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Body ownership and the sense of agency are two central aspects of bodily self-consciousness. While multiple neuroimaging
studies have investigated the neural correlates of body ownership and agency separately, few studies have investigated the
relationship between these two aspects during voluntary movement when such experiences naturally combine. By eliciting the
moving rubber hand illusion with active or passive finger movements during functional magnetic resonance imaging, we iso-
lated activations reflecting the sense of body ownership and agency, respectively, as well as their interaction, and assessed
their overlap and anatomic segregation. We found that perceived hand ownership was associated with activity in premotor,
posterior parietal, and cerebellar regions, whereas the sense of agency over the movements of the hand was related to activity
in the dorsal premotor cortex and superior temporal cortex. Moreover, one section of the dorsal premotor cortex showed
overlapping activity for ownership and agency, and somatosensory cortical activity reflected the interaction of ownership and
agency with higher activity when both agency and ownership were experienced. We further found that activations previously
attributed to agency in the left insular cortex and right temporoparietal junction reflected the synchrony or asynchrony of
visuoproprioceptive stimuli rather than agency. Collectively, these results reveal the neural bases of agency and ownership
during voluntary movement. Although the neural representations of these two experiences are largely distinct, there are inter-
actions and functional neuroanatomical overlap during their combination, which has bearing on theories on bodily self-
consciousness.
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How does the brain generate the sense of being in control of bodily movement (agency) and the sense that body parts belong
to one’s body (body ownership)? Using fMRI and a bodily illusion triggered by movement, we found that agency is associated
with activity in premotor cortex and temporal cortex, and body ownership with activity in premotor, posterior parietal, and
cerebellar regions. The activations reflecting the two sensations were largely distinct, but there was overlap in premotor cortex
and an interaction in somatosensory cortex. These findings advance our understanding of the neural bases of and interplay
between agency and body ownership during voluntary movement, which has implications for the development of advanced
controllable prosthetic limbs that feel like real limbs. /

ignificance Statement

Introduction
When you raise your arm, you automatically experience that it
was you who caused the arm to lift and that the moving arm is
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your own. These two experiences blend so naturally during
everyday voluntary behavior that we rarely think of them as
distinct. However, in philosophy, cognitive science, and cog-
nitive neuroscience, there is a long tradition of studying the
sense of being in control of and causing bodily action through
volition (i.e., the sense of agency; Jeannerod, 2003; Haggard,
2017), and the immediate perceptual experience of limbs and
body parts as one’s own (i.e., the sense of body ownership;
Petkova and Ehrsson, 2010; Ehrsson, 2020), as distinct proc-
esses. Body ownership and agency are both considered to be
fundamental aspects of self-consciousness and are critical for
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defining what it means to be a conscious embodied agent dis-
tinct from the environment. However, most previous studies
have focused on these two experiences in isolation using different
experimental paradigms, so little is known about how they com-
bine during voluntary movement.

Body ownership is considered to depend on the integration of
visual, somatosensory, and other sensory bodily signals into coher-
ent multisensory percepts of one’s own body through mechanisms
of multisensory integration (Ehrsson et al., 2004; Blanke et al., 2015;
Samad et al., 2015; Ehrsson, 2020), whereas agency relates to the
association between voluntary action and outcome and has been
linked to the match between the expected sensory consequences of
movement and their sensory feedback (Frith et al., 2000) and the ex-
perience of volition during voluntary movement (Haggard, 2017).
Previous functional magnetic resonance imaging (fMRI) studies
have identified brain areas associated with the sense of body
ownership and the sense of agency, where body ownership is
associated with activity in a set of premotor-parieto-cerebel-
lar regions (Ehrsson et al., 2004, 2005; Guterstam et al., 2013;
Gentile et al., 2013; Limanowski and Blankenburg, 2016) and
with agency related to activations in the right inferior parie-
tal cortex, temporoparietal junction (TPJ), pre-supplemen-
tary motor area (SMA), insula (Farrer and Frith, 2002; Farrer
et al., 2003; Schnell et al., 2007; David et al., 2008; Yomogida
et al., 2010; Chambon et al., 2013), superior temporal gyrus
(STG; Nahab et al,, 2011; Uhlmann et al., 2020), and left pri-
mary sensorimotor cortex (Sperduti et al., 2011). However,
previous agency imaging studies have focused on agency over exter-
nal sensory events that occur as a consequence of bodily movement
rather than agency experienced directly over one’s moving limbs,
and body ownership studies have not investigated movement (but
see Tsakiris et al., 2010). Therefore, the precise functional neuroana-
tomical relationship between ownership and agency during simple
voluntary movement remains unclear.

Here, we used the rubber hand illusion (RHI; Botvinick and
Cohen, 1998) elicited by finger movements—the moving RHI
(Kalckert and Ehrsson, 2012)—to investigate the neural bases of
body ownership and agency within a single fMRI paradigm. To
elicit this bodily illusion, the participants perform a repetitive finger
movement with their hidden index finger while they observe a rub-
ber hand placed in full view making the corresponding finger move-
ments. After a few synchronous movements, the participants start
to experience the moving rubber hand as their own and that they
are directly controlling its movements voluntarily (Kalckert and
Ehrsson, 2012, 2014). By manipulating the relative timing of the
real and rubber hand finger movements (synchrony or asynchrony),
the type of movement (active or passive), and the spatial-anatomic
orientation of the rubber hand with respect to the real hand (con-
gruent or incongruent), the sense of body ownership and agency
can be individually manipulated (Kalckert and Ehrsson, 2012).
Thus, we implemented a 2 x 2 X 2 factorial within-subjects experi-
mental design with these three factors to identify active neuronal
populations that reflect body ownership, agency, and their potential
interaction. We hypothesized that ownership and agency should be
associated with activity in different neural circuits, which is in line
with previous studies, but also that their combination should be
associated with overlapping and stronger activation in certain fron-
toparietal regions because of the integration of the two sensations.

Materials and Methods

Participants

Thirty healthy volunteers were recruited for the experiment. One of the
participants canceled their participation at the last minute, and thus, 29

J. Neurosci., March 29, 2023 - 43(13):2362-2380 - 2363

participants completed the experiment (15 males, 14 females; mean age,
28 * 5 years). The number of participants recruited was based on previ-
ous similar studies on body illusions (Preston and Ehrsson, 2016) as well
as another fMRI study with a similar 2 x 2 x 2 factorial design and eight
conditions in a block design (Kilteni and Ehrsson, 2020). All the par-
ticipants were right handed, which was assessed using the Edinburgh
Handedness Inventory (Oldfield, 1971). The participants had normal or
corrected-to-normal vision and had no history of neurologic or psychiatric
illness. Informed consent was obtained before the experiment. The experi-
ment was conducted according to the Declaration of Helsinki and was
approved by the Swedish Ethical Review Authority.

Moving rubber hand illusion setup

The moving rubber hand illusion setup in its original design is a vertical
setup in which the participant’s real hand is placed under a small table
over which the rubber hand is placed (Kalckert and Ehrsson, 2012). The
illusion also works in other spatial arrangements as long as the rubber
hand is presented close to the real hand within peri-hand space (distance
within ~30-40 cm); we took this into consideration when redesigning
the setup for the current fMRI study. The vertical setup did not fit inside
the constrained space of the modern General Electric (GE) 3 T magnetic
resonance (MR) scanner we used, so a horizontal version of the moving
rubber hand illusion setup had to be designed. Importantly, the setup
had to be able to rapidly switch between active and passive movements
of the participant’s index finger, as well as between synchronous and
asynchronous movements of the participant’s index finger and the index
finger of the rubber hand. To achieve this, a new mechanical design con-
sisting of two levers, two supports, and a plastic pin was developed (Fig.
1A-D). By removing the plastic pin connecting the levers, the move-
ments of the participant’s index finger could be decoupled from the
movements of the index finger of the rubber hand. By having the experi-
menter push the lever beneath the index finger up, the fingers could be
passively moved. The “rubber hand” used in our experiment was in fact
a wooden hand with flexible joints (31 cm model; HAY; similar to that
used in the study by Kalckert and Ehrsson, 2012). All joints of the
wooden hand except the metacarpophalangeal (MCP) joint of the index
finger were fixated with glue, thus only permitting movement in the
MCP joint. The rubber hand was covered with a gray nitrile glove,
occluding the fact that it was a wooden hand and giving it the impression
of being more humanoid.

Procedures

The participant lay comfortably in a supine position on the MR scanner
bed wearing earplugs and headphones over the earplugs to protect the
participant’s hearing from scanner noise while allowing them to hear the
instructions through headphones. The participant’s head was tilted ~30°
using a custom-made wooden wedge under the head coil along with
foam pads inside the head coil. The tilting of the head allowed the
participants to see through the openings on the head coil and view
their body from a natural (first-person) perspective. With the par-
ticipant in a supine position, a small custom-made table was placed
over their abdomen (fixed to the scanner bed). The participant’s
right hand was placed on the right side of this table, and the rubber
hand was placed on the left side of this table, with the index finger
of the rubber hand placed 15cm to the left of the index finger of
the participant’s real hand (Fig. 1A). The participant’s real right arm
and hand were occluded by taping a dark cloth to the table and then
to the roof of the MR scanner bore, thus completely hiding the partic-
ipants’ real hand from sight (Fig. 1A). The participant’s right elbow
was supported with a pillow to have the participants lay comfortably
and not have to strain or actively maintain their arm in the required
position but make it possible for them to have the arm in a relaxed
posture. The rubber hand and the participant’s real hand were placed
parallel to each other, with the same rotations of ~20° counterclock-
wise from the participants’ perspective, which gave the impression of
the rubber hand originating from the insertion of the participants’
real arm into the torso. The participant’s right index finger was placed
inside a small plastic ring that was connected to a rod that in turn was
connected to a lever below the table (Fig. 1). The index finger of the
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rubber hand was placed in an identical plas-
tic ring and in turn connected via a separate
rod to a second lever under the table. This
setup allowed us to manipulate the syn-
chrony of the movements between the rub-
ber hand and the real hand by coupling
(synchrony) or decoupling (i.e., removing
the plastic pin connecting the two levers)
the rubber hand from the participant’s hand
(Fig. 1B-E). This decoupling allowed the
index finger of the rubber hand and the par-
ticipant’s hand to move independently, and
thus, the experimenter could move the
index finger of the rubber hand with a delay
of ~0.5 s by pressing the lever under the
rubber hand up (asynchrony). Furthermore,
it allowed us to manipulate whether the
movement was active or passive by either
having the participants lift their index finger
up actively or having the experimenter push
the index finger of the participant up by press-
ing the lever. Finally, this setup allowed us to
manipulate the anatomic orientation of the
rubber hand by either having the rubber hand
placed in an anatomically congruent position,
giving the impression of it being continuous
with the body, or having the rubber hand
rotated 180° to an anatomically incongruent
position (Ehrsson et al., 2004).

