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ABSTRACT

Previous studies indicated that the sense of body ownership (i.e., the feeling that our body
parts belong to us; SBO) can be experimentally modulated in humans. Here, we focused on
SBO from an across-species perspective, by investigating whether similar bottom-up and
top-down constraints that consent to build SBO in humans also operate to build it in mon-
keys. To this aim, one monkey and a cohort of humans (N = 20) performed a paradigm
combining the well-known rubber hand illusion (RHI), able to induce a fake hand embodi-
ment, and a hand-identification reaching task, borrowed from the clinical evaluation of
patients with SBO disorders. This task consisted of reaching one’s own hand with the other,
while presenting a fake hand in different conditions controlling for bottom-up (synchro-
nicity of the visuo-tactile stimulation) and top-down (congruency of the fake hand position
relative to the monkey’s body) SBO constraints. Spatiotemporal kinematic features of such
self-directed movements were measured. Our results show that, when the monkey aimed at
the own hand, the trajectory of self-directed movements was attracted by the position of the
hand believed tobe one’s own (i.e., the fake hand), as in humans. Interestingly, such an effect
was present only when both bottom-up and top-down constraints were met. Moreover, in
the monkey, besides displacement of movement trajectory, also other kinematic parameters
(velocity peak, deceleration phase) showed sensitivity to the embodiment effect. Overall, if
replicated in a larger sample of monkeys, these results should support the view that human
and non-human primates share similar body representation constraints and that they are
able to modulate the motor behavior in both species.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

A challenge for neuroscience is to understand our sense of body
ownership (SBO); i.e., the feeling that body parts belong to us
(Gallagher, 2000). A vast literature has largely explored this
topic in humans, by revealing neural mechanisms that sus-
tain this function (Castro et al., 2023), as well as behavioral
rules and constraints that allow its emergence (Blanke, Slater,
& Serino, 2015). Although the SBO is likely shared among
different species, less attention has been paid on it outside the
human context. In the present study, we focused on non-
human primates, and we asked whether similar constraints,
that consent to build SBO in humans, also operate to build it in
monkeys. To this aim, we capitalized on consolidated pro-
cedures in humans, able to alter the SBO in healthy partici-
pants, such as the rubber hand illusion (RHI) (Botvinick &
Cohen, 1998), and to evaluate its selective dysfunction in
pathological contexts, such as pathological embodiment
(Candini et al., 2022; Errante et al., 2022; Garbarini et al., 2013,
2014; Rossi Sebastiano et al., 2022; see below). Thus, we
combined these two approaches in a novel paradigm suitable
for investigating the monkey’s behavior. Starting from the
RHI, we took advantage of this multisensory illusion, in which
the synchronous stroking of the participant’s real hand
(occluded from view) as well as that of a clearly visible human-
like fake hand, congruently positioned with respect to the
participant’s posture and perspective, leads experimental
subjects to feel as if the fake hand were their own (the so-
called embodiment). Several studies exploiting this procedure
in healthy participants have revealed that some rules must be
respected in order to observe the embodiment phenomenon,
thus shedding light on the constraints that allow building a
normal SBO. Indeed, illusory embodiment is ruled not only by
bottom-up factors (i.e., the synchronicity of the strokes
applied to the real and the fake hand) but also by top-down
constraints (i.e., the congruency of the fake hand’s position
relative to the participant’s body) (Blanke et al., 2015). In
agreement with human studies, previous studies on rodent
models already exploited the RHI to suggest that mice may
experience body ownership of their tail (Buckmaster,
Rathmann-Bloch, de Lecea, Schatzberg, & Lyons, 2020;
Wada, Takano, Ora, Ide, & Kansaku, 2016, 2019). In non-
human primates, pioneering studies investigate neurophysi-
ological alterations induced by the RHI. For instance, it has
been shown that, during the synchronous stimulation of the
monkey’s real and fake arms, bimodal, tactile and visual
neurons in the ventral premotor cortex and posterior parietal
area 5 not only respond to the felt position of the real arm
when it is covered from view, but also to the seen position of a
fake arm (Graziano, 1999; Graziano, Cooke, & Taylor, 2000).
Furthermore, more recent evidence demonstrated that
following a period of illusion induction, the monkey’s neurons
in S1 and M1 start responding also when tactile stimuli are
applied to the fake hand alone (Shokur et al., 2013), further
demonstrating that the monkey’s neural circuitry is deeply
altered during multisensory illusions. However, whether

these neural events are also accompanied by a modulation of
the monkey’s behavior is still unknown. In Graziano’s words
“We did not know if the false arm “fooled” the monkey, but we could
study its influence on the behavior of neurons” (Graziano, 1999,
2000).

