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Although body ownership�i.e. the feeling that our bodies belong to us�modulates activity within the primary somatosensory cortex (S1), it is still
unknown whether this modulation occurs within a somatotopically defined portion of S1. We induced an illusory feeling of ownership for another
person�s finger by asking participants to hold their palm against another person�s palm and to stroke the two joined index fingers with the index and
thumb of their other hand. This illusion (numbness illusion) does not occur if the stroking is performed asynchronously or by the other person. We
combined this somatosensory paradigm with ultra-high field functional magnetic resonance imaging finger mapping to study whether illusory body
ownership modulates activity within different finger-specific areas of S1. The results revealed that the numbness illusion is associated with activity in
Brodmann area (BA) 1 within the representation of the finger stroking the other person�s finger and in BA 2 contralateral to the stroked finger. These
results show that changes in bodily experience modulate the activity within certain subregions of S1, with a different finger-topographical selectivity
between the representations of the stroking and of the stroked hand, and reveal that the high degree of somatosensory specialization in S1 extends to
bodily self-consciousness.
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INTRODUCTION

Body ownership is a fundamental aspect of self-consciousness

(Gallagher, 2000; Jeannerod, 2007; Tsakiris et al., 2007b, 2010;

Blanke, 2012), referring to the sense that our body belongs to us and

is distinct from those of other persons. Body ownership originates

from congruent multisensory signals (van den Bos and Jeannerod,

2002). Therefore, certain incongruent conditions of visual, tactile

and proprioceptive stimulation can induce errors or illusions of

body ownership for a fake hand (e.g. Botvinick and Cohen, 1998) or

for a virtual body (Ehrsson, 2007; Lenggenhager et al., 2007). Body

ownership has been most often studied by manipulating visuo-tactile

inputs (Schaefer et al., 2006; Lenggenhager et al., 2007; Ionta et al.,

2011; Blanke, 2012). However, the presence of a visual component is

not always necessary, as simple tactile-proprioceptive stimulations

creating a mismatch between where the touch is applied and where

it is predicted (e.g. by crossing the hands or by interposing another

person’s finger) have also been found to induce ownership for a fake

hand (Ehrsson et al., 2005; Pozeg et al., 2014) or for another person’s

finger (Boulware, 1951; Arnold, 1952; Dieguez et al., 2009), without

any concomitant visual stimulation. We used a paradigm involving

tactile and proprioceptive stimulation that induces an alteration of

finger experience and ownership, i.e. the so-called numbness illusion

(NI; Dieguez et al., 2009). The NI arises when one person holds his/her

palm against another person’s palm and strokes with the index and

thumb of his/her other hand the two joined index fingers (his/her and

the other person’s; Figure 1A). During this simple procedure, partici-

pants report different alterations of body perception, such as a sensa-

tion of numbness and widening of their own finger, as well as a feeling

of owning the other person’s index finger (Dieguez et al., 2009). None

of these previous studies investigating the NI reported any change in

sensation related to the stroking hand.

Although the sense of ownership has traditionally been associated

with brain activity within the premotor cortex, the posterior parietal

cortex and the insula (Ehrsson et al., 2004, 2005; Tsakiris et al., 2007a;

Kammers et al., 2009; Ionta et al., 2011; Petkova et al., 2011; Zeller

et al., 2011; Evans and Blanke, 2013; Gentile et al., 2013), some studies

have also demonstrated the contribution of primary somatosensory

(S1) cortex in processing and integrating visuo-tactile information

related to one’s own and to a fake or another person’s hand

(Schaefer et al., 2006; Kanayama et al., 2007; Tsakiris et al., 2007a;

Dieguez et al., 2009; Schaefer et al., 2009; Cardini et al., 2011;

Lenggenhager et al., 2011; Aspell et al., 2012; Evans and Blanke,

2013; Kuehn et al., 2013). In particular, by inducing the NI while

recording somatosensory evoked potentials (SEPs) provoked by

median nerve stimulation, Dieguez et al. (2009) showed that illusory

finger ownership was associated with a modulation of the earliest cor-

tical component (i.e. the N20 component) of the SEP, which is a

marker of S1 activity [predominantly of Brodmann area (BA) 3b, see

below; Allison et al., 1989; Baumgartner et al., 1998]. However, SEPs,

as in Dieguez et al. (2009), have limited spatial resolution involving

multiple fingers, and do not allow a precise localization of the activity

changes induced by illusory ownership in different portions of S1.

Additionally, Dieguez et al. (2009) suggested that the NI, which is

inherently based on double touch, arises from the combination of

tactile information from the stroking and stroked fingers, although

the SEP analysis did not allow the authors to investigate the NI effects

for the representation of the stroking hand.

Received 8 August 2014; Revised 19 February 2015; Accepted 19 March 2015

Advance Access publication 25 March 2015

This study was supported by the Swiss National Science Foundation (SNSF 513225 and 31003A_153070), the

Bertarelli Foundation, the Centre d’Imagerie BioMédicale of the UNIL, UNIGE, HUG, CHUV, EPFL, and the Leenaards

and Louis-Jeantet Foundations.

Correspondence should be addressed to Roberto Martuzzi, Laboratory of Cognitive Neuroscience, Center for

Neuroprosthetics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 19, CH-1015 Lausanne, Switzerland.

