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Abstract—How can we investigate the brain mechanisms

underlying self-consciousness? Recent behavioural studies

on multisensory bodily perception have shown that multi-

sensory conflicts can alter bodily self-consciousness such

as in the ‘‘full body illusion’’ (FBI) in which changes in

self-identification with a virtual body and tactile perception

are induced. Here we investigated whether experimental

changes in self-identification during the FBI are accompa-

nied by activity changes in somatosensory cortex by record-

ing somatosensory-evoked potentials (SEPs). To modulate

self-identification, participants were filmed by a video cam-

era from behind while their backs were stroked, either syn-

chronously (illusion condition) or asynchronously (control

condition) with respect to the stroking seen on their virtual

body. Tibial nerve SEPs were recorded during the FBI and

analysed using evoked potential (EP) mapping. Tactile mis-

localisation was measured using the crossmodal congru-

ency task. SEP mapping revealed five sequential periods

of brain activation during the FBI, of which two differed

between the illusion condition and the control condition.

Activation at 30–50 ms (corresponding to the P40 compo-

nent) in primary somatosensory cortex was stronger in the

illusion condition. A later activation at �110–200 ms, likely

originating in higher-tier somatosensory regions in parietal

cortex, was stronger and lasted longer in the control condi-

tion. These data show that changes in bodily self-con-

sciousness modulate activity in primary and higher-tier

somatosensory cortex at two distinct processing steps.

We argue that early modulations of primary somatosensory

cortex may be a consequence of (1) multisensory integra-

tion of synchronous vs. asynchronous visuo-tactile stimuli

and/or (2) differences in spatial attention (to near or far

space) between the conditions. The later activation in

higher-tier parietal cortex (and potentially other regions in
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temporo-parietal and frontal cortex) likely reflects the detec-

tion of visuo-tactile conflicts in the asynchronous condition.

� 2012 IBRO. Published by Elsevier Ltd. All rights reserved.
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sensory, electroencephalography, multisensory integration.

INTRODUCTION

Body ownership (the sense that my body belongs to me)

is a crucial feature of bodily self-consciousness, the non-

conceptual and pre-reflective representation of body-

related information (Gallagher, 2005; Jeannerod, 2007;

Blanke and Metzinger, 2009). Recent work shows that

this apparently deeply rooted aspect of human experience

is, to some degree, modifiable. Thus, visuo-tactile con-

flicts can induce measurable changes in self-attribution

of a fake hand in the rubber hand illusion (Botvinick and

Cohen, 1998), and in self-identification with a whole vir-

tual body in the full body illusion (FBI) (Lenggenhager

et al., 2007, 2009); see also (Ehrsson, 2007). Changes

in tactile perception have also been found to accompany

changes in bodily self-consciousness: a recent study

demonstrated the modulation of touch by measuring

crossmodal congruency effects (CCEs) – derived from

repeated reaction time (RT) and accuracy measurements

– during the FBI (Aspell et al., 2009). This study demon-

strated that the modulation of self-identification was also

reflected in differences in CCE magnitude, providing

strong evidence for the mislocalisation of touch towards

a virtual body during the illusion. A similar CCE demon-

stration of tactile mislocalisation was found when partici-

pants viewed a rubber hand (Pavani et al., 2000; Heed

et al., 2010). In the present study we investigated whether

these changes in self-identification and tactile perception

during the FBI are accompanied by changes in somato-

sensory cortex.

Not much is known about which brain mechanisms

underlie the induced changes in self-identification with a

virtual body or avatar, but three recent FBI studies have

begun to answer this question. The first, using frequency

analysis and high resolution electroencephalography

(EEG), showed that primary somatosensory cortex and

medial prefrontal cortex reflect changes in self-identifica-

tion and self-location during the FBI (Lenggenhager

et al., 2011) and the second, an functional magnetic res-

onance imaging (fMRI) study, revealed that activation of

the right temporo-parietal junction is modulated by
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changes in self-location (Ionta et al., 2011). Another fMRI

study of a similar FBI, the ‘‘body swap’’ illusion found that

activation in the left intraparietal and bilateral ventral pre-

motor cortices (and left putamen) was greater in the illu-

sion condition than in the asynchronous control

condition (Petkova Valeria et al., 2011). Differences

between the findings of these FBI studies are likely due

to variations in the experimental setup (viewing a manne-

quin vs. an animated avatar; first person vs. third person

perspective, etc.) and in the methods used to measure

brain activity. Related neuroimaging studies of self-

attribution of a fake hand during the rubber hand illusion

(RHI) implicated a wide network of similar brain regions

including the intraparietal cortex, primary somatosensory

cortex, the right temporo-parietal junction, the ventral pre-

motor cortex and the right insular lobe (Ehrsson et al.,

2004, 2005, 2007; Tsakiris et al., 2007, 2008).

