illusion (90, 180, 270 and 360 s); significance level: **p < .005. Examples of average raw MEPs recorded from 
two representative subjects (for the main and control experiments) in the baseline (main: 609 µVolt; control: 619 µVolt), asynchronous (main: 
771 µVolt; control: 601 µVolt), and synchronous (main:150 µVolt; control: 583 µVolt) conditions. Reproduced with permission from Della 
Gatta et al. (2016)
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of intracortical inhibitory GABAergic circuits (Paulus et al., 2008) 
and can thus be considered as an indicator of motor cortex inhibi-
tion. Using the manipulation of body ownership based on the RHI, 
the authors found that observation of actions linked to the self led to 
longer CSP than observation of a static hand, while observing iden-
tical actions attributed to another agent led to the opposite effect. 
This finding probably reflects an inhibition of the motor system as-
sociated with self-representation. The suppression at cortical level 
for actions linked to the self might be useful to avoid inappropriate 
perseveration within the motor system.

There is uncertainty about whether, and to what extent, actions 
contribute to constructing awareness of one's own body. The aim of 
another study was to investigate, at both physiological and behav-
ioral level, the effects of a prolonged limb immobilization on body 
ownership (Burin et al., 2017). A group of healthy participants, whose 
left-hand movements were prevented by a cast for 1 week, and a 
control group without any movement restriction, were examined. In 
both groups, the strength of the RHI (in particular PPD and question-
naire on ownership) and some physiological parameters which are 
known to be modulated by short-term arm immobilization, such as 
MEPs amplitudes, resting motor threshold (RMT), and force parame-
ters, were assessed before and after the week of immobilization. The 
results showed stronger illusory effects on the immobilized hand on 

both behavioral indexes and weaker illusory effects on the nonim-
mobilized hand on the questionnaire. Additionally, the increased PPD 
was positively correlated with the RMT of the contralateral hemi-
sphere. These findings demonstrated that the alteration of those 
movement-related signals, which continuously originate from our 
own body parts, can modulate the experience of those body parts as 
mine. This, in turn, supports the view that actions play a direct role in 
the developing and maintaining a coherent body ownership.

3.3 | Parietal cortex

Neuroimaging data demonstrated an involvement of the posterior 
parietal cortex (PPC) when recalibration of the perceived position 
of the participant's real hand toward the rubber hand occurs. Off-
line LF rTMS in a double-blind, sham-controlled with subjects design 
was used to explore the role of the inferior posterior parietal lobule 
(IPL) in inducing the RHI directly (Kammers et al., 2009). rTMS over 
the IPL attenuated the strength of the RHI for immediate perceptual 
body judgments only, while delayed perceptual responses were un-
affected. Also ballistic action responses and subjective self-reports 
of feeling of ownership over the rubber hand remained unaffected 
after rTMS over the IPL. These findings are consistent those of with 

F I G U R E  3  Mean + Standard Error, SE, Cortical Excitability of FDI and ADM after Action Observation or during Viewing of a Static Hand 
in Each Ownership Condition (a and b) Average MEP size in each condition. (c and d) Facilitation ratios in the experimental blocks relative to 
averaged baseline blocks
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previous studies indicating that the illusion can be broken down into 
dissociable bodily sensations. RHI does not only affect the embodi-
ment of the rubber hand but also independently influences the expe-
rience and localization of one's own hand in an independent manner. 
These findings are also in agreement with a multicomponent model 
of somatosensory body representations, wherein the IPL plays a cru-
cial role in establishing perceptual body judgments, but not actions 
or higher-order affective bodily judgments.

It has been hypothesized that the IPL is generally involved in self-
other differentiation processes and in providing an explicit sense of 
action authorship.

A protocol of rTMS named theta burst stimulation (TBS) employs 
low intensities and has a robust, long-lasting effect in normal sub-
jects (Di Lazzaro et al., 2005; Huang et al., 2005). Continuous TBS 
(cTBS) decreases cortical excitability, while intermittent TBS (iTBS) 
was shown to increase motor cortical excitability.