In the present study, we combined a modified version of
the RHI to induce body ownership alterations in a Rhesus
monkey (and in a group of human controls) with an ad hoc
procedure. This procedure derives from a clinical evaluation
that we previously designed in a pathological context and now
modified to investigate the monkey’s behavior following the
illusion induction. In particular, we focused on a mono-
thematic delusion of body ownership after brain-damage that
we named pathological embodiment, since patients show a
systematic misattribution of someone else’s hand to their
own body [e.g.,, (Candini et al., 2022; Errante et al., 2022;
Garbarini et al., 2013, 2014; Rossi Sebastiano, Poles, et al.,
2022)]. Importantly, in these patients, pathological embodi-
ment occurs only when the constraints of an aprioristic body
representation, as those demonstrated using the RHI, are
respected. Indeed, the alien (i.e., the examiner’s) hand is
embodied only when it is placed in an egocentric body-
congruent position, aligned to the patient’s shoulder. In this
condition, when patients are asked to identify the own
affected hand, by reaching it with the unaffected one, they
systematically reach for the alien hand, identifying it as their
own. By contrast, when the alien hand is misaligned to the
patient’s shoulder (body-incongruent position), the patho-
logical embodiment does not occur [for a review see
(Garbarini, Fossataro, Pia, & Berti, 2020)].

In our preliminary investigation, we collected data from
one monkey and a cohort of 20 humans. Based on the above
described hand-identification reaching task, we designed an
ad-hoc paradigm in which we alternated 13—15 sec of RHI, able
to induce embodiment over a fake hand, and reaching
movements, in which the monkey was trained (and human
controls were instructed) to reach for the hand exposed to the
illusion (i.e., the left one) with the non-deluded hand (i.e., the
right one). Thereby, we created a non-verbal task (i.e., hand-
identification reaching task) to test the embodiment over the
fake hand by employing fully implicit measures (i.e., kine-
matic parameters). To investigate whether, in monkey as in
humans, illusory embodiment is ruled by both bottom-up
factors and top-down constraints, we manipulated the syn-
chronicity of visuo-tactile stimulation and the congruency of
the fake hand position relative to the monkey’s body,
respectively. Thus, in our (2 x 2) factorial design, visuo-tactile
stimulations could be either synchronous (known to induce
the embodiment) or asynchronous (known to not); the fake
hand position could be either aligned (internal position, known
to induce the embodiment) or misaligned to the shoulder
(external position, known to not). Spatial and temporal shifts of
kinematic parameters toward the fake hand, depending on
the experimental conditions, should allow us both to address
the occurrence of the embodiment phenomenon in the
monkey’s behavior and to test whether it is ruled by the same
constraints regulating the body representation in humans.
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2. Methods
2.1 Participants

2.1.1. Human controls

Twenty-eight human volunteers (16 females; mean
age + standard deviation: 25.81 + 7.12 years; range 20—59
years) participated in the study. All human controls had
normal or corrected-to-normal vision. Only individuals with
no history of neurological, orthopedic or rheumatological
diseases, and no drug or alcohol abuse were recruited. All
human controls were right-handed according to the Edin-
burgh Handedness Scale (Oldfield, 1971). Eight controls were
subsequently excluded from data analysis due to technical
problems during data acquisition. Overall, 20 human controls
were included in the successive analyses (12 females; mean
age + standard deviation: 26.42 + 8.25 years; range 20—-59
years). Informed consent was obtained in accordance with
ethical standards set out by the Declaration of Helsinki (1964).
The study was approved by the ethical committee of the
University of Turin (Prot. 133, 278 7/03/2019).