Parietal cortex has also been implicated in self-attribu-

tion by studies employing somatosensory-evoked poten-

tials (SEPs) and frequency analysis. For example,

(Kanayama et al., 2007, 2009) reported that gamma band

oscillations (40–50 Hz) over parietal scalp regions varied

according to RHI strength. One SEP study (Press et al.,

2008) showed enhancement of a late somatosensory

SEP component (evoked by hand tapping) after a period

of synchronous stroking of a rubber hand, likely reflecting

activation of higher-tier somatosensory regions in parietal

cortex (and/or premotor cortex), whereas a different illu-

sion paradigm using SEPs implicated primary somatosen-

sory cortex (Dieguez et al., 2009), based on the

observation that the earliest cortical SEP component after

median nerve stimulation (N20 component) was

enhanced. In summary, these data, using a variety of

tasks and neuroimaging methods support an implication

of parietal cortex in self-identification, but do not enable

us to distinguish between activity changes in primary

somatosensory cortex vs. higher-tier regions in parietal

cortex.

Here, to specifically investigate the role of somatosen-

sory cortex, we investigated the timing and location of

brain activity during a state of altered bodily self-con-

sciousness by recording SEPs to stimulation of the tibial

nerve of the lower leg during the FBI. SEP components

to electrical stimulation (most commonly of the median

nerve) have been classified as short and long latency

(Allison et al., 1989a,b, 1991). Short latency components

are found at 40 ms or less, and are generated in contralat-

eral area 3b of SI. Long-latency (>40 ms) components

are thought to be generated by several areas, including,

in addition to area 3b, areas 1 and 2, secondary somato-

sensory cortex (SII), and primary motor cortex (area 4).

There have been fewer studies of SEPs to lower limb (tib-

ial nerve) stimulation than to upper limb (median nerve)

stimulation but it is known that the latency and topography

of tibial nerve SEP components differs from median nerve

SEPs, because of longer signal conduction times (given

the greater ankle to brain than wrist to brain distance)

and because of the different locations of leg and arm rep-

resentation in primary somatosensory cortex (Jones and

Small, 1978; Kany and Treede, 1997). Thus, for tibial

stimulation the P40 component has generally been
considered to be the first cortical potential (short-latency

component) and is generally recorded 20–30 ms later

than the first cortical potential – the N20 – to median

nerve stimulation in the same participant (Kany and

Treede, 1997). Like the N20, the P40 is thought to be

generated in area 3b of SI (Kakigi et al., 1995), but is

characterised by ‘paradoxical lateralization’, i.e. tibial

nerve SEP amplitude is greater in the ipsilateral rather

than contralateral hemisphere (Cruse et al., 1982).

For the present study, we adapted the recent SEP

approach used by Dieguez et al. (2009) to the FBI setup.

In order to record brain activity relevant to illusory self-

identification with a virtual body we recorded SEPs in

response to tibial nerve stimulation because full body

representations depend on somatosensory processing

from the lower limbs and because we have previously

shown that self-identification and associated tactile

changes (measured by the CCE) are modulated by

somatosensory (proprioceptive) signals delivered to the

legs but not to the wrists (Schwabe and Blanke, 2008;

Palluel et al., 2011, 2012). We predicted that early activity

in primary somatosensory cortex (40 ms after tibial nerve

stimulation (Kakigi et al., 1982)) would reflect changes in

self-identification during the FBI and, according to

(Dieguez et al., 2009), that it would be enhanced during

the illusion condition. We also measured the CCE during

the illusion, in the same blocks as the tibial nerve stimula-

tion, in order to test whether a change in tactile mislocal-

isation would also occur with the current setup, as found

previously for the FBI (Aspell et al., 2009). Furthermore,

this should enable us to directly compare – in the same

participants and the same study – this behavioural mea-

sure of a change in tactile processing with an electrophys-

iological (SEP) measure.
EXPERIMENTAL PROCEDURES

Participants

A total of 18 right-handed healthy volunteers took part. All partici-

pants gave written informed consent and were compensated for

their participation. The study protocol was approved by the local

ethics research committee – La Commission d’éthique de la

recherche Clinique de la Faculté de Biologie et de Médecine at

the University of Lausanne, Switzerland and was performed in

accordancewith the ethical standards laid down in the Declaration

of Helsinki. Data from six participants had to be discarded because

they did not show an identifiable SEP (inter-participant SEP ampli-

tude variability is known to be large (Ferri et al., 1996; Gardill and

Hielscher, 2001; van de Wassenberg et al., 2008)).
Materials

The FBI was combined with a behavioural task that allowed us to

assess changes in bodily self-consciousness during the illusion

(CCE). For the CCE task we employed four ‘light-vibration’ de-

vices, each consisting of a single bright light emitting diode

(LED) paired with a small-vibrating motor (for full details see

(Aspell et al., 2009)). The devices were attached to the skin using

surgical tape. The two ‘upper’ devices were positioned at the

inner edges of the shoulder blades and the two ‘lower’ devices

9 cm below (Fig. 1). The experiments were performed in an

electrically-shielded Faraday cage. Participants were seated on



Fig. 1. (A) Experimental set-up. Participant was sat 2 m in front of a video camera. Four light-vibration devices were fixed to the participant’s back,

the upper two at the inner edges of the shoulder blades and the lower two 9 cm below. Figure shows synchronous stroking condition. The small inset

window represents what the participant viewed via the head mounted device. (B) Schematic representation of a trial with the timing of the stimuli.