Throughout the experiment, the partici-
pants were asked to maintain fixation on the
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Figure 1. A, A montage of what the participants would see lying inside the MR scanner. The white semiopaque field illus-
trates the dark cloth that was used to cover the participant’s real right hand from view. The participant’s hand and the rubber
hand are seen resting on a small table. The index finger of the rubber hand as well as the participant’s hand are placed inside
a plastic ring, which is connected to the two most lateral vertical rods seen in B—E. B-E, lllustration of the levers of the mov-
ing rubber hand illusion setup under the table that moved the index finger of the participant and the rubber hand. In B, the
levers are in a relaxed position with the index finger of the rubber hand and the participant’s hand resting on the table. In C,
both the participant’s index finger and the index finger of the rubber hand are lifted off the table. The two levers are connected
to each other through a pin. In this configuration, the participants could lift their index finger, which would simultaneously lift
the index finger of the rubber hand (active synchronous conditions), or the experimenter could push the index finger of the
participant up by pressing on the rod underneath the participant's index finger (as seen in the image; passive synchronous con-
dition). D, E, The two fingers have been decoupled by removing the pin holding the two levers together. In this configuration,
the index finger of the rubber hand and the participant’s hand could be moved independently by the experimenter, causing
delayed movements (~0.5 s) of the index of the rubber hand in the asynchronous conditions (active and passive asynchronous
conditions).

rubber hand. The participants received verbal

instructions through headphones, which con-

sisted of two prerecorded 1-s-long audio clips of either “tap finger” or
“relax.” During the active conditions, the participants were asked to per-
form a tapping motion with their right index finger. The tapping motion
was performed by extending and then flexing the metacarpophalangeal
joint while keeping the proximal and distal interphalangeal joints static;
in other words, tapping with a straight finger (Kalckert and Ehrsson,
2012). In the active conditions, the tapping was self-paced, and the par-
ticipants had to produce a regular rhythm of taps at ~1 Hz without the
support of a metronome or other external cues. The participants were
trained to produce tapping movements at a regular speed (brief taps
with short pauses between each tap) and tap gently (i.e., not forcefully
press the surface). Before the scan started, the participants were trained
to produce the required tapping movements in a practice trial that lasted
a few minutes. In this practice trial, the participants listened to a 1 Hz
metronome while tapping their right index finger in the moving rubber
hand illusion condition and were then asked to continue tapping
without the metronome. Self-paced tapping was used to ensure in-
ternally generated movement rather than “externally triggered” move-
ment (Passingham, 1993), thereby avoiding potential interactions between
external cue processing and agency. Participants were also trained to gen-
erate the tapping movement with a certain amplitude (3 cm; see further
below). If the participants failed to maintain a reasonably consistent tap-
ping frequency or amplitude, they received feedback from the experi-
menter and performed one more practice trial until the participants were
consistent and reliable in their tapping frequency and amplitude through-
out the trial. In the passive conditions, the participants were relaxing their
index finger, and the experimenter generated the movements as described
above. In these passive conditions, the experimenter matched the fre-
quency of the participant’s self-paced movements in the preceding active
condition. To ensure that the amplitude of each tap that the experimenter
produced was consistent, the experimenter was guided by a measuring
stick taped to the table that showed the 3 cm movement amplitude target
(see further below). In all conditions, the experimenter was hidden from
the sight of the participant by standing on the left side of the scanner bore
behind the cloth that also occluded the view of the participants’ real hand
(Fig. 1A). The experimenter received continuous instructions about the

onset and end of the conditions through headphones as well as through
text on a screen that displayed the next condition (the screen was placed in
the control room and facing scanner through the glass window of the con-
trol room so that it could be seen from the location of the experimenter
inside the scanner room).

Movement registration and optical sensor

Underneath the index finger of the participant, ~3 mm proximal to
the hole that the rod connected to the plastic ring passed through, there
was another small hole (diameter, 2 mm). In this smaller hole, a fiber
optic cable attached to an optical sensor (model E3X-HD11, Omron
Industrial Automation) was placed, which was able to register when
the participant’s index finger was lifted off the table and when it
returned to the table during the tapping movements. The optical sensor
registered the luminance from the fiber optic cable with preset thresh-
olds so that it recorded dichotomic on/off data (finger on or lifted off)
with a sampling frequency of 100 Hz and saved this to a text file. This
allowed us to record the frequency of taps, the duration of each tap and
the total number of taps in each participant and in each condition. As
described above, the experimenter had a measuring stick taped to the
table and could visually inspect that the participant’s taps reached the
same amplitude of ~3 cm, ensuring that the amplitude of the taps was
consistent across conditions.

Design

To test the hypothesis that the sense of agency and the sense of body
ownership have different neural substrates and identify possible neural
interactions when the two co-occur, we opted for a full factorial design
with 2 X 2 x 2 conditions, with the factors movement type [M; active
(A)/passive (P)], timing [T; synchronous (S)/asynchronous (A)], and
orientation [O; congruent (C)/ incongruent (I); Fig. 2A], giving rise to
eight unique conditions (Fig. 2B). The rationale behind this design is
that it allows for independent manipulation of body ownership and
agency by manipulating only three experimental parameters in otherwise
equivalent conditions, made possible by the fact that illusory body own-
ership and agency in the moving rubber hand illusion follow different
perceptual-cognitive rules.
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Active/Synchronous/Congruent
Active/Aynchronous/Congruent

Passive/Synchronous/Congruent

Passive/Asynchronous/Congruent R AC
Active/Synchronous/Incongruent A STl
Active/Aynchronous/Incongruent AT
Passive/Synchronous/Incongruent RNSHT
Passive/Asynchronous/Incongruent DFASITS

A, Schematic illustration of the design matrix for the 2 x 2 x 2 factorial giving rise to eight unique conditions. B, Al eight unique conditions and their acronyms used in this ar-

ticle. Each letter indicates the movement type (active or passive), the timing of the movements (synchronous or asynchronous), and the orientation of the rubber hand relative to the partici-
pant’s hand (congruent or incongruent), and is followed by a subscripted letter indicating which factor the letter belongs to. M, Movement type; T, timing; 0, orientation.

Ilusory body ownership depends on multisensory temporal and spa-
tial congruence rules so that when visual and somatosensory informa-
tion is matching, the brain will combine these sensory signals and
illusory hand ownership is experienced, but when the incongruence
between visual and somatosensory information is too great, these signals
will be segregated, and illusory ownership will not be evoked (Ehrsson,
2012; Blanke et al., 2015; Samad et al., 2015; Ismail and Shimada, 2016;
Fang et al.,, 2019; Chancel et al., 2022a). Thus, synchronously seen finger
movements of the rubber hand and corresponding felt movements of
the real hand elicit illusory hand ownership when the rubber hand is
presented in the same spatial orientation as the participant’s hidden real
hand (congruent), whereas asynchrony with a 0.5 s delay (Ismail and
Shimada, 2016) or presenting the rubber hand in an incongruent orien-
tation, rotated 180° with respect to the real hand (Ehrsson et al., 2004;
Kalckert and Ehrsson, 2012; Ide, 2013), breaks the body ownership illu-
sion. Active or passive movements can both be used to trigger the moving
rubber hand illusion, so the factor movement type does not determine the
sense of body ownership (Kalckert and Ehrsson, 2012). Thus, illusory
body ownership corresponds to the interaction of the factors of timing (T)
and orientation (O) in our 2 X 2 X 2 factorial design, elicited in the two
conditions with synchronous visuosomatic sensory feedback and congru-
ent rubber hand orientation (AyS+Co and Py S1Co; Fig. 2B).

Agency relates to another pair of factors in our design, namely,
movement type and timing. Active movement is required for a sense of
agency because active movement production is associated with volition,
a prerequisite for agency (Haggard, 2017). Agency also requires a match
between the expected sensory feedback from active movements and the
actual sensory feedback (Frith et al.,, 2000). Thus, synchronously seen
rubber hand movements and felt active movements of the real hand
evoke a sense of agency over the rubber hand, whereas asynchrony or
passive movements break the agency experience (Kalckert and Ehrsson,
2012). The orientation of the rubber hand does not matter, and one can
experience agency over the finger movement of the rubber hand when the
rubber hand is presented in a spatially incongruent orientation (Kalckert
and Ehrsson, 2012). Thus, agency is captured by the interaction of move-
ment type and timing in our design and will be experienced in the two
conditions with active and synchronous movements (AySrCo and
Ay Stlo; Fig. 2B).

Thus, combined with fMRI, the 2 x 2 x 2 factorial design allowed us
to isolate neural correlates of the sense of agency and the sense of body
ownership (as the two-way interactions) while controlling for basic
effects related to differences between active and passive movements,
visuosomatosensory and visuomotor synchrony, and visual impressions
from observing the rubber hand in different orientations (captured by
the three main effects) and to examine possible (three-way) interaction
between body ownership and agency when combined in the active

Table 1. The statements used in the questionnaire experiment conducted
before the fMRI study (the “behavioral pretest”)

Statement

Ownership | felt as if | was looking at my own hand

| felt as if the rubber hand was part of my body

It seemed as if | were sensing the movement of my finger in the location
where the rubber finger moved

| felt as if the rubber hand was my hand

The rubber hand moved just like | wanted it to, as if it was obeying
my will

| felt as if | was controlling the movements of the rubber hand

| felt as if | was causing the movement | saw

Whenever | moved my finger | expected the rubber finger to move
in the same way

| felt as if my real hand were turning rubbery

It seems as if | had more than one right hand

It appeared as if the rubber hand were drifting toward my real hand

It felt as if | had no longer a right hand, as if my right hand had
disappeared

| felt as if the rubber hand was controlling my will

| felt as if the rubber hand was controlling my movements

| could sense the movement from somewhere between my real
hand and the rubber hand

It seemed as if the rubber hand had a will of its own

Agency

Ownership control

Agency control

Each statement was rated once per condition. The statements were rated on a 7-point Likert scale ranging
from —3 to 3. There were four statements assessing the sense of body ownership and the sense of agency,
as well as four control statements for both the sense of body ownership and the sense of agency.

moving RHI condition (ApStCo). Since the two two-way interactions
defining ownership and agency are orthogonal in this design, we can
also examine their overlap in activation by using a conjunction analy-
sis. Thus, we reasoned that this experimental design would be ideal for
addressing the questions we were interested in.