To provide further evidence for the causal and functional role 
of IPL in distinguishing self-related and other-related sensorimotor 
representations, another study employed TBS to condition left IPL's 
activity before a social version of the RHI led participants to illuso-
rily attribute observed finger movements to their own body (Ticini 
et al., 2018). MEPs to single-pulse TMS over the M1 as proxies of ac-
tion authorship during action observation have been recorded. In a 
control condition (intermediate TBS over the left IPL), others' actions 
facilitated whereas self-attributed movements inhibited the motor 
system, while cTBS disrupted this mismatch between self and other 
representations (Figure  4). This finding supports the fundamental 
role of the IPL's role in providing important authorship signals for 
social differentiation in the human action system.

3.4 | Ventral premotor area

Great attention has been devoted to the neural functional corre-
lates of RHI mechanisms highlighting the pivotal role of an occipito-
parieto-frontal network involving the ventral premotor area (PMv). 
The specific role of the PMv in generating the sense of ownership is 

still poorly understood. A study aimed at exploring the role of PMv 
in generating and experiencing the RHI (Peviani et  al., 2018). Off-
line rTMS was delivered to a group of 24 healthy participants, while 
changes in proprioceptive judgment and self-reported illusion sensa-
tions were collected and analyzed separately. The PMv was found 
not to be directly implicated in generating the sense of ownership. In 
fact, its inhibition affected the explicit detection of the visuotactile 
congruence without interfering with the illusion experience itself. It 
has been hypothesized that the conscious visuotactile congruence 
detection may be independent from the conscious illusion experi-
ence. These results also support the notion that the RHI grounds on 
a complex interaction between bottom-up and top-down processes, 
as the visuotactile integration per se may be not sufficient to trigger 
the subjective illusion.

An enhanced sense of prosthesis ownership may be the key for 
higher amputees' quality of life. In 28 healthy subjects, neuronav-
igated iTBS delivered over the right PMv or IPL has been tested, 
compared to sham stimulation, to enhance embodiment in the RHI 
paradigm (Mioli et al., 2018). Neuromodulation of both areas did not 
result in an enhancement of embodiment, as assessed by the results 
collected from a self-evaluation questionnaire for the extent of self-
attribution of the rubber hand and PPD. In all cases, the difference 
between synchronous and asynchronous stroking confirms the suc-
cessful induction of the illusion. The low consistency of iTBS over 
brain regions other than M1 might account for the absence of effect. 
Therefore, other neuromodulating techniques, acting on cortical 
networks different from the ones sensitive to iTBS, should be tested 
to enhance artificial hand embodiment.

3.5 | Parieto-frontal connections

Parieto-frontal connections are thought to play an important role in 
adjusting body ownership during the RHI. Using a moving RHI para-
digm (Kalckert & Ehrsson, 2012), single-site and dual-site TMS has 
been applied to explore corticospinal and parietal–frontal connectiv-
ity during perceived rubber hand ownership (Karabanov et al., 2017). 

F I G U R E  4  Means and standard errors of the RHI questionnaire assessing the ownership of the observed hand in the different 
experimental conditions: The conditions were the following: TBS (cTBS and imTBS), BLOCK (IB and EB) and STROKING (Synchronous/Self 
and Asynchronous/Other). Legend: TBS = theta burst stimulation; cTBS = continuous theta burst stimulation; imTBS = intermediate theta 
burst stimulation; IB = Induction Block; EB = Experimental Block. Reproduced with permission from Ticini et al. (2018)
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Healthy volunteers received a conditioning TMS pulse over left an-
terior intraparietal sulcus (aIPS) and a test TMS pulse over left M1. 
MEPs were recorded at rest and during three RHI conditions: agency 
and ownership, agency but no ownership, neither agency nor own-
ership. Parietal–motor communication differed among experimental 
conditions. The induction of action ownership was associated with an 
inhibitory parietal-to-motor connectivity, which was comparable to 
the aIPS-to-M1 inhibition present at rest. This aIPS-to-M1 inhibition 
disappeared during movement conditions not inducing ownership. 
Corticospinal excitability was not significantly modulated during the 
motor RHI as indicated by the task-constant MEP amplitude elicited 
by the M1 test pulse alone. These results indicate that the perceived 
ownership over the rubber hand is associated with normal parietal–
motor communication, which is disturbed if the sensorimotor conflict 
between one's own hand and the rubber hand is not resolved.