Note that there was no match between the timing of the CCE – i.e. visual stimulus, stimulus onset asynchrony (SOA) and tactile stimulus – and the

tibial nerve stimulation.
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a stool with their backs facing a video camera located 2 m be-

hind. The video was projected in real time (except for in asyn-

chronous blocks, see below) onto a head-mounted display

(HMD) enabling participants to view the video of their bodies.

During both blocks – synchronous and asynchronous – the backs

(the area spanning the shoulders to waist) of participants were

irregularly stroked – about twice per second – by the experi-

menter with a long wooden stick, and participants could view

the stroking via the HMD. The stroking began one minute before

the first vibro-tactile stimulus was presented, and continued

throughout the entire block. In asynchronous blocks a delay of

400 ms was introduced (using a video delaying device) so that

‘seen stroking’ and ‘felt stroking’ did not correspond.

Each CCE trial consisted of a light (LED) flash followed by a

vibro-tactile stimulus. The active LED and active-vibrating motor

were varied randomly and independently from trial to trial. Each

trial began with a light flash of 33 ms duration and the vibro-tactile

stimulus was presented 233 ms after the light onset, and for a

duration of 100 ms. After participants had responded with a but-

ton press there was a 1 s pause before the succeeding trial com-

menced. There were 100 trials per block, 25 per combination

(same side, congruent elevation, same side incongruent
elevation, different side congruent elevation, different side, incon-

gruent elevation).

To stimulate the tibial nerve we attached two skin electrodes

to the inside ankle of the right leg and used a Grass S48 stimu-

lator to generate electrical pulses. During each block the nerve

was stimulated 400 times at a duration of 0.2 ms, a frequency

of 1 Hz and at an intensity just below motor threshold (Hume

and Cant, 1978). No participant reported pain or discomfort with

this level of stimulation. Note that there was no attempt to match

the timing of the CCE trials and the tibial nerve stimulation (the

timing of successive CCE trials depended on the response times

to each trial, thus their onset times were not perfectly regular

throughout the blocks). In this way we excluded that visual and

tactile stimulation onset related to CCEs confounded electrical

SEP stimulation onset.
Procedure

Participants were instructed to keep their eyes open during test-

ing blocks and fixate a location in the middle of their backs, as

viewed via the HMD. The tibial nerve stimulations began at the



Table 1. Self-identification questionnaire

During the experiment there were times when:

1 It seemed as if I was feeling the touch of the stick in the

location where I saw the virtual body being touched

2 It seemed as though the touch I felt was caused by the stick

touching the virtual body

3 I felt as if the virtual body was my body

4 It felt as if my (real) body was drifting towards the front

(towards the virtual body)

5 It seemed as if I might have more than one body

6 It seemed as if the touch I was feeling came from

somewhere between my own body and the virtual body

7 It appeared (visually) as if the virtual body was drifting

backwards (towards my body)

8 It seemed as though I was in two places at the same time
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start of the block – when the stroking began – and continued

throughout the duration of the block. For the first minute of each

block no vibro-tactile or LED stimuli were presented and partici-

pants were instructed to sit still, watching the stroking, and wait

for the first stimulus. For each CCE trial, participants had to signal

with their right hand, by pressing one of two buttons as fast as

possible, whether they felt a vibration at the top (an upper device)

or at the bottom (a lower device) of their backs (regardless of

side), while trying to ignore the light flashes. These responses

enabled us to measure RTs and accuracies. At the end of the

block (of duration �9 min) self-identification with the seen body

and other phenomenological aspects were assessed by means

of a questionnaire (see Table 1) adapted from (Lenggenhager

et al., 2007). Participants took a short break before the second

block. All participants completed a training session (with the body

visible, no stroking and no tibial nerve stimulations) prior to the

experimental blocks. The order of blocks (synchronous/asyn-

chronous) was counterbalanced across participants. Note that

we were not able to measure the drift in self-location towards

the virtual body (measured in previous studies) because partici-

pants were sitting and their movements were constrained by

the attachment of the EEG and stimulation leads.

EEG recordings – acquisition and preprocessing

Continuous EEG (BioSemi, The Netherlands) was recorded at a

sample frequency of 8.192 Hz from 32 scalp electrodes that were

evenly spaced according to the 10–20 EEG system. Electrodes

included conventional midline sites Fz, Cz, Pz, Oz and sites over

the left and right hemispheres. Electrooculogram (EOG) was also

recorded to control for eye movements. EEG epochs were calcu-

lated from 100 ms before to 600 ms after the onset of the tibial

nerve stimulation. A baseline correction was calculated from

100 to 20 ms before stimulus onset. An automated artefact rejec-

tion threshold of ±50 lV was used based on EEG and EOG

channels and was adjusted for each individual participant

(Mercier et al., 2009). All accepted trials were also visually

inspected to reject epochs with transient noise such as eye blinks

and muscle artefacts. A 50 Hz notch filter was applied to reduce

persistent (e.g. electrical) noise. SEPs were bandpass-filtered

(1–40 Hz).