2.1.2. Monkey

The experiment was carried out on a male Rhesus monkey
(Macaca Mulatta) weighing about 10 kg. All methods were
performed in accordance with relevant guidelines and regu-
lations. Animal handling, as well the behavioral procedures,
complied with the European (directives 86/609/EEC, 2003/65/
CE, and 2010/63/EU) and Italian (D.L. 116/92 and 26/2014) laws
in force on the humane care and use of laboratory animals. All
procedures were approved by the Veterinarian Animal Care
and Use Committee of the University of Parma and authorized
by the Italian Ministry of Health.

2.2. Apparatus and behavioral paradigm

2.2.1. Human controls

The participants sat on a chair in front of a table, on which a
wooden apparatus (32 x 100 x 65 cm), similar to that used in
the monkey experiment (see below), but adapted for human
subjects, was placed. The apparatus had a removable hori-
zontal opaque panel that could be placed on its upper part
(occluding the participant left forelimb from vision). In the
starting position, human controls placed their hands inside
the apparatus with the palm down. In this rest position they
were required to hold their right and left index fingers on
marked points. The starting point of the right hand was placed
on the right side at 20 cm from the body midline. In both
baseline and experimental conditions, a rubber left hand (fake
hand), matching the participant’s biological gender, was
introduced. Hence, on the left side of the apparatus, the two
left hands (i.e., the participant’s left hand and the fake one)
could be placed in two possible configurations: in the internal
position, the fake hand was centered on the shoulder’s axis (at
about 20 cm from the body midline), being internally posi-
tioned between the participant’s trunk and her left hand that
was externally misaligned towards the left (at about 40 cm
from the body midline); in the external position, the fake hand
was externally misaligned to the shoulder towards the left (at

about 40 cm from the body midline), while the participant’s
left hand was centered on the shoulder’s axis (at about 20 cm
from the body midline). On the horizontal plane, in front of
each left hand, a red LED was positioned.

2.2.2.  Monkey

The monkey faced a horizontal table consisting of a box,
located at the belly height (dimensions 50 x 60 x 50 cm). The
lower part of the box consisted of a horizontal plane
(42 x 50 x 1.5 cm) on which three metal cylinders (starting
point) were positioned, at about 20 cm from the monkey body.
The first was aligned with the right shoulder of the monkey,
while the other two were placed on the left, one in a medial
position (internal cylinder), aligned with the monkey left
shoulder, and the other in a lateral position (external cylin-
der), at about 5 cm from the previous one. The upper part of
the box contained a transparent plexiglass frame
(39 x 49 x 2 cm), at the shoulder level, tilted of about 8° in the
antero—posterior axis, with the lowest part towards the
monkey neck. This frame allowed to insert, depending on the
condition, one opaque panel (39 x 10 x 1 cm), that could
obscure either the internal position or the external one,
making invisible the left hand of the monkey (see below,
experimental paradigm).

In both baseline and experimental conditions, a fake left
arm, similar to the monkey one (see Suppl. Fig. 1 for a repre-
sentative image of the used fake arm), was introduced. The
fake arm was made of fiberglass and covered with synthetic
leather produced by a taxidermic procedure. As in the human
experiment, the two lefthands (i.e., the monkey’s and the fake
one) could be placed in two possible configurations: in the
external position, the monkey’s left hand held the internal
cylinder while the fake held the external cylinder; in the in-
ternal position, the monkey’s left hand held the external cyl-
inder, while the fake hand held the internal cylinder. On the
horizontal plane, in front of each left cylinder, a red LED was
positioned.

2.3.  Monkey training

At the beginning of the study, the monkey was habituated to
the interaction with the experimenters in its home cage, by
receiving food and being touched. Then, it was trained to leave
the cage, to seat in a primate chair, and familiarize with the
experimental setup. After this preliminary phase (lasting
about 3 months), the monkey was trained to perform the hand
identification reaching task. First, the monkey was trained to
hold both hands on the starting points. Then, it was habitu-
ated to be touched by the experimenter on the left forearm
without moving and, later on, to respond to the touch by
reaching the stimulated body part with the right hand. Sub-
sequently, the conditioning stimulus (touch) was substituted
with the visual cue (LED). Finally, the monkey fake forelimb
was introduced at the left-hand position not occupied by the
monkey’s own hand and the monkey was trained to fixate the
fake hand, while an experimenter gently stroked with a brush
both the monkey forelimb (from forearm to hand) and the fake
one for about 2 min. This type of procedure was similar to the
rubber hand illusion (RHI) procedure used in previous studies
on humans (Botvinick & Cohen, 1998) and monkeys (Graziano
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et al,, 2000). Each phase of habituation and training was ach-
ieved by using a positive reinforcement technique. Rein-
forcement consisted in palatable food and liquids.