Rubber hand illusion involves visual, tactile, and proprioceptive 
multisensory integration and activates different multisensory brain 
areas, including the PPC. Multisensory inputs are transformed into 
outputs for motor control in association areas such as PPC. A be-
havioral study reported decreased motor performance after RHI. 
However, it is still uncertain whether RHI may change the interac-
tions between sensory and motor systems as well as between PPC 
and the M1. TMS was used to evaluate the functional connections 
from the primary somatosensory and association cortices to M1 and 
from PPC to M1 during RHI (Isayama et  al.,  2019). In the first ex-
periment, short-latency afferent inhibition (SAI) and long-latency af-
ferent inhibition (LAI) were measured before and immediately after 
a synchronous or an asynchronous condition (RHI and control, re-
spectively). In the second experiment, PPC-M1 interaction was eval-
uated using two coils. SAI and LAI were found to be reduced in the 
synchronous condition compared with baseline, thus suggesting that 
RHI decreased somatosensory processing in the primary sensory 
and the association cortices projecting to M1. The authors also re-
ported greater inhibitory PPC-M1 interaction, which was related to 
stronger RHI, as assessed by questionnaire. These findings suggest 
that RHI modulates both the early and late stages of tactile afferents 
and central processing, which leads to altered excitability by reduc-
ing the gain of somatosensory afferents to resolve conflicts among 
multisensory inputs. Therefore, perception of one's own body parts 
involves integrating different sensory information and is important 
for motor control. The reduced effects of cutaneous stimulation on 
motor cortical excitability during RHI might reflect decreased gain 
of tactile input to resolve multisensory conflicts. RHI strength cor-
related with the degree of inhibitory PPC-M1 interaction, indicating 
that parietal–motor connections are involved in resolving sensory 
conflicts and body ownership during RHI.

3.6 | Other areas

RHI can provide insights into how our brain represents our body as 
our own. Recent studies have demonstrated an involvement of the 
extrastriate body area (EBA), an area of the brain that is typically 

implicated in the perception of nonface body parts, in illusory body 
ownership. To investigate the possible causal role EBA in the RHI, 
sixteen healthy subjects took part in a sham-controlled, 1 Hz rTMS 
experiment (Wold et  al.,  2014). Participants received (RHI condi-
tion) or asynchronous (control) stroking and were asked to report 
the perceived location of their real hand, as well as the intensity and 
the temporal onset of experienced ownership of the dummy hand. 
Following rTMS of the left EBA, participants misjudged their real 
hand's location significantly more toward the dummy hand during 
the RHI than after sham stimulation. This difference in "proprio-
ceptive drift" (PPD) provides the first causal evidence that the EBA 
is involved in the RHI and subsequently in body representation. 
Therefore, these results further support the view that the EBA is 
necessary for multimodal integration.

A recent cross-over, placebo-controlled, single-blind study aimed 
at assessing whether RHI, in combination with HF rTMS given as 
iTBS applied over the hand area of the primary sensory region (S1), 
can enhance tactile sensation in a group of 21 healthy subjects and 
one patient with cervical spinal cord injury (SCI; Frey et al., 2020). 
Among the four sessions, which covered all combinations of real and 
sham stimulations of the RHI and the TBS, the sham TBS and real 
RHI condition shows the greatest effect on the PPD and on the score 
of RHI questionnaires in the healthy subjects and in the patient. 
Conversely, the upregulation of the cortical excitability of S1 via TBS 
seems to impair the effect of the RHI, probably due to a strengthen-
ing of the top-down connection between the central nervous system 
and the periphery, diminishing the RHI.