SEP analysis

Grand average SEPs across participants were calculated with

evoked potentials (EPs) normalised to the global field power

(GFP) (the spatial standard deviation of the scalp electrical field

at a given moment (Mercier et al., 2009)). We performed evoked

potential (EP)mapping (Lehmann et al., 1987) to investigate differ-

ences in brain activity across the two conditions. In the single

traces we identified classical early SEP components after
electrical tibial nerve stimulation (P40, N50 and P60) for each indi-

vidual participant according to polarity and latency in the grand

average SEP.

EP topographical analysis was based on the examination of

spatial variations of the scalp voltage distribution over time and

between tasks. In brief, the EP topographical mapping approach

consists of two main analysis steps (Michel et al., 2001; Blanke

et al., 2005; Arzy et al., 2006; Murray et al., 2008; Mercier et al.,

2009) and searches for time periods of stable map topography

within and across experimental conditions. In the first analysis

step, EP microstate segments (EP topographies or EP maps)

were defined by using a spatial clustering algorithm (Tibshirani

and Walther, 2005). The cluster analysis step is dependent upon

the quantification of the global explained variance (GEV) which

corresponds to the goodness of fit of a template map during a cer-

tain time period and the instantaneous strength of the electrical

field (GFP; (Lehmann and Skrandies, 1980; Murray et al.,

2008). This analysis identifies the dominant map topographies

on the scalp in the group-averaged SEPs across both experimen-

tal conditions over time. In the second analysis step we performed

statistical analysis and verified the presence of a given EPmap as

identified in the group-averaged data in the EPs of the individual

participants. This is done by means of a fitting procedure based

on the spatial correlation between template maps obtained from

the group-averaged EPs data and the individual participants’ data

(Lopez et al., 2011). Thus, the dominant EPmaps, as identified by

the segmentation procedure in the group-averaged data (analysis

step 1), were fitted to the EPs of each individual participant

(analysis step 2). The fitting procedure is based on the spatial

correlation between template EP maps obtained from the

group-averaged EPs data and the individual participant data

and identical to that done in our previous EP mapping work

(Blanke et al., 2005; Arzy et al., 2006; Mercier et al., 2009).

Analysis of behavioural data

Trials with incorrect responses and trials in which participants

failed to respond within 1500 ms were discarded from the RT

analysis (following the method of (Spence et al., 2004)). The

mean RTs were analysed using two-tailed repeated measures

analyses of variance (ANOVA) with three factors: synchrony

(synchronous/asynchronous), congruency (congruent/incongru-

ent) and side (same/different). In order to analyse the illusion

strength as determined by the questionnaire ratings we com-

pared the ratings in the illusion questions (Questions 1–3) with

the ratings of the control questions (Questions 4–7, questions

that were not related to the illusion and instead controlled for sug-

gestibility) in the two experimental conditions (score between �3
and 3). For statistical analysis we used an ANOVA with the fac-

tors-stroking type (synchronous/asynchronous), and question

type (illusion/control); see (Slater et al., 2008; Petkova and

Ehrsson, 2009). The significance (alpha) level used was 0.05.

RESULTS

Behavioural results

For the questionnaire data, the ANOVA revealed a signif-

icant main effect of question type, as ratings for the

illusion questions were significantly greater than for the

control questions (F1,11 = 5.78; p= 0.035). It further

revealed a main effect of synchrony, as synchronous

stroking was associated with greater rating scores

(F1,11 = 3.84; p= 0.026). Crucially we found an interac-

tion of stroking type � question type (F1,11 = 10.3;

p= 0.008) revealing the selective manipulation of the

illusion questions by the synchrony of stroking: planned

comparisons showed – as predicted – that self-identifica-

tion was greater in the synchronous condition than in the
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asynchronous condition for the illusion questions (p=

0.003) but not for the control questions (p= 0.526), see

Fig. 2. These data confirm questionnaire data from previ-

ous studies (Ehrsson, 2007; Lenggenhager et al., 2007;

Aspell et al., 2009); revealing greater self-identification

during synchronous than asynchronous stroking.

Fig. 3 plots the size of the CCE (RT in incongruent tri-

als minus RT in congruent trials) for the synchronous and

asynchronous conditions. As expected, in both conditions

the CCE was larger when the light appeared on the same

side as the tactile stimulus, compared to when it appeared

on the different side. Statistical analysis revealed a signif-

icant main effect of congruency (F1,11 = 15.6; p= 0.002)

and a significant interaction between side and congruency

(F1,11 = 19.5; p= 0.001). Although CCEs were numeri-

cally larger during synchronous than asynchronous strok-

ing (Fig. 3), they did not differ significantly between these

conditions. No other main effects or interactions reached

significance.

The behavioural data from the present study is consis-

tent with previous studies (Lenggenhager et al., 2007;

Aspell et al., 2009) of the FBI: self-identification was

greater in the synchronous condition than in the control

condition. The failure to find a significant effect of

synchrony on the CCE may be due to the fact that the
Fig. 2. Questionnaire results. Error bars show standard error of the

mean.