Behavioral experiment

Before the fMRI experiment, all subjects participated in a behavioral
experiment. The rationale was fourfold: (1) we wanted to verify that the
behavioral paradigm worked as expected for the purpose of the fMRI
design; (2) we wanted to quantify ownership and agency using the exten-
sive questionnaires that have been used in previous studies and that are
unpractical to use during the scan sessions; (3) since the current eight
conditions have never been tested in a single within-subjects design
before (Kalckert and Ehrsson, 2012, tested the various conditions we use
in separate experiments), we also wanted to test for a possible interaction
between ownership and agency; and (4) we wanted to register how
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Figure 3.

Schematic illustration of the fMRI block design. Each stimulus block consisted of one of the eight conditions with 45 s of continuous finger tapping, either actively or passively.

Between each block, there was a 5 s rest baseline. After every four blocks, there was a 30 s rest condition. Four of the eight conditions were repeated four times in each run since the congruent
and incongruent conditions were split into separate runs. The participants received auditory instructions at the beginning and end of each block that consisted of a 1-s-long prerecorded voice

saying, “tap finger” or “relax.”

rapidly the moving RHI was induced in this group of participants
exposed to the current paradigm to take this into account in the later
fMRI analysis.

Thus, in this behavioral experiment, the participants were tested with
the identical moving rubber hand illusion setup that would be used in
the MR scanner, but lying on a bed in our behavioral testing laboratory
instead. The positions of the participant’s limbs, head, and body were
the same as during the MR scans. The participants had all eight condi-
tions repeated once and received a 16-statement questionnaire at the
end of each condition that probed the illusory experience of the sense of
body ownership and the sense of agency (Table 1; based on the study by
Kalckert and Ehrsson, 2012). Control questions probing suggestibility
and task compliance were also included. The questionnaire was rated on
a 7-point Likert scale ranging from —3 to +3, with —3 corresponding to
“completely disagree,” +3 corresponding to “completely agree,” and 0
corresponding to “neither agree nor disagree.” The stimulation period
for each condition was 45 s. When all conditions had been tested, six
more trials, three with the active/synchronous/congruent (AySCo)
condition and three with the passive/synchronous/congruent (P,SCo)
condition, were conducted. In these additional trials of the Ay;StCo and
PuStCo conditions, the illusion was induced in the same manner, but
this time, the participants were instructed to verbally indicate when they
started to experience that the “rubber hand was their hand” (correspond-
ing to the fourth statement in the ownership questionnaire, Table 1;
Ehrsson et al., 2004). This yielded average “illusion onset time” measure-
ments for each participant in both the A\StCo and PyS1Co conditions
(Extended Data Table 3-1). These individual time intervals (AyStCo:
range, 0-30 s; mean, 11.5 = 8.2 s; PyS1Co: range, 0-30.2 s; mean, 12.26
* 9.1 s; nonsignificant difference between onset time in AyStCo and
PuStCo: W=127.00; p =0.346; rank-biserial correlation, —0.218) were
then used to define the start of the illusion conditions of interest in the
fMRI analyses (see below). This allowed us to focus our analysis on
the periods when the moving rubber hand illusion had been elicited
(Ehrsson et al., 2004). The periods before the illusion onset times
were modeled as conditions of no interest and were not used in the
statistical contrasts.

fMRI experiment

The fMRI experiment was designed as a block design, given the effi-
ciency of this design type (Friston et al., 1999). The experiment was di-
vided into four runs, where two runs were collected with the rubber
hand in the congruent position, and two runs with the rubber hand in
the incongruent position. The separation of the congruent and incon-
gruent trials in separate runs was done because it took approximately a
minute to properly reorient the rubber hand, which made it unfeasible
to do within a run. The order of the runs was randomized. Each block
(epoch) contained a stimulation period of 45 s followed by a 5 s resting
baseline before the next condition. Each run contained four repetitions
of each of the four conditions in said run, totaling eight blocks per con-
dition per participant. Every four blocks, there was a 30 s block of a rest
baseline condition in which the participants looked at the rubber hand
without performing or observing any movement (Fig. 3).

fMRI data acquisition

The experiment was conducted using a 3 tesla. GE MR750 scanner
equipped with an eight-channel head coil. T2*-weighted gradient echo
EPIs with BOLD contrast were used as an index of brain activity
(Logothetis et al., 2001; Logothetis, 2003). Each functional volume con-
sisted of 43 continuous slices with a slice thickness of 3 mm and an inter-
slice space of 0.5 mm. The field of view (FOV) was defined as a matrix
with dimensions of 72 x 72 (in-plane resolution, 3 x 3 mm; TE, 30 ms),
thus ensuring coverage of the whole brain. One volume was collected ev-
ery 2.048 s (TR,2048 ms), and a total of 1812 functional volumes were
collected for each participant, divided into four runs of 453 volumes
each. A high-resolution structural image was collected for each partici-
pant at the end of the experiment (3D MPRAGE sequence; 1 x 1 x 1
mm voxel size; FOV, 240 x 240 mm; 180 slices; TR, 6404 ms; TE,
2808 ms; flip angle, 12°).

Statistical analysis

Questionnaire data. The data from the behavioral pretest experi-
ment were tested for normality using Shapiro-Wilk test. If the data
deviated from normality, the results were analyzed using the non-
parametric Wilcoxon signed-rank test. The questionnaire data from
the pretesting were analyzed using JASP (version 0.11.1, 2019; University
of Amsterdam, The Netherlands). For each participant, the subjective rat-
ings from the four statements probing ownership were averaged into an
ownership score, the four agency statements into an agency score, and
the control statements were similarly averaged into an ownership control
score and agency control score (Kalckert and Ehrsson, 2012). For each
condition, a sense of body ownership or agency was defined as a mean
ownership or agency score of >0. To test for body ownership or agency
within a condition and control for unspecific effects, the ownership score
was compared statistically to the ownership control score, and the agency
score to the agency control score, respectively. To compare body owner-
ship and agency between conditions, an ownership index and agency
index were calculated. The indices were defined as the difference between
the ownership score and the ownership control score (ownership index)
and between the agency score and agency control score (agency index),
respectively (Abdulkarim and Ehrsson, 2016).

Movement sensor data. The data from the optical sensor were ana-
lyzed using MATLAB (statistical toolbox; version 2018b; MathWorks).
The optical sensor was not available for the first 10 participants (still
under development because of unexpected delay), which is why we only
included data from the optical sensor from 19 participants. The number
of taps from each trial was extracted for participants 11-29. The fre-
quency of taps was calculated by dividing the number of taps by the total
time of each condition. The number of taps as well as the frequency of
taps was then averaged across participants for each condition. The statis-
tical analysis focused on testing for the main effects of synchrony, active
or passive movements, and congruent or incongruent rubber hand ori-
entation in terms of the frequency of taps in line with the fMRI design.

fMRI data preprocessing, modeling, and statistical inference. The
fMRI data from all participants were analyzed using Statistical Parametric
Mapping 12 (SPM12; Wellcome Trust Center for Neuroimaging, University
College London, UK). Before the functional imaging data underwent the
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the behavioral pretest (see above), and the
periods from illusion onset to the end of

3 B Ownership each condition as the condition of interest
DAgeﬂCY used in our main analyses (in line with stud-
2 Ownership control ies by Ehrsson et al., 2004; Guterstam et al.,
11 Agency control 2013). For the AyStCo and Py S1Co condi-

tions, we used their corresponding rubber
hand illusion onset times, whereas for all
other conditions (that did not trigger the
rubber hand illusion), we used the average
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Figure 4. A, The results from the behavioral experiment. These results show a double dissociation between the sense of body
ownership and sense of agency in our full factorial design. The AySCo condition displayed high ratings for both sense of body
ownership and sense of agency. The PyS:(o condition showed high ownership ratings and low agency ratings, whereas the
AwStlo condition showed high agency ratings and low ownership ratings. Bars represent mean ratings, and error bars indicate
the SEM. B, Ownership and agency indices calculated by subtracting the pooled ownership and agency control ratings from the
pooled ownership and agency ratings, respectively. Bars indicate the means, and error bars indicate the SEM.

preprocessing steps, all functional and anatomic images were rotated back
to the standard position, which they deviated from because of the for-
ward head tilt inside the scanner coil. After that, the preprocessing steps
included motion correction, slice timing correction, coregistration, and
normalization [to the Montreal Neurological Institute (MNI) standard
brain]. The functional images were resampled to a resolution of 2 x 2 x 2
mm, and spatial smoothing was applied using a 6 mm FWHM Gaussian
kernel. The statistical analysis was performed by fitting a general linear
model (GLM) to the data for each participant. The hemodynamic response
function was convolved with boxcar regressors for each condition of inter-
est. Linear contrasts were defined at the individual level and exported to
the second-level random-effects analysis. Importantly, we modeled the
first period in each condition as a condition of no interest, based on the
time it took for each individual participant to experience the illusion in

W Ownership index

[ Agency index
4
3
2
1
0
-1

of the AyStCo and PyStCq times.

