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Abstract

The sense of body ownership, defined as the sensation that one’s body belongs to oneself, is a fundamental compo-
nent of bodily self-consciousness. Several studies have shown the importance of multisensory integration for the
emergence of the sense of body ownership, together with the involvement of the parieto-premotor and extrastriate
cortices in bodily awareness. However, whether the sense of body ownership elicited by different sources of signal,
especially visuotactile and visuomotor inputs, is represented by common neural patterns remains to be elucidated.
We used functional magnetic resonance imaging (fMRI) to investigate the existence of neural correlates of the sense
of body ownership independent of the sensory modalities. Participants received tactile stimulation or executed finger
movements while given synchronous and asynchronous visual feedback of their hand. We used multivoxel patterns
analysis (MVPA) to decode the synchronous and asynchronous conditions with cross-classification between two mo-
dalities: the classifier was first trained in the visuotactile sessions and then tested in the visuomotor sessions, and
vice versa. Regions of interest (ROIs)-based and searchlight analyses revealed significant above-chance cross-classi-
fication accuracies in the bilateral intraparietal sulcus (IPS), the bilateral ventral premotor cortex (PMv), and the left ex-
trastriate body area (EBA). Moreover, we observed a significant positive correlation between the cross-classification
accuracy in the left PMv and the difference in subjective ratings of the sense of body ownership between the syn-
chronous and asynchronous conditions. Our findings revealed the neural representations of the sense of body own-
ership in the IPS, PMv, and EBA that is invariant to the sensory modalities.

Key words: functional magnetic resonance imaging (fMRI); multivoxel pattern analysis (MVPA); rubber hand illu-
sion (RHI); sense of body ownership

(s )

Previous studies have shown neural correlates of the sense of body ownership in parieto-premotor and ex-
trastriate cortices. However, whether the sense of body ownership induced by different sensory inputs is
represented in common neural patterns remains unelucidated. Using functional magnetic resonance imag-
ing (fMRI) with multivoxel pattern analysis (MVPA), we investigated neural representations of the sense of
body ownership invariant to modalities. Decoding neural patterns for visuotactile and visuomotor modalities
revealed successful cross-classification accuracies in intraparietal sulcus (IPS), ventral premotor cortex
(PMv), and extrastriate body area (EBA). Furthermore, cross-classification accuracy in PMv was positively
correlated with subjective ratings of the sense of body ownership. These findings demonstrate that supra-
\modal representations in parieto-premotor and extrastriate cortices underlie the sense of body ownership. /
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Introduction

The brain receives multiple signals from the sensory
channels. The integration of multimodal sensory informa-
tion contributes to the coherent representation of the self
(Tsakiris, 2010, 2017; Petkova et al., 2011; Blanke, 2012).
Previous research in macaques has empirically revealed
the involvement of the parieto-premotor cortices in the
process of multisensorial information about the body vi-
cinity. Neurons in the premotor and the parietal cortices
are modulated by more than one sensory signal, and the
integration is maximized when stimuli are spatiotempor-
ally congruent. Considering that multisensory integration
requires different sensory inputs to be unified in individual
neurons, bimodal neurons are ideal candidates for multi-
sensory convergence (Graziano et al., 1997; Duhamel et
al., 1998; Avillac et al., 2007).

The sense of body ownership is a component of bodily
self-consciousness based on multisensory integration
and is defined as the sensation that part of or the whole
body belongs to oneself. It has been approached by theo-
retical papers from both a phenomenological (Gallagher,
2000; Blanke and Metzinger, 2009) and a neurocognitive
(Tsakiris, 2010; Blanke, 2012) perspective. Theoretical and
empirical work has investigated the sense of body owner-
ship, using the rubber hand illusion (RHI; Armel and
Ramachandran, 2003; Tsakiris and Haggard, 2005; Apps
and Tsakiris, 2014; Tsakiris, 2017). RHI is an experi-
mental paradigm, whereby participants feel ownership
of a fake hand placed in front of them after synchronous
touch of their real hand and the fake one (Botvinick and
Cohen, 1998). Converging evidence suggests that the illu-
sion is induced when visual and proprioceptive signals are
synchronized (Shimada et al., 2005, 2009, 2014; Bekrater-
Bodmann et al., 2014).

RHI has been widely employed to investigate multisen-
sory integration and the sense of body ownership albeit
with methodological differences (for review, see Riemer
et al., 2019). This might raise the issue of whether multi-
sensory integration under different conditions induces
the same perceptual experience. Although the findings
are not consistent and depend on whether subjective ratings
or proprioceptive drift were used, previous behavioral stud-
ies involving a direct comparison of visuotactile and visuo-
motor conditions reported that both conditions result in a
similar ownership sensation (Tsakiris et al., 2006; Kalckert
and Ehrsson, 2014a). However, whether the behaviorally
similar sense of body ownership is represented by a
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common or by distinct spatial neural activities is un-
known. Neuroimaging studies have identified brain re-
gions associated with the sense of body ownership,
such as the intraparietal sulcus (IPS), the ventral pre-
motor cortex (PMv), and the extrastriate body area
(EBA). However, the neural correlates of the sense of
body ownership induced by tactile stimulation and kines-
thetic movement have been investigated independently by
different studies (Ehrsson et al., 2004; Tsakiris et al., 2010;
Gentile et al., 2011; Olivé et al., 2015; Lee and Chae, 2016;
Limanowski and Blankenburg, 2016a). Furthermore, prior
functional magnetic resonance imaging (fMRI) studies have
mainly conducted a univariate analysis of the overall acti-
vation increase in a region, not providing information about
the similarities in the spatial activation patterns between
different sensory modalities.

Here, we aimed to examine whether the sense of body
ownership induced by visuotactile and visuomotor inputs
is represented in common neural activation patterns. We
manipulated the participant’s sense of ownership of their
hand using tactile stimulation and finger movement within
a single fMRI experiment. We then used multivoxel pattern
analysis (MVPA). In contrast to the conventional subtrac-
tion-based fMRI analysis, MVPA enables the identification
of differences in spatial patterns of activated voxels in a re-
gion (Haynes and Rees, 2005; Kamitani and Tong, 2005;
Kriegeskorte et al., 2006; Norman et al., 2006). We thus
examined whether differences in the multivoxel spatial
patterns in synchronous and asynchronous conditions
were common to each modality and predicted that the
IPS, PMv, and EBA, regions associated with the sense of
body ownership, could decode the differences regard-
less of the modalities.

Materials and Methods

Participants

Twenty-six healthy volunteers (14 males and 12 fe-
males) with a mean age of 22.38years (20-28 years)
participated in the experiment. The number of partici-
pants was determined based on previous fMRI experi-
ments (Gentile et al., 2011; Bekrater-Bodmann et al.,
2014). All participants were right-handed as assessed
by a modified version of the Edinburgh Handedness
Inventory (Oldfield, 1971). Written informed consents
were obtained from all participants in accordance with
the Declaration of Helsinki. The experimental protocol was
approved by the local ethics committee. All participants
were naive to the purpose of the fMRI experiment, although
two of them had previously participated in behavioral RHI
experiments. One participant with large head movements
(maximum translation per session, 66.44 mm) during the
scanning was excluded from the analysis. Thus, the final
analysis included 25 participants.

Experimental design and statistical analysis

We employed a two-by-two within-subject factorial de-
sign. We manipulated the type of modalities (i.e., visuotac-
tile vs visuomotor) and the timings of the visual feedback
(i.e., synchronous vs asynchronous). In the visuotactile
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condition, the participant’s right index finger was stroked
with a paintbrush. In the visuomotor condition, the par-
ticipants raised and lowered their right index finger on
their own. In the synchronous condition, videos of the
strokes or movements were presented in real-time. In
the asynchronous condition, the videos were presented
with a 1000-ms delay. The four conditions were labeled
as visuotactile synchronous (TS), visuotactile asynchro-
nous (TA), visuomotor synchronous (MS), and visuomo-
tor asynchronous (MA).

Statistical analyses were performed using a two-way
within-subject ANOVA, a one-sample t test, and a paired
t test. To control for the problem of multiple comparisons,
we applied the Holm-Bonferroni procedure (Holm, 1979)
based on the number of regions of interest (ROIs) in the left
and right hemispheres, respectively. We used Pearson’s r
to investigate the correlation between the cross-classifica-
tion accuracies and the subjective ratings in the question-
naire. The statistical significance level is reported for each
analysis.

Experimental setup

The participants lay comfortably in a supine position on
the bed in the MRI scanner. The participant’s hand was ex-
tended on the bed in a relaxed position and hidden from
their own view. A flexible arm (Articulated arm mount, MRC
Systems GmbH) was attached to the head coil with an
MRI-compatible color camera (12 M-i, MRC Systems
GmbH) fixed at the end of the arm. This camera captured
videos of the participant’s right hand. The videos were pro-
jected on the monitor using Light Capture (I-O DATA) in the
control room in an anatomically congruent frame with re-
spect to the real hand. A webcam (C270n, Logitech) cap-
tured the videos on the monitor using MATLAB (The
MathWorks). The videos were presented on a liquid crys-
tal display (NNL LCD Monitor, NordicNeuroLab) and pro-
jected onto a custom-made viewing screen. The participants
viewed the screen via a mirror. Real-time video transfer was
realized with a minimal intrinsic delay of ~400 ms in the syn-
chronous condition. The intrinsic delay refers to the time dif-
ference between the movement of the right hand and the
movement of the hand on the screen. It was calculated by as-
sessing how long (in ms) after the movement of the real hand,
the movement of the hand appeared on the LCD using
Adobe Premiere Pro (Adobe Inc.). In the asynchronous condi-
tion, a systematic delay of 1000 ms was added to the intrinsic
delay. The distance between the camera and the real hand
was adjusted before the experiment according to the size of
the participant’s hand to make it easier for the participant to
see their hand on the screen via a mirror. The video presenta-
tion was implemented by Computer Vision Toolbox (https://
mathworks.com/products/computer-vision.html), Image
Processing Toolbox (https://mathworks.com/products/
image.html), MATLAB Support Package for USB Webcams
(https://mathworks.com/matlabcentral/fileexchange/45182-
matlab-support-package-for-usb-webcams), and Psy-
chtoolbox (http://psychtoolbox.org/) for MATLAB.

Participants heard a beep through MRI-compatible
headphones (Resonance Technology Inc.) to ensure that
the number of finger movements was the same among

February 2023, 10(2) ENEURO.0332-22.2023

Research Article: Confirmation 3 of 16
participants. They heard the beep both in the visuotactile
and visuomotor sessions to prevent a confounding effect
of the beep. The beep sound was created at a frequency
of ~1 Hz with a jitter of —200, 0, or +200 ms added pseu-
do-randomly to make the stimulation sequence unpre-
dictable. The beep output from the computer was split in
two: one output to the participant’s headphones and an-
other sounded in the entire MRI room via the intercom as
a cue for the experimenter to apply brushstrokes to the
participant’s hand. The beep sounded in the entire MRI
room both in the visuotactile and visuomotor sessions.
The beep presentation was implemented by MATLAB

(Fig. 1).

Task procedures

There were four experimental sessions. The visuotactile
and visuomotor sessions were each performed twice in
succession. The order of sessions was pseudo-random-
ized across the participants. Each session consisted of 16
trials, eight in synchronous and eight in asynchronous con-
ditions. Synchronous or asynchronous conditions were de-
termined pseudo-randomly, but the same type of visual
feedback was not repeated three times in succession.

Each trial began with 2 s of yellow fixation cross, fol-
lowed by 18 s of videos of the participant’s right hand. In
the visuotactile sessions, tactile stimulation was delivered
by an experimenter manually with a paintbrush at a fre-
quency of ~1Hz during 18 s, as cued by a beep. The
upper part of the participant’s right index finger was
stroked from the fingertip to the knuckle at one beep and
inversely from the knuckle to the fingertip at the next
beep. To know when to start and end stroking, an experi-
menter checked the LCD placed adjacent to the MRI
scanner during the stimulation. Because of a malfunc-
tion of the projector, the LCD was placed near the par-
ticipant’s head for five subjects. The five participants
viewed the videos on the LCD via a mirror. In these
cases, an experimenter stroked the participant’s right
index finger while looking inside the MRI scanner to
check the LCD. In the visuomotor sessions, the partic-
ipants lifted their right index finger at one beep and
lowered it at the next beep at the same rate during
18 s. To remove the confounding influence of the pres-
ence of people between the visuotactile and visuomo-
tor sessions, an experimenter kept standing beside
the participant in the same position as in the visuotac-
tile sessions. Subsequently, a white fixation cross was
presented for 8 s and served as baseline (Fig. 2). The
participants heard a beep via MRI-compatible head-
phones throughout the fMRI scanning period. The vid-
eos were recorded and analyzed after the experiment.
The average (SD) number of brush strokes and finger
movements for each participant was 16.55 (0.95). The
participants practiced the finger movements for 1 min
before they entered the MRI scanner.

After every two sessions, the participants completed
questionnaires to report their subjective experience in the
MRI scanner (Table 1). The questionnaire items were
based on those used by Kalckert and Ehrsson (2014a,b).
The questionnaire consisted of six items with items (1)—(4)
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Figure 1. Experimental setup. The participants watched videos of their right hand captured by the camera attached to the end of
the flexible arm on the head coil. In the visuotactile sessions, an experimenter stroked the participant’s right index finger at a fre-
quency of ~1Hz to a beep sounded in the MRI room. In the visuomotor sessions, the participants lifted and lowered their right
index finger on their own at the same rate to a beep heard through headphones while an experimenter stood beside them.

serving as indicators of the sense of body ownership
(Ownership) and with items (5) and (6) serving as controls for
ownership, in particular for task compliance, suggestibility,
and expectancy effects (Ownership control; Kalckert and
Ehrsson, 2014a,b). The item order was pseudo-randomized.
Responses were self-paced and were made using a seven-
point Likert scale, ranging from +3 (strongly agree) to —3
(strongly disagree), with 0 indicating neither agreement nor
disagreement or “uncertainty.” We recorded the responses
using MRI-compatible response pads (Current Design). The

x 16 times

4s

Figure 2. Schematic depiction of the time course of the visuo-
tactile and visuomotor sessions. Trials began with the yellow fix-
ation cross as the cue. Two seconds later, the videos of the right
hand were displayed for 18 s, followed by the white fixation
cross for 8 s. In eight out of 16 trials, the videos were presented
synchronously with the tactile stimuli or finger movements. In the
other eight trials, the videos were displayed with a systematic
delay of 1000 ms. The videos were never synchronous or asyn-
chronous three times in succession.
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participants answered the six items twice in succession,
once for the synchronous condition and once for the asyn-
chronous condition. The order of questionnaire items was
pseudo-randomized across the participants, but with the
same order across the modalities within a participant. To
avoid the confounding effect of the hands used to rate
items, the participants were pseudo-randomly divided
into two groups according to which hand they used to
rate items as positive. The right index finger, which was
stimulated by the paintbrush and used for finger move-
ments, was not assigned to press the button. The ques-
tionnaire presentation was implemented by PsychoPy
(Peirce et al., 2019).