Fig. 3. Mean crossmodal congruency effects (CCEs) in reaction time (RT) in
present experimental conditions were arguably less

optimal for the visual capture of touch that usually occurs

during the illusion: participants were positioned within a

Faraday cage, close to its corner walls and this may have

lessened the illusion that the virtual body was located 2 m

in front of them (our previous studies used a large room

with the facing wall at least 2 m distant). It is also possible

that the tibial nerve stimulation which occurred during the

CCE task may have distracted participants and/or

somehow interfered with the tactile processing of the

vibro-tactile CCE stimuli.
EEG results

EP analysis revealed three classic early SEP components

peaking at P40, N50 and P60 (see Fig. 4). These were

maximal for both conditions at electrodes CP2, FC2, Fz

and Cz. No clear components could be identified after

100 ms. In a single trace analysis we selected three time

windows: 35–45, 45–55 and 55–65 ms and ran ANOVAs

for each main electrode (Fz, Cz, Pz, FC1, C3, CP1, FC2,

C4 and CP2) with two factors: synchrony and window.

There were no significant differences between the

conditions.

Segmentation of the group-averaged data revealed

five sequential segments of brain activation (up to

200 ms) following the electrical stimulation in both condi-

tions. Yet, only two of these maps (maps 2 and 5) differed

between the experimental conditions, whereas the

remaining three maps (maps 1, 3, and 4) were present

in both conditions and did not differ between them. Map

2 appeared from 38 to 50 ms after stimulus onset (in

light-grey, see Fig. 5a and b) and predominated in the

synchronous condition. Statistical analysis (two-tailed

t-tests) showed that map 2 had a stronger amplitude

(reflected in a higher mean GFP (F1,11 = 5.03;

p= 0.046) in the synchronous (0.35 ± 0.04 lV) as com-

pared to the asynchronous condition (0.27 ± 0.06 lV).
No difference in the duration of map 2 between the condi-

tions was found (p= 0.19).

The later map 5 (black, see Fig. 5a, c) appeared from

�115 to 200 ms and was found to predominate in the
milliseconds (RT in incongruent trials minus RT in congruent trials).



Fig. 4. Superimposed average waveforms in the two conditions (A) electrode Cz for one participant (B) electrode C4 for one participant.
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asynchronous condition. The mean GFP was higher in

the asynchronous condition (F1,11 = 5.09; p= 0.045;

0.31 ± 0.04 lV) as compared to the synchronous condi-

tion (0.38 ± 0.04 lV). Furthermore, the map duration

was significantly (F1,11 = 5.88; p= 0.034) longer in the

asynchronous condition (62.7 ± 24.7 ms) as compared

to the synchronous condition (41.47 ± 5.9 ms). No signif-

icant topographical effects were found during other

periods.

The scalp topography of maps 2 and 5 is shown in

Fig. 5 b and c. The electrode with maximal amplitude for

map 2 was found at electrode Pz and for map 5 at elec-

trode F4. Due to the low number of electrodes no linear

inverse solution was applied to the data (as done for

example in Schwabe et al., 2009; Arzy et al., 2006).
DISCUSSION

The present study shows that activity modulations

in somatosensory cortex, as measured with SEPs,
accompany changes in bodily self-consciousness

induced by the FBI. Even under the constraints of the

present setup – co-application of a mild electrical shock

to the leg and co-recording of EEG – we found compara-

ble behavioural effects with respect to previous data

obtained in less constraining conditions (Ehrsson, 2007;

Lenggenhager et al., 2007; Aspell et al., 2009). Our main

interest here was the investigation of processing in

somatosensory cortex during the FBI by measuring SEPs

to tibial nerve stimulation. We show that changes in bodily

self-consciousness induced by the FBI (Lenggenhager

et al., 2007) are associated with modulations of SEPs dur-

ing two distinct processing steps. Brain activity at around

the time of the first parietal component of tibial nerve

SEPs (P40) was found to be enhanced during the illusion.

This finding as well as the associated SEP scalp map

which has a maximum at the central electrode Pz sug-

gests that the FBI modulates activity in the S1 leg repre-

sentation. A later response – at 110–200 ms – had

greater amplitude and longer duration during the control



Fig. 5. EEG results: (a) segments of stable map topography in the two conditions (asynchronous, synchronous) under the global field power (GFP,

in microvolts) curve from 0 to 200 ms after the stimulation (top). (b) Plots show map duration (top) and mean GFP (bottom) for maps 2 (left) and 5