For the main contrasts, we had anatomic
hypotheses regarding which regions we
expected to be activated during experi-
ences of body ownership and agency based
on the previous fMRI literature (see Intro-
duction); therefore, in these regions, we report
the results that are statistically significant at a
threshold of p < 0.05 after small-volume cor-
rection [familywise error (FWE) correction].
However, since earlier ownership studies used
brushstrokes or similar tactile stimulation
applied to relaxed hands instead of finger
movements, we anticipated that the exact
location of peaks associated with the rub-
ber hand illusion could change within the
hypothesized frontal, parietal, and subcorti-
cal regions. Therefore, the volumes of inter-
est used in the small-volume correction
were centered on peak coordinates obtained
from a “localizer” study where we used the
same 3 T MR scanner and fMRI scanning
protocol as in the main experiment to iden-
tify the locations of active candidate areas
during the moving rubber hand illusion. In
brief, the localizer study included 27 partici-
pants looking at and controlling the index
finger movement of a robotic hand wearing
a plastic glove identical in shape and size to
the rubber hand used in our current experi-
ment. This robotic rubber hand was placed
in view of the participant on a supporting
table in an arrangement that was very simi-
lar to the one used in the current study.
When the participant moved his or her
index finger, the rubber hand moved its
index finger in the same way and synchro-
nously, triggering the moving rubber hand
illusion (verified with illusion questionnaire
ratings that were affirmative in most partic-
ipants; data not shown). In the localizer
study, we contrasted this illusion condi-
tion (corresponding to the AyStCo condi-
tion in the present study) to a resting
baseline condition where the participants
were just looking at the rubber hand with-
out performing or observing any movement. Peaks from this localizer
contrast were then used to define the coordinates in MNI space
for the spheres (radius, 10 mm) in the small-volume corrections
(Extended Data Table 12-2, list of all peaks used from this localizer
study to define the volumes of interest). For the intraparietal cortex—
a region often associated with the RHI and illusory hand ownership
in the previous fMRI literature—we added peaks from the study by
Ehrsson et al. (2004) since no activations were detected in the local-
izer contrast in this region. Similarly, for the left insular cortex and
right angular gyrus in the TPJ region—two areas often associated
with different aspects of agency in the previous literature—we used
coordinates from classic neuroimaging agency studies (Farrer and
Frith, 2002; Farrer et al,, 2003) to define peaks for small-volume
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Figure 5. A, Overview of the brain regions that display activation reflecting the sense of body ownership over the rubber hand defined by the contrast [(PyStCo — PuAtCo) — (PuStlo —

Pubrlo)]l + [(AuSiCo — AwArGo) — (AwStlo — AwArlo)]. For display purposes only, the activations are projected onto a three-dimensional rendering of a standard brain with a threshold of
p < 0.005 (uncorrected for multiple comparisons, k > 5). RH, Right hemisphere; LH, left hemisphere; Occ, occipital view; CS, central sulcus. B, Bar charts displaying the parameter estimates
(a.u.) and SEs for the major peaks of activation. The coordinates are given in MNI space. The peaks are displayed in representative sections indicated by a dotted white circle on an activation
map (p << 0.005, uncorrected for display purposes). L, Left; R, right; PrCG, precentral gyrus; PoCG, postcentral gyrus; IPS, intraparietal sulcus; SMG, supramarginal gyrus. Asterisks indicate activa-
tion peaks that survive small-volume correction (*p << 0.05, corrected; **p << 0.01); the peaks without an asterisk did not survive correction and are reported in Table 2 with their uncorrected
p value. All peaks from the contrast are reported in Extended Data Table 5-1. Condition key: first letter A or P (active or passive) with subscript M (movement); second letter S or A (synchronous
or asynchronous) with subscript T (timing); and third letter C or | (congruent or incongruent) with subscript O (orientation).

correction in these regions. In the rest of the brain (i.e., outside the
regions related to our a priori defined anatomic hypotheses), we
corrected for the number of comparisons in the whole brain space
using a test of false discovery rate (FDR) set at p < 0.05. All our statis-
tical inferences and main findings are based on results that survive
multiple-comparison correction based on these two approaches,
which collectively balances type 1 and type 2 errors and hypothesis-
driven and explorative approaches.

Some activations that did not survive correction for multiple com-
parisons are still mentioned in the text or shown in figures as part of the
statistical parametric maps produced by SPM12 (based on a threshold of
P <0.005, uncorrected). We report these for purely descriptive purposes
(Gentile et al., 2013; Preston and Ehrsson, 2016) and always clearly iden-
tify these as not reaching our significance criterion. We report these
nonsignificant activations mainly for the following five reasons: (1) false-
negatives and limited sensitivity is a concern in fMRI studies, so being
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overly conservative might conceal potentially interesting results; (2) we
want to report the activation maps in a transparent fashion and not only
describe those regions that were part of our hypothesis; (3) activation
peaks that did not survive correction for multiple comparison can still
be used to define anatomic hypotheses for future fMRI studies; (4) the
reporting of the entire activation maps, including nonsignificant activa-
tion, can provide information about the anatomic specificity of these lat-
ter effects (i.e., single active brain area or widespread effects in many
regions); and (5) nonsignificant peaks can be used in future imaging
meta-analyses where it is often important to have data from the whole
brain (and not only a few peaks that survive multiple-comparisons cor-
rection). As mentioned, all main conclusions in the article are based on
activations that are significant (in one case, almost significant) after cor-
rection for multiple comparisons (i.e., p < 0.05 after FWE correction).

The visualization of the results is performed by overlaying the peaks
on a 3D rendering of a standard MNI brain using Surf Ice (https://www.
nitrc.org/projects/surfice/) as well as on sections from the average ana-
tomic image for all participants. The anatomic localizations of the
activations were based on macroanatomical landmarks (sulci and
gyri) using the terminology from Duvernoy’s brain atlas (Duvernoy,
1999). For peaks in the cerebellum, we used the SUIT toolbox for ana-
tomic localization based on a probabilistic atlas of the cerebellum
(Diedrichsen et al., 2009, 2011). All coordinates for the activation peaks
are given in MNI space. Contrast estimates for each significant peak
were extracted using MATLAB (version 2018b) and are presented in bar
charts together with the corresponding SEs for purely descriptive pur-
poses. In line with the SPM approach, we make no further statistical
analyses on these bar chart plots, but all conclusions and statistical infer-
ences are based on significant (two-way and three-way) interaction con-
trasts in line with our factorial design.

Planned fMRI analyses. To identify regions that display BOLD
responses that reflect the sense of body ownership or the sense of agency,
we defined linear contrasts that corresponded to the two-way
interactions that captured ownership and agency in our factorial
design (ownership: interaction timing X orientation; agency: inter-
action timing x movement type). In other words, we subtracted
the control conditions, where no illusory experience in question
was present (or strongly suppressed), from the experimental condition in
which they were present. Thus, for the sense of body ownership, we
defined the contrast as [(PyStCo — PMATCo) — (PmStlo - PymATIo)] +
[(AMSTCO - AMATCO) - (AMSTIO - AMATIO)]’ including both the
active and passive conditions. This contrast corresponds to the
interaction between the factors synchrony (of the movements) and
congruency (between the orientation of the rubber hand with the
participant’s real hand) since we know asynchronous movements
and anatomic incongruency disrupt the sense of ownership of the
rubber hand in the moving rubber hand illusion (Kalckert and
Ehrsson, 2012). Similarly, for the sense of agency, we defined the
contrast [(AyStCo - PmStCo) — (AMATCo — PMATCo)] + [(AmStlo -
PuStlo) - (AmATlo - PyAfTlo)], including both the congruent and
incongruent conditions. This contrast is the interaction between the two
factors of timing (synchronous or asynchronous) and type of movement
(active or passive) because we know that both the sense of volition asso-
ciated with active movements and the match between expected and
actual sensory feedback from the movements are required for a sense
of agency to develop (Haggard, 2017); hence, both asynchronous move-
ments and passive movements should abolish the sense of agency of
the rubber hand. Note that these key contrasts are balanced and fully
matched in terms of the magnitude of visual and somatosensory stimula-
tion related to the observed and felt movements, as well as the frequency
and amplitude of finger taps (Extended Data Table 13-1), and thus iso-
late the neural activities related to ownership and agency in which we
are interested.

A further strength of this design is that the two interaction contrasts
that operationalize ownership and agency are orthogonal (i.e., independ-
ent), which means that we can also test for active voxels that are signifi-
cantly active in both contrasts by using a conjunction analysis. Thus, this
conjunction analysis identifies active areas that show increases in activity
that reflect both ownership and agency. To investigate this, we conducted
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Table 2. Activation peaks for the main contrasts

Anatomical region MNI X, y, z (mm) Peak t p-value
A
L PrCG (PMd) —42, —10, 58 4.66 0.009%*
L PrCG (PMd) —34, —10, 64 430 0.019%
L PrCG (PMd) —42, —12, 56 413 0.010%
L PrCG (PMd) —36, —10, 62 3.99 0.014*
L SMG —60, —48, 38 3.69 0.025%
R Cerebellum (Vermis Vila) 4, —68, —46 3.47 0.038*
R Cerebellum (Crus 1) 40, —74, —34 3.28 0.027*
R Cerebellum (Crus I) 38, —72, —24 3.19 0.034%
RITG 42, —70, -8 3.38 0.046*
L dIPFC —24, 42, 38 442 0.001
L mPFC 6, 50, 40 3.33 0.001
L PrCG (M1) —30, —22, 62 3.21 0.001
L PoCG (S1) —36, —22, 50 3.72 <<0.001
L PoCG —46, —14, 52 3.51 <0.001
L PoCG —36, —32, 66 5.01 <0.001
L PoCG —56, —16, 40 3.05 0.003
LIPS —26, —76, 42 491 <0.001
R 10G 44, —70, —12 2.97 0.003
R Cerebellum (IV-V) 18, —54, —18 3.01 0.001
B
R STG 58, —24,12 4.03 0.051"
L PrCG (PMd) —38, —38, 62 3.89 0.013*
R STG 60, —20, 12 512 <0.001
L STG —50, —28, 6 4.88 <<0.001
L PoCG (S1) —52, —30, 54 3.51 0.001
R IPS 36, —40, 52 3.47 0.001
LIPS —36, —40, 46 3.69 <0.001
C
L PoCG (S1) —38, —28, 52 4.21 0.007*
L PoCG (S1) —36, —26, 38 2.85 0.004
L PoCG —54, —18, 28 2.96 0.003
L PoCG —52, —16, 12 3.26 0.001
D
L MOG —20, —9%,0 4,08 <<0.001
R MOG 26, —92, 4 3.08 0.002

A, The sense of body ownership in the moving rubber hand illusion is expressed as the interaction between
synchrony and orientational congruency between the participant’s real hand and the rubber hand, and is
defined as the contrast [(PySiCo — PuAtCo) — (PuStlo — PuArlo)]l + [(AuSiCo — AuArCo) — (AuStlo —
AwArlo)l. B, The sense of agency is expressed as the interaction between synchrony and movement type
(active/passive), and is defined as the contrast [(AyS;Co — PuSiCo) — (AuAtCo — PuArCo)] + [(AnStlo —
PuStlo) — (AmAtlo — PuAtlo)]. €, The three-way interaction among synchrony, movement type (active/passive),
and orientation, representing the areas that demonstrate increased activity when experiencing agency over
bodily objects as opposed to external objects, and is defined as the contrast [(AyStCo — PuStCo) — (AmArCo —
PuArCo)] — [(AmStlo — PuStlo) — (AwArlo — PuAtlo)l. D, The inverse of the three-way interaction among syn-
chrony, movement type (active/passive), and orientation, representing the areas that demonstrate
increased activity when experiencing agency over external objects as opposed to bodily objects, and
is defined as the contrast [(AuyStCo — PuStCo) — (AmAtCo — PmATCo)] — [(AuStlo — PuStlo) — (AwAdly —
PuArlo)l. PrCG, Precentral gyrus; PoCG, postcentral gyrus; ITG, inferior temporal gyrus; dIFPC, dorsolateral
prefrontal cortex; mPFC, medial prefrontal cortex; IPS, intraparietal sulcus; 106G, inferior occipital gyrus; MOG,
middle occipital gyrus.