E-mail: roberto.martuzzi@epfl.ch.

doi:10.1093/scan/nsv031 SCAN (2015) 10,1449^1459

� The Author (2015). Publishedby Oxford University Press. For Permissions, please email: journals.permissions@oup.com

 at E
PFL

 L
ausanne on N

ovem
ber 8, 2015

http://scan.oxfordjournals.org/
D

ow
nloaded from

 

http://scan.oxfordjournals.org/


S1 includes a somatotopic representation of the contralateral body

(Penfield and Boldrey, 1937) and consists of four cytoarchitectonic

regions, namely BAs 3a, 3b, 1 and 2, as shown in both non-human

primates (Kaas et al., 1979) and humans (Geyer et al., 1999, 2000;

Grefkes et al., 2001). In recent years, the increased spatial resolution

provided by ultra-high field functional magnetic resonance imaging

(fMRI) has allowed for mapping of the representation of each finger

in S1 in individual subjects (Sanchez-Panchuelo et al., 2010, 2012;

Stringer et al., 2011; Martuzzi et al., 2014) and to separate S1 repre-

sentations across BAs 3b, 1 and 2 (Sanchez-Panchuelo et al., 2012;

Martuzzi et al., 2014). Consistent with what has been observed in

non-human primates, these imaging studies showed that within the

representation of a body part (e.g. a finger), BA 3b responds selectively

to the stimulation of that specific body area, whereas BA 1 and 2 have

larger receptive fields and respond also to the stimulation of

neighboring regions (Besle et al., 2014; Martuzzi et al., 2014).

Although it has been shown that S1 activity is modulated by finger

ownership (Dieguez et al., 2009), it is currently unclear whether finger

ownership is associated with a somatotopically specific pattern of S1

activity, as can be found within BA 3b, or whether it requires the

integration of tactile information from multiple digits, as observed

within BA 1 and 2, therefore suggesting a finger-unspecific ownership

effects.

The aim of this study is to apply ultra-high field fMRI to study the

contribution of the different subregions of S1 to bodily experience and

to body ownership in particular. Among the different illusory condi-

tions that have been experimentally used to study body-part owner-

ship, the NI is very well suited for understanding the contribution of

S1 to finger ownership, because it is a tactile-proprioceptive illusion,

inducing changes in bodily experience and body ownership with effects

that are experienced within the fingers involved in the task bilat-

erally�i.e. the index finger of the stroked hand and the thumb and

the index of the stroking hand. As these fingers, as well as the others,

are precisely represented within S1, the NI allows us to investigate

whether finger ownership is specifically associated with the cortical

representation of the fingers for which the illusion is experienced or

whether it encompasses also the neighboring finger representations

within S1. No illusion is experienced when the two fingers are stroked

asynchronously or if another person performs the stroking. Therefore,

these conditions (i.e. asynchronous stroking and stroking performed

by another person), which provide the same tactile input without

altering bodily experience (Dieguez et al., 2009), were used as control

conditions to study the cortical effects of the NI on S1 representations.

Thus, in this article we used ultra-high field fMRI mapping to com-

pare brain activity evoked in S1 by the different conditions of tactile

stimulation used to induce the NI. In a 2� 2 factorial design we

compared S1 activity when the participant directly stroked her/his

finger and an experimenter’s finger (Self) with her/his left index and

thumb, or while the experimenter stroked his own and the partici-

pant’s finger (Other), and when tactile stimulation was synchronously

or asynchronously applied to the two fingers. In particular, we tested

whether a different pattern of activity is evoked by synchronous self-

administered stimulation, i.e. the condition inducing the NI, specific-

ally in the cortical representation of the fingers for which the illusion is

experienced or whether the illusion encompasses other portions of the

somatosensory cortex, including the representations of the neighboring

fingers. We also analyzed the different activation patterns for the S1

representations of the stroked and of the stroking hand. Based on the

nature of sensory–motor conflicts inducing the NI, which involve the

integration of predictive signals and somatosensory feedback specific

to different fingers of the two hands, we hypothesized that the NI-

related changes in body ownership should be associated with activity

modulations within the BAs containing overlapping finger representa-

tions, such as BA 1 and BA 2, more so than in BA 3b, where individual

digit representations are specific and spatially segregated.

MATERIALS AND METHODS

Participants and experimental procedures

Twelve right-handed male adults aged between 18 and 44 years

(mean� s.d.: 26.6� 8.4 years) participated in the study. All the

participants were naı̈ve to the purposes of the study. Handedness

was assessed with the Edinburgh Oldfield Handedness Inventory

(Oldfield, 1971), and all participants provided written informed con-

sent. All procedures were approved by the Ethics Committee of the

Faculty of Biology and Medicine of the University of Lausanne and the

study was conducted in accordance with the Declaration of Helsinki.

Fig. 1 Experimental procedure. (A) Procedure to induce the NI: subject’s stroked hand (indicated in
violet) is held against another person’s palm and the subject strokes with the index and thumb of his
other free hand (i.e. stroking hand indicated in blue) the two joined index fingers. The stroking was
performed either by the subjects (self condition) or by the experimenter (other condition). (B) The
illusion strength shows an Agent� Synchrony interaction. Gray and white bars indicate the syn-
chronous and the asynchronous stroking conditions, respectively; error bars indicate the standard
error of the mean (SEM). The asterisk indicates a statistically significant difference (P < 0.05).
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The experimental procedure included three separate steps (see below

for a detailed description of each step): first, a pre-scan training session

during which participants familiarized themselves with the task outside

the scanner; second, the acquisition of the functional localizers of in-

dividual finger representations in S1 for the right and the left hand;

third, the actual NI experiment.

Pre-scan training session

Before entering the scanner participants familiarized themselves with

the experimental conditions of the NI experiment and with the som-

atosensory sensations related to them. Subjects were not formally de-

briefed about the nature of the NI until after the scanning session.

Following Experiment 1 described in Dieguez et al. (2009), participants

were asked to place the palm of their right hand against the left-hand

palm of one experimenter (Figure 1A). Keeping this posture, either the

participant (self) or the experimenter (other) stroked the two joined

index fingers with the thumb and the index of the other (free) hand.