(right). Error bars show standard error of the mean. (c) Map topographies for maps 2 and 5 are shown (middle).
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condition and was found at a more frontal scalp region,

peaking at electrode F4. These differences in timing and

dependence on illusion strength reveal the involvement

of parietal mechanisms in the FBI and distinct brain mech-

anisms at these two processing steps.
Regarding the neural generators of these SEP

responses, previous studies have localised SEP compo-

nents at similar latencies. Several studies (Seyal et al.,

1983; Chiappa, 1997; Miura et al., 2003) have shown a

degree of inter-individual variability in the topography of
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the P40 (greater than that of the N20 component to med-

ian nerve stimulation) possibly because of the known var-

iation in the location of the leg representation in SI (Kakigi

et al., 1995). In the present study we did not find an effect

of the different synchrony conditions in single trace

analysis and this may be related to this variability in leg

representation and also to the co-application of the CCE

vibro-tactile stimulus (in addition to the tactile stroking)

which could have interfered with the SEPs recorded at

single electrodes. The average-referenced multi-

electrode based topographical SEP map changes may

be more robust (see also (Murray et al., 2008; Lascano

et al., 2009; Michel and Murray, 2012)), at least in the

present experimental setup. Topographic analyses can

be interpreted with respect to neurophysiology since dif-

ferences in scalp potential topography directly reveal

changes in the configuration of neural generators. There

are also statistical reasons for using the entire montage

rather than single selected channels since the former

takes fuller advantage of all the data and so arguably in-

creases the rigour of the statistical analyses.

Although a few studies (Desmedt and Bourguet, 1985;

Caselli, 1993; Casey et al., 1994) have reported that

some tibial nerve SEP components are generated in fron-

tal and parietal areas, others have failed to find genera-

tors here, e.g. Kakigi et al. (1995). The debate about

whether the P40 is generated exclusively in SI or also

has additional generators in other areas is ongoing

(Baumgärtner et al., 1998). SEP components to tibial

nerve stimulation around the time period of the later

response at 110–200 ms are reported to be generated

in or near to SII and they may also have generators in

posterior parietal and frontal cortex (Mountcastle, 1984;

Allison et al., 1989a, 1991; Desmedt and Tomberg,

1989; Forss et al., 1994, 1996; Kakigi et al., 1995; Kany

and Treede, 1997). Accordingly, we argue that the

modulation of brain activity associated with the later

map 5 reflects activation of a larger network including

mainly posterior parietal, temporo-parietal, and frontal

regions, as compared to the earlier activation (map 2) that

most likely reflects mainly S1 activation.

Modulations of the earliest somatosensory compo-

nents to electro-tactile stimulation (e.g. the N20 to median

nerve stimulation and corresponding P40 to tibial nerve

stimulation) are most commonly reported as being modu-

lated by limb movements/motor interference (Abbruzzese

et al., 1980; Rossini et al., 1996; Valeriani et al., 1998;

Asanuma et al., 2003; Gobbelé et al., 2003; Kida et al.,

2004; Legon and Staines, 2006). What accounts for our

finding of an enhancement of SEP amplitude during the

illusion for the earlier response and the reverse effect

for the later response? We discuss the following three

non-exclusive brain mechanisms: (1) multisensory inte-

gration effects, (2) attentional effects and (3) ‘functional

deafferentation’ associated with disownership of one’s

physical body during the FBI.
Multisensory integration effects

It is possible that the SEP differences between the syn-

chronous and asynchronous conditions are due to the
modulation of unisensory (tactile) processing in SI by

the multisensory (visuo-tactile) integration of the seen

and felt stroking (see also (Sathian and Stilla, 2010). In

the synchronous illusion condition the visual and tactile

stimuli are characterised as providing information about

a single event and thus they are integrated. Our findings

are thus compatible with a large body of evidence that vi-

suo-tactile integration may enhance brain activity mea-

sured by EPs in early, modality specific cortices,

including somatosensory cortex (see, e.g. (Eimer et al.,

2001; Taylor-Clarke et al., 2002) and for a review see

(Eimer and Driver, 2001)). Our finding of a stronger early

activation in the synchronous condition may therefore be

due to such early, bottom-up multisensory enhancement

effects (Macaluso and Driver, 2005; Macaluso and

Maravita, 2010) resulting from the integration of congru-

ent visual and tactile (stroking) cues during the FBI.

In contrast, in the asynchronous control condition the

stimuli are more likely processed as if they represent

two separate events or a multisensory mismatch and

there should in this case be a reduction in multisensory

integration. A number of fMRI studies have reported acti-

vation of the temporo-parietal junction (TPJ) when multi-

sensory predictions are violated (Downar et al., 2000;

Corbetta and Shulman, 2002). The stronger activations

for the later map in the asynchronous condition might also

be related to mechanisms of greater multisensory bodily

conflict (Tsakiris et al., 2007; Lenggenhager et al.,

2011). Thus, in the asynchronous and synchronous body

conditions participants were exposed to spatial incongru-

ency between the seen virtual body and the felt body (par-

ticipant’s body). However, there was a second conflict

only in the asynchronous condition – a spatio-temporal

incongruency concerning the relative location of the seen

and felt touch on the back. The stronger activation during

the later time period (from 110–200 ms) for the asynchro-

nous condition may therefore reflect the detection of

incongruency or conflict in the asynchronous condition

by multisensory cortical areas which integrate the visual

and tactile stroking cues and which can modulate somato-

sensory cortex via back projections (Taylor-Clarke et al.,

2002; Macaluso and Driver, 2005; Macaluso and Maravi-

ta, 2010). Finally, the later SEP modulation may also be

related to error/mismatch detection during the processing

of non-matching (asynchronous) visual and tactile inputs.