*Activation peaks that survive small volume correction (FWE correction, p < 0.05 corrected).

**Activation peaks that survive small volume correction (FWE correction, p << 0.0 corrected).

“An activation peak in the agency contrast that almost reached statistical significance after small volume
correction (FWE correction); the peaks without an asterisk did not survive correction and are reported with
their uncorrected p value.

a conjunction by performing a one-way ANOVA at the second-level anal-
ysis and entering the two different first-level contrasts as the groups in the
oneway ANOVA. The contrasts are then specified for the two groups
([0, 1] and [1, 0]) and both contrasts are selected and displayed as a
conjunction at the second level.

Finally, the current 2 x 2 x 2 factorial design allows us to investigate
the interaction between the sense of body ownership and the sense of
agency. To this end, we defined a linear contrast that was composed of a
three-way interaction among the three factors in the factorial design,
namely, movement type, timing and orientation. This contrast [(AyStCo —
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section and are indicated with a dotted white line.

PrS1Co) — (AMATCo - PMATCo)] - [(AmStlo - PpStlo) - (AmArlo -
PyA7Tlo)] identifies a neural response that specifically reflects the combi-
nation of body ownership and agency when voluntary moving one’s
body. This can reflect a stronger sense of ownership during active move-
ments or differences in agency over one’s own body part (the rubber
hand during the rubber hand illusion) compared with agency over an
external object (the rubber hand in the incongruent orientation that does
not feel like part of one’s body).

Post hoc fMRI connectivity analyses. Task-related connectivity was
assessed by performing a psychophysiological interaction (PPI) analysis.
The PPI indices task or contrast specific changes in the connectivity
between two brain regions. A significant PPI indicates that the correla-
tion of the brain activity in the two regions (measured as the change in
the slope of their linear regression curve) changes significantly with the
experimental or psychological context (Friston et al., 1997). To follow-
up on the regional results (see below), we decided to conduct a post hoc
PPI analysis for purely descriptive purposes. We placed a seed voxel in
the postcentral gyrus contralateral to the stimulated hand. The seed was
selected based on activity in this region that was elucidated during the
three-way interaction contrast described above. The seed was defined for
each participant as a 10 mm sphere around the group-level activation in
the postcentral gyrus. From this, the time series of activity (first eigen-
variate) was extracted and entered into the PPI analysis with the contrast
weights from the three-way interaction. The PPI regressors created at
the individual level were analyzed at the group level using one-sample ¢
tests.

Post hoc descriptive correlation analysis of ownership contrast and
questionnaire ratings. In a post hoc complementary approach, we explore
a possible relationship between the subjective ratings of ownership,
as rated by the individual participants in the questionnaires in the
behavioral experiment (before the fMRI), and the contrast that
describes the ownership-related activation. Unlike agency, which can
be experienced by everybody, the feeling of ownership in the rubber
hand illusion is vividly experienced in ~60-80% of participants
(Ehrsson et al.,, 2005; Lloyd, 2007; Kalckert and Ehrsson, 2014),
making it possible to probe how individual differences in illusion
strength relate to brain activation. Previous studies have shown such
a relationship in the premotor cortex (Ehrsson et al., 2004, 2005;
Gentile et al., 2013). To this end, we conducted analyses of the fMRI
data combined with a behavioral covariate. For each participant,
we calculated “behavioral contrast” (analogous to the defined con-
trasts in the fMRI analyses; [(PyStCo - PMATCo) - (PmStlo -

PuATlo)] + [(AMSTtCo - AMATCo) - (AMStlo - ApArTlo)]) of the
ownership ratings from all eight conditions and entered this as a
covariate in the GLM in the second-level analysis together with the
contrast images reflecting the ownership contrast. This analysis allowed
us to examine whether stronger subjective ownership in the synchronous
and congruent conditions (AyStCo and PyStCo compared with the
other conditions) correlated with stronger BOLD signals specifically in
the ownership contrast.

Results

Behavioral experiment

The results from the behavioral pretest experiment replicated
the main findings from the original article on the moving rub-
ber hand illusion and confirmed that our behavioral paradigm
worked as expected (Kalckert and Ehrsson, 2012), but in a full
2 X 2 x 2 factorial within-subject design. The results con-
firmed that the sense of body ownership and sense of agency
can be dissociated behaviorally, as we had expected (Fig. 4A).
In the ApStCo condition, the participants experienced both a
sense of body ownership and agency of the rubber hand (i.e.,
the mean rating scores of these two sensations were both posi-
tive, meaning that, on average, the participants affirmed both
these experiences in the moving RHI condition with active
finger movements). Furthermore, in the PyStCo condition,
the moving RHI condition with passive finger movements, the
participants experienced a sense of body ownership (positive
rating score) of the rubber hand but denied experiencing a
sense of agency (negative mean agency score). Finally, in the
A\Stlo condition, the participants experience a sense of agency
over the rubber hand but no sense of body ownership (positive
agency and negative ownership scores). In the control condi-
tions, the participants did not report sensing body ownership or
agency, and the mean ownership and agency scores were nega-
tive (Fig. 4A).

We then compared the ownership to the ownership control
ratings and found significantly higher ratings of the ownership
statements compared with the control statements in the AyS1Co
condition (W =349; p <0.001; rank-biserial correlation, 0.989)
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Figure 7. A, Overview of the brain regions that display activation reflecting the sense of agency defined by the contrast [(AyStCo — PuStCo) — (AmATCo — PuATCo)] +
[(AnStlo = PwStlo) — (AuAtrlg — PuAtlo)]. For display purposes only, the activations are projected onto a three-dimensional render of a standard brain with a threshold of
p < 0.005 (uncorrected for multiple comparisons, k > 5). RH, Right hemisphere; LH, left hemisphere; STS, superior temporal sulcus; CS, central sulcus. B, Bar charts display-
ing the parameter estimates (in a.u.) and SEs for the major peaks of activation. The coordinates are given in MNI space. The peaks are displayed in representative sections
indicated by a dotted white circle (p << 0.005, uncorrected for display purposes). L, Left; R, right; Pr(G, precentral gyrus; PoCG, postcentral gyrus; IPS, intraparietal sulcus;
STG, superior temporal gyrus. *Activation peaks that survive small-volume correction (p << 0.05, corrected); the peaks without an asterisk did not survive correction and are reported
in Table 2 with their uncorrected p value. All peaks from the contrast are reported in Extended Data Table 7-1.

and the P\StCo condition (W=314; p <0.001; rank-biserial
correlation, 0.932). The same analysis for the sense of agency
showed significantly higher ratings of the agency statements
compared with the agency control statements in the Ay StCo
condition (W=351; p <0.001; rank-biserial correlation, 1.00)
and the Ay Stlo condition (W=351; p<0.001; rank-biserial
correlation, 1.00). The individual ratings for each statement
and condition are given in Extended Data Table 4-1.

We then directly tested the hypothesis that the sense of body
ownership depended on synchronous visuosomatosensory feed-
back when moving the finger as well as spatial congruency
between the orientations of the rubber hand and the partici-
pants’ real hand (Botvinick and Cohen, 1998; Tsakiris et al.,

2010; Ehrsson, 2012; Kalckert and Ehrsson, 2012). To this end,
we analyzed the ownership indices [the difference between the
ownership score and ownership control score] ina2 x 2 x 2
ANOVA (Fig. 4B, ownership and agency indices across the eight
conditions). The factors movement type (active/passive), timing
of movements (synchronous/asynchronous), and orientation of
the rubber hand (congruent/incongruent) were entered into the
analysis. The results showed a significant main effect of move-
ment (F=6.63; df = 29, 1; p=0.016; n*> = 0.012), a significant
main effect of timing (F=41.276; df = 29, 1; p<0.001; 5> =
0.216), and a significant main effect of orientation (F=17.645;
df = 29, 1; p<0.001; 1> = 0.091). Importantly, the interaction
between timing and orientation was significant (F=31.933; df =
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29, 1; p < 0.001; n* = 0.109), in line with the spatial and tempo-
ral multisensory rules of illusory rubber hand ownership
(Kalckert and Ehrsson, 2012) and our operationalization of
ownership in the fMRI factorial experimental design. There
was no significant interaction between timing and movement
type (F=0.894; df = 29, 1; p = 0.353; 1> = 0.002). However, the
interaction between movement type and orientation was also
significant (F = 5.982; df = 29, 1; p=0.022; 7° = 0.008), which
suggests higher ownership ratings during the active finger
movements when the rubber hand was in a spatially congruent
orientation. Moreover, there was a significant three-way interac-
tion among timing, movement type, and orientation (F=6.421;
df =29, 1; p=0.018; > = 0.013). This three-way interaction sug-
gests enhanced ownership of the rubber hand in the active syn-
chronous congruent condition when participants experience
both ownership and agency over the moving rubber hand com-
pared with the passive synchronous congruent condition, when
people only experience illusory ownership, and thus provides be-
havioral support for examining the interaction of ownership and
agency in our factorial fMRI design. In line with this, post hoc
pairwise comparisons between the Ay;StCo and PyStCq condi-
tions in terms of ownership index (t=3.155; df=29; p=0.004;
Cohen’s d=0.607) and ownership scores (t=2.413; df=29;
p=0.023; Cohen’s d =0.464) further revealed significant dif-
ferences in both cases. This is an interesting behavioral finding
that suggests that active finger movements provide a stronger
cue for body ownership than passive finger movements, which
has a bearing on an ongoing debate in the behavioral literature
on whether body ownership and agency interact in the moving
rubber hand illusion or if they are completely independent
(Dummer et al., 2009; Tsakiris et al., 2010; Walsh et al., 2011;
Kalckert and Ehrsson, 2012, 2014, 2017; Riemer et al., 2013;
Hara et al., 2022).