The stroking was self-paced at approximately a frequency of 1 Hz and

performed on the dorsal side of two distal phalanges of the two index

fingers either synchronously (synchronous�i.e. both fingers stroked

simultaneously) or asynchronously (asynchronous�i.e. the partici-

pant’s and the experimenter’s fingers were stroked at approximately

the same frequency but alternatively, one at the time). This led to four

experimental conditions�namely other-synchronous, other-asyn-

chronous, self-synchronous and self-asynchronous. During training,

special attention was paid to achieve a consistent stroking frequency

and pressure across participants (the participating experimenter was

always the same trained individual). After each condition, participants

were asked to rate five items relative to the NI associated with the

stroked index finger (see Dieguez et al., 2009), namely strangeness of

the sensation, feeling of widening of the finger, feeling of numbness,

feeling that the two index fingers merged into one big finger and

feeling of owning the other person’s finger. Rating was performed

on a scale from 1 (no effect) to 5 (strong effect). After this training,

participants were allowed to freely discuss the sensations they experi-

enced until an agreement could be reached that any such sensation

should give rise to a single rating of the NI during the scanning period.

Functional localizer of individual finger representations

Prior to the main experiment, the representations of each single finger

for both the right and the left hand were mapped. The finger mapping

procedure was the same as the one described by Martuzzi et al. (2014).

The only difference was that the number of stimulation blocks (one

run including six blocks instead of two runs of four blocks each) was

reduced to shorten scanning time. The mapping procedure was the

same for both hands, with the right (i.e. the stroked hand in the NI

experiment) mapped first, followed by the left hand (i.e. the stroking

hand in the NI experiment).

During the acquisition of the functional localizer data, participants

kept their arm comfortably stretched along the magnet bore with the

palm up and their fingers were manually stroked one at the time, from

the proximal to the distal portion of the finger, by an experimenter

positioned at the entrance of the bore. The experimenter performed

the stroking along the palmar side of the two distal phalanges of each

finger using his own index finger at a frequency of approximately 1 Hz.

Each finger was stroked for 20 s, followed by 10 s of rest (no stroking)

in the following order: D1 (thumb)–D3 (middle)–D5 (little)–D2

(index)–D4 (ring). This sequence was repeated six times, keeping the

order of fingers being stroked fixed, in accordance to the mapping

procedure proposed by Martuzzi et al. (2014). To reduce the variability

of stimulus pace as well as of pressure on the fingers, all the stroking

procedures were performed by the same experimenter. The rationale

for using the human touch as a stimulus is 2-fold: first, the stimulus is

very similar in nature to the stimulus used during the NI; second,

human touch provides not only localized touch but also several fea-

tures such as motion, texture, and temporal variability and therefore

inducing an activation of the entire S1, encompassing BA 3b, 1 and 2

(Martuzzi et al., 2014).

NI experiment

In the NI experiment, an experimenter (standing at the entrance to the

magnet bore) held his left palm against the participant’s right palm

(as he/she was lying in the scanner) for the entire duration of the

acquisition run. The participant’s right hand was actively held up,

with the forearm kept in an approximately vertical position with the

palm supported against the experimenter’s palm. To avoid changes in

the hand position during the experiment, particular care was used in

finding a comfortable position for the participant.

Each trial began with a 4 s cue indicating which type of stroking the

participant and the experimenter would perform in the upcoming

stimulation block (i.e. ‘synchronous’, ‘asynchronous’ or ‘no stroking’).

During the cue period, if needed, the subject performed the reaching

movement of the stroking hand toward the stroked one. Participant

and experimenter were independently cued via visual and auditory

instructions, respectively, and then the stroking condition was per-

formed for 20 s. At the end of the stroking, participants had 4 s to

rate the NI perceived during the stroking period on a scale from

1 (very weak) to 5 (very strong) via manual signaling with their free,

left hand. After 12 s of rest, a new cycle started. Identical to the pre-

scanning training step, the NI experiment included four experimental

conditions: other-synchronous, other-asynchronous, self-synchronous

and self-asynchronous. Participants were instructed and trained to

perform the stroking by moving only their wrist and to minimize

the movement of their fingers, hand and elbow, in order to minimize

the motor-related activity within the finger representations and also to

minimize stimulus-correlated head movements. During the other-syn-

chronous and other-asynchronous conditions, participants kept their

left hand on their belly, in proximity to their right hand, in order to

minimize the reaching movement during the preparation of the self

stroking conditions. Experimental conditions were pseudo-randomly

intermixed across trials. Two functional runs were acquired, each

including two repetitions per experimental condition.

MR data acquisition

Images were acquired on a short-bore head-only 7T scanner (Siemens

Medical, Germany) with an eight-channel Tx/Rx rf-coil (Rapid

Biomedical, Germany). Functional images were acquired using a sinus-

oidal readout echo-planar images (EPI) sequence (Speck et al., 2008)

and comprised 28 axial slices for the functional localizers and 24 slices

for the NI experiment. Slices were placed over the postcentral gyrus

(approximately orthogonal to the central sulcus) in order to cover the

representations of both hands within the primary somatosensory

cortex. The orientation of the slices was kept constant between the

functional localizers and the NI experiment (in-plane resolution

1.3� 1.3 mm2; slice thickness 1.3 mm; gap 0.13 mm; matrix size

160� 160, FOV¼ 210 mm, TE¼ 27 ms, GRAPPA¼ 2) and the TR

was set to 2.5 s for the functional localizers and 2 s for the NI experi-

ment (an example of slice selection for three representative subjects is

shown in Supplementary Figure S1). One functional localizer series per

hand was acquired, each comprising 361 volumes. In the NI

experiment two functional runs were acquired, comprising 329

volumes each.

To aid coregistration, a single whole-brain EPI volume with 64 slices

(1.3� 1.3� 1.3 mm3 resolution) was also acquired, keeping the same
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slice orientation used in the functional volumes. To aid in the delin-

eation of the BAs, an anatomical volume was acquired using the

MP2RAGE sequence (Marques et al., 2010), with TE¼ 2.63 ms,

TR¼ 7.2 ms, TI1¼ 0.9 s, TI2¼ 3.2 s, TRmprage¼ 5 s (1� 1� 1 mm3

resolution).