4  | E VOKED AND E VENT- REL ATED 
POTENTIAL S

The RHI is enhanced in schizophrenia patients. Somatosensory 
evoked potentials (SEPs) during the illusion were compared be-
tween schizophrenia patients and normal control subjects (Peled 
et al., 2003). While normal subjects showed significant preillusion—
illusion differences at early as well as at late SEP components, schiz-
ophrenia patients fail to show such alterations. The results of this 
study are consistent with previous findings pointing to alterations in 
associative brain regions in schizophrenia.

Press and coworkers investigated how the integration of seen 
and felt tactile stimulation modulates somatosensory processing; 
they also studied whether visuotactile integration depends on 
temporal contiguity of stimulation, and its coherence with a pre-
existing body representation (Press et al., 2008). During the train-
ing phases, participants viewed a rubber hand or a rubber object 
that was tapped either synchronously with stimulation of their 
own hand, or in an uncorrelated fashion. During the test phases, 
somatosensory event-related potentials (ERPs) to tactile stimula-
tion of the left or right hand were recorded, in order to assess how 
tactile processing was affected by previous visuotactile experi-
ence during training. An enhanced somatosensory N140 compo-
nent was elicited after synchronous, compared with uncorrelated, 
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visuotactile training, irrespective of whether participants viewed a 
rubber hand or rubber object. This early effect of visuotactile inte-
gration on somatosensory processing might represent a potential 
electro-physiological correlate of the RHI that is induced by tem-
poral contiguity, but not by pre-existing body representations. ERP 
modulations were observed beyond 200 ms poststimulus, suggest-
ing an attentional bias determined by visuotactile training. These 
late modulations were absent when the stimulation of a rubber 
hand and the participant's own hand was uncorrelated during train-
ing, suggesting that pre-existing body representations may affect 
later stages of tactile processing.

In order to identify the functional anatomy of the RHI, multi-
channel EEG, acquired under three conditions of tactile stimulation, 
has been used (Zeller et al., 2015). Evoked potentials (EP) were av-
eraged from EEG signals registered to the timing of brushstrokes 
to the participant's hand. The participant's hand was stroked ei-
ther in the absence of an artificial hand (REAL) or synchronously 
with an artificial hand, which either lay in an anatomically plausi-
ble (CONGRUENT) or impossible (INCONGRUENT) position. The 
illusion was reliably induced in the CONGRUENT condition. For 
right-hand stimulation, significant differences between conditions 
emerged at the sensor level around 55  ms after the brushstroke 
at left frontal and right parietal electrodes. Response amplitudes 
were smaller for illusory (CONGRUENT) compared with nonillu-
sory (INCONGRUENT and REAL) conditions in the contralateral 
perirolandic region (pre-  and postcentral gyri), superior parietal 
lobule, and IPL, whereas veridical perception of the artificial hand 
(INCONGRUENT) amplified responses at a scalp region overlying 
the contralateral postcentral gyrus and IPL compared with the re-
maining two conditions. Similar contralateral patterns were elicited 
by the left-hand stimulation.

Since some studies suggested that the premotor cortex (PMC) is 
thought to be a pivotal area in RHI, to explore the effective connec-
tivity between—and within—sensory and premotor areas involved 
in bodily perceptions, a dynamic causal modeling of touch-evoked 
responses has been used by the same research group in 13 healthy 
subjects (Zeller et al., 2016). Also in this study, each subject's right 
hand was stroked while viewing their own hand ("REAL"), or an arti-
ficial hand presented in an anatomically plausible ("CONGRUENT") 
or implausible ("INCONGRUENT") position. Bayesian model compar-
ison revealed strong evidence for a differential involvement of the 
PMC in the generation of touch-evoked responses under the three 
conditions, providing further support that there being a crucial role 
of PMC in bodily self-attribution. Indeed, the extrinsic (forward) 
connection from left occipital cortex to left PMC was stronger for 
CONGRUENT and INCONGRUENT as compared to REAL, reflect-
ing the augmentation of bottom-up visual input when multisensory 
integration is very difficult. The intrinsic connectivity in the primary 
somatosensory cortex (S1) was attenuated during the illusory per-
cept in the CONGRUENT condition.