EP correlates of error/mismatch detection are typically

fronto-central components and are found at a similar

duration to that of map 2 yet they usually require the pres-

ence of single deviant stimuli (Näätänen, 1975; Näätänen

et al., 1978; Folstein and Van Petten, 2008). Such

components are usually found in the context of cognitive,

e.g. oddball, tasks, and the present setup could invoke

related cognitive processes since there is a strong expec-

tation of seeing the touch in the same place on the virtual

body as where the touch is felt. The asynchronous condi-

tion violates this expectation.

It is worth comparing the present data with findings

from two recent FBI fMRI studies (Ionta et al., 2011;

Petkova Valeria et al., 2011) which also measured brain

activation during synchronous and asynchronous stroking

conditions. In one of these FBI studies (Ionta et al., 2011),
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the TPJ region was shown to be modulated by visuo-

tactile synchrony which may be related to the finding

(mentioned above) that TPJ activation can be modulated

by the violation of multisensory predictions (Downar et al.,

2000; Corbetta and Shulman, 2002). The fMRI study used

a version of the FBI very similar to that in the present

study (but in supine-positioned participants) and induced

changes in self-location towards a virtual body viewed

as from a third person perspective (a sort of disembodi-

ment). The second fMRI study (Petkova Valeria et al.,

2011) used the ‘‘body swap illusion’’ in which participants

feel ownership for a mannequin’s body viewed from the

first person perspective (thus no changes in self-location

occur) and it is notable that different brain regions – ven-

tral premotor and intraparietal cortex (but not the TPJ) –

were modulated by synchrony during this illusion. We

note that all three of these brain regions are known to

be important areas for multisensory integration (see e.g.

(Downar et al., 2000; Bremmer et al., 2001)).

As discussed earlier, a recent EEG study of the FBI

using high-density frequency analysis (Lenggenhager

et al., 2011) found that activation in somatosensory cortex

(as well as other central and frontal brain areas) differed

during synchronous and asynchronous stroking. This

EEG study examined differences in online continuous

EEG during the illusion and control conditions and dem-

onstrated that brain activity in bilateral medial sensorimo-

tor (including somatosensory cortex) and premotor

cortices showed significantly less power in the alpha band

in the control asynchronous condition. Less power in the

alpha band (i.e. greater suppression) is thought to reflect

increased neural activity, thus neural activation in these

regions was greater in the asynchronous condition than

in the illusion condition. The stronger activation during

asynchronous stroking may have resulted from the detec-

tion of greater visuo-tactile conflict. The data from the

present study show that the later SEP map was enhanced

and prolonged in strength during the asynchronous condi-

tion compared to the synchronous condition. This SEP

map was also longer in duration than the earlier map

(map 2). Our data are thus shown to be complementary

to those of this earlier EEG study because the frequency

analysis carried out in the latter did not distinguish

between the durations of different activations. The pres-

ent study alone (fMRI cannot make this distinction either)

is able to functionally dissociate between an earlier activa-

tion in SI and a later activation in the same and/or higher

tier areas as it shows they are differently modulated by the

synchrony manipulation.

In addition to the findings of FBI research, synchro-

nous visuo-tactile stimulation has also been linked to

changes in somatosensory cortex by two RHI studies

(Schaefer et al., 2006; Press et al., 2008). For example,

(Press et al., 2008) showed that a late negative SEP com-

ponent (at a similar time period to map 5, at �140 ms) to

tactile taps was enhanced after a training period of syn-

chronous stroking compared to asynchronous stroking.

However, there were several differences between this

study and the present study, apart from it being a body

part illusion, not a FBI: thus, the SEPs in the RHI study

were recorded after a ‘training’ period of stroking whereas
SEPs in the present study were recorded during the strok-

ing period.

Finally, we note that it has been shown (Cardini et al.,

2011; Longo et al., 2011) that vision of the body results in

a reduction in the amplitude of SEPs (at 27–50 ms after

electrical stimulation of the median nerve, compared to

viewing an object), and viewing pain and tactile stimuli

delivered to another’s body modulates the amplitude of

the P45 SEP component (Bufalari et al., 2007). Vision

of the body cannot however explain the present effects,

as our comparison was between synchronous and asyn-

chronous stroking conditions; participants viewed their

body in both.
Attentional modulation

It is also possible that the earlier SEP enhancement is – at

least partly – due to differences in attention between the

illusion and the control condition. Some previous SEP

studies have shown that relatively early SEP components

(e.g. P27, P50) are modulated by attention (Josiassen

et al., 1982; Seitz and Roland, 1992; Kunde and Treede,

1993; Mima et al., 1998) and one study (Legon and

Staines, 2006) showed modulation of the N20 (to medial

nerve stimulation) when attention to a tactile stimulus is

needed to guide a motor task. Other studies have failed

to find early attention effects (Desmedt and Robertson,

1977; Zopf et al., 2004). Attentional effects at the latency

of our later component have also been found: there is evi-

dence that brain activity during this later time period

reflects relatively complex aspects of tactile processing,

e.g. these components are classically modulated by

attention (Desmedt and Robertson, 1977; Josiassen

et al., 1982; Garcia-Larrea et al., 1995; Mima et al.,

1998). There is also evidence that mid-latency compo-

nents are also dependent on conscious awareness

(Schubert et al., 2006): in a study of backward masking

the P100 and N140 SEP components had larger ampli-

tude when the tactile targets were consciously perceived.