Prior to acquisition of each functional or anatomical run, B0

shimming was performed using the manufacturer’s shim algorithm,

with multiple repetitions and careful verification of the results before

starting the EPI sequence.

Behavioral data analysis

For each participant independently, we first computed the individual

mean and standard deviation of the responses across all the experi-

mental conditions. Then, data were normalized by subtracting the

mean value and dividing the demeaned scores by the standard devi-

ation. Normalization transformed the rating data in Z-score with a

normal distribution allowing the use of parametric tests.

The normalized ratings were analyzed by means of a two-way re-

peated measures analysis of variance (ANOVA) with Agent (self, other)

and Synchrony (synchronous and asynchronous) as within-subject fac-

tors. Post hoc analyses were conducted using the Tukey Honestly

Significant Difference (HSD) test thresholded at P < 0.05.

fMRI data analysis

Statistical analyses were conducted using SPM8 software (Wellcome

Department of Cognitive Neurology, London, UK). Functional vol-

umes were temporally realigned to the first slice acquired, spatially

realigned to the first volume acquired, and smoothed with an isotropic

Gaussian kernel (FWHM¼ 2 mm).

The MP2RAGE volume was coregistered with the whole brain EPI

image by means of rigid body transformations and both were subse-

quently coregistered to the mean EPI functional volume.

Statistical analyses were performed using a General Linear Model

(GLM) with the canonical hemodynamic response function (HRF) and

its time derivative as basis functions. The model included two regres-

sors (the boxcar convoluted with the HRF and the temporal derivative

thereof) per experimental condition and the motion parameters as

nuisance regressors. All the analyses were conducted in the individual

subject space (i.e. in the space of the functional acquisitions).

For each participant, somatotopic mapping was performed inde-

pendently for the right and the left hand following the procedure

described in Martuzzi et al. (2014). Briefly, we computed an F-contrast

including the HRF regressors of all the five fingers and five independ-

ent t-tests, one for each HRF regressor of individual finger stimula-

tions. The result of the F-contrast (P < 0.001 uncorrected) identified all

the voxels responding to the stimulation of at least one finger and was

used as an S1 mask. Within the S1 mask, each voxel was independently

labeled as representing the digit demonstrating the highest t-value for

that particular voxel.

Following the guidelines identified in cytoarchitectonic studies

(Geyer et al., 2000; Grefkes et al., 2001), for each single subject BA

3b was delineated as the region on the anterior wall of the postcentral

gyrus, BA 1 as the region in the crown of the postcentral gyrus, adja-

cent to BA 3b, and BA 2 as the region on the posterior wall of the

postcentral gyrus, adjacent to BA 1 (masks of BA 3b, 1 and 2 for three

representative subjects are shown in Supplementary Figure S2). Thanks

to the high spatial resolution and the high signal-to-noise ratio of the

EPI, BAs were manually delineated on the mean EPI of each partici-

pant. To delineate the finger representations within each of the three

BAs, the three BA masks were combined (simple conjunction) with the

somatotopic maps and a 5-voxel cluster threshold was independently

applied on the conjunctions of each BA and S1 masks. The mapping

procedure elicited significant BOLD responses within BA 2, but single

finger responses were highly overlapped and did not yield reliable

somatotopic maps. Therefore, we could only identify BA 2 as a

whole, without separating single finger representations. BA 3a was

not investigated because the functional localizer is based on gentle

touch applied on the skin and hence it does not elicit reliable activa-

tions within BA 3a, which receives proprioceptive information from

muscles and joints (Friedman and Jones, 1981).

In summary, we first used an F-contrast (P < 0.001 uncorrected) to

compute the S1 mask and applied a winner-takes-all method based on

the individual finger t-contrasts to create the somatotopic maps. Then,

we manually delineated the masks for BA 3b, 1 and 2, following the

guidelines identified in cytoarchitectonic studies. Finally, we computed

the conjunction maps between the S1 and each of the three BA masks

and applied a 5-voxel cluster threshold, independently on each of these

three maps to define the finger representations within each BA.

Single subject analysis of the illusion data was carried on using a

GLM including the models of the response to each of the experimental

conditions, to the cue/reach period (modeled separately for the self and

the other conditions) and to the response. Motion parameters were

also included as nuisance regressors.

For visualization purposes only, the anatomical images and the re-

sults of the statistical analyses were normalized to the MNI space using

the diffeomorphic registration algorithm (DARTEL; Ashburner, 2007)

and resampled to a resolution of 1� 1� 1 mm3. Cortical reconstruc-

tion and data projection onto the cortical surface were performed

using CARET (Van Essen et al., 2001; http://brainmap.wustl.edu/

caret/).

Voxel-wise group analysis

Voxel-wise group-level statistics were obtained by means of second-

level analyses. The individual contrast images associated with the four

experimental conditions were first normalized to the MNI space using

the DARTEL algorithm (Ashburner, 2007) and resampled to a reso-

lution of 1� 1� 1 mm3. The normalized volumes were then analyzed

using a second-level factorial design analysis, with Agent and

Synchrony as factors.

Tests were conducted to determine the active regions in each ex-

perimental condition (P < 0.001, uncorrected; 200 voxel spatial-extent

threshold) and to investigate the regions showing a main effect of the

Agent and of the Synchrony as well as an Agent� Synchrony

interaction.

Group analysis within individual finger representations

Group analysis was intended to identify the effect of the NI over each

finger representation and BA. To avoid the blurring effect induced by

the functional and anatomical variability of finger representations

across participants (Martuzzi et al., 2014), individual data were

pooled across participants according to their functional location as

identified by the somatotopic functional localizer.

Within each finger representation within BA 3b and 1, as identified

by the somatotopic mapping analysis, and for BA 2 bilaterally, we

computed for each experimental condition the average BOLD re-

sponses vs baseline (represented by the average HRF beta values esti-

mated in the GLM analysis) by averaging over all voxels in each

representation. This step resulted in four values per subject and

region representing the four mean responses over the area to the

four experimental conditions with respect to baseline (i.e. the rest

condition). These average responses were first tested to assess whether

these areas showed a significant positive beta value to the experimental

conditions using a one-tailed t-test, because we expected that within

the contralateral S1 our stimulation would induce an increase in the
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neuronal activity, compared with baseline. The significance level was

set to P < 0.05 corrected for multiple comparisons (88, as we tested

four experimental conditions within the representations of each of the

five fingers for both BAs 3b and 1 and for the two BA 2), leading to an

effective P < 0.00057. We then tested whether these responses differed

across the four experimental conditions by means of a two-way

repeated measures ANOVA with Agent (self, other) and Synchrony

(synchronous and asynchronous) as within-subject factors. Post hoc

test was conducted using the Tukey HSD test. The significance level

was set to P < 0.05 corrected for multiple comparisons (22, as we

computed one ANOVA for each of the 20 representation and for BA

2 bilaterally), leading to an effective P < 0.0023 for both the ANOVA

and the Tukey HSD test. Finally, for the representations and BAs

showing a significant Agent� Synchrony interaction, we computed

the Pearson correlation between the synchrony-induced changes in

beta values and synchrony-induced changes in the normalized ratings

for both the self and the other stroking conditions. To evaluate the

finger-specificity of the observed effects, each of the tests was also

performed for the entire BA, which included all five finger

representations.

RESULTS

Numbness illusion

The average ratings indicating the strength of the NI during the scan-

ning session were 1.7, 1.9, 2.8 and 2.1 for the other-synchronous,

other-asynchronous, self-synchronous and self-asynchronous condi-

tions, respectively (Figure 1B; see also the Supplementary Material

for the scores acquired during the pre-scan training session). As pre-

dicted, they revealed a main effect of Agent (F1,11¼ 8.46; P¼ 0.014)

and an interaction Agent� Synchrony (F1,11¼ 16.28; P¼ 0.002). Post

hoc tests highlighted that during the synchronous self-stroking condi-

tion participants had a stronger NI than in any of the other conditions

(all P < 0.005), whereas no differences were observed among the other

three experimental conditions (all P > 0.2). These results show that

illusory body ownership (as induced in the NI) was successfully

induced in the MR environment, similar to previous findings

(Dieguez et al., 2009). Despite not being explicitly tested, no subjective

changes of the stroking hand were reported by any of the tested sub-

jects during the interview after the training phase or during any other

phase of the experiment.

fMRI activation maps: general description of individual S1
activations

Activation maps and finger representations for the left and right S1

from a representative subject are shown in a representative axial slice in

Figure 2 and on an inflated brain in Figure 3. Visual inspection of

single subject results (P < 0.001 uncorrected) qualitatively showed that

activations within the left S1 (stroked hand) were well co-localized

with the representation of the index finger for all four experimental

conditions, but this activation was larger when the experimenter per-

formed the stroking when the experimenter performed the stroking

(i.e. ‘other’ conditions’). Moreover, when the subject performed the

stroking (i.e. ‘self’ conditions) we observed a large activation within the

right S1 (stroking hand) that was not limited to the representation of

the thumb and index fingers in right S1 (i.e. the two stroking fingers)

but spanned all five finger representations.

fMRI activation maps: voxel-wise group analysis

The results of the voxel-wise group analysis for the four experimental

conditions are shown in representative axial slices in Figure 4.

In the other-synchronous and other-asynchronous conditions, we

observed activations within the left primary somatosensory cortex

(stroked hand). Additional activations were observed in the left infer-

ior parietal lobule, and the left precentral gyrus (BA 6). In the other-

synchronous condition we observed an activated area within the right

supramarginal gyrus, whereas in the other-asynchronous condition we

observed an activated area in the left Supplementary Motor Area.

In the self-synchronous and the self-asynchronous conditions, we

observed in the right hemisphere (stroking hand) a large activated

cluster including the precentral gyrus (BAs 4 and 6), the postcentral

gyrus (BAs 3b, 1 and 2) and the superior parietal lobule (BA 7).

We also observed activations within the left postcentral gyrus (i.e.

the primary somatosensory cortex representing the stroked hand),

the left inferior parietal lobule and the left precentral gyrus (BA 6).

In the self-asynchronous condition, we also observed an activated

cluster within the right middle cingulate cortex.

The contrast across the four experimental conditions only revealed a

main effect of Agent within the right primary somatosensory, right

motor and right premotor cortices (i.e. contralateral to the stroking

left hand). No other significant effects (main effect of Synchrony, or

Agent� Synchrony interaction) were observed in the voxel-wise group

analysis.

BOLD responses within individual finger representations in BAs
3b and 1

To account for the functional and anatomical variability of S1 across

participants, we extracted the beta values for each finger representation

in BAs 3b and 1, independently mapped for each participant (i.e. fol-

lowing Martuzzi et al., 2014), and tested whether these areas showed a

significant positive response to the experimental conditions. The aver-

age beta values for each finger representation within left and right S1

are shown in Figure 5.

Within the right BA 3b�the representation of the stroking left

hand�we observed significantly positive responses within the repre-

sentations of all five fingers in the self-synchronous and self-

asynchronous conditions�i.e. when the participants performed the

stimulation themselves (all P < 5� 10�5).

Within the right BA 1, we also observed significantly positive BOLD

responses to the self-synchronous and self-asynchronous conditions

for the representations of D1, D2, D3 and D4 (all P < 4.5� 10�4)

but not for those of D5 (P¼ 0.006), and to the other-asynchronous

condition within the representation of D1 (P¼ 1� 10�4).

Within the right BA 2, we observed a significant BOLD response to

the self-synchronous and self-asynchronous conditions (all

P < 5� 10�7).

Within left BA 3b�the representation of the stroked right hand�the

representation of D2 (i.e. the finger being touched during all

experimental conditions) showed a positive BOLD response in the

other-synchronous, other-asynchronous and self-synchronous condi-

tions (all P < 1� 10�4), but not for the self-asynchronous condition

(P¼ 0.003). A positive BOLD response was also observed with the

representation of D1 during the other-synchronous and other-asyn-

chronous conditions (P < 5.5� 10�4) and within the representation of

D3 during the other-asynchronous condition (P¼ 3.5� 10�4).

However, the responses within the other finger representations and

experimental conditions were not significant after correction for mul-

tiple comparisons (all P > 0.003 uncorrected).

The analysis of the left BA 1 revealed positive BOLD responses only

within the representation of D2 for the other-synchronous, other-

asynchronous and self-synchronous conditions (all P < 3.5� 10�4)

and for the representation of D1 during the self-synchronous condi-

tion (P¼ 5.5� 10�4). However, the responses within the other finger

representations and experimental conditions were not significant after

correction for multiple comparisons (all P > 0.001 uncorrected).
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Within the left BA 2, we observed significant BOLD responses to all

the experimental conditions (all P < 5� 10�4).

NI modulation of the BOLD response within BAs 3b, 1 and 2

Within the finger representations of BA 3b and 1, as well as within the

region of BA 2 responding to the stimulation of any finger, we tested

whether the BOLD responses differed across the four experimental

conditions by means of a 2� 2 repeated measures ANOVA with

Agent (self, other) and Synchrony (synchronous and asynchronous)

as within-subject factors.

Within the right BA 3b�the representation of the stroking hand�a

significant main effect of Agent was observed for each of the five finger

representations (all P < 5� 10�5; with higher response for self than for

other), whereas a main effect of Synchrony was observed only for the

representations of the two stroking fingers that are D1 and D2 (all

P < 0.001; with higher response for the synchronous than for the

asynchronous conditions). No Agent� Synchrony interaction was

observed within any finger representation. The analysis of the average

BOLD response of the right BA 3b�i.e. taking all five finger represen-

tations together�showed a significant main effect of Agent

(P < 2� 10�5) but not a significant a main effect of Synchrony

(P¼ 0.010) or an Agent� Synchrony interaction (P¼ 0.124).

Within the right BA 1, D1, D2 and D3 representations showed a

main effect of Agent (all P < 0.004; with higher response for self than

for other) and D1 and D2 representations showed a main effect of

Synchrony (all P < 0.003; with higher response synchronous than for

the asynchronous). More importantly, the representations of D1, D2,

D3 and D4 showed a significant Agent� Synchrony interaction (all

P < 0.001), suggesting that they are involved in ownership, and this

interaction was not observed for any of the other analyzed regions.

Post hoc analysis (Tukey HSD test) showed that for all four finger

representations, the response to the synchronous and asynchronous

Fig. 2 Individual results on a selected axial plane (neurological convention). (A) The finger maps obtained in the localizer sessions for both the stroked and the stroking hand are indicated for a representative
subject. R and L indicate the right and left hemisphere, respectively. (B) Pictorial representation of the color code used to indicate finger representations. (C) Brain activity in the four experimental conditions
(P < 0.001 uncorrected) for the same subject and slice shown in panel (A). These results show the reduced activity in response to self vs other touch within the representation of the stroked (right) hand and
also show that self touch elicits a widespread response in the area of the representation of the stroking (left) hand encompassing all finger representations.
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stimulations was significantly different for the self (P < 2� 10�4) but

not for the other (P > 0.2) conditions. The analysis of the average

BOLD response of the entire right BA 1 revealed the same pattern of

results, with a significant main effect of Agent and of Synchrony and a

significant Agent� Synchrony interaction (all P < 2� 10�4). Post hoc

analysis showed the same patterns of interaction observed for the rep-

resentations of D1, D2, D3 and D4.

Within the right BA 2, we observed a main effect of Agent

(P < 3� 10�7; with higher response for self than for other), but not

a main effect of Synchrony nor an Agent� Synchrony interaction

(all P > 0.06).

Within left BA 3b�the representation of the stroked hand�no finger

representation showed a significant main effect of Agent of or

Synchrony, or an Agent� Synchrony interaction (all P > 0.08).

The same results were observed when all five finger representations

were analyzed together (all P > 0.5).

Within the left BA 1, no finger representation showed a significant

main effect of Agent or Synchrony or an Agent� Synchrony inter-

action (all P < 0.008). The average BOLD response of BA 1�i.e.

taking together all the five finger representations�did not show any

significant effect (all P > 0.15).

The left BA 2 did not show a significant main effect of Agent

or Synchrony (all P > 0.25), but showed a significant

Agent� Synchrony interaction (P < 0.002), Post hoc analysis showed

that the response to the synchronous and asynchronous stimulations

was significantly different (with the synchronous condition yielding a

larger response) for the self (P < 0.003) but not for the other (P > 0.75)

conditions.

Fig. 4 Results of the voxel-wise group analysis overlaid to the participant’s mean anatomical volume (Z¼ 62, 58 and 54 mm in the MNI space). Because of the somatotopic specificity of the activations and the
inter-subjects variability of finger representations, no experimental modulation of the activations can be statistically observed within the postcentral gyrus contralateral to the stroked hand.

Fig. 3 Individual results on inflated brain (P < 0.001 uncorrected). The figure shows the finger representation and the activation across the four experimental conditions for the same representative subject
shown in Figure 2.
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In summary, all finger representations within the right BA 3b

(stroking hand) and the representations of D1, D2, D3 and D4

within the right BA 1 showed significantly positive responses to stimu-

lation. However, only the representations of D1, D2, D3 and D4 within

BA 1 showed a significant Agent� Synchrony interaction indicating

that activity in these four regions reflects the sense of ownership asso-

ciated with the NI. The analyses also showed that within the left BA 3b

and 1 (stroked hand), activations were focal and localized within the

representation of the stroked finger�i.e. D2�but the intensity of these

activations was not modulated by the sense of ownership. Conversely,

the left BA 2 showed a significant Agent� Synchrony interaction

indicating that the activity within these regions is modulated by the

illusion.

Correlation analysis

To further analyze these changes, for each of the three finger represen-

tations that showed a significant Agent� Synchrony interaction (i.e.

D1, D2, D3 and D4 representations within the right BA 1), as well as

for the left BA 2, we computed the Pearson correlation between the

synchrony-induced changes in the BOLD response and the synchrony-

induced changes in normalized NI ratings for the self and for the other

conditions. This analysis revealed a single significant correlation be-

tween the changes in BOLD signal amplitude and subjective NI ratings,

found within the D2 representation of the right BA 1 (Figure 6) and

only for the illusion condition (i.e. for the synchrony-induced changes

in the self stroking condition: r¼ 0.670, P¼ 0.017). We note that D2 in

right BA 1 is the cortical representation of the stroking finger that

touches the finger of the other person (i.e. the location where

numbness and illusory ownership is experienced).

There was no significant correlation within the D2 representation

(or any of the other finger representations) when the other person

performed the stroking (r¼ 0.074, P¼ 0.819). No significant

correlation was observed within the D1, D3 and D4 representations

of the right BA 1 and within the left BA 2 (all P > 0.3).

DISCUSSION

In this study, we used a tactile-proprioceptive illusion (i.e. the NI) in

combination with somatotopic finger mapping and ultra-high field

Fig. 5 Beta values across fingers and BAs. Gray and white bars indicate the synchronous and the asynchronous stroking conditions, respectively; error bars indicate the SEM. Note that in the left BA 3b and 1,
activations were focal and localized within the representation of the stroked finger (i.e. D2). The shaded area in the right BA 1 and left BA 2 panels highlights the finger representations exhibiting a significant
Agent� Synchrony interaction.
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fMRI to investigate how changes in bodily experience, and ownership

in particular, are reflected in the activity of the different finger repre-

sentations in S1. Our results revealed that, in line with Dieguez et al.

(2009), synchronous self-administered stimulation of one’s own and

another person finger induces changes in the experience of one’s own

finger and body ownership for the other person’s finger, these changes

do not occur when the stroking is performed asynchronously or by

another person. These synchrony- and agent-dependent experiential

changes were associated with specific and selective modulations of

neural activity in different finger representations in the different BAs

within S1. In particular, the NI effects were reflected in a modulation

of the activity of the BA 2 representation of the stroked hand and of the

BA 1 representation of the stroking hand. Within BA 2 contralateral to

the stroked hand, the illusion modulated S1 activity without any finger

specificity. Within BA 1 contralateral to the stroking hand, the activity

modulation was only found for the representation of the finger strok-

ing the other person’s finger (D2) and extended to representations of

the adjacent fingers (D1, D3 and D4). However, only for the represen-

tations of the stroking finger D2, changes in BOLD signal correlated

with subjective ratings of the illusion intensity. However, no effect of

the illusion was found in BA 3b for the stroking or stroked finger

representations. The high specificity in the modulation of the different

S1 maps due to changes in body ownership shown in this study is a

new finding in the field of neural correlates of body perception.

Using different illusion paradigms and imaging modalities, previous

studies have shown that S1 activity is modulated by body-part owner-

ship. Tsakiris et al. (2007a), for instance, showed that changes in own-

ership for a fake hand, as induced by the rubber-hand illusion, were

associated with a modulation of S1 activity. Other studies revealed

gamma-band synchrony over parietal areas as a correlate of crossmodal

integration linked to fake hand ownership (Kanayama et al., 2007,

2009), mu-band suppression over fronto-parietal regions related to

the felt ownership of a virtual hand (Evans and Blanke, 2013),

and alpha band modulations over sensorimotor cortex linked to self-

identification for a virtual body (Lenggenhager et al., 2011). Despite

methodological differences among the cited studies, collectively they

suggest that S1 activity is linked to body ownership. However, the

limited spatial resolution of these studies, using electroencephalog-

raphy (EEG), evoked potentials and non-high-field fMRI, did not

allow investigating whether the observed S1 modulation related to

body ownership was specific to the cortical representation of the sti-

mulated body part, and whether this activity was localized to any of the

four S1 sub-regions specifically or recruited S1 globally. Our results

allow a fine-grained analysis of the mechanisms of body ownership in

the different finger representation and within single S1 sub-regions.

Tactile information processing is organized hierarchically across the

BAs that form S1. Signals from skin receptors first reach BA 3b, which

hosts neurons with mainly finger-specific receptive fields, then BA 1,

which includes many neurons with multi-finger receptive fields, and

finally arrive in BA 2, which contains neurons with even larger recep-

tive field, covering all fingers (Iwamura et al., 1983; Gardner, 1988).

Previous high-resolution fMRI data from our own and other groups

and activation maps obtained in this study confirm that in humans,

finger representations are more specific in BA 3b than in BA 1, and

that BA 2 responds to the stimulation of all fingers (Besle et al., 2014;

Martuzzi et al., 2014). Additionally, BA 1 and 2 have been associated

with bilateral tactile integration (Tame et al., 2012).

In the NI protocol, multi-finger neurons responding to the stimu-

lation of the index finger are activated, both for the stroking and the

stroked hand, and changes in body ownership induced by the NI were

associated with changes in activity in BAs containing multi-finger re-

ceptive fields and integrating bilateral stimuli, that is in BA 1 and BA 2,

but not BA 3b. The pattern of activity modulation in the different S1

areas induced by the NI varied as a function the sensory-motor stimu-

lation induced by the different conditions. Whenever we perform a

movement, S1 generates an internal prediction of the somatosensory

consequences of such movement, allowing the brain to differentiate

self- from externally induced sensory stimulations (Jeannerod, 1988;

Wolpert et al., 1995; Decety, 1996; Wolpert, 1997; Cullen, 2004). In the

case of self-stroking, as administered during the NI paradigm, such

prediction may concern the S1 representations of both the stroking

and the stroked hand. However, during the critical condition inducing

the NI, i.e. the self-synchronous condition, participants touched their

own and someone else’s fingers at the same time. Due to the finger

arrangement, a prediction that the stroking thumb and the stroking

index are touching the same object is generated, i.e. the index finger of

one’s own stroked hand. However, this prediction turns out to be false,

as the touch is applied over another person’s finger, which sends no

somatosensory feedback, therefore yielding a conflict between the pre-

dicted and received somatosensory feedback. Such sensory–motor con-

flict in turn generates a feeling of numbness for one’s own finger and

ownership for an unresponsive finger (Dieguez et al., 2009). Results

from this study show how the complex modulation of neural activity

in different areas of the primary somatosensory cortex reflects the NI.

Within the representation of the right stroked hand (i.e. the left S1),

the modulation of activity in BA 2 reflected the interaction between the

person administering touch and the synchrony of the stimulation.

The Agent� Synchrony interaction was explained by a stronger re-

sponse in the self-touch synchronous condition and this modulation

within BA 2 of the stroked hand might reflect the observed changes in

the feeling of finger ownership. The sensory–motor conflict eliciting

the NI requires the integration of tactile signals from the two hands.

The finding that the critical modulation of S1 activity for the repre-

sentation of the stroked hand was found in BA 2 is consistent with

converging evidence from studies in non-human primates and humans

suggesting that BA 2 integrates somatosensory inputs bilaterally.

Indeed, BA 2 has neurons with bilateral receptive fields (Iwamura

et al., 2001, 2002) and has relatively dense callosal connections with

the contralateral S1 (Killackey et al., 1983) and, together with BA 1, is

involved in the integration of bilateral tactile signals (Tame et al.,

2012). We also note that within the different representations and

BAs contralateral to the stroked hand, we did not observe any

Fig. 6 Correlation between synchrony-induced changes in beta values and illusion rating within the
right BA 1 (i.e. representing the stroking hand) for the representation of D2, the only the repre-
sentation showing a significant correlation between the changes in rating and in BOLD activity. The
solid line represents the estimated linear regression for the self condition (i.e. the only condition
showing a significant correlation).
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significant effect of synchrony or of the agent. Therefore, we consider it

unlikely that the interaction observed within the left BA 2 simply

originated from differences in the intensity of stimulation across

blocks and participants, but rather reflects the sensory–motor conflict

induced in the critical self-synchronous stimulation condition.

Within the representations of the left stroking hand (i.e. the right S1),

activity in BA 1 showed a significant Agent� Synchrony interaction.

Such modulation was specific for the representation of D2, i.e. the

finger receiving the strongest conflict signals in the self-synchronous

condition, and extended to the representations of D1, D3 and D4. In

addition, only for D2 such activity modulation was also correlated with

the strength of the NI as reported by participants’ ratings. It is worth

noting that the correlation between BOLD activity and subjective rating

was computed only for those regions that effectively reacted to the NI, as

indicated by a significant Agent� Synchrony interaction in the BOLD

signal. Hence, the results of the correlation analysis are to be considered

only for exploratory purposes. The left hand effectively touched the

stroked hand only in the self conditions. Although this observation

can partially explain the observed Agent� Synchrony interaction, it

cannot explain the correlation between changes in BOLD response

and strength of the illusion. Thus, we propose that the higher response

for D2 representation in the self-synchronous condition is associated

with the detection of self-other conflict during the NI.

Taken together data from the S1 representations of both hands sug-

gest that the NI is characterized by a specific modulation of activity of

the different S1 subregions, such that the BA 1 representation of the

stroking finger and the BA 2 representation of the stroked hand more

strongly respond to the combination of self-touch and synchronous

conflicting feedback. These BAs have a somatotopic representation of

the fingers that also respond to the stimulation of the neighboring

fingers and integrate the tactile information originated in neighboring

body parts. Therefore, the BA-specific activation pattern induced by

the NI is most likely associated with finger-unspecific modulations of

S1 activity.

It is import to note that the present results do not imply that the NI

arises exclusively from the modulation of S1 activity. Because the NI

stimulation procedure involves both hands simultaneously, and is

based on tactile, proprioceptive and motor conflicts, other areas, con-

taining bilateral and ipsilateral hand representations may participate in

the effect, such as S2 (Whitsel et al., 1969) or BA 5 (Sakata et al., 1973)

or M1.

The pattern of brain activation reflecting the NI was observed only

in the finger-specific analysis and not in the voxel-wise group analysis.

This is due to the inter-subject variability of the finger regions,

which is comparable in size with the size of finger representations

(Martuzzi et al., 2014). The effects were precisely localized within the

representations of the fingers involved in the task and the inter-subject

variability likely rendered these effects undetectable in EEG or low-

resolution fMRI studies. Inter-subject variability, in conjunction with

the high spatial resolution and the small smoothing kernel used in the

study, could also explain why we did not observe effects in the pre-

motor and parietal cortex, as reported elsewhere (e.g. Ehrsson et al.,

2004, 2005; Kammers et al., 2009; Petkova et al., 2011; Zeller et al.,

2011; Evans and Blanke, 2013). Indeed, differences in brain activity

within these regions were observed at the individual subject level, but

not in the group analysis. This highlights the usefulness of precisely

localizing body-part representations in studies investigating cognitive

and perceptual aspects of bodily awareness at high spatial resolution.

In conclusion, data from ultra-high field fMRI finger mapping

revealed that the NI was associated with a modulation of activity in

the fingers representations within the different BAs forming S1.

In particular, the NI was associated with higher activation in BA 1

contralateral to the stroking hand and in BA 2 contralateral to the

stroked hand. These results show the highly selective anatomical and

functional brain mechanisms of bodily experience that are limited to

specific BAs within S1, extending the high degree of somatosensory

specialization in S1 to bodily self-consciousness.

SUPPLEMENTARY DATA

Supplementary data are available at SCAN online.
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