2.4. Rubber hand illusion procedure

Participants (monkey or human controls) placed their hands
in the apparatus on the starting points, i.e., with the right
hand on the corresponding marked point, and the left hand
either in the internal or in the external position. The fake hand
was placed in the internal/external position (not occupied by
the real hand) and the opaque panel was introduced, pre-
venting the participant from seeing her/his left hand, but
allowing the view of the fake hand. In the human experiment,
a white cloth covered the shoulders and the proximal parts of
the left real and dummy hand, so that the participant could
not appreciate the discontinuity between the rubber hand and
the body. In the monkey experiment, the opaque panel was
enough to prevent the view of such discontinuity. Then, the
experimenter stroked the participant’s left hand and the fake
hand either synchronously or asynchronously for 2 min. In
the synchronous (illusion) conditions, the stroking on the two
hands was applied with the same timing. Conversely, in the
asynchronous (control) conditions, the strokes on the real and

fake hands were applied in anti-phase. This 2 min of stimu-
lation was performed to allow the illusion to emerge (at least
in the synchronous condition) and was immediately followed
by the experimental procedure in which we alternated short
blocks of stimulation with the hand-identification reaching
task (see below).

2.5. Hand-identification reaching task

In the hand-identification reaching task (Fig. 1), human con-
trols were instructed, and the monkey was trained, to reach
and touch their left hand with their right one, starting from
the right starting point. The enlightenment of the red LED was
employed as a go signal for the movement. If the participant
or the monkey performed additional movements of the arm at
any time during the initial holding period, the trial was abor-
ted. Participants were not allowed to make any correction
once the pointing hand had reached the target hand. Note
that, before each reaching movement, 10—12 sec of RHI
stimulation was applied. This combined procedure allowed
the illusion to be maintained throughout the experiment [see
e.g., (della Gatta et al., 2016; Rossi Sebastiano, Bruno, et al.,
2022; Rossi Sebastiano et al.,, 2022; Bruno et al., 2022) for
similar procedures]. The task was repeated in four different

Ext Syn Ext Asyn
t-/ ‘| / t-/ |/
Int Syn Int Asyn
/2 / ' /
Ext Syn Ext Asyn
*u *./ |
Int Syn Int Asyn

i

t

Fig. 1 — Illustration of the experimental paradigm carried out on human controls and the monkey. Before each trial, the
subject remained in a rest state, with the hands on the starting points. In (A) and (C), an example of the internal position is
depicted: the fake hand was placed in the internal position, aligned with the subject’s left shoulder, while the real left hand
was hidden from the view of the subject, by means of an opaque panel. (B, D) The paradigm consisted of four experimental
conditions (see Methods). In all conditions, the fake hand was visible, while the real left hand was always hidden from the
subject view. In each condition, after 10—12 s of visuo-tactile RHI stimulation, a red LED was switched on, prompting the
subject to perform the reaching movement with the right hand towards the left hand.
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experimental conditions: a) “external synchronous”, the fake
hand laid in the external position configuration and the syn-
chronous RHI stimulation was applied; b) “external asynchro-
nous”, the fake hand laid in the external position configuration
and the asynchronous RHI stimulation was applied; c) “internal
synchronous”, the fake hand laid in the internal position
configuration and the synchronous RHI stimulation was applied;
d) “internal asynchronous”, the fake hand laid in the internal
position configuration and the asynchronous RHI stimulation was
applied (Fig. 1). Moreover, at the beginning of each session, we
also collected two sets of trials in which the fake hand was
presented but no RHI stimulation was applied, to characterize
the kinematic profile of reaching movements in the internal
and the external positions (i.e., “internal baseline”, “external
baseline” conditions).