It is conceivable that the FBI may induce differences in

spatial attention between the synchronous and asynchro-

nous conditions. Since the illusion involves mislocalisa-

tion of tactile stimuli to the virtual body and a shift in

self-location towards it, it may also induce a shift in spatial

attention to far space in which the virtual body is viewed.

In the asynchronous condition there is weaker tactile mis-

localisation and shift in self-location and possibly also a

weaker shift in spatial attention from personal to far

(extrapersonal) space. Several studies have suggested

that the human and non-human primate brain encodes

personal, peripersonal and far space differently (e.g.

(Rizzolatti et al., 1985; Rizzolatti and Camarda, 1987;

Halligan and Marshall, 1991; Vuilleumier et al., 1998; Or-

tigue et al., 2006)). Moreover, attending to near vs. far

space has been demonstrated to employ either ventral

or dorsal visual areas, respectively (Weiss et al., 2000).

Shifting attention between near and far spaces has also

been shown to have behavioural costs compared to shift-

ing attention within the same space (Couyoumdjian et al.,

2003; Ferlazzo et al., 2008). It is therefore conceivable

that there could also be EP differences due to orienting
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spatial attention to different spaces and that this could

relate to the early SEP amplitude differences we observe

in the present study.
Functional deafferentation

Although we did not directly question participants about a

specific feeling of disownership of their physical bodies

during the illusion, it is possible that increased ownership

for the virtual body (self-identification) was accompanied

by decreased ownership for their physical body and that

this may be associated with the SEP enhancement we

see during the illusion for the earlier component as we dis-

cuss below. Decreased ownership for the physical body is

also compatible with findings in a recent study. Thus,

(Hänsel et al., 2011) reported analgesic effects character-

ised by increased pain thresholds during the FBI, compat-

ible with functional deafferentation during the illusion.

Also, a recent SEP study (Dieguez et al., 2009) showed

that the first component of median nerve SEPs was en-

hanced in contralateral SI during an illusory finger sensa-

tion of numbness. Other findings in the related RHI also

revealed physiological data that are compatible with func-

tional deafferentation (Moseley et al., 2008). The physio-

logical changes may be due to increased disownership

affecting homeostatic control of the disowned body/body

part (Moseley et al., 2012).

It has previously been shown that actual physical

deafferentation leads to an SEP enhancement. The latter

has been observed during local anaesthesia (Tinazzi

et al., 1997) and ischaemic nerve block (Werhahn et al.,

2002), two conditions that have also been associated with

loss of ownership (Paqueron et al., 2003). Evidence that

body illusions of ownership can produce similar behav-

ioural and neural effects to those produced by deafferen-

tation also come from a recent SEP study (Dieguez et al.,

2009) which showed that the first component of median

nerve SEPs was enhanced in contralateral SI during an

illusory finger sensation. Although there are data from di-

verse paradigms supporting the hypothesis that functional

deafferentation may enhance somatosensory cortical pro-

cessing, this can only be a tentatively suggested explana-

tion for the present data since we did not measure the

participants sense of disownership nor physiological mea-

sures of deafferentation in the present study.
Map duration

Our discussion has focussed on SEP amplitude differ-

ences but for the later map 5 we also found a difference

in duration: this microstate lasted significantly longer in

the asynchronous than in the synchronous condition.

There were no differences in map duration for map 2. Pro-

longed brain activity may be a consequence of re-entrant

input via top–down connections (David et al., 2005). Alter-

natively, it may be caused by a change in functional con-

nectivity (Friston and Frith, 1995), although this would be

more likely to change map topography (Lehmann et al.,

1987). We therefore speculate that the duration of the

microstate underlying map 5 was longer in the asynchro-

nous condition due to a difference in the top–down input
from multisensory areas (which integrate visuo-tactile sig-

nals) to somatosensory cortex.
CONCLUSIONS

The present findings show that experimentally induced

changes in self-identification with a virtual body modu-

lates activity in primary somatosensory cortex as well as

in higher-tier parietal (and possibly frontal) cortex. Based

on the timing of these activations and the experimentally

induced changes in illusory self-identification we argue

that the early activity changes in primary somatosensory

cortex may be a consequence of (1) multisensory integra-

tion of congruent vs. incongruent visuo-tactile stimuli and/

or (2) differences in spatial attention (to near or far space)

between the synchronous and asynchronous conditions.

Finally, we suggest that the later activation in higher-tier

parietal cortex (and potentially other regions in temporo-

parietal and frontal cortex) reflects the detection of

visuo-tactile conflicts/mismatches in the asynchronous

condition.
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