We hypothesized that the sense of agency is dependent on
synchronous visuomotor feedback (i.e., the match between pre-
dicted sensory consequences of the active movement and sensory
feedback) as well as on participants actively moving the index
finger (i.e., voluntarily generating the movements; Kalckert and
Ehrsson, 2012, 2014). To this end, we analyzed the agency indi-
ces (i.e., the difference between the agency scores and the agency
control scores) in a 2 X 2 X 2 ANOVA. The three factors of
movement type (active/passive), timing (synchronous/asynchro-
nous), and orientation (congruent/incongruent) were entered in
the analysis (Fig. 4B). As expected, the results showed a signif-
icant main effect of movement type (F=42.244; df = 29, 1;
p<0.001; n*> = 0.207) and a significant main effect of timing
(F=107.572; df = 29, 1; p < 0.001; 5> = 0.255), which suggests
that both active movements and synchronous seen and felt
movement enhanced agency ratings. There was no main effect
of orientation (F=0.021; df = 29, 1; p=0.886; 7;2 = 0.00002),
indicating that the orientation of the rubber hand did not
influence agency. Importantly, the interaction between syn-
chrony and movement type was significant (F=36.751; df =
29, 1; p<0.001, »* = 0.132), in line with the hypothesis and
our operationalization of agency as this two-way interaction
in our fMRI design. The interaction between movement type
and orientation was not significant (F=0.406; df = 29, 1;
p=0.530, 1% = 0.0005), nor was the interaction between syn-
chrony and orientation (F = 0.379; df = 29, 1; p=0.251, n° =
0.001). The three-way interaction among synchrony, movement
type, and orientation was also nonsignificant (F=1.560; df = 29,
1; p=0.223, n° = 0.002). These latter results are consistent with
the hypothesis that agency does not depend on the orientation of

Abdulkarim et al. e Neural Substrates of Body Ownership and Agency

4.0

0

L SMA [-2 -6 64]

Figure 8. A, Conjunction analysis between the agency contrast and ownership contrast
revealed overlapping activation in the left PMd. The significant activation peak (p << 0.05,
corrected) is displayed on a representative section (p << 0.005, uncorrected) and is indicated
with a dotted white line. B, PPl analysis of regions displaying increased connectivity with the
seed region in the left postcentral gyrus (—38, —28, 52). The left SMA displays a task-spe-
cific increase in connectivity with the left postcentral gyrus (SMA; t=3.56; p =0.001, uncor-
rected). The peak is displayed as part of an activation map (p << 0.005, uncorrected) and is
indicated with a dotted white line. The activation maps are presented on representative sag-
ittal and coronal sections of a mean anatomic MRI image made up of all participants’ struc-
tural brain scans.

the rubber hand and that agency can be operationalized as an
interaction between movement type and temporal congruence,
only arising for active movements with synchronous visual feed-
back. Overall, the questionnaire results from our behavioral
experiment confirmed that our selective manipulation of owner-
ship and agency in the moving rubber hand illusion worked as
expected, and was in line with established multisensory and cog-
nitive constraints and provided behavioral support for examin-
ing the interaction of ownership and agency in the fMRI data
(see below).

The sense of body ownership is associated with activity in
multisensory frontal and parietal regions as well as in
cerebellar regions

To identify activations associated with the sense of owner-
ship of the rubber hand in both the active and passive con-
ditions, we used the contrast [(PyStCo - PMArCo) -
(PpStlo - PuATlo)] + [(AmStCo - AMATCo) - (AMStlo -
ApATIo)]. In line with our hypothesis, this contrast revealed
significant activation peaks in the left premotor cortex, poste-
rior parietal cortex, and cerebellum (p < 0.05, FWE corrected
for multiple comparisons; Fig. 5, Table 2). The premotor acti-
vations were located in the precentral gyrus at a location that
corresponds to the dorsal premotor cortex (PMd; —34, —10,
64; p <0.05, FWE corrected; Fig. 5), and parietal lobe activa-
tions were observed in the supramarginal gyrus (SMG; —60,
—48, 38; p<0.05, FWE corrected; Fig. 5). Activation peaks
were also observed in the primary motor cortex (precentral
gyrus) and the primary somatosensory cortex (postcentral
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Figure 9. A, Overview of the brain regions that display activation reflecting the unique combination of agency and body ownership as defined by the contrast [(AySiCo — PmSiCo) —
(AwATCo — PyATCo)] — [(AwStlo — PuStlo) — (AwArlo — PuArlo)]. For display purposes only, the activations are projected onto a three-dimensional rendering of a standard brain with a threshold
of p << 0.005 (uncorrected for multiple comparisons, k > 5). RH, Right hemisphere; LH, left hemisphere; IPS, intraparietal sulcus; PoCS, postcentral sulcus; CS, central sulcus. B, Bar charts dis-
playing the parameter estimates (in a.u.) and SEs for the major peaks of activation. The coordinates are given in MNI space. The peaks are displayed in representative sections indicated by a
dotted white circle on an activation map (p << 0.005, uncorrected for display purposes). L, left; R, right; PoCG, postcentral gyrus. *Activation peaks that survive small-volume correction
(p < 0.05 corrected); the peaks without an asterisk did not survive small-volume correction and are reported in Table 2 with their uncorrected p value. All peaks from the contrast are reported
in Extended Data Table 9-1. Condition key: first letter A or P (active or passive) with subscript M (movement); second letter S or A (synchronous or asynchronous) with subscript T (timing); third

letter C or | (congruent or incongruent) with subscript O (orientation).

gyrus) at sites that corresponded very well to peaks identified
in the localizer experiment (see above). However, since no a
priori hypotheses existed for these regions and they did not
survive correction for multiple comparisons at the whole-
brain level, they are reported with their uncorrected p values.
We also observed activity in the intraparietal cortex
(p <0.001, uncorrected) but more posteriorly than we had

predicted based on previous work. In the subcortical struc-
tures, we observed significant activity in the Crus I (lobule
VIla; 40, —74, —34) and vermis (lobule VIIa; 4, —68, —46) of
the cerebellum (p <0.05, FWE corrected; Fig. 5). Finally, we
observed a large active cluster in the left dorsolateral pre-
frontal cortex (Fig. 5A; p <0.001 uncorrected). No clusters
survived correction for multiple comparisons at the whole-
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brain level (FDR corrected). Further statistical
details on the anatomic locations in MNI space
of the above-mentioned peaks are shown in
Figure 5 and Table 2.

Correlation between subjective ownership
ratings and ownership contrast

In a complementary descriptive approach, we
followed up on the above ownership interaction
contrast by examining whether those BOLD
effects also correlated with the subjective ratings
in the ownership statements. To this end, we
performed a multiple regression analysis using
the ownership ratings from each participant to
search for voxels whose parameter estimates
could be predicted from the behavioral contrast
(see Materials and Methods). We identified
four such regions whose parameter estimates
were significantly correlated with the behav-
ioral contrast (Fig. 6). The activity in the left
PMd (—24, —12, 70; p <0.05, Fig. 6) and cere-
bellum was significant after FWE correction
(cerebellum; —26, —46, —26; p <0.05, Fig. 6),
whereas the activity in the postcentral gyrus
and postcentral sulcus was not (p < 0.001, uncor-
rected; Fig. 6).

The sense of agency is associated with activity

in the left precentral and postcentral gyri as

well as right superior temporal gyrus

We then examined activations that reflect

the sense of agency, that is, increases in activity

dependent on actively generated movements as

well as synchronous sensory feedback from the L
moving finger regardless of whether the hand
was experienced as part of one’s body or not.
To this end, we used the contrast [(ApStCo —
PuS1Co) - (AMATCo - PpATCo)] + [(AmStlo - O
PyrStlo) - (AMATIo - PyATlo)], which represents
agency across the congruent and incongruent
conditions. In line with our hypotheses, we
observed a significant activation peak in the left
premotor cortex (—38, —8, 62; p <0.05, FWE
corrected; Fig. 7, Table 2) and an activation in
the right superior temporal gyrus that almost
reached significance (58, —24, 12; p=0.051,
FWE corrected; Fig. 7, Table 2). This cluster is
the second largest (k=347) in this contrast (the
largest one being the left superior temporal
gyrus), and its location is very close to the peak
from the localizer experiment around which the small volume
correction was made, which is why we chose to report it despite
the p value of 0.051. We also observed increases in activity in the
intraparietal cortex bilaterally as well as the left superior tempo-
ral gyrus and left postcentral gyrus (p < 0.001, uncorrected), but
these activations did not survive correction for multiple compari-
sons and are thus only mentioned for descriptive purposes.

u.) for the peak.

Agency and ownership overlap in the precentral gyrus

To test for areas that showed increases in activity reflecting
both ownership and agency, we used a conjunction analysis
with the two two-way interaction contrasts described above for
ownership and agency (Friston et al., 1999; Fig. 84). The
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Figure 10. To investigate which brain regions are associated with the sense of agency of external objects as
opposed to bodily objects, we defined a contrast that was the inverse of the three-way interaction [(AyS;Co —
PuSiCo) — (AwACo — PuAtCo)] = [(AwStlo = PuStlo) = (AmAtlo — PwAtlo)]. The results show activation in the left
middle occipital gyrus (p << 0.001, uncorrected; did not survive correction for multiple comparisons) and right middle
occipital gyrus (p = 0.002, uncorrected). The coordinates are given in MNI space. L, left; R, right; MOG, middle occipi-
tal gyrus. The peak is displayed in a representative section and indicated by a dotted white circle on an activation
map (p << 0.005, uncorrected for display purposes; k > 5). The bar chart represents the parameter estimates (in a.

analysis revealed a significant activation peak in the precentral
gyrus (PMd, —38, —8 62; p < 0.05, FWE corrected; Fig. 8A).

Interaction between ownership and agency revealed
activation in the somatosensory cortex

To test for interaction between ownership and agency, we used
the contrast [(AMSTCO - PMSTCO) - (AMATCO - PMATCO)] -
[(AmStlo - PMmStIo) — (AMATIo — PMATIo)]. This corresponds
to the three-way interaction among movement type (active/
passive), timing (synchronous/asynchronous), and rubber hand
orientation (congruent/incongruent), and thus reveals neural
responses unique to the combination of ownership and agency in
the moving rubber hand illusion condition (ApStCo). The results



Abdulkarim et al. @ Neural Substrates of Body Ownership and Agency

A B
4.5

Incongr. O

Congt. Congr.