In the human experiment, 180 trials (30 trials x 6 condi-
tions) were collected, thus a total of 5040 trials (180 trials x 28
participants). The final analysis was carried out on 3600 trials
(180 trials x 20 participants). In the monkey experiment, the
entire dataset included a total of 600 trials: 100 correct trials
for 6 conditions (4 main conditions, +2 baseline conditions),
recorded in 5 days (20 trials per condition in each day). One
hundred and twenty trials were subsequently excluded from
the analysis due to technical problems or monkey errors. Note
that these excluded trials were equally distributed between
conditions (20 trials per conditions). Thus, the final dataset
acquired in the monkey included a total of 480 trials.

In both human controls and in the monkey experiments,
all the baselines and the experimental conditions were per-
formed in separate blocks. In the human experiment, the
order of the baseline conditions, always performed at the
beginning of the session, was counterbalanced between
participants, while the order of the following experimental
conditions was randomized between participants. In be-
tween different conditions, a 5-min pause was required, in
order to change the setting and also to cancel the effects of
the illusion, preventing possible interactions with successive
trials. In the monkey experiment, the order of the baseline
conditions, always performed at the beginning of the session,
was counterbalanced across sessions. The order of the
following experimental conditions was counterbalanced be-
tween sessions: in half of the sessions the internal conditions
were presented first, in the other half viceversa, alternating
synchronous and asynchronous stimulation blocks. Similar
to human controls experiment, also in the monkey experi-
ment a 5-min pause was required between conditions, in
order to change the setting and also to cancel the effects of
the illusion.

2.6. Kinematic data acquisition and analysis

All performed reaching movements were video recorded and
analyzed using 2D kinematic analysis. Data were acquired by
means of a digital HD camera (© GoPro, Inc., USA), with a 240
frame/s rate and resolution of 1280 x 720p. The experiment
consisted of 30 repetitions in human participants and 100
repetitions of the same action for each condition in the
monkey. Note that, in the human controls sample, data from 8
subjects were discarded due to technical problems during

kinematic data tracking. Thus, the final sample included 20
human controls.

Software Tracker (© Tracker v5.1.2, 2019 Douglas Brown)
was used to measure the movement trajectory and velocity,
by marking specific points placed on the subject hand. In the
experiment on human controls the markers consisted of
colored spheres (g .5 cm) placed on the tip of the participant’s
right index finger. In the monkey experiment, a light blue
colored marker was painted centered on the knuckle of the
right little finger. The size of this latter marker was about 3 cm
of diameter, thus larger with respect to that used for human
controls, due the difficulty of automatically tracking a marker
moving at high velocity (velocity peak about 360 cm/sec in the
monkey versus 130 cm/sec in human controls). Using this
arrangement, it was possible to calculate trajectory on x and y
axes, and maximum peak velocity. The point of origin of the
X/Y axes was set as the starting position of the subject’s hand.
To trace the markers, the auto-tracker function implemented
in Tracker software was used. This procedure compares the
image of the marker in each frame with its template image.
More specifically, we created a point of mass in the center of
the marker, using as tracking parameters an evolution rate of
20% and an auto-mark value of 4 (range 1-10). This setting
reduces the probability of drifts in the template and false
matches. Using these parameters, it was possible to trace
marker position in the space every 4 msec until the end of the
action. A line of 15 cm drawn on the side of the apparatus was
used as a reference measure for software calibration. The
calibration was computed by scaling the real distance
measured in cm to the image distance expressed in pixels.
Trajectory and velocity were calculated by using the co-
ordinates of the point of mass on the x and y axis. Velocity
index was calculated using a finite difference algorithm:

v= (x-[i+1] - x-[i-1]) / (2*dt)

where i refers to the step number and dt is the time between
two consecutive steps expressed in ms. The velocity module
accounts both for the x and y components, by calculating the
combination of the two vector values, expressed in cm/sec. In
order to account for the noise in the recorded data, values
were averaged and smoothed by using a gaussian-weighted
moving average filter included in Matlab R2020a (The Math-
works, Inc., Natick, MA, USA). In order to account for differ-
ences between trials having slightly different durations, we
normalized each trial duration using the percentage of the
total time and calculated and plotted mean velocity and tra-
jectory data over movement time percentage.

2.7. Statistical analysis of kinematic data

2.7.1.  Preliminary analyses on baselines

Three kinematic parameters were analyzed: the displacement
of movement endpoint (calculated as the displacement on the
x-axis of the final position in each condition), peak velocity
(calculated as the maximal velocity reached in each condi-
tion’s movement), and percentage of deceleration phase
(computed as the percentage of deceleration phase observed
in each movement of each condition). We chose to investigate
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the displacement of movement endpoint on the x-axis to-
wards the fake hand, because it reflects the measure most
similar to that used for the evaluation of patients with
“pathological embodiment” (E+), who, when asked to reach
for their own affected hand with the unaffected one, sys-
tematically shift the movement endpoint along the x-axis, i.e.,
on the embodied hand.

As preliminary analyses, the values of each parameter
were compared between the internal and external positions
separately in the monkey and the human controls. To this
aim, on each parameter, we performed two-tailed matched
pairs t-tests between internal and external baselines.

2.7.2.  Main analyses on experimental conditions

Since significant differences were found in the baselines an-
alyses, revealing specific kinematic profiles for the two types
of movements (i.e., internal versus external target hand po-
sition) (see Results section), before performing the main ana-
lyses on each kinematic parameter, we normalized the values
of the experimental conditions on the corresponding baseline
(i.e., using the internal baseline to normalize internal syn-
chronous and asynchronous conditions and using the
external baseline to normalize external synchronous and
asynchronous conditions). First, the displacement of move-
ment endpoint was calculated as the displacement on the x-
axis of the final position in each condition relative to the
endpoint position in the corresponding baseline. Note that
positive and negative values were normalized so that, both in
the case of the internal and the external positions, positive
and negative values indicate a displacement towards or away
from the fake hand, respectively. Second, the peak velocity
was calculated as the difference between maximal velocity
reached in each condition and that reached in the corre-
sponding baseline. Third, the percentage of deceleration
phase was computed as difference between the percentage of
deceleration phase observed in each condition’s movement
and that observed in the corresponding baseline.

The resulting data of each parameter were analyzed using
two different repeated-measures (rm)ANOVAs, one for the
monkey dataset and the other for the human dataset. In the
context of single animal studies rmANOVA is commonly used
to take into account the correlation between measurements
on the same case (Fang et al,, 2019; Roy, Paulignan, Farne,
Jouffrais, & Boussaoud, 2000, 2002). Each dataset was entered
as a dependent variable in a 2 x 2 repeated-measures ANOVA,
with Position (external, internal) and Stimulation (synchronous,
asynchronous) as repeated measures. Post-hoc comparisons
were carried out by means of Newman—Keuls' test.

2.8. Explicit measures of RHI in human participants

In order to measure the effectiveness of the RHI procedures in
the human experiment, explicit measures were additionally
collected and analyzed. At the end of each block, participants
were asked to rate their agreement with the items of the
Embodiment questionnaire. Such questionnaire consisted of 3
“real” items, testing the feeling of embodiment, and 3 “con-
trol” items, controlling for response bias (Table 1) (Longo,
Schiitir, Kammers, Tsakiris, & Haggard, 2008).

Table 1 — Embodiment questionnaire.

1. It seemed as if I were sensing the touch in the location where I
saw the rubber hand touched

2. It seemed as if the touch I felt was caused by the paintbrush
touching the rubber hand

3. I felt as if the rubber hand was my hand

4. 1 felt as if my real hand was becoming a fake hand

5. I felt as if I had more than a left hand

6. I felt as if the rubber hand was shifting towards my left hand

Participants were asked to rate their agreement with the state-
ments by assigning a score to each item, using a 7 points Likert
Scale (—3 = “strongly disagree”; +3 = “strongly agree”) (Longo et al.,
2008). Note that the first three statements represent “real” items
investigating the illusory feeling of ownership towards the fake
hand, whereas the last three are “control” items, to control for
response bias. Items were presented in a random order.

To compare the subjective feeling of embodiment toward
the fake hand across conditions, an Embodiment index was
computed as the delta between the mean ratings attributed to
the real and the control items of the Embodiment question-
naire (embodiment index = real — control). Hence, high values
of the embodiment index indicate strong feeling of embodi-
ment. Values of the embodiment index were entered as a
dependent variable in a 2 x 2 repeated-measures ANOVA,
with Position (external, internal) and Stimulation (synchronous,
asynchronous) as within-subject factors.

Post-hoc comparisons were carried out by means of New-
man—Keuls' test. Before running parametric tests, normality
of the residuals was checked by means of the Shapiro Wilk
test (p always > .05). Statistical analyses were performed using
Statistica Software (StatSoft, release 8).

3. Results
3.1. Kinematic study in human controls and monkey

3.1.1. Preliminary analyses on baselines

To characterize the kinematic profile of the movements per-
formed in each position regardless of the RHI effect, at the
beginning of each session, both human controls and the
monkey performed the hand-identification reaching task
without receiving the RHI visuo-tactile stimulation (i.e., “in-
ternal baseline” and “external baseline” conditions). Pre-
liminary analyses of these baseline conditions suggest that
movements performed in the internal and external positions
are characterized by specific kinematic profiles, related to the
different length of the movement trajectory between the two
positions. Importantly, this specificity is present in both
human controls and in the monkey, thus confirming that the
movements executed by the two species during the task are
comparable.

As regards the movement endpoint comparison between
internal and external baselines, the matched pairs t-tests
reveal, for both human controls [t(;,19) = 7.71; p = .0000003] and
the monkey [t 79) = 23.48, p = .00000001], significantly greater
values in the internal as compared to the external position
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(Fig. 2A and B). This result is in line with the greater distance
between the movement starting point and the own hand po-
sition in the internal (i.e., in which the fake hand is internally
while the own one is externally displaced relative to the
subject’s shoulder) as compared to the external position (i.e.,
in which the own hand is internally while the fake one is
externally displaced relative to the subject’s shoulder).

As regards the velocity peak comparison between internal
and external baselines, the matched pairs t-tests reveal, for
both human controls [ty 19 = 2.51; p = .02] and the monkey
[t@2,79) = 8.05, p = .000001], significantly greater values in the
internal as compared to the external position (Fig. 2C and D).
This is in agreement with kinematic laws of biological move-
ment showing that longer movements reach faster velocity
(Castiello & Dadda, 2019; Castiello, Bennett, & Stelmach, 1993;
Fogassi, Gallese, Gentilucci, Chieffi, & Rizzolatti, 1991, 2001;
Jakobson & Goodale, 1991; Jeannerod, 1984; Messier & Kalaska,
1999; Sartori, Camperio-Ciani, Bulgheroni, & Castiello, 2013).

As regards the percentage of deceleration phase, by
comparing internal and external baselines, the results show,
only for humans [t(1,10) = 3.17; p = .005], significantly greater
values in the internal as compared to the external position
(Fig. 2E). This finding is in agreement with kinematic laws of
biological movement showing that longer movements require
more on-line control during execution, thus resulting in a
greater deceleration phase as compared to the acceleration
phase (Castiello & Dadda, 2019). This difference was not sig-
nificant in the monkey (Fig. 2F). A possible interpretation of
this latter finding is that, in the monkey, baseline movements
tend to be more ballistic, leading to less deceleration both in
the internal and external conditions. This explains why, un-
like in humans, the increase in speed observed in the external
condition does not result in an increase in deceleration.

Due to the specific kinematic profile observed in pre-
liminary analyses of baseline conditions, in the main ana-
lyses, we normalized each experimental condition on the
corresponding baseline (see details in Methods). Thereby, we
were able to test the modulation induced by both bottom-up
(i.e., synchronicity of tactile stimulation) and top-down (i.e.,
congruency of the fake hand position with the body posture)
constraints, regardless of the specific kinematic features
characterizing the two different positions.

3.1.2.

results
Mean movement trajectory for each of the four experimental
conditions and the corresponding baselines is shown in
Fig. 3A (human controls) and 3B (monkey). The displacement
of movement endpoints is shown in Fig. 3C (human controls)
and Fig. 3D (monkey). This parameter is a measure of the
movement endpoint shift relative to the fake hand position,
with values around zero indicating no modulation exerted by
the rubber hand position, while positive and negative values

Main analyses: displacement of movement endpoint

indicate a movement displacement towards or away from the
fake hand respectively.

As expected, in human controls, the ANOVA shows a sig-
nificant Position by Stimulation interaction [Fy 19 = 4.53,
p = .047], suggesting that, when both bottom-up and top-down
constraints are respected (i.e., in the internal synchronous
condition), the movement endpoint is significantly more
shifted toward the fake arm as compared to all the other
conditions (internal synchronous versus internal asynchro-
nous: p = .027; internal synchronous