These findings of these EP studies support predictive coding 
models of the functional architecture of multisensory integration 
(and attenuation) in bodily perceptual experience.

5  | ELEC TROENCEPHALOGR APHY

The integration of multimodal stimuli is thought to be impor-
tant for the promotion of adaptive behavior. Several studies have 
identified brain areas that respond to multimodal stimuli, but the 
temporal features are not been clarified. Initial ERP studies have 
demonstrated crossmodal attention effects, but the exact mecha-
nisms underlying crossmodal integration have not been clarified. 
Electroencephalography (EEG) activity in the γ-band can be consid-
ered as a correlate of multimodal integration. In the first study of 
Kanayama and colleagues, participants localized a tactile stimulus 
on their fingers while seeing visual stimuli on rubber hands with the 
same posture as their hands (Kanayama et al., 2007). EEG analyses 
using wavelet transform indicated there is relationship between 
that interelectrode phase synchrony in the gamma-band range (40–
50 Hz) and behavioral indices of the intermodal illusion under con-
sideration (Figure 5). The findings suggest a role of high-frequency 
oscillations in the integrative processing of stimuli across modalities.

In a subsequent study, the effect of the RHI on the cross-
modal integration process by measuring EEG has been investigated 
(Kanayama et al., 2009). The participants who experienced less in-
tensive illusion showed greater congruency effect on reaction time 
(RT), greater power increase at the parietal zero electrode (Pz), and 

F I G U R E  5  A: The phase synchrony between electrode sites for 
the congruent and incongruent conditions. The lines denote the 
significant synchrony between connected electrodes (p<.01). B: 
The bar graph for the averaged phase-locking values across all pairs 
of electrodes. **p<.001. bar graph
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smaller interelectrode synchrony of the γ-band activity. On the other 
hand, the subjects who experienced more intense illusion showed 
greater interelectrode synchrony. These findings suggested that the 
γ-band activity in the parietal area reflects the visuotactile integra-
tion process and that its synchrony causes the illusory intensity.

Since RHI is linked to a frontoparietal circuit, another study aimed 
at exploring the associated dynamics of neural oscillation (Kanayama 
et al., 2017). EEG was recorded while delivering spatially congruent/
incongruent visuotactile stimulations to fake and real hands. Time–
frequency analyses and calculated renormalized partial directed co-
herence (rPDC) were applied to examine cortical dynamics during 
the RHI. When visuotactile stimulation was spatially congruent, and 
the fake and real hands were aligned, a reduced causal relationship 
from the medial frontal to the parietal regions with respect to base-
line, around 200 ms poststimulus, has been observed. This change 
in rPDC was negatively correlated with a subjective report of the 
RHI intensity. Moreover, a link has been observed between the PPD 
and an increased causal relationship from the parietal cortex (PC) to 
the right S1 during a relatively late period (550–750 ms poststimu-
lus). These findings suggest a two-stage process: a reduced influence 
from the medial frontal regions over the PC unlocks the mechanisms 
that preserve body integrity, allowing RHI to emerge; the informa-
tion processed at the PC is back-projected to the S1 contralateral to 
the real hand, inducing the PPD.