L insula [-38 -2 10]
L] ] | a O |

Incongr.

R angular gyrus [50 -50 32]

ASC, AAC

MTTTO MTTTTO

P S.C

MTTTO

A S I

MTTTO

1)\[[\'I'C() 'A‘\I‘I\'['I()

Figure 11.

map (p << 0.005, uncorrected for display purposes).

show significant activation in the left primary sensorimotor cor-
tex with a significant peak of activation located in the postcentral
gyrus at the level of the hand representations (—38, —28, 52;
p <0.05, FWE corrected; Fig. 9) and three further peaks in the
postcentral gyrus that did not survive corrections for multiple
comparisons (p < 0.005; Fig. 9, Table 2).

We should clarify here that the somatosensory activation under
discussion can probably not be explained by somatosensory
attenuation (Zeller et al., 2015; Kilteni and Ehrsson, 2017, 2020) or
gating (Angel and Malenka, 1982; Post et al., 1994; Voudouris et
al., 2019; Kilteni and Ehrsson, 2022) because we observed an
increase in activity, not a reduction. Moreover, we controlled the
amplitude of the movements, and there were no significant differ-
ences in movement frequency between conditions (see below; Fig.
13). Therefore, it is unlikely that low-level differences in motor
output or somatosensory feedback confounded our S1 findings.
We also think it is implausible that differences in tap force
between the active and passive movements could explain our
results because participants were trained to apply gentle taps and
the experimenter reproduced such gentle taps in the passive con-
dition; furthermore, the effect of active versus passive movements
are matched in the three-way interaction contrast (as well as in the
agency and ownership interaction contrasts).

Next, we examined the opposite direction of the three-way inter-
action contrast of movement type, synchrony, and orientation
[(AmS1Co - PyS1Co) - (AmArCo - PyATCo)] - [(AmStlo -
PyviStlo) = (AMATIo — PvATlo)]. This contrast revealed only one
activation in the left middle occipital gyrus and one smaller activa-
tion in the right middle occipital gyrus (Fig. 10, Table 2), but neither
of these activations survived correction for multiple comparisons.

Psychophysiological interaction analysis of functional
connectivity

Our results reported above revealed activation in the post-
central gyrus (S1) associated with the combined experience
of illusory ownership and agency (three-way interaction).
This made us curious if there could be changes in functional
connectivity between S1 and other brain areas that could
help us understand this finding further. Thus, in a post hoc
exploratory PPI analysis of the functional connectivity in
the three-way interaction of the factors timing, movement

PSI

A, Activation in the right angular gyrus represented by the main effect of asynchrony: (AyArCo + PuAr(o +
ApAtly + PyArlo) — (AuSiCo + PuSiCo + PuStlo + AuStlo). B, Activation in the left insular cortex represented by the main
effect of Synchrony: (AMSTCO + PMST(O + PMST|0 + AMSTlo) = (AMATCO + PMATCO + AvArlo + PMAT|0)~ The coordinates are
given in MNI space. The peak is displayed in a representative section and is indicated by a dotted white circle on an activation
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type, and orientation, we investigated the
7 task-specific connectivity changes between
the section of the postcentral gyrus under
discussion (—38, -28, 52) and the rest of
the brain. We found that the sense of own-
t ership in the presence of a sense of agency
increased the functional coupling between
the left primary sensory cortex and the
ipsilateral SMA (=2, —6, 64; t=3.56;
0  p=0.001, uncorrected; Fig. 8B). In the
rest of the brain, no active clusters were
observed apart from one in cerebellum
(R VIIb; 28, —68, —46; t=3.51; p=

= O 0.001, uncorrected).

P AT

MTTTO M TTTO

Activations in the insular cortex and
right temporoparietal cortex reflect
visuoproprioceptive synchrony and
asynchrony, respectively

In the previous literature, it has been sug-
gested that the right angular gyrus located
in the temporoparietal region is involved
in the loss of agency when there is a mismatch between the
expected sensory consequences of self-generated movement and
the sensory feedback (Farrer and Frith, 2002; Farrer et al., 2003;
Tsakiris et al., 2010). Furthermore, it has been reported that the in-
sular cortex shows increases in activation when people experience
agency (Farrer and Frith, 2002; Farrer et al., 2003). However, in
our main planned contrasts reported above, we did not find any
changes in activation in these two regions, even at the level of
uncorrected p values (p < 0.005). To examine this apparent incon-
sistency further, we looked at the main effect of synchrony
[((AMSTCo + AMmStlo + PMSTCo + PMStlo) - (AMATCo +
ApmATIg + PyATCo + PyAtlg)] and the main effect of
asynchrony contrasts [(AyATCo + PMyATCo + ApArIo +
PyATIo) - (AmStCo + PyuStCo + PmStlo + AmStlo); iee.,
areas that show greater activation when visual feedback and fin-
ger movements are synchronous or asynchronous regardless of
the senses of ownership or agency (i.e., across active and passive
movements and across anatomically congruent or incongruent
hand orientations)]. Interestingly, we found a large and signifi-
cant activation (= 3.66; p=0.022, FWE corrected) located in the
right angular gyrus of the TPJ region (50, —50, 32) that reflected
the asynchronous relation between movement and visual feed-
back (main effect of asynchrony; Fig. 11A). In contrast, the syn-
chrony of finger movements and visual feedback of the finger
movement of the model hand (main effect of synchrony) was
associated with significant activation (t = 3.71; p=0.020, FWE
corrected) of the left insular cortex (—38, —2, 10; Fig. 11B).
Thus, rather than reflecting the sense of agency or the loss of
agency by mismatching sensory feedback, our results suggest
that the insular cortex and right temporoparietal cortex are
involved in the basic detection of synchronous or asynchronous
multimodal stimuli.

Activation in the supplementary motor cortex reflects the
main effect of active versus passive movements

Another area suggested to be involved in agency in previous
fMRI studies, including agency in the moving RHI (Tsakiris et
al., 2010), is the SMA. However, this area did not show any
agency-related activity in our agency contrast described above,
not even at p << 0.005 uncorrected. However, when we examined
the main effect of movement type, contrasting all active
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active movement conditions to all passive conditions (regardless of ownership or agency; yellow—red color scale for activation; top row). Active movement was associated with significant acti-
vations in the left supplementary motor area (—4, —4, 58; t=4.98; p << 0.001 uncorrected), left precentral gyrus (PMd; —42, —10, 60; t=7.82; p << 0.001, FDR corrected; data not shown),
left precentral gyrus (M1; —40, —18, 56; t=9.20; p << 0.011, FDR corrected; data not shown), right cerebellum (lobule VI; 20, —50, —24; t=9.23; p << 0.001, FDR corrected; data not
shown), left thalamus (—14, —22, 4; t=5.90; p = 0.026, FDR corrected; data not shown), and right angular gyrus (34, —50, 24; t=5.79; p = 0.033, FDR corrected; data not shown). We also
compared all passive movement conditions to all active movement conditions, (PyS;Co + PuArCo + PuStlo + PuwArle) — (AuSiCo + AwArCo + AwStlo + AwAtlo). Passive movements were
associated with a relative increase in neural activity compared with active movements in the bilateral medial frontal cortex (only right shown in section: 10, 44, —2; t=5.8; p << 0.001, uncor-
rected; left medial frontal cortex: —6, 46, —2; t=5.18; p << 0.001; blue—green color scale for activation). The peaks are displayed in a representative section and are indicated by a dotted
white circle on an activation map (p << 0.005, uncorrected for display purposes). All peaks from the contrast are reported in Extended Data Table 12-1. RH, Right hemisphere; LH, left hemi-

sphere; SFG, superior frontal gyrus; MFG, medial frontal gyrus.

movement versus all passive movement conditions in the current
design, we observed significant activation of the SMA (AStCo +
AuATCo + AuStlo + AuAqly) - (PuSiCo + PuArCo +
PumStlo + PypArtlo; Fig. 12). This region seems to be important
for generating movements voluntarily, thereby indicating its role
movement planning, programming, and volition more generally
(Roland et al., 1980; Fried et al., 1991; Makoshi et al., 2011).
However, we found no evidence for specific involvement in the
sense of agency of the moving rubber hand.

When we looked for areas showing greater activity in the pas-
sive movement conditions than in the active ones, we found a
large activation in the medial prefrontal cortex in a region associ-
ated with default mode activity (Raichle et al., 2001; Buckner et
al., 2008; Tacikowski et al, 2017), autobiographical episodic
memory (Maguire, 2001; Svoboda et al., 2006; Bergouignan et al.,
2014), and self-related information processing (Qin and Northoff,
2011; Tacikowski et al., 2017). The most straightforward interpre-
tation is that since participants did not have an active task in this
condition (they just relaxed their hand, and the experimenter
generated the finger movements), the activity was higher in the
default mode, thus explaining the relatively higher activity in this
medial prefrontal region compared with the active movement
conditions when the participant had a task to move their finger

repeatedly. This activation also corresponds well to similar activ-
ity observed in the passive finger movement condition in the
study of Tsakiris et al. (2010), which these authors attributed to
ownership (Fig. 12).

Controlling for the number and frequency of taps in the
different conditions

Using the optical sensor placed under the index finger of
the participants, the number of taps as well as the frequency
of taps for each condition could be analyzed. The analysis
was performed on the time periods included in the fMRI
analysis (i.e., excluding the time before illusion onset and
the corresponding time periods for conditions without illu-
sion). A one-way ANOVA revealed no significant differences
across conditions for the frequency of taps (mean, 1.53 Hz;
F=0.636; df=7; p=0.725; Fig. 13). Moreover, when the fre-
quencies of taps were analyzed using the same 2 x 2 x 2 design
as the fMRI experiment, we found no significant main effect of
movement type (F=2.519; df = 19, 1; p=0.129; n° = 0.014), no
significant main effect of timing (F=2.353; df = 19, 1; p=0.142; n°
= 0.007), no significant main effect of orientation (F=2.390; df = 19,
1; p=0.139 1? = 0.041), and no significant interactions (movement
type x timing: F=0.928; df = 19,1; p = 0.348, 1> = 0.008; movement
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Figure 13.  The number and frequency of taps across conditions. The bars represent the mean number and frequency of

taps for all conditions for the period excluding the illusion onset times (see Materials and Methods). Error bars indicate the
SEMs. The analysis of the frequencies of taps revealed no significant main effects and no significant interactions, and there
were no differences in frequencies across conditions. The exact values for each condition are given in Extended

Data Table 13-1.

type x orientation: F=0.152; df = 19,1; p = 0.701; 7°<0.001; ori-
entation x timing: F=2.215; df = 19,1; p=0.152; 7° =
0.006; movement type X timing x orientation: F=0.430; df =
19,1; p=0.520; > = 0.003).

