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The brain network reflecting bodily self-consciousness:
a functional connectivity study
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Several brain regions are important for processing self-location and first-person perspective, two important aspects of bodily self-consciousness.
However, the interplay between these regions has not been clarified. In addition, while self-location and first-person perspective in healthy subjects
are associated with bilateral activity in temporoparietal junction (TPJ), disturbed self-location and first-person perspective result from damage of only the
right TPJ. Identifying the involved brain network and understanding the role of hemispheric specializations in encoding self-location and first-person
perspective, will provide important information on system-level interactions neurally mediating bodily self-consciousness. Here, we used functional
connectivity and showed that right and left TPJ are bilaterally connected to supplementary motor area, ventral premotor cortex, insula, intraparietal
sulcus and occipitotemporal cortex. Furthermore, the functional connectivity between right TPJ and right insula had the highest selectivity for changes in
self-location and first-person perspective. Finally, functional connectivity revealed hemispheric differences showing that self-location and first-person
perspective modulated the connectivity between right TPJ, right posterior insula, and right supplementary motor area, and between left TPJ and right
anterior insula. The present data extend previous evidence on healthy populations and clinical observations in neurological deficits, supporting a

bilateral, but right-hemispheric dominant, network for bodily self-consciousness.
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INTRODUCTION

Cognitive neuroscience has studied both high-level cognitive (Northoff
et al, 2006) and low-level sensory aspects of the self, using visual
(Heatherton et al., 2006), auditory (Perrin et al, 2005) and somato-
sensory stimulation (Laureys and Tononi, 2009). More recently, the
association between multisensory bodily stimuli and conscious aspects
of the self has been investigated (Christoff et al., 2011). Thus, different
components of bodily self-consciousness have been identified and ex-
perimentally manipulated using multisensory conflicts (for review see
Blanke, 2012). In particular, visuotactile conflicts have been used to
manipulate the sense of body ownership and induce illusory ownership
of a fake hand (Botvinick and Cohen, 1998) or distort the perceived
location of one’s own hand (Tsakiris and Haggard, 2005). However,
bodily self-consciousness is associated not only with such localized
body-part specific components but also with more global and unitary
aspects related to the whole body (Blanke and Metzinger, 2009). To
understand these global aspects of bodily self-consciousness, two com-
ponents have been experimentally manipulated using visuotactile con-
flicts (Ehrsson, 2007; Lenggenhager et al, 2007; Aspell et al, 2009):
self-location, defined as ‘the experience of where I am in the world’
(Aspell et al.,, 2010) and first-person perspective, defined as ‘the ex-
perience of where I perceive the world from’ (Petkova et al., 2011D).

What are the neural correlates of self-location and first-person per-
spective? An increasing, but still limited, number of investigations have
addressed this issue (review in Ionta et al., 2011a). In a recent study
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using functional magnetic resonance imaging (fMRI), experimentally
induced changes of first-person perspective were associated with pre-
dictable changes in perceived self-location and were reflected in the
activity of the bilateral temporoparietal junction (TPJ]) (Tonta et al.,
2011b). TPJ activity has been linked to self-regulation (Heatherton,
2011), self/other discrimination (Farrer et al, 2003a; Frith, 2005;
Salomon et al, 2009), Theory-of-Mind (Frith and Frith, 2006;
Andrews-Hanna, 2012) and saliency detection (Kucyi et al, 2012),
with distinct sub-regions within TPJ that may account for such differ-
ent functions (Mars et al.,, 2012). However, whether the different ac-
tivation patterns in TPJ relate to the activity in other regions encoding
self-location and first-person remains an open question. The main aim
of this study was to provide new data concerning the role of hemi-
spheric specialization in self-location and first-person perspective in
order to understand whether TPJ encodes these components though
working in isolation or as part of a broader network.

One possibility for improving understanding of the interplay be-
tween different regional activity profiles is provided by functional con-
nectivity (FC) fMRI, a tool of proven efficacy for self-referential
research, e.g. the neural correlates of self-other distinction (e.g.
David et al.,, 2007; Salomon et al., 2013). In addition, BOLD fluctu-
ations correlate with the power modulation of the local field potentials
both in the primate (Pan et al., 2013) and the human brain (Keller
et al., 2013), as well as with anatomical connectivity (Greicius et al.,
2009). These findings support the theory that the neuronal-
hemodynamic correlation constitutes a property of FC. On this
basis, we used FC-fMRI to identify the network whose activity correl-
ates with TPJ] BOLD modulations induced by experimentally manipu-
lated changes in self-location and first-person perspective. At least
three methodological motivations support the choice of FC-fMRI.
First, it can identify brain networks (Fox and Raichle, 2007) with
high topographical similarity to staining techniques (in monkeys;
Kelly et al, 2010) or diffusion tensor imaging (in humans;
Skudlarski et al., 2008; Greicius et al., 2009). Second, FC-fMRI can
be used to investigate experimental condition-dependent changes in
the interplay across different brain areas (Hampson et al., 2004, 2006;
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Salomon et al., 2011). Third, important information on condition-
independent FC in block-designed fMRI datasets can be achieved
by removing the contribution of condition-dependent effects from
intrinsic BOLD fluctuations (Fair et al., 2007; Gavrilescu et al., 2008;
Hasson et al., 2009; Jones et al., 2010). Therefore, FC-fMRI is an
excellent analytic tool to investigate both condition-dependent and
condition-independent synchronization between different brain
regions.

First-person perspective has been repeatedly associated not only
with activity in TPJ (Ruby and Decety, 2001; Vogeley and Fink,
2003; Vogeley et al., 2004; McCleery et al., 2011) but also with pre-
frontal (David et al, 2006) and ventral premotor and intraparietal
cortex (Petkova et al., 2011a). Similarly, self-location does not activate
only TPJ but also other multisensory regions including the premotor
and intraparietal cortex (Petkova et al., 2011a) as well as medial fron-
tal, prefrontal and sensorimotor cortex (Lenggenhager ef al., 2011) and
insula (for local components; Tsakiris, 2010). Based on these findings,
we hypothesized that within the condition-independent network TPJ
would be coupled with prefrontal, intraparietal and insular regions.
Furthermore, additional regions might include the occipitotemporal
and posterior parietal cortex, due to their strong association with other
aspects of bodily self-consciousness such as the senses of agency (David
et al., 2007) and body ownership (Giummarra et al., 2011). Next, we
anticipated that changes in self-location and first-person perspective
would modulate the connectivity between TPJ and insula (Craig,
2009). Finally, based on clinical data (review in Blanke, 2012), we
predicted finding a network with a right-hemispheric predominance.

METHODS

Similarly to previous studies that differentially analyzed the same
dataset to address multiple research questions, i.e. brain activity and
FC (cf. de Lange et al., 2007 versus de Lange et al., 2010; and Delnooz
et al., 2012 versus Delnooz et al., 2013), we performed FC analysis on a
pre-recorded dataset. The complete experimental procedure and
BOLD signal modulation have been previously reported (Tonta et al,
2011b; see also Supplementary materials). Only the features relevant to
the FC-fMRI analysis will be detailed here.

Twenty-two right-handed (Briggs and Nebes, 1975), naive, male
volunteers (mean age=25.4 years; SD=5.7 years) with normal
vision participated in the experiment. All subjects signed the informed
consent and the local ethics committee approved the experimental
protocol, which was carried out in accordance with the 1964
Declaration of Helsinki.

Stimuli

The visual stimuli consisted in videos of the back view of a human
virtual body (‘body’ condition) being stroked on the back by a rod.
Control videos showed only the moving rod (‘no-body’ condition).
During the visual stimulation, a robotic device moved a rod along the
subjects’ back delivering the tactile stimulation. The trajectory of the
tactile stimulation either matched (synchronous) or not (asynchron-
ous) the displayed position of the virtual rod (see also Supplementary
Materials).

Self-location task

We evaluated self-location after each block of visuotactile stimulation
by asking subjects to imagine releasing a ball and to estimate the time
the ball would need to ‘hit’ the ground. Response times in this task
varied as a function of the perceived self-location: longer RT for higher
self-location and shorter RTs for lower self-location (Lenggenhager
et al., 2009; see also Supplementary Materials).
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Experimental protocol

The experiment consisted of two runs of 8 blocks, each lasting 78s.
Each block consisted of three elements presented in the following
order: exposure to visuotactile stimulation (39s); three executions of
the self-location task triggered by the auditory cue (15s); observation
of a white cross on a black screen without stroking as a ‘baseline’ (24 s).
The experimental conditions (body/synchronous, body/asynchronous,
no-body/synchronous and no-body/asynchronous) were presented
four times during the experiment in a pseudo-randomized order.
Subjects’ self-reports indicated that they experienced two different
directions of first-person perspective during the experiment. Thus, one
group of subjects had the impression of looking upwards and were
accordingly included in the ‘up group’; the remaining subjects re-
ported the impression of looking downwards and comprised the
‘down group’. This led to a 2 x 2 x 2 design with eight conditions
resulting from the interaction of perspective (up; down) as between-
subject factor, and object (body; no-body) and stroking (synchronous;
asynchronous) as within-subject factors (see also Ionta et al, 2011b).

Data

Using a 3T Siemens Trio scanner, we ran a magnetization-prepared
rapid acquisition gradient echo sequence (MPRAGE) to collect T1-
weighted anatomical images (1 mm isotropic voxels, 160 sagittal
slices, TR=9.7ms, TE=4ms), and a gradient echo EPI sequence to
collect functional images (slices=28; thickness=3.5mm; TR=3s,
TE=60ms, 64 x 64 image matrix, 3.5 x 3.5mm in-plane resolution).
Using SPM8 (www.fil.ion.ucl.ac.uk/spm), data were corrected for head
movements (Friston et al., 1995b), normalized to the MNI brain tem-
plate (Mazziotta et al., 1995), re-sampled to 1 x 1 x 1 mm voxel size
and spatially smoothed with a Gaussian kernel of 6-mm FWHM
(Friston et al., 1995a).

Region selection

As seed regions for the FC-fMRI analyses, we selected the clusters
where the activity reflected changes in self-location and first-person
perspective (Ionta et al, 2011b): right and left TPJ (rTPJ and I1TP]J,
respectively; Figure 1). Both rTP] (MNI: 57, —29, 21) and ITPJ (MNI:
—54, —30, 19) seed regions were centerd on the superior temporal
gyrus and included also the supramarginal gyrus. To test the specificity
of the FC-fMRI results, we selected a control region of comparable size
with respect to the seed regions: the (anterior and contralateral) left
dorsolateral prefrontal cortex (IDLPFC; MNI: —34, 52, 7), defined as a
sphere (7-mm radius). At least two main motivations justified the
selection of the IDLPFC as control region. First, rather than being
involved in encoding self-location and first-person perspective, its ac-
tivity has been classically associated with working memory (Fletcher
et al., 1998). Second, it is located in the anterior part of the left hemi-
sphere, while the neural response related to bodily self-consciousness is
typically associated with activity in the posterior part of the right
hemisphere.

Functional connectivity
Pre-processing

Seed-driven FC-fMRI was computed using the CONN software (http://
www.nitrc.org/projects/conn; Whitfield-Gabrieli and Nieto-Castanon,
2012) implemented in Matlab (TheMathWorksInc., Natick, MA,
USA). To remove the non-region-specific BOLD fluctuations, we re-
gressed out from the data several nuisance components, including:
motion parameters and average signals of white matter, gray matter
and cerebrospinal fluid. To remove the effects of the experimental
conditions on the BOLD signal, we removed from the data the main
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Fig. 1 Seed and control regions. Localization of the seed (pink) and control (blue) regions on the
standard brain.

effects of conditions estimated by means of a general linear model
using the hemodynamic response function and its temporal derivative
as basic functions. We considered the temporal derivative to better
account for the variability of the hemodynamic response function
across brain regions.

Single subject analysis

The residual signals were low-pass filtered (cut-off frequency 0.1 Hz;
Lowe et al., 1998) and the average time course over each seed region
was separated into epochs associated with each experimental condition
(Whitfield-Gabrieli and Nieto-Castanon, 2012). To take into account
the hemodynamic delay, the epochs associated with the same experi-
mental condition were concatenated across all sessions and weighted
by the value of the time series of the regressor associated with each
experimental condition (Whitfield-Gabrieli and Nieto-Castanon,
2012). After this step, each experimental condition included 52 time
points (36 of which had weighting greater than 0.75 for the computa-
tion of the FC). Next, FC maps were computed for each experimental
condition and each seed region separately, using the simple correlation
method between the time course of the signal in the seed regions and
the signal of each voxel in the brain. Thus, for each subject, we ob-
tained four FC maps for each seed region, representing the correlation
of the activity in each voxel in the brain with the average signal of the
specific seed region.

Group analysis

Inference on population was obtained by means of a second level
analysis. Correlation values were Fisher transformed to improve nor-
mality (Hays, 1981). The group analysis comprised three different
steps. First, previous studies identified specific functionally connected
brain networks by analyzing the correlations of condition-independent
BOLD fluctuations (Biswal et al., 1995; Hampson et al., 2002; Greicius
et al., 2003; Mantini et al., 2007; Seeley et al., 2007). Thus, to investi-
gate the brain network connected to the right and left TPJ, for each
seed region we computed the average connectivity maps across condi-
tions (P<0.001; 200 mm® cluster threshold).

The second step resulted in the identification of a subset of
regions—hereafter labeled as ‘target’ regions—defined as the clusters
where the connectivity with the seed regions reflected stroking-depen-
dent changes in self-location and first-person perspective. Based on
previous evidence also showing that condition-independent BOLD
fluctuations can be specifically modulated by several factors, including
cognitive tasks (Dodel et al., 2005; Hampson et al., 2006) or mood
states (Harrison et al., 2008), we tested whether the FC within the

S.lontaetal.

clusters connected with the seed regions was modulated by our experi-
mental conditions. The analysis of these condition-dependent changes
in FC was restricted to the network showing a reliable FC with the seed
regions and based on a mixed-model analysis of variance (ANOVA)
with perspective as between-subject factor, and object and stroking as
within-subject factors (P<0.005; 200 mm’®  cluster threshold).
Therefore, the number of multiple comparisons has been reduced
with respect to the first step, i.e. the identification of the condition-
independent connectivity. Based on this, and in accordance with pre-
vious studies (Beauchamp, 2005; Martuzzi et al., 2010; Indovina et al.,
2013), the significant differences across conditions were identified
using a more liberal threshold (P<0.005, 200 mm? cluster threshold).
Third, to understand the directionality of the 3-way interaction, we
computed the average Fisher-transformed correlation coefficient
(hereafter referred to as ‘correlation index’) for each experimental
condition. Then, we tested the nature of the modulation of the con-
nectivity index as a function of conditions using post hoc comparisons
(Newman—Keuls test; P<0.05). To evaluate the FC specificity between
the seed and the target regions, we tested the coupling of the control
region with all the voxels in the brain and then we applied to the
control-target FC the same ANOVA model we used for the seed-
target FC. To automatically localize and visualize the target regions,
we used the BrainShow software (Galati et al, 2008; see also
Supplementary Materials). The BrainShow software was used also to
project the clusters onto the PALS atlas (Van Essen, 2005), and to
superimpose them to the standard brain cortex. In particular,
BrainShow allows one to superimpose the statistical maps on the cor-
tical surface of the MNI canonical brain and to automatically identify
the anatomical structures comprised in a specific cluster, including the
percentage of the cluster’s voxels that belongs to each included ana-
tomical structure (Tzourio-Mazoyer et al., 2002).

RESULTS

First, we report the average FC of each seed region across all condi-
tions. Then, we show how this connectivity was further modulated by
the experimental conditions. Finally, we demonstrate that the connect-
ivity modulation was specific to the seed-target complex.

Condition-independent connectivity

The regions resulting from the first analysis correspond to the network
functionally connected to the seed regions across conditions.

Right TPJ seed region

r'TPJ was bilaterally connected to the insular, occipitotemporal, medial
frontal and intraparietal cortex. Unilaterally, the rTPJ was connected to
the right medial parietal, the right ventral premotor (PMv) and the left
inferior frontal cortex (Figure 2A).

Left TPJ seed region

Similarly to rTP], the ITP] was bilaterally connected to insular, medial
frontal and intraparietal cortices. Unilaterally the ITPJ was connected
to the right precentral gyrus, and the left occipitotemporal and PMv
cortices (Figure 2B).

Condition-dependent connectivity between seed and target
regions

Here, we show the network in which the connectivity with the seed
regions was modulated as a function of body-selective, synchrony-
related and perspective-dependent changes in self-location.
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Fig. 2 Condition-independent network. Blue-to-red scale represents the statistics (t;) of the voxel-wise analyses testing whether the average connectivity across conditions with right TPJ (A) and left TPJ (B)
seed regions (contoured in black) was statistically significant. Vertical white arrows indicate the location of the central sulcus (CS). Horizontal white arrows indicate the anterior (ANT) and posterior (POST) pole

of the brain.

Right TPJ seed region

Within the network connected to rTPJ, the connectivity values (cor-
relation index) were modulated as a function of the three experimental
factors only in right insula (rIns1) and right supplementary motor area
(rSMA; Figure 3A; Table 1). The rInsl target region had 90% of the
voxels within the insular cortex. The rfSMA target region had 86% of
the voxels within the SMA.

Between rTPJ seed region and rlnsl target region (Figure 4A), for
both the up- and down- groups, the connectivity was significantly dif-
ferent between synchronous and asynchronous stroking only in the
body conditions [F(1,20) =14.8; P<0.001]. In addition, these body-
specific and stroking-dependent differences were modulated in the op-
posite fashion by first-person perspective. The post-hoc comparisons
showed that for the up-group the correlation index was higher
(P<0.01) during synchronous (0.36) than asynchronous stroking
(0.13); the opposite was found for the down-group: the correlation
index was lower (P<0.02) during synchronous (0.11) than asynchron-
ous stroking (0.32). No other interactions or main effects were observed
(all P>0.27). This pattern of correlation index suggests that the con-
nectivity between rTPJ and rIns1 reflected changes in self-location that
further depended on the experienced direction of the first-person per-
spective, visuotactile stimulation and the presence of a body.

The analysis of the correlation index between rTPJ seed region and
rSMA target region revealed a significant interaction between

perspective, object and stroking [F(1,20) =25.1; P<0.0001]. In par-
ticular, in the body conditions the correlation index for the up-group
was higher (P<0.004) during synchronous (0.27) than asynchronous
stroking (0.09; Figure 4B), whereas for the down-group it was lower
(P<0.05) in the synchronous (0.07) than the asynchronous condition
(0.19). However, in contrast to the pattern found between rTPJ and
rInsl, the correlation index between rTPJ and rSMA was significantly
different also in the no-body conditions, and thus was not body-
specific. For the wup-group, the correlation index was lower
(P<0.025) during the synchronous (0.046) than the asynchronous
condition (0.17). For the down-group, it was higher (P<0.03)
during synchronous (0.18) than asynchronous stroking (0.05). No
other interactions or main effects were observed (all P>0.28). This
pattern of correlation index indicates that the connectivity between
r'TPJ and rSMA is not body-specific, but depends on visuotactile syn-
chrony and is affected by the direction of first-person perspective.

Left TPJ seed region

Within the network functionally connected to the ITP] seed region, the
correlation index was modulated as a function of the three experimen-
tal factors in the (contralateral) right insula [rIns2; F(1,20) =19.2;
P<0.0003] and the (ipsilateral) left basal ganglia [IBG;
F(1,20) =21.1; P<0.0002]. The rIns2 target region had 56% of the
voxels within the insula, 19% within the rolandic operculum and
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Fig. 3 Condition-dependent network. White outlines indicate right TPJ (A) and left TPJ (B) seed regions. Blue outlines indicate the condition-independent networks. Red cluster indicate regions with significant

experiment-related modulation of the connectivity index.

Table 1 Condition-dependent FC

Region (label) Hemisphere 1(1,20) Cluster MNI coordinates

score size (voxel) — —m8H
X Y 7
Precentral gyrus (rSMA)  Right 4.76 504 7 15 70
Insula (rlns1) Right 4.20 508 47 —15 19
Insula (rlns2) Right 3.89 342 46 2 0
Basal Ganglia (IBG) Left 4.64 496 -29 =21 9

Clusters” anatomical definition (label), statistics, size and MNI coordinates.

25% within the inferior frontal gyrus. The IBG target region had 95%
of the voxels within the IBG (Table 1).

For the down-group the correlation index between ITPJ seed region
and rIns2 target region (Figure 4C) was significantly different during
synchronous and asynchronous stroking in both the body and the no-
body conditions. Thus, in the body conditions the correlation index
was lower (P<0.001) during synchronous (0.07) than asynchronous
stroking (0.29). The opposite was found in the no-body conditions
[synchronous (0.33) higher (P<0.001) than asynchronous (0.08)].
These comparisons were not significantly different in the up-group
(all P>0.16). These results show that the FC between 1TP] and rIns2
only in the down-group reflected stroking related differences that dif-
fered between body and no-body (control) conditions.

The significant interaction between perspective, object and stroking
for the connectivity between 1TP] seed region and 1BG target region

was driven by the highest correlation index for the down-group during
the synchronous stroking in the no-body condition (0.31), with respect
to all the other conditions (all other correlation indices<0.17; all
P<0.05). As the stroking-related difference in the correlation index
between 1TP] and IBG was found only in the down-group and only in
the no-body condition, we conclude that the connectivity between
these two clusters does not reflect changes in self-location and first-
person perspective.

FC between target and control regions

To test the specificity of the connectivity pattern between the seed and
the target regions, we selected a control region (IDLPFC) and analyzed
the correlation index between this control region and all the voxels in the
brain, including the target regions identified previously. There were no
significant main effects or interactions for the correlation index of
IDLPFC with rIns1, rfSMA, rIns2 or IBG (all P> 0.08). Thus, the control
region did not show the condition-dependent pattern of connectivity
that characterized the relationship between seed and target regions,
i.e. the interaction between perspective, object and stroking.

DISCUSSION

Condition-independent connectivity

We found that rTPJ and 1TP] were bilaterally connected to partially
overlapping brain networks including SMA, PMyv, intraparietal cortex,
occipitotemporal cortex and insula. Several of these regions have been
linked to bodily self-consciousness (see Blanke, 2012 for review).
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Fig. 4 Connectivity patterns. Correlation index between right TPJ and right Insula (A), right TPJ and right SMA (B), left TPJ and right Insula (C). Synchronous (red) and asynchronous stroking (blue) are
represented for each condition. Asterisks and error bars represent significant differences and standard errors, respectively.

Intraparietal and PM cortices process multisensory visuotactile and
proprioceptive information both in primate (Duhamel et al., 1998;
Graziano et al., 2000, respectively) and human brain (Macaluso
et al., 2003; Baier and Karnath, 2008, respectively). Interestingly, the
PMv regions reported here, stereotaxically correspond to the PMv re-
gions associated with illusory body ownership due to multisensory
conflicts (Petkova et al, 2011a). Hllusory body ownership is further
associated with intraparietal activity (Ehrsson et al, 2004; Lloyd
et al., 2006; Kanayama et al., 2009; Evans and Blanke, 2013) and is
reduced due to Transcranial magnetic stimulation over the intrapar-
ietal cortex (Kammers et al., 2009) or lesion of the PM cortex (Zeller
et al., 2011). The regions that we defined as occipitotemporal cortex
overlapped with the extrastriate body area (Astafiev et al., 2004), which
encodes viewpoint (Chan et al., 2004; Saxe et al, 2006), visual self-
recognition (Myers and Sowden, 2008) and mental own-body trans-
formations (Blanke et al., 2010). The present FC-fMRI data show that
processing of self-related multisensory bodily information recruits a
bilateral network centered at TPJ and included the premotor,
intraparietal and occipitotemporal cortices.

A partially overlapping network is involved in (visuospatial) atten-
tion reorienting (review in Corbetta and Shulman, 2011). Indeed
stimulus-driven attentional processing activates not only TPJ
(Shulman et al., 2010) but also insula, and inferior and medial frontal
cortices (Corbetta and Shulman, 2002). However, visual attentional

tasks have been associated also with decreased activity in TPJ
(Shulman et al., 1997; Gusnard and Raichle, 2001). In addition, neuro-
logical patients suffering from visuospatial neglect due to lesions of TPJ
(Karnath ef al., 2001) show impairments in perspective taking as well
as deficits in stimulus-driven reorienting attention (Rengachary et al.,
2011). According to these data, though mechanisms related to bodily
self-consciousness and attention reorienting seem to recruit common
neural substrates, further investigations are required to disentangle
their reciprocal influence.

Condition-dependent connectivity

Within the network functionally connected to left and right TPJ, we
found that in right insula (rInsl and rIns2 clusters) and SMA (rfSMA
cluster) the strength of connectivity was modulated by the experimen-
tal conditions, i.e. the level of correlated activity depended on
self-location and first-person perspective. The sensitivity of FC to ex-
perimental manipulations (Hampson et al., 2004, 2006) and patho-
logical conditions (Irwin et al., 2004; Waites et al., 2006; Negishi et al.,
2011; Salomon et al., 2011; Salomons and Kucyi, 2011) has already
been demonstrated. In this study, we found that the (ipsilateral) cou-
pling of rTPJ activity with rInsl—and to a lesser extent with
rSMA—reflected changes in experimentally manipulated self-location
and first-person perspective. Thus, rInsl showed a body-specific
modulation of FC with right TPJ, further depending on the direction
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of first-person perspective. ITPJ—rIns2 (contralateral) coupling was less
selective and only reflected changes in self-location and first-person
perspective for down-looking participants. We note that the rlnsl
target region was stereotaxically located in a more posterior part of
the insular cortex with respect to the (more anterior) rlns2 target
region. Finally, the rTPJ-rSMA connectivity pattern differed qualita-
tively with respect to the rTPJ-rInsl pattern. In particular, the syn-
chrony-dependent connectivity between rTP] and rSMA varied as a
function of the stroking not only in the body condition but also in the
no-body control condition. Based on these data, we conclude
that rfSMA showed a first-person perspective dependent (but not
body-specific) modulation of connectivity with rTP].

Right TPJ—right (posterior) insula

The insular cortex is anatomically connected to TPJ and premotor
cortex (Augustine, 1996; Dijkerman and de Haan, 2007). Similarly to
SMA, posterior insula (PI) is involved in several self-related processes,
including self-attribution (Farrer and Frith, 2002), agency (Farrer ef al.,
2003b), self-recognition (Devue et al., 2007), first-person perspective
(Vogeley et al., 2004) and body ownership (Tsakiris et al, 2007).
Furthermore, impairments in self-attribution are associated with insu-
lar lesions (Baier and Karnath, 2005; Berti et al., 2005; Karnath et al.,
2005). The present study reveals that the connectivity between right
TPJ and right PI is body-selective and modulated by changes in self-
location and first-person perspective. On the basis of their co-activa-
tion, the coupling between right TPJ and right PI has been considered
important for self-orientation (Bottini et al, 1994a, 1994b; Bucher
et al, 1998; Bense et al., 2001) and egocentric frame of reference
(Fink et al., 2003). The present data support that the network involved
in processing self-location and first-person perspective comprises TP]
and PI, and that there is a right-hemispheric dominance of these self-
related mechanisms, confirming previous theories (Keenan et al., 2005;
Vallar and Ronchi, 2009).

Left TPJ—right (anterior) insula

The right anterior insula (AI) is involved in encoding different physio-
logical internal states (review in Craig, 2009), as well as interoceptive
awareness (Craig, 2002), subjective feelings (de Greck et al., 2008) and
self-recognition (Devue ef al., 2007). On this basis, right AI has been
considered part of a self-reflective network (Sridharan et al., 2008),
important for maintaining a coherent sense of self (Craig, 2009).
The present data show that the contralateral connectivity between
left TPJ and right Al is modulated by changes in self-location due to
visuotactile multisensory stimulation only in the down-looking per-
spective group and independent of whether a body was shown or not.
Interestingly this experimentally induced downward perspective due to
multisensory conflict (Ionta et al, 2011b) corresponds to the illusory
perception reported by neurological patients suffering from out-of-
body experiences (Blanke et al., 2004) and may point to an implication
of right Al in encoding related multisensory information (Bushara
et al., 2001). The coupling between TP]J and Al is crucial in self-related
multisensory mechanisms linking sensory stimulation to conscious
awareness (Corbetta et al., 2008). The data of this study support the
right-lateralized predominance of the TPJ-AI complex in processing
self-location and first-person perspective. Such right-lateralized pre-
dominance has been associated with self-awareness (Critchley et al.,
2004), supporting the role of right AI in self-related processing
(Dijkerman and de Haan, 2007; Craig, 2009).

Right TPJ—right SMA

Similarly to TPJ, SMA is involved in self-awareness (Boly et al., 2007;
Owen et al., 2007; Monti et al., 2010) as well as in a wide range of self-
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related mechanisms, including memory (Macrae et al., 2004), language
(Esslen et al., 2008), and personality (Kjaer et al., 2002). Abnormalities
in SMA activity are associated with deficits in self-consciousness
(Heydrich et al, 2010; Lopez et al., 2010). In addition, thanks to its
multimodal nature (Mukamel et al, 2010) and similarly to TPJ
(Rodriguez Moreno et al, 2010), SMA encodes global body-related
visuotactile multisensory conflicts inducing illusory self-location
(Lenggenhager et al, 2011). The present FC-fMRI data further
extend these findings by showing that the condition-dependent modu-
lation of connectivity between right TPJ and right SMA reflects syn-
chrony-related and first-person-dependent processing of conflicting
multisensory visuotactile information. This suggests that the coupling
between right TPJ and SMA reflects changes in the conscious first-
person perspective.

Taken together, our findings point to a specialized network involved
in computations of bodily self-consciousness. The approach of using
condition-independent connectivity based upon regions of interest
derived from functional (condition-related) activations has several
advantages. First, it allows investigating, in the same subjects, brain
networks which are functionally connected, decoupled from the acti-
vations associated with the experimental design. This has been shown
to be effective in detecting cortical networks related to non-bodily self-
related processes like episodic memory or personal preferences (e.g.
Sestieri et al., 2011; Salomon et al., 2013), but not tested for bodily self-
consciousness. Second, the use of activity-defined ROIs derived from
the same participants allows guiding the analysis of condition-inde-
pendent connectivity, which is typically performed using data-driven
methods (e.g. Greicius et al., 2008; Jafri et al., 2008). This procedure
allows targeting specific regions related to particular cognitive pro-
cesses, within subjects. In contrast to traditional fMRI activation ana-
lysis, the FC method used here allowed us to identify the network
involved in processing specific components of bodily self-conscious-
ness. In this vein, our findings showed that the network condition-
dependently connected to bilateral TPJ included insula and SMA,
which were shown to be involved in multisensory processing associated
with self-location (review in Blanke, 2012) but so far were not included
in a broader network. FC has been suggested to relate to structural-
anatomical connectivity (Sporns et al., 2000; Greicius et al, 2009;
Honey et al, 2009); hence, the correlations revealed in this study
may indicate a functional structural network involved in the formation
of bodily self-consciousness. The condition-related modulations re-
ported here suggest that within a generalized network, heightened
correlated fluctuations between specific nodes may be related to dis-
tinctive components of bodily self-consciousness.

CONCLUSIONS

Here, we report three main findings. First, independent of changes in
self-location and first-person perspective, TPJ activity is coupled with a
bilateral brain network including SMA as well as premotor, parietal,
occipitotemporal and insular cortices. Second, a specific brain network
encodes two components of self-consciousness, namely self-location
and first-person perspective. Third, this network is right-hemispheric
predominant and comprises bilateral TPJ, right insula and right SMA.

Based on these data, we propose that a right-lateralized brain net-
work is responsible for processing multisensory information associated
with self-location and first-person perspective as sub-components of
self-consciousness, and that the modulations in the intensity of experi-
mentally induced changes in bodily self-consciousness are reflected in
the coupling within a specific brain network including bilateral TPJ,
right insula and right SMA. We further suggest that in bodily illusions
leading to body-specific changes in self-location and first-person per-
spective, the right insula exchanges information with both left and
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right TPJ. Conversely, when encoding coherent visuo-tactile multisen-
sory information regardless the presence of a human body, the right
SMA is connected with only the right TPJ.

SUPPLEMENTARY DATA
Supplementary data are available at SCAN online.
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