Vision is thought to be shaped by environmental and bodily sig-
nals. In the Taylor illusion, the size of an afterimage projected on 
one's hand changes according to proprioceptive signals conveying 
hand position. Faivre and colleagues aimed at assessing whether the 
Taylor illusion depend, besides the physical hand position, also on 
bodily self-consciousness as quantified through illusory hand owner-
ship (Faivre et al., 2017). An afterimage projected on the participant's 
hand drifted depending on illusory ownership between the partici-
pants' two hands, showing an implication of self-representation 
during the Taylor illusion, has been detected. Oscillatory power 
analysis of EEG signals showed that illusory hand ownership was 
stronger in participants with stronger α suppression over left sen-
sorimotor cortex, whereas the Taylor illusion correlated with higher 
β/γ power over frontotemporal regions. A higher γ connectivity be-
tween left sensorimotor and inferior PC was also found during illu-
sory hand ownership. These findings revealed that afterimage drifts 
in the Taylor illusion do not only depend on the physical hand posi-
tion but also on subjective ownership, which itself is based on the 
synchrony of somatosensory signals from the two hands. The effect 
of ownership on afterimage drifts is associated with β/γ power and 
γ connectivity between frontoparietal regions and the visual cortex.

Alteration of body image induced by visuotactile integration is 
known to be closely related to the activation of the PC, a sensory 
association area. The expression of brain-derived neurotrophic fac-
tor (BDNF) in the parietal area of macaque monkeys is thought to 
modulate its activation and alter the extension of body image during 
tool-use learning. To clarify the relationship between PC activation 
related to body image alterations and BDNF levels in humans, the 
relationship between human serum BDNF levels and EEG responses 

has been investigated during a visuotactile integration task involving 
a rubber hand (Hiramoto et  al.,  2017). Cortical oscillatory compo-
nents in the high-frequency (γ) band in the left PC were found.

Furthermore, the power values of these oscillations were posi-
tively correlated with serum BDNF levels. Neuroimaging studies have 
revealed a variety of neurophysiological correlates of illusory hand 
ownership, with conflicting results likely originating from differences 
in experimental parameters and control conditions. These limitations 
were overcome by using a fully automated and precisely timed visuo-
tactile stimulation setup to record evoked responses and oscillatory 
responses in subjects who felt the RHI (Rao & Kayser,  2017). The 
authors relied on a combination of experimental conditions to rule 
out confounds of attention, body-stimulus position and stimulus du-
ration and on the combination of two control conditions to identify 
neurophysiological correlates of illusory hand ownership. In two sep-
arate experiments, a consistent illusion-related attenuation of ERPs 
around 330 ms over frontocentral electrodes, as well as decreases 
of frontal alpha and beta power during the illusion that could not be 
attributed to changes in attention, body-stimulus position or stimu-
lus duration, were observed. These results reveal neural correlates 
of illusory hand ownership in late and likely higher order rather than 
early sensory processes, and support a role of premotor and possibly 
intraparietal areas in mediating illusory body ownership.

Several RHI studies have reported that visual manipulation of 
the embodied fake hand inversely affects the perceptual process-
ing of the observer's own hand (e.g., thermal or pain sensitivity). 
A recent study aimed at examining whether motor manipulation 
of the fake hand similarly affects the observer's motor system 
(Shibuya et  al.,  2018). This study employed a novel RHI para-
digm wherein stroking was interrupted by unexpected move-
ment of the fake hand (i.e., finger spreading) while measuring 
EEG. Participants often spontaneously moved their hands in ac-
cordance with the movement of the fake hand only in the RHI 
(synchronous) sessions. EEG analyses revealed enhanced neural 
activation (mu-rhythm desynchronization) of the motor system 
during observation of the fake hand movement. Moreover, motor 
activation was greater in the synchronous than in the asynchro-
nous condition and significantly correlated with the feeling of 
body ownership over the fake hand.

6  | DISCUSSION

Embodied cognition, including the hand ownership, has been widely 
studied in recent years and has been especially investigated through 
the RHI.

RHI represents an illusory experience during the mislocalization 
of own hand when correlated visuotactile stimuli are presented to 
the actual and fake hands. The spatial and temporal contingencies 
of visual inputs near a fake hand and physical touches to the real 
hand are thought to promote this illusion. The visuotactile integra-
tion processes appear to cause this illusion, and the correspond-
ing brain activity has been revealed in many studies. Most of the 
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research measured the brain activities during the RHI by using fMRI 
and neurophysiological techniques. This review highlighted the cru-
cial importance of TMS, EP, ERP, and EEG in exploring the neural 
basis of RHI.