Discussion

This study has three main novel findings. First, the neural sub-
strates of ownership and agency were largely distinct, with
body ownership associated with increases in activity in the pre-
motor cortex, posterior parietal, and cerebellar regions, and the
sense of agency related to increased activity in the superior tem-
poral cortex and dorsal premotor cortex. Second, one active sec-
tion of the dorsal premotor cortex was associated with both
agency and body ownership, indicating a cortical site where own-
ership and agency information may be combined. Third, there
was an interaction between body ownership and agency in the
somatosensory cortex so that its activity was higher when partici-
pants experienced both sensations. This was accompanied by
higher ownership ratings, suggesting an agency-induced owner-
ship enhancement of somatosensory cortical activity specific for
voluntary movement. Collectively, these findings extend our
knowledge of the neural basis of body ownership and agency,
and reveal their functional interaction and the relative neuroa-
natomical overlap and segregation during simple movement,
which advances our understanding of how bodily self-con-
sciousness is implemented in the human brain.

The sense of body ownership during movement: integration
of spatiotemporally congruent visuoproprioceptive signals in
premotor-parietal-cerebellar regions

The present study extends the previous neuroimaging literature
on the neural basis of body ownership (Ehrsson et al., 2004;
Petkova et al., 2011; Brozzoli et al., 2012; Gentile et al., 2013;
Guterstam et al, 2013, 2019; Limanowski and Blankenburg,
2016; Preston and Ehrsson, 2016; Chancel et al., 2022b) into
such experience arising from the sensory feedback of movement.
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The sense of ownership of the moving rub-

ber hand was associated with significant
| \ activations in the left premotor cortex (pre-
central gyrus), posterior parietal cortex (left
supramarginal gyrus), and right lateral cere-
bellum. These activations probably reflect
the integration of spatially and temporally
congruent visual information from the
moving rubber hand and kinesthetic—pro-
prioceptive information from the hidden
real hand because the neural response was
specifically related to the conditions when
the rubber hand was placed in an anatomi-
cally congruent condition and the seen and
felt movements were synchronous (ie.,

when the visual and kinesthetic—proprio-
ceptive information obeyed the temporal
| and spatial rules of body ownership;
Ehrsson, 2012; Kalckert and Ehrsson, 2012;
Blanke et al, 2015; Samad et al, 2015;
Chancel et al, 2022a), controlling for
agency effects and effects related to
active versus passive movement.

The difference between visuokinesthetic
integration, which was studied herein, and
visuotactile integration, which was investi-
gated in previous RHI studies, can probably
explain the differences in precise localization of the activation
peaks in the premotor cortex compared with a previous study
(Ehrsson et al., 2004). Although activations have been seen in both
ventral and dorsal aspects of the premotor cortex in previous RHI
studies (Gentile et al., 2013; Guterstam et al., 2019), the most
consistent activations tend to have been located in the ventral pre-
motor cortex (Ehrsson et al., 2004; Gentile et al., 2013; Guterstam
et al,, 2013, 2019; Limanowski and Blankenburg, 2016; Grivaz et
al., 2017). The dorsal premotor cortex is active during passive
hand and arm movements (Zhavoronkova et al., 2017), finger
tapping (Ullén et al.,, 2003; Bengtsson et al., 2009), and illusory
hand and arm movements triggered by muscle tendon vibration
(Naito et al., 1999, 2005), which is consistent with a role in multi-
sensory representation of the upper limb in space. The current
activation in the SMG (p < 0.05, corrected) is consistent with
the findings of earlier body ownership illusion studies based
on visuotactile stimulation (Gentile et al., 2013; Petkova et al.,
2011), and the current intraparietal cortex activation is located
in a section of this sulcus associated with multisensory integra-
tion in perihand space (Lloyd et al., 2003; Makin et al., 2007;
Brozzoli et al., 2011) and illusory hand ownership (Chancel et
al., 2022b). We also observed activity in the ipsilateral lateral
cerebellum that is in line with previous fMRI studies on various
versions of the rubber hand illusion based on visuotactile
stimulation (Ehrsson et al., 2004, 2005; Guterstam et al.,
2013) and limb movement illusions (Ehrsson et al., 2005;
Hagura et al., 2009). Importantly, the current findings extend
the previous literature on body ownership and body represen-
tation by demonstrating a role for these premotor-parietal-
cerebellar regions in the sense of limb ownership during
movement.

The sense of agency in one’s own bodily movement:
premotor and superior temporal cortex

We could isolate activity in the dorsal premotor cortex and supe-
rior temporal cortex reflecting agency over limb movement while
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controlling for unspecific effects related to multisensory syn-
chrony-asynchrony detection, active versus passive movement,
and body ownership. The dorsal premotor area has been reported
in previous studies on the sense of agency over sensory events
caused by voluntary movement (David et al., 2008; Yomogida et
al., 2010; Nahab et al,, 2011; Sperduti et al., 2011; Haggard, 2017),
so our finding extends this to agency over perceived own bodily
movement. The dorsal premotor cortex is anatomically connected
to and receives input from the dorsolateral prefrontal cortex
regarding intentions and the initiation of voluntary action in the
context of an overall action plan (Passingham, 1993; Koechlin et
al., 2003; Abe and Hanakawa, 2009; Yamagata et al., 2012) and
receives multisensory input from the posterior parietal cortex
regarding one’s own body as well as external sensory events; the
dorsal premotor area can also influence movement execution in
M1 and receive feedback from this area through direct corticocort-
ical connections (Porter and Lemon, 1995; Dum et al., 2002). The
dorsal premotor cortex is thus in an excellent position, anatomi-
cally and physiologically, to play a central role in the sense of
agency by integrating and comparing signals related to voluntary
motor commands and sensory feedback, consistent with our
findings.

Interestingly, the section of the dorsal premotor cortex associ-
ated with agency also showed body ownership-related activity, as
revealed in our conjunction analysis. This finding suggests that
the neural bases of body ownership and agency are not com-
pletely distinct (Tsakiris et al., 2010), and that least one cortical
area is involved in both processes. Different neuronal popula-
tions within the dorsal premotor cortex could implement the
formation of a coherent multisensory representation of the hand
in space (ownership), the generation of voluntary motor com-
mands, and the matching of the outcomes of those commands
with the sensory feedback and predictions (agency) or the same
neuronal population within this area may implement both of
these mechanisms (which could be tested in future studies with
BOLD adaptation or multivoxel pattern analysis). Our findings
suggest a more intimate relationship of the representations of
body ownership and agency in the premotor cortex than com-
monly assumed and indicate that more attention should be
devoted to this region in future studies on the neural mechanisms
of agency of bodily action.

Previous neuroimaging studies have suggested that the supe-
rior temporal cortex plays a role in the sense of agency, but they
reported that activation in the superior temporal gyrus reflected
the loss of agency when controlling a virtual limb (Nahab et al.,
2011; Uhlmann et al., 2020). However, these studies did not con-
trol for multisensory synchrony-asynchrony, the visual appear-
ance (and identity) of the hand, or body ownership. In contrast,
we found a relative activity increase that reflected gaining agency
of the moving rubber hand, although all experimental conditions
were deactivated compared with the resting baseline. The current
activation peak is located more ventral and anterior to the deacti-
vations in previous studies (Nahab et al., 2011; Uhlmann et al.,
2020), making direct comparisons difficult. Although the precise
functional role of the superior temporal cortex in agency is
unclear, this region has been associated with action observation
(Kilintari et al., 2014), visual processing of biological motion
(Saygin, 2007), and perception of causality between sensory
events (Blakemore et al., 2001), which collectively point toward a
function of supporting the (visual) perception of causality rela-
tionships between the seen finger movement and the executed fin-
ger action, which presumably is an important component of the
agency experience.
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Interaction of body ownership and agency in the
somatosensory cortex

Our analysis revealed somatosensory activity that was uniquely
related to the situation when both ownership and agency were
experienced over the moving rubber hand (interaction between
ownership and agency). In principle, this activity could reflect a
change in body ownership caused by agency or a change in
agency caused by ownership. We think the former is more likely
because the behavioral data showed a significant corresponding
interaction effect in the questionnaire hand ownership ratings
but not in the agency ratings. Thus, the somatosensory activity
may be related to a change in the somatic feeling of the rubber
hand illusion when this illusion is produced by visuomotor-
kinesthetic correlations during active movements as opposed to
visuokinesthetic correlations during passive movements. Motor
commands and efferent signals can influence limb movement
sensations (Gandevia et al., 2006; Walsh et al.,, 2010), and thus,
we theorize that information related to the active motor com-
mand signals made the ownership experience more vivid by
boosting kinesthetic sensations from the finger movements of
the rubber hand. Such motor command signals could originate
from premotor areas and influence the somatosensory cortex via
corticocortical connections, which is supported by the finding of
increased functional connectivity between the SMA and S1 in
the active synchronous congruent condition when both owner-
ship and agency were experienced (Fig. 8). Alternatively, agency
might influence the multisensory integration process that deter-
mines body ownership by facilitating combination over segrega-
tion by influencing the prior probability of a common cause
(Samad et al., 2015; Chancel et al., 2022a), although it remains
unclear how this would lead to enhanced SI activation
rather than increased premotor or posterior parietal activ-
ity. The somatosensory activity might also reflect a special
component of agency over one’s bodily movements—“bod-
ily agency”—perhaps reflecting differences between own
movement-related somatosensory predictions and predic-
tions about external (e.g., visual) events that are indirectly
caused by voluntary action (Frith et al., 2000). According to
this view, somatosensory activity would reflect somatosen-
sory predictions during bodily agency, whereas visual corti-
cal activity would reflect visual predictions associated with
“external agency” over the nonowned (rotated) rubber hand
(Fig. 10). Regardless of the underlying mechanism and con-
ceptualization, our finding links somatosensory activity to
the combination of ownership and agency during voluntary
limb movement.
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