Functional EBA localizer scan

An independent functional localizer scan was per-
formed for all participants after the visuotactile and visuo-
motor sessions to determine a ROI of the EBA selectively
activated by body parts (Downing et al., 2001). The proto-
col was adapted from a previous study (Taylor et al.,

Table 1: Statements used in the questionnaire to quantify
the subjective experience of the sense of body ownership

| felt as if | was looking at my own hand
| felt as if the hand in the video was

part of my body
3 Ifelt asif the hand in the video was my hand
4 [felt as if my real hand was turning the

hand into the video
It seems as if | had more than one right hand
It felt as if | had no longer a right hand,

as if my right hand had disappeared

Ownership 1
2

Ownership
control

o O

As the present study did not use a fake hand but presented their own hand to
the participants via video feedback, the item “| felt as if my real hand was turn-
ing the hand into the video” adapted from Kalckert and Ehrsson (2014a,b)
was analyzed as Ownership.
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2007). A total of 16 blocks were performed, which con-
sisted of 8 body blocks and 8 control blocks. A body
block consisted of 20 images of headless human body
parts in different postures, which were alternated with a
control block consisting of 20 images of chairs. All images
were grayscale. Each image was presented for 300 ms,
followed by a black screen for 450 ms. A fixation cross
was intercalated at the end of each block for 12 s as base-
line. To maintain and monitor attention, the participants
performed a one-back repetition detection task during the
scan. The same images were presented twice in succes-
sion, twice during each block. The participants were
asked to press a button with the right index finger when
they detected the immediate repetitions. The responses
were recorded using MRI-compatible response pads. The
participants practiced a shorter version of the task outside
the MRI scanner before the experiment. The stimuli pre-
sentation was implemented by PsychoPy (Peirce et al.,
2019).

MRI data acquisition

All scans were performed on a Siemens 3-Tesla Prisma
scanner with a 20-channel head coil at Hokkaido University.
T2*-weighted echoplanar imaging (EPI) was used to acquire
a total of 229 and 219 scans per session for the main and
localizer sessions, respectively, with a gradient echo EPI
sequence. The first three scans of each session were dis-
carded to allow for T1 equilibration. The scanning parame-
ters were repetition time (TR), 2000 ms; echo time (TE),
30ms; flip angle (FA), 90°; field of view (FOV), 192 x 192
mm; matrix, 94 x 94; 32 axial slices; and slice thickness,
3.5 mm with a 0.875 mm gap. T1-weighted anatomic imag-
ing with an MP-RAGE sequence was performed using the
following parameters TR, 2300ms; TE, 2.32ms; FA, 8°;
FOV, 240 x 240 mm; matrix, 256 x 256; 192 axial slices;
and slice thickness, 0.90 mm without a gap.

Processing of fMRI data

Image preprocessing was performed using the SPM12
software (Wellcome Department of Cognitive Neurology,
http://www: fil.ion.ucl.ac.uk/spm). All functional images
were initially realigned to adjust for motion-related artifacts.
Volume-based realignment was performed by co-register-
ing images using rigid-body transformation to minimize
the squared differences between volumes. The realigned
images were then spatially normalized with the Montreal
Neurologic Institute (MNI) template based on the affine and
nonlinear registration of co-registered T1-weighted anatom-
ic images (normalization procedure of SPM). They were re-
sampled into 3 x 3 x 3 mm voxels with sinc interpolation.
Images were spatially smoothed using a Gaussian kernel of
6 x 6 x 6 mm full width at half-maximum. However, images
used for MVPA were not smoothed to avoid blurring the
fine-grained information contained in the multivoxel activity
(Mur et al., 2009; Kamitani and Sawahata, 2010).

Using the general linear model, the 16 blocks per ses-
sion were modeled as 16 separate boxcar regressors that
were convolved with a canonical hemodynamic response
function. Low-frequency noise was removed using a high-
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pass filter with a cutoff period of 128 s, and serial correla-
tions among scans were estimated with an autoregressive
model implemented in SPM12. This analysis yielded 16
independently estimated parameters (B8 values) per ses-
sion for each individual voxel. These parameter estimates
were then z-normalized across voxels for each trial and
were subsequently used as inputs to MVPA.

Definition of ROls

We chose the IPS and PMv as ROls because previous
studies revealed that these regions are primarily involved
in the multisensory processes implicated in the sense
of body ownership. Electrophysiological studies reported
that neurons located in the premotor and parietal cortices
of macaques respond to stimuli from not only one but
also multiple sensory modalities (Graziano et al., 1997;
Duhamel et al., 1998; Avillac et al., 2007). This finding is
supported by neuroimaging research in humans revealing
greater activations in the IPS and PMv when both visual
and tactile stimuli are presented compared with the acti-
vation resulting from either a visual or a tactile stimulus
(Gentile et al., 2011). Studies using RHI consistently found
that multisensory integration occurs in the IPS and PMv
when stimuli are spatiotemporally congruent, resulting in
the self-attribution of a fake hand (Ehrsson et al., 2004;
Limanowski and Blankenburg, 2015; Olivé et al., 2015).
Recent studies using transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS)
also revealed the involvement of these regions in the sense
of body ownership (Karabanov et al., 2017; Convento et
al., 2018; Lira et al., 2018). The finding is confirmed by a
meta-analysis of human neuroimaging studies that investi-
gated the relationship between peripersonal space and the
sense of body ownership (Grivaz et al., 2017). Grivaz et al.
(2017) have shown that the posterior parietal cortex (the bi-
lateral IPS and superior parietal lobule), right PMv, and left
anterior insula are involved in the sense of body ownership.
Therefore, the IPS and PMv are likely responsible for the
multisensorial process of body ownership.

Additionally to the frontoparietal regions, the EBA,
which is part of the lateral occipital cortex (LOC), was cho-
sen as ROI. The EBA has been associated with the visual
processing of parts of or all the human body by Downing
et al. (2001). However, recent neuroimaging studies have
shown the involvement of the EBA in the sense of body
ownership. For example, Limanowski and Blankenburg
(2015) revealed increased connectivity between the LOC
and IPS during RHI. The EBA activity is positively corre-
lated with subjective illusion scores (Limanowski et al.,
2014). Wold et al. (2014) reported an increased proprio-
ceptive drift toward the rubber hand after rTMS of the left
EBA.

We followed the previous studies’ procedures as to
whether we used a localizer task to define the IPS, PMv,
and EBA. Previous human neuroimaging studies for the
sense of body ownership have used no specific functional
localizer task to define the IPS and PMv (Gentile et al.,
2013; Limanowski and Blankenburg, 2015, 2016ab, 2018;
Lee and Chae, 2016). Therefore, anatomic templates for
the IPS and PMv were used. The bilateral IPS was defined
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IPS IPS

Left Right

Figure 3. ROIs used in the univariate analysis of the parameter
estimates and ROI-based multivoxel pattern analysis. The bilat-
eral intraparietal sulcus was defined using Anatomy 13 toolbox
(Eickhoff et al., 2005). The bilateral ventral premotor cortex was
defined using the Human Motor Area Template 16 (Laboratory
for Rehabilitation Neuroscience, http://Irnlab.org/; Mayka et al.,
2006). IPS, intraparietal sulcus; PMv, ventral premotor cortex.

using Anatomy toolbox (Eickhoff et al., 2005), and the bi-
lateral PMv was defined using the Human Motor Area
Template (Laboratory for Rehabilitation Neuroscience,
http://Irnlab.org/; Mayka et al., 2006; Fig. 3).

Conversely, the EBA cannot be identified using templates
based on anatomic structures. The prior studies have used
a localizer task to determine the EBA (Limanowski et al.,
2014; Olive et al.,, 2015; Limanowski and Blankenburg,
2016b). Following the procedure used by Olivé et al. (2015),
we measured a significant EBA activation during the presen-
tation of body part images compared with that elicited by
chair images and determined a sphere with a radius of
5 mm centered on MNI coordinates of the group-level analy-
sis with a threshold of p <0.05 corrected for family-wise
error (FWE) with an extent threshold of 10 voxels (MNI coor-
dinates: [—48, —70, 8] for the left hemisphere and [51, —58,
2] for the right hemisphere).

Mass-univariate analysis

We used the conventional mass-univariate analysis of
individual voxels to reveal areas activated in each condi-
tion and its combination. First, we analyzed the main ef-
fect of modalities collapsed across timings of visual
feedback, [(TS + TA) — (MS + MA)] and inversely [(MS +
MA) — (TS + TA)]. Second, we analyzed the main effect of
timings of visual feedback collapsed across modalities,
[(TS + MS) — (TA + MA)] and inversely [(TA + MA) — (TS +
MS)]. Third, we analyzed the interaction effects between
modalities and timings of visual feedback, [[TS—TA) —
(MS—MA)] and inversely [(MS—MA) — (TS—TA)]. For the
analysis of the EBA localizer scan, we compared areas ac-
tivated during the presentation of body parts with regions
activated by chair pictures.

Contrast images were generated for each participant
using a fixed-effects model and were analyzed using a
random-effects model of a one-sample t test. Activation
was reported with a threshold of p <0.05 corrected for
FWE at the voxel-level with an extent threshold of 10 voxels.
If no area survived the threshold, activations with a threshold

February 2023, 10(2) ENEURO.0332-22.2023

Research Article: Confirmation 6 of 16
of p <0.001 uncorrected for multiple comparisons at the
voxel-level with an extent threshold of 10 voxels were re-
ported. The brain region names were reported with refer-
ence to the automated anatomic labeling atlas 3 (AALS;
Rolls et al., 2020). We additionally compared the averaged
parameter estimates (8 values) of ROIs using a two-way
within-subject ANOVA with modalities (i.e., visuotactile
vs visuomotor) and timings of visual feedback (i.e., syn-
chronous vs asynchronous) as factors.

Multivoxel pattern analysis (MVPA)

The multivariate classification analysis of fMRI data was
performed with a multiclass classifier based on a linear
support vector machine implemented in LIBSVM (http://
www.csie.ntu.edu.tw/~cjlin/libsvm/) with default parame-
ters (a fixed regularization parameter C=1). Multiclass
classification, implemented in LIBSVM, was used to clas-
sify the representations of synchronous and asynchro-
nous conditions. Parameter estimates (B values) of each
trial of voxels within ROIs were used as inputs to the
classifier.

We performed two within-modality and one cross-modal-
ity classification analyses. First, we ran the within-modality
classification analyses between two visuotactile sessions
and between two visuomotor sessions. The classifier was
first trained to discriminate the representations of the syn-
chronous and asynchronous conditions in the first visuotac-
tile session. The same decoder was then tested to assess
whether it could classify the representations of the syn-
chronous and asynchronous conditions in the second vi-
suotactile session. We also conducted a classification in
the reverse direction: trained in the second visuotactile
session and tested in the first visuotactile session. The
averaged decoding accuracy was estimated. The same
processing procedure was applied to the within-visuo-
motor classification analysis. Second, we performed a
cross-modality classification analysis between the vi-
suotactile and visuomotor sessions. The classifier was
first trained to discriminate between the synchronous
and asynchronous conditions in the visuotactile ses-
sions. The same decoder was then tested to determine
whether it could classify the representations of the syn-
chronous and asynchronous conditions in the visuomo-
tor sessions. We also conducted a classification in the
reverse direction: trained in the visuomotor sessions and
tested in the visuotactile sessions. The averaged decoding
accuracy was estimated. Such a cross-conditional MVPA
or cross-classification, a cross-validation between trials
with different sets of tasks or stimuli, has been previously
used to investigate the similarity or invariance of neural rep-
resentations by testing the generalization of a classifier
between different conditions or modalities (Kaplan et al.,
2015). A one-sample t test was used to determine whether
the observed decoding accuracy was significantly higher
than chance (50%) with intersubject difference treated as a
random factor (df = 24). For a ROI-based MVPA, we applied
the Holm-Bonferroni procedure (Holm, 1979) based on the
number of ROIs in the left and right hemispheres, respec-
tively to control for the problem of multiple comparisons.
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Complementary to the a priori ROl analysis, we addi-
tionally conducted a volume-based “searchlight” anal-
ysis (Kriegeskorte et al., 2006). The classification was
performed using multivoxel activation patterns within a
9 mm-radius sphere (searchlight) that contained 123
voxels. The searchlight moved over the gray matter of
the whole brain. The average classification accuracy for
each searchlight with cross-validation was assigned to the
sphere’s center voxel. The resulting map of the decoding
accuracy was averaged over the participants. We used an
uncorrected threshold of p < 0.001 at the voxel-level and a
threshold of p < 0.05 FWE corrected at the cluster-level for
each type of classification analysis. The names of the brain
regions are reported with reference to the AAL3 (Rolls et
al., 2020).

Results

Questionnaire subjective ratings

The behavioral ratings showed a stronger sense of
body ownership in the synchronous condition than in the
asynchronous condition. The mean ratings for items (1)-
(4) were above 0 in the visuotactile and visuomotor syn-
chronous conditions [visuotactile synchronous condition:
(1) 1.16, SD £1.64; (2) 1.20, SD £2.09; (3) 1.16, SD £2.17;
(4) 0.68, SD +1.92 and visuomotor synchronous condi-
tion: (1) 0.52, SD+1.97; (2) 0.76, SD +2.14; (3) 0.64,
SD *£2.09; (4) 0.04, SD *=1.76], demonstrating that the
participants felt as if the hand on the screen was their own
in the synchronous condition. In contrast, the mean ratings
for items (5) and (6) were below 0 in the visuotactile and vi-
suomotor asynchronous conditions [visuotactile asynchro-
nous condition: (5) —1.40, SD +1.74; (6) —2.04, SD =1.18
and visuomotor asynchronous condition: (5) —1.64,
SD +£1.81; (6) —1.24, SD =2.10], indicating that the partici-
pant’s feeling of ownership for the hand on the screen was
less strong than that in the synchronous condition.

Next, the ratings for items (1)—(4) for each condition
were averaged to obtain an ownership score and were
analyzed by a two-way within-subject ANOVA with mo-
dalities (i.e., visuotactile vs visuomotor) and timings of
visual feedback (i.e., synchronous vs asynchronous) as
factors. We found a significant main effect of modalities
(F1.24=7.22, p=0.01, 7% = 0.23). The mean ratings
were higher in the visuotactile condition than those in the
visuomotor condition. We also observed a significant
main effect of timings of visual feedback (F(1,24=51.12,
p <0.01, nf, = 0.68), and the mean ratings were higher in
the synchronous condition than they were in the asyn-
chronous condition. There was no significant interaction
effect between modalities and timings of visual feedback
(Fi1.24y=0.72, p=0.40, 7% = 0.03; Fig. 4).

Lastly, we conducted a paired t test to compare the in-
dividual questionnaire items between the synchronous
and asynchronous conditions. There were statistically
significantor statistical trend toward significant differen-
ces [visuotactile synchronous condition vs visuotactile
asynchronous condition: (1) t=5.11, df =24, p <0.01; (2)
t=6.18,df=24,p <0.01; (3) t=4.11, df =24, p <0.01; (4)
t=4.13, df=24, p<0.01; (5) t = —2.22, df =24, p=0.04;
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3 Condition

Synchronous
-+ Asynchronous

Subjective rating

Visuotactile Visuomotor

Figure 4. Mean ratings for Ownership questions in four condi-
tions (ownership score). The light-colored circles correspond to
the raw data of each participant (n =25) and the means are rep-
resented as dark-colored markers. Error bars indicate the SEM.

(6)t=—1.74,df =24, p =0.09; visuomotor synchronous
condition vs visuomotor asynchronous condition: (1)
t=5.02, df=24, p <0.01; (2) t=6.72, df =24, p <0.01;
(8) t=5.77, df =24, p < 0.01; (4) t=5.48, df =24, p <0.01;
(6) t = —3.15, df =24, p < 0.01]. The ratings were higher in
the synchronous condition than those in the asynchronous
condition for items (1)—(4).

Mass-univariate analysis
We first compared the activities in the visuotactile and
visuomotor conditions collapsed across timings of visual

Table 2: Anatomical regions, peak voxel coordinates, and t
values of observed activation for the main effect of the vi-
suotactile and visuomotor conditions

MNI
coordinates
Anatomic region Voxels x y z t value
Visuotactile > visuomotor
L inferior temporal gyrus 101 —-48 —-67 -7 11.94
L middle occipital gyrus —-45 -70 2 8.66
L middle occipital gyrus -39 -79 8 6.55
L postcentral gyrus 226 -54 -16 38 11.20
L postcentral gyrus —-27 =37 59 10.20
L postcentral sulcus —45 -28 47 9.88
R Rolandic operculum 57 45 -19 17 1119
L Rolandic operculum 130 —-45 -19 20 10.99
L Heschl’s gyrus -39 -16 11 943
L insula -39 -10 5 9.31
R postcentral gyrus 23 57 —-10 35 8.47
R postcentral gyrus 60 —13 44 7.51
R postcentral gyrus 51 —-16 38 6.39
R postcentral gyrus 13 45 -25 50 8.23
R postcentral gyrus 45 -22 41 6.87
L superior temporal gyrus 10 -60 -4 8 7.69
L superior occipital gyrus 18 —-24 -76 29 7.02
L superior occipital gyrus -21 -85 23 6.90
Visuomotor > visuotactile
L central sulcus 32 -33 —-19 50 8.90
L central sulcus -30 -25 59 7.14

Activation was reported with a threshold of p < 0.05 corrected for family-wise
error (FWE) with an extent threshold of 10 voxels. MNI, Montreal Neurologic
Institute; L, left hemisphere; R, right hemisphere.
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Table 3: Anatomical regions, peak voxel coordinates, and t values of observed activation for the main effect of synchronous

and asynchronous conditions

MNI coordinates

Anatomic region Voxels X y z t value

Synchronous > asynchronous
L hippocampus 15 —-12 —-34 11 4.56
R thalamus 14 12 —28 11 4.43

Asynchronous > synchronous
R inferior frontal gyrus, triangular part 731 51 26 -1 6.43
R ventral premotor cortex 39 5 29 6.27
R middle frontal gyrus 30 5 50 5.77
L inferior temporal gyrus 235 —-60 —58 —4 6.37
L middle temporal gyrus —48 —49 14 4.93
L inferior parietal lobule -57 —40 44 4.77
L ventral premotor cortex 319 -33 5 29 6.31
L ventral premotor cortex —51 17 38 5.76
L inferior frontal gyrus, triangular part -57 23 8 4.94
R supplementary motor area 107 6 23 59 6.07
R superior frontal gyrus, dorsolateral 15 14 53 4.95
L supplementary motor area —6 14 50 4.69
R middle temporal gyrus 465 54 —-49 17 5.83
R middle temporal gyrus 57 -16 -10 5.12
R middle temporal gyrus 60 -37 -7 5.01
L intraparietal sulcus 46 -30 -58 44 5.68
R precuneus 44 9 —61 53 5.30
R precuneus 6 —52 41 410
R inferior frontal gyrus, orbital part 17 42 38 -13 5.19
R inferior frontal gyrus, orbital part 33 38 -13 3.80
R intraparietal sulcus 139 42 -58 56 4.79
R intraparietal sulcus 42 -55 47 4.48
L middle frontal gyrus 33 -30 2 56 4.51
R inferior frontal gyrus, orbital part 16 33 26 -7 4.44
R middle frontal gyrus 31 33 56 14 4.42
R middle frontal gyrus 36 59 5 3.85
L crus | of cerebellar hemisphere 11 —21 -79 -25 4.36
L crus Il of cerebellar hemisphere —-12 -79 —-34 3.86

Activation was reported with a threshold of p <0.001 uncorrected for multiple comparisons with an extent threshold of 10 voxels. MNI, Montreal Neurologic

Institute; L, left hemisphere; R, right hemisphere.

Left

Hippocampus

Thalamus

z=11

ITG

IEG orbital part

MTG

Right

IFG triangular part

Figure 5. Regions activated by the main effects of modalities and timings of visual feedback in the fMRI univariate analysis. a,
Activated regions in the visuotactile condition compared with the visuomotor condition. b, Activated regions in the visuomotor con-
dition compared with the visuotactile condition. ¢, Activated regions in the synchronous condition compared with the asynchronous
condition. d, Activated regions in the asynchronous condition compared with the synchronous condition. For the main effect of vi-
suotactile and visuomotor conditions, activation was reported with a threshold of p < 0.05 corrected for family-wise error (FWE) with
an extent threshold of 10 voxels. For the main effect of synchronous and asynchronous conditions, activation was reported with a
threshold of p <0.001 uncorrected for multiple comparisons with an extent threshold of 10 voxels. Montreal Neurologic Institute
(MNI) coordinates of the activated foci are reported in Tables 2 and 3. postCG, postcentral gyrus; CS, central sulcus; ITG, inferior
temporal gyrus; PMv, ventral premotor cortex; IFG, inferior frontal gyrus; MTG, middle temporal gyrus.
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Table 4: Anatomical regions, peak voxel coordinates, and t values of observed activation for the interaction effects
MNI coordinates

Anatomic region Voxels X y z t value
Visuotactile synchronous interaction

L precuneus 12 -9 —-49 17 4.70

L crus | of cerebellar hemisphere 11 —-12 —82 —22 4.05

R lobule VI of cerebellar hemisphere 16 12 —61 -10 4.03

R lingual gyrus 18 —67 —4 3.72

R fusiform gyrus 13 24 -55 -10 3.96
Visuomotor synchronous interaction

L inferior parietal lobule 20 -57 -28 47 4.99

L inferior parietal lobule —54 —31 38 3.82

Activation was reported with a threshold of p <0.001 uncorrected for multiple comparisons with an extent threshold of 10 voxels. MNI, Montreal Neurologic

Institute; L, left hemisphere; R, right hemisphere.

feedback. The activations in the left inferior temporal
gyrus, the bilateral postcentral gyrus, and the bilateral ro-
landic operculum were significantly greater in the visuo-
tactile condition than those in the visuomotor condition. In
contrast, the left central sulcus was more activated in the
visuomotor condition than in the visuotactile condition.
Next, we compared the activities in the synchronous and
asynchronous conditions collapsed across modalities.
We observed greater activations in the left hippocampus
and the right thalamus in the synchronous condition than
those in the asynchronous condition. The right triangular
part of the inferior frontal gyrus, the left PMv, and the right
middle temporal gyrus (MTG) were more activated in the
asynchronous condition than in the synchronous condition.
The anatomic locations of the activated regions are reported
in Tables 2 and 3 and Figure 5.

We then investigated the areas showing interaction ef-
fects between modalities and timings of visual feedback.
In the visuotactile condition, the difference between syn-
chronous and asynchronous conditions was significantly
larger in the left precuneus, the bilateral cerebellum, and
the right fusiform gyrus than that in the visuomotor condi-
tion. In the visuomotor condition, the difference between
the synchronous and asynchronous conditions was sig-
nificantly greater in the left inferior parietal lobule than that
in the visuotactile condition. The anatomic locations of
the activated areas are reported in Table 4 and Figure 6.

Left

The fMRI data analysis of the EBA localizer scan re-
vealed a significant activation of the left middle occipital
gyrus and the right MTG when the participants watched
body parts pictures compared with the activity elicited by
chair images (MNI coordinates: [-48, —70, 8] for the left
hemisphere and [51, —58, 2] for the right hemisphere).
The anatomic locations of the activated areas are indi-
cated in Table 5 and Figure 7. We also assessed the
number of correct responses, namely pressing the but-
ton when the same images appeared twice succes-
sively in the body part and chair image blocks, to
confirm whether the participants watched the stimulus.
The results showed that the percentage of correct re-
sponses was 97.6%, indicating that the participants
watched the stimulus closely.

Next, we extracted the parameter estimates of ROIs for
each condition. The averaged parameter estimates (8 val-
ues) were analyzed using a two-way within-subject ANOVA
with modalities (i.e., visuotactile vs visuomotor) and timings
of visual feedback (i.e., synchronous vs asynchronous) as
factors. There was a significant main effect of the mo-
dalities in the bilateral IPS (F(y 24)=9.32, p=0.01, 73 =
0.28 for the left hemisphere and F (4 24y=7.47, p=0.01,
nf,_, = 0.24 for the right hemisphere), the bilateral PMv
(F1,24y=8.77, p=0.01, n% = 0.27 for the left hemisphere
and F(1 24y=6.19, p=0.02, 5 = 0.21 for the right hemi-
sphere), and the left EBA (F(1 24 =46.99, p <0.01, 77% =

Precuneus

z=17

Figure 6. Regions activated by the interactions of modalities and timings of visual feedback in the fMRI univariate analysis. a,
Activated regions that showed the greater difference between the visuotactile synchronous and asynchronous conditions compared
with the difference between the visuomotor synchronous and asynchronous conditions. b, Activated regions that showed the great-
er difference between the visuomotor synchronous and asynchronous conditions compared with the difference between the visuo-
tactile synchronous and asynchronous conditions. Activation was reported with a threshold of p <0.001 uncorrected for multiple
comparisons with an extent threshold of 10 voxels. Montreal Neurologic Institute (MNI) coordinates of the activated foci are reported
in Table 4. CBL, cerebellum; FG, fusiform gyrus; IPL, inferior parietal lobule.
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0.66). The averaged parameter estimates were greater
in the visuotactile condition than those in the visuomo-
tor condition.

We also found a significant main effect of the timings
of the visual feedback in the bilateral IPS (F (1 24)=9.65,
p <0.01, nf, = 0.29 for the left hemisphere and F(; 24)=
13.65, p <0.01, ni = 0.36 for the right hemisphere)
and the bilateral PMv (F(1 24=10.16, p <0.01, 75 =
0.30 for the left hemisphere and F(1 ,4y=8.51, p=0.01,
nf, = 0.26 for the right hemisphere). There was a statis-
tical trend toward a main effect of the timings of the
visual feedback for the right EBA (F(1,04=3.21, p=
0.09, n% = 0.12). The parameter estimates in the afore-
mentioned ROIs were significantly stronger in the asynchro-
nous condition than those in the synchronous condition. No
significant interaction between modalities and timings of vis-
ual feedback was observed in all ROIs (Fs( 04 <0.14,
ps > 0.71, n3s < 0.01; Fig. 8).

MVPA

We first conducted a ROI-based MVPA to classify the
representations of the synchronous and asynchronous
conditions within the same and across modalities. Within
the visuotactile classification, a significant above-chance
decoding accuracy was found for the right PMv (54.12%,
tpa=2.37, p=0.03, Cohen’s d =0.48) and a trend toward
statistical significance was obtained for the left PMv
(53.88%, tp4y=1.98, p=0.06, Cohen’s d=0.40). Both these
results were not significant after threshold correction for
multiple comparisons. Within the visuomotor classification,
the classification accuracy was significant for the left IPS
(65.00%, tp4y=2.79, p=0.01, Cohen’s d=0.57) and the left
EBA (55.12%, tp4=2.98, p=0.01, Cohen’s d=0.61). There
was a trend toward statistical significance for the decoding
accuracy in the right PMv (563.12%, tp4)=2.00, p=0.06,
Cohen’s d=0.41). Among these ROls, the decoding accura-
cies in the left IPS and the left EBA were significant after cor-
rection for multiple comparisons. In cross-classification
between visuotactile and visuomotor sessions, significant
above-chance decoding accuracies were found for the bilat-
eral IPS (53.56%, tp4=2.77, p=0.01, Cohen’s d=0.57 for
the left hemisphere and 54.19%, t»4=3.54, p<0.01,
Cohen’s d=0.72 for the right hemisphere) and the left PMv
(563.06%, tp4=2.83, p=0.01, Cohen’s d=0.58), and the
three ROIs showed significant above-chance accuracy after
correction for multiple comparisons (Fig. 9).

Additionally, a voxel bias map was generated to investi-
gate whether the neural patterns decoded by MVPA were
similar among participants. The voxel bias map displays
the average weights (positive or negative) of the classifier
across two folds (i.e., iterations) in the cross-validation for
individual voxels within ROIls. This map showed inter-
mingled patterns of voxels with two timings of visual feed-
back (synchronous vs asynchronous biased voxels) within
ROIs in all subjects (Fig. 10a). In addition, the bias pat-
terns between different pairs of participants revealed low
correlations around zero (Fig. 10b), indicating idiosyn-
cratic patterns of weights specific to each subject.

We then ran searchlight analyses to decode the timings
of the visual feedback (i.e., synchronous vs asynchronous)
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Table 5: Anatomical regions, peak voxel coordinates, and
values of observed activation during the EBA localizer scan

MNI
coordinates
Voxels x y z

Anatomic region t value
Body parts > chairs
L middle occipital gyrus (EBA) 10
R middle temporal gyrus (EBA) 31 51

R middle temporal gyrus (EBA) 51

—-48 —-70 8 8.31
-58 2 8.09
—61 11 7.73

Activation was reported with a threshold of p < 0.05 corrected for family-wise
error (FWE) with an extent threshold of 10 voxels. MNI, Montreal Neurologic
Institute; L, left hemisphere; R, right hemisphere.

within the same and across modalities. First, significantly
above-chance classification accuracies were found in the
right IPS, the right PMv, and the right postcentral sulcus
within visuotactile sessions. Second, we also observed a
significant above-chance classification accuracy in the left
central sulcus within-visuomotor sessions. Third, the anal-
ysis revealed significant above-chance classification accu-
racies in the right PMv, the left EBA, and the bilateral IPS in
cross-classification between visuotactile and visuomotor
sessions. The anatomic locations of the activated areas are
reported in Table 6 and Figure 11.

Correlations between cross-classification accuracy
and subjective rating

We analyzed the relationship between the subjective
ratings in the questionnaire and the cross-classification
accuracies. We first averaged the responses to items (1)—
(4) in the visuotactile synchronous and visuomotor syn-
chronous condition and in the visuotactile asynchronous
and visuomotor asynchronous condition. We then calcu-
lated the differences between the average scores ob-
tained in the synchronous condition and those obtained in
the asynchronous condition and correlated the values of
these differences with the cross-classification accuracies
in each ROI. We found a significant positive correlation
between the value and the cross-classification accuracy
for the left PMv (Pearson’s r=0.54, n=25, p=0.01) and a
trend toward statistical significance for the right IPS
(Pearson’s r=0.38, n=25, p=0.06). A significant positive

Left Right

Figure 7. Regions activated by the presentation of body parts
images compared with that of chair images during the EBA local-
izer scan. Activation was reported with a threshold of p <0.05
corrected for family-wise error (FWE) with an extent threshold of
10 voxels. Montreal Neurologic Institute (MNI) coordinates of the
activated foci are reported in Table 5. EBA, extrastriate body
area.
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Figure 8. Averaged activation (parameter estimates) within ROls. The light-colored circles correspond to the raw data of each par-
ticipant (n=25) and the means are represented as dark-colored markers. Error bars indicate SEM. IPS, intraparietal sulcus; PMyv,

ventral premotor cortex; EBA, extrastriate body area.

correlation was observed for the left PMv after correction
for multiple comparisons (Fig. 12).

Discussion

The present study tried to reveal the supramodal neural
representations of the sense of body ownership for visuo-
tactile and visuomotor modalities. We manipulated the
sense of body ownership using visuotactile and visuomo-
tor inputs within a single fMRI experiment and assessed
whether the classifier first trained on the data from the vi-
suotactile modality could decode the timings of the visual
feedback (i.e., synchronous vs asynchronous) on the data
from the visuomotor modality and vice versa. This cross-
classification analysis revealed that the IPS, PMv, and
EBA subserve the neural representations of the sense of
body ownership common to the visuotactile and visuomo-
tor modalities. We also found a statistically significant cor-
relation between the cross-classification accuracy in the
left PMv and the difference in subjective ratings between
the synchronous and asynchronous conditions. These
findings indicate that the sense of body ownership is

February 2023, 10(2) ENEURO.0332-22.2023

represented regardless of the modalities in the IPS, PMyv,
and EBA.

The IPS and PMv exhibited significantly higher cross-
classification accuracies for visuotactile and visuomotor
modalities in ROI-based MVPA. Such high decoding ac-
curacies were further obtained by searchlight MVPA, pro-
viding compelling evidence that there are neural patterns
of the sense of body ownership invariant to the modalities
in the parieto-premotor cortices. Previous studies showed
the role of the IPS and PMv in multisensory integration
and the sense of body ownership (Ehrsson et al., 2004;
Gentile et al., 2015; Limanowski and Blankenburg, 2015,
2016b, 2018; Grivaz et al., 2017). The role of these regions
in the sense of body ownership was also suggested by a
lesion study (Zeller et al., 2011) and studies using trans-
cranial magnetic stimulation and transcranial direct cur-
rent stimulation of these regions (Karabanov et al., 2017;
Convento et al., 2018; Lira et al., 2018). Extending previ-
ous findings, this study highlights the neural networks in-
volved in the supramodal sense of body ownership
induced by multisensory information.
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Figure 9. Averaged classification accuracies in each ROI. The
light-colored circles correspond to the raw data of each partici-
pant (n=25) and the means are represented as dark-colored
markers. Error bars indicate SEM. Horizontal red lines represent
chance-level (50%). IPS, intraparietal sulcus; PMv, ventral pre-
motor cortex; EBA, extrastriate body area. Voxel bias of the
classifiers are displayed in Figure 10.

Our searchlight analysis revealed above-chance cross-
classification accuracy for the left EBA. The EBA is a re-
gion of the LOC involved in the visual processing of the
human body such as the perception of one’s movement
(Astafiev et al., 2004) and mental imagery of the human
body (Blanke et al., 2010). The LOC has been reported to
represent peripersonal space with respect to the hands
(Makin et al., 2007) as the parietal cortices and PMv
(Brozzoli et al., 2011, 2012; Grivaz et al., 2017). The LOC
activity is modulated predominantly by the seen position
of the hand (Makin et al., 2007). Recent neuroimaging re-
search indicated an increased activation in the LOC, es-
pecially in the EBA, to the sense of body ownership
(Limanowski et al., 2014; Wold et al., 2014; Limanowski
and Blankenburg, 2015, 2016b). Our results provide fur-
ther insight and reveal a supramodal signature of the
sense of body ownership across the sensory modalities
in the EBA. However, no significant cross-classification
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accuracy was observed for the EBA in the ROI-based
MVPA, which was performed with ROIs defined with the
localizer session. This result inconsistency might be be-
cause of the difference in the voxels included in ROls in
the ROI-based and searchlight analyses. It is also possi-
ble that in EBA, there are some populations of neurons
sensitive to the distinction between visual images of body
parts and objects, while there are also others related to
the multisensory process of supramodal body ownership
with different spatial distributions. However, Limanowski
and colleagues reported that clusters of EBA activity as-
sociated with the sense of body ownership largely overlap
with those that activate specifically to visual body parts
(Limanowski et al., 2014). This possibility should therefore
be tested in future studies.

The univariate analysis revealed that the averaged ac-
tivities in the bilateral IPS and PMv were significantly
greater in the asynchronous condition than those in the
synchronous condition. This seems in disagreement with
data from previous RHI studies (Ehrsson et al., 2004;
Limanowski and Blankenburg, 2015). However, this dis-
crepancy is likely explained by the differences in the
experimental settings. Previous studies (Ehrsson et al.,
2004; Limanowski and Blankenburg, 2015) used a fake
hand instead of a real one. Thus, visual stimuli might not
elicit the sense of body ownership by default in partici-
pants and experimental manipulation might be required
for participants to feel body ownership. In contrast, in the
present study, the participants watched their own video-
recorded hand. This might trigger the sense of ownership
for the hand displayed on the screen. Interestingly, the re-
sults of the present study are consistent with those ob-
tained by Tsakiris et al. (2010) using a similar procedure.
Furthermore, Gentile et al. (2013), who recorded videos of
tactile stimuli applied to the participants’ own hands be-
fore the MRI scan and used them as visual stimuli during
the MRI scan, reported that averaged activities in the PMyv,
IPS, and LOC were greater in the synchronous condition
like the previous studies using a fake hand (Limanowski
and Blankenburg, 2015). Therefore, it is possible that re-
gions such as the IPS, PMv, and EBA represent the extent
to which the “default” sense of body ownership for visual
stimuli has been updated by experimental manipulations
(i.e., synchronous or asynchronous stimulation). The use of
a fake hand or recordings of a real hand (Ehrsson et al.,
2004; Gentile et al., 2013; Limanowski and Blankenburg,
2015) may result in larger updates in the synchronous con-
dition, while the presentation of a real hand in real-time
(Tsakiris et al., 2010) larger updates in the asynchronous
condition. A theoretical model explaining RHI from a pre-
dictive coding framework (Apps and Tsakiris, 2014) also
suggested that these regions are associated with the de-
fault state (in the model, called “empirical prior”) of body
ownership. This interpretation is consistent with the claim
that the sense of body ownership over the fake hand and
the (dis)ownership of the real hand have a common neural
basis (Ehrsson, 2020).

Although our results revealed the existence of a shared
neural representation of the sense of body ownership
across the modalities, our behavioral ratings showed that
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Figure 10. Voxel bias of classifiers. a, Voxel bias maps of “cross-classification” within the ROIs with significant accuracy of timings
of visual feedback. b, Distributions of correlation coefficients (R) of bias between different pairs of subjects. IPS, intraparietal sulcus;

PMv, ventral premotor cortex.

the sense of body ownership was elicited more strongly in
the visuotactile condition than it was in the visuomotor
condition. This might be caused by the difference in the
threshold detection of the visual feedback delay between
the visuotactile and visuomotor conditions. In the present
study, the sense of body ownership in the visuotactile condi-
tion was induced by visual and proprioceptive information,
whereas the sense of body ownership in the visuomotor
condition was caused by various afferent signals arising
from the muscle spindles, tendon organ, and joint receptors
(Proske and Gandevia, 2012). Thus, the visuomotor condi-
tion elicited not only the sense of body ownership but also
the sense of agency that was not induced in the visuotactile

February 2023, 10(2) ENEURO.0332-22.2023

condition (Kalckert and Ehrsson, 2014b). Therefore, in the
visuomotor condition, the perception of the mismatch be-
tween the intention to move the finger and the visual feed-
back allowed the participants to detect the visual feedback
delay and to determine whether the hand on the screen was
their own.

Another possible interpretation of the difference in the
behavioral ratings comes from the constraints on the ex-
perimental design. While we executed enough trials for
MVPA, the stimulus presentation was shorter (i.e., 18 s)
than that in previous studies (Ehrsson et al., 2004, 2007;
Chae et al., 2015; Olivé et al., 2015; Lee and Chae, 2016).
Recent behavioral evidence suggested that the ownership
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Table 6: Anatomical regions, peak voxel coordinates, and
values of observed activation of the searchlight multivoxel
pattern analysis

MNI
coordinates

Anatomic region Voxels x y z tvalue
Visuotactile classification
R intraparietal sulcus 27 27 —49 53 5.40
R intraparietal sulcus 36 —43 53 3.84
R ventral premotor cortex 24 48 2 26 5.22
R postcentral sulcus 14 39 —34 50 4.30
R postcentral sulcus 48 —34 50 4.20
R postcentral sulcus 48 —-28 44 411
Visuomotor classification
L central sulcus 24 —27 —34 56 4.75

—-33 —31 50 4.39
—33 —40 59 3.84

L postcentral gyrus

L postcentral sulcus
Cross-classification

R ventral premotor cortex 38 51 14 32 5.40

R ventral premotor cortex 51 17 20 4.96
R ventral premotor cortex 45 11 41 454
L middle temporal gyrus (EBA) 10 —42 —64 17 513
R intraparietal sulcus 22 30 52 53 4.84
R intraparietal sulcus 30 —49 62 4.12
L intraparietal sulcus 24 —39 —43 59 4.63
L intraparietal sulcus —33 —46 53 4.18
L intraparietal sulcus —36 —49 44 3.94

Activation was reported with an uncorrected threshold of p <0.001 at the
voxel-level and a threshold of p <0.05 family-wise error (FWE) corrected at
the cluster-level. MNI, Montreal Neurologic Institute; L, left hemisphere; R,
right hemisphere.

sensation for visuomotor RHI takes ~23 s to emerge
(Kalckert and Ehrsson, 2017). Thus, the duration of the
stimulus presentation might have been insufficient for the
ownership sensation to emerge, especially in the visuo-
motor condition, leading to a smaller ownership score in
the visuomotor condition than that in the visuotactile con-
dition. Future studies are needed to establish whether the
sense of body ownership is induced to the same degree
and to determine the stimulation duration necessary to
elicit the ownership sensation under different conditions.
The current study also showed the lower subjective rat-
ings in the synchronous and asynchronous conditions
compared with the previous fMRI study with similar ex-
perimental settings (Tsakiris et al., 2010). The result indi-
cates that the participants might not have felt a strong
sense of body ownership, even with a visual feedback of
their real hand. This might be because of the intrinsic
delay that was inevitable when the videos captured by the
camera were presented in real-time. Temporal discrepan-
cies between the tactile stimulation of the real hand or finger
movements and the visual feedback caused multisensory
integration to break down leading to disembodiment (Roel
Lesur et al., 2020). The intrinsic delay of ~400ms might
have hindered the participants from feeling the hand on the
screen as their own, even in the synchronous condition. This
can be considered as a limitation to the present study.
However, two-way within-subject ANOVA revealed a signifi-
cant difference in the subjective ratings between the syn-
chronous and asynchronous conditions. We also found
higher ratings in the synchronous condition for individual
questionnaire items (1)—(4). Thus, the participants perceived
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Figure 11. Multivoxel pattern analysis searchlight results. a,
Regions that showed significant above-chance decoding accuracy
within the visuotactile classification. b, Regions that showed signi-
ficant above-chance decoding accuracy within the visuomotor
classification. ¢, Regions that showed significant above-chance
cross-classification accuracy between the visuotactile and visuo-
motor classification. Activation was reported with an uncorrected
threshold of p<0.001 at the voxel-level and a threshold of
p <0.05 family-wise error (FWE) corrected at the cluster-level.
Montreal Neurologic Institute (MNI) coordinates of the activated
foci are reported in Table 6. PMv, ventral premotor cortex; IPS,
intraparietal sulcus; postCS, postcentral sulcus; CS, central sul-
cus; EBA, extrastriate body area. The unthresholded raw t-value
maps in NIfTY format are available at https://doi.org/10.6084/m9.
figshare.19228050.
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Figure 12. Correlation analysis between the cross-classification
accuracy in the left ventral premotor cortex (PMv) and the differ-
ence in subjective ratings between the synchronous and asyn-
chronous conditions (Pearson’s r=0.54, n=25, p=0.01). Each
circle corresponds to the data of each participant (n =25).
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the contrast of the visual feedback between the synchro-
nous and asynchronous conditions and judged whether the
hand on the screen was their own based on the temporal (in)
congruency among sensory signals.

The current study has other methodological limitations.
As a first limitation, in the visuomotor condition, the par-
ticipants received tactile stimulation on the palmar side of
the index finger when they executed finger movements.
Therefore, a tactile stimulation was present in the visuo-
motor and the visuotactile conditions. Although this might
result in the successful cross-classification between the
conditions, we considered that it was unlikely for the fol-
lowing reasons. First, the stimulated body part was differ-
ent between the conditions: the tactile stimulation in the
visuotactile condition consisted in stroking the back of
the finger with a paintbrush, while that in the visuomotor
condition was on the palmer side of the finger. In addition,
as self-generated movements have been reported to at-
tenuate sensory feedback (Blakemore et al., 1998), the
stimulation in the visuomotor condition was perceived as
weaker than that in the visuotactile condition. Therefore,
the successful cross-classification cannot be explained
only by the tactile inputs and indicates the sense of body
ownership regardless of the modalities. As a second limi-
tation, unlike the study by Tsakiris et al. (2010) investigat-
ing the neural correlates of the sense of body ownership
and the sense of agency with a similar experimental de-
sign, our study did not include the items measuring the
sense of agency in the questionnaire. This is because the
current study aimed to investigate the common neural
representation of the sense of body ownership between
visuotactile and visuomotor conditions. The lack of items
measuring the sense of agency in the questionnaire is a li-
mitation of this study. Future research needs to investi-
gate the sense of agency in visuotactile and visuomotor
conditions using corresponding questionnaire items.

In conclusion, the present study investigated the supra-
modal neural representations of the sense of body owner-
ship induced by different combinations of sensory inputs.
We demonstrated a shared neural representation of the
sense of body ownership in the IPS, PMv, EBA for visuo-
tactile and visuomotor modalities. Furthermore, we re-
vealed that the cross-classification accuracy in the left
PMv significantly positively correlated with the difference
in subjective ratings of the sense of body ownership be-
tween synchronous and asynchronous conditions. Our
findings provide novel insights into the integration of bod-
ily signals mediating the sense of body ownership.
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