Rubber hand illusion has proven an important phenomenon for 
the investigation of body ownership and self/other distinction and 
allows insights into how the brain resolves conflicting multisensory 
information regarding body position and ownership.

Several studies successfully modulated the RHI susceptibility by 
employing LF (1 Hz) rTMS over different brain areas. Two studies 
reported a significant RHI modulation only in the PPD, but in the 
opposite direction, depending on the stimulated area: while rTMS 
over the IPL attenuated the perceived shift toward the fake hand 
(Kammers et al., 2009), the stimulation of the EBA increased it (Wold 
et al., 2014).

A “virtual lesion” applied over M1 (Siebner & Rothwell, 2003) 
strengthens the RHI susceptibility in our subjects, as proved by the 
significant increase, in rTMS compared to sham stimulation, of sub-
jective and objective RHI measures (Fossataro et al., 2018). These 
results support the evidence of a relationship between the motor 
system and the sense of body ownership. These findings are also 
consistent with previous studies showing a relationship between 
the motor system and the sense of body ownership. Indeed, during 
mechanical limb immobilization, the sense of body ownership for 
the immobilized hand was found to be weaker/more flexible (Burin 
et al., 2017), and the immobilization procedure in healthy subjects 
(Avanzino et al., 2011), as well as the constraint-induced movement 
therapy (CIMT) in brain-damaged patients (Wittenberg & Schaechter, 
2009), showed increased activity of the hemisphere ipsilateral to the 
immobilized limb. Furthermore, brain-damaged patients with a pure 
form of hemiplegia (Burin et al., 2015), spinal cord injury (Scandola 
et al., 2014; Tidoni et  al.,  2014), and focal hand dystonia (Fiorio 
et al., 2011) may have an altered sense of body ownership, according 
to their greater susceptibility to the RHI paradigm.

The TMS finding of a reduced MEP amplitude recorded from the 
real hand (Della Gatta et al., 2016) contributes to the theoretical un-
derstanding of the relationship between body-ownership and motor 
system and provides physiological evidence that a significant drop in 
motor excitability in M1 hand circuits accompanies the disembodi-
ment of the real hand during the RHI experience. Future studies may 
be useful to investigate the presence or absence of linear correlations 
between MEP amplitude and behavioral measures, including both em-
bodiment and disembodiment of the rubber hand, possibly comparing 
the physiological parameters of responder and nonresponder subjects.

Conversely, the PMv was found not to be directly implicated in 
generating the sense of ownership (Peviani et al., 2018). This finding 
also supports the view that the RHI depends on a complex interac-
tion between bottom-up and top-down processes, as the visuotac-
tile integration per se may be not sufficient to trigger the subjective 
illusion. These results are in agreement with those of Longo and col-
leagues who have previously demonstrated a dissociation between 
the strength of the illusion and the visuotactile congruence, as mea-
sured by the RHI questionnaire (Longo et al., 2008).

The parietal-to-motor connectivity pattern observed at rest is 
also preserved during RHI, thus suggesting the result of a success-
ful resolution of a sensory–motor conflict rather that the illusion of 
ownership is not an effortful construct. Therefore, perceived own-
ership modulates changes in aIPS-M1 connectivity, but does not af-
fect corticospinal excitability directly (Karabanov et al., 2017).

Contrary to the shared representation hypothesis, it has 
been demonstrated that the human motor system is not neutral 
with respect to the agent of an observed action (Schütz-Bosbach 
et  al.,  2009). The evaluation of the CSP during observation of ac-
tion suggests a specific inhibition of the motor system associated 
with self-representation. Cortical suppression for actions linked to 
the self might prevent inappropriate perseveration within the motor 
system (Schütz-Bosbach et al., 2009).

A recent study also demonstrated that the RHI paradigm may 
represent an useful therapeutic approach in improving tactile sen-
sation and rTMS techniques could modulate these effects in healthy 
subjects and patients with SCI (Frey et al., 2020).

An interesting ERP study revealed that the temporal contiguity of 
seen and felt tactile stimulation modulates subsequent somatosen-
sory processing at early sensory-specific stages (Press et al., 2008). 
These effects seem to be independent of pre-existing body repre-
sentations and may affect later stages in the processing of tactile 
events. Therefore, two types of visuotactile integration process 
contribute to the “bodily self.” Associative learning based on the 
temporal contiguity between visual and tactile stimulation enhances 
perceptual processing of subsequent tactile events; expectations 
based on the pre-existing body representations may affect the rate 
of associative learning that modulates postperceptual, presumably 
attentional, processing of tactile stimuli.

Evoked potentials studies revealed interactions within the 
occipital-premotor network during the RHI, which may reflect hi-
erarchical information exchange. These results are consistent with 
predictive coding models of multisensory integration and may re-
flect the attenuation of somatosensory precision that is required to 
resolve perceptual hypotheses about conflicting multisensory input 
(Zeller et al., 2015, 2016).

While the temporal time resolution of fMRI or PET is insufficient 
in distinguishing whether multimodal integration is most directly re-
lated to early sensory or later cognitive stages of information pro-
cessing, EEG and magnetoencephalography (MEG) offer superior 
temporal resolution for investigating this issue. EEG studies revealed 
that high-frequency oscillations play a significant role in the integra-
tive processing of stimuli across modalities (Kanayana et al., 2007, 
2009). On the other hand, the γ band activity in the parietal area 
reflects the visuotactile integration process and that its synchrony 
causes the illusory intensity (Kanayama et al., 2009).

Other EEG findings provide strong behavioral and neurophysio-
logical evidence of “motor back projection,” in which the movement 
of an illusory embodied body part is inversely transferred to the sen-
sorimotor system of the observer (Shibuya et al., 2018).

Electroencephalography also revealed spectral dissociations 
between somatic and visual effects, and higher γ connectivity 
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along the dorsal visual pathways when the rubber hand was em-
bodied (Faivre et al., 2017). In fact, it has been demonstrated that 
visual percepts are not only influenced by bodily context but are 
self-grounded; in the Taylor illusion, the size of an afterimage pro-
jected on one's hand changes according to tactile and propriocep-
tive signals conveying hand position. Therefore, the perception of 
afterimages depends not only on bodily signals, but also on the 
sense of self.

During a visuotactile integration task involving a rubber hand, 
cortical oscillatory components in the high-frequency (γ) band were 
detected in the left PC, and the power values of these oscillations 
were positively correlated with serum BDNF levels. These results 
suggest that serum BDNF could play a role in modulating the cortical 
activity in response to visuotactile integration processes related to 
body image alteration in humans.

Interestingly, patients with schizophrenia exhibit a greater sus-
ceptibility to the RHI (Asai et al., 2011; Peled et al., 2003; Thakkar 
et al., 2011), either because of their specific deficit in predicting the 
consequences of their voluntary actions (Voss et  al.,  2010) or be-
cause of their altered sense of agency (Daprati et al., 1997; Garbarini 
et al., 2016; Maeda et al., 2012).

In particular, schizophrenia patients had significant alterations 
in long-latency somatosensory evoked responses during the RHI 
(Peled et al., 2003).

These findings support the hypothesis that associative higher-
level neuronal activity is abnormal in schizophrenia and suggest that 
the underlying neuropathology of schizophrenia involves higher-
level processing.

7  | CONCLUSION

The findings of the reviewed neurophysiological studies dealing with 
the RHI phenomenon provide insight into the functional anatomy 
of multisensory integration and the perception of oneself and shed 
new light on our understanding of the different aspects that contrib-
ute to the formation of a coherent self-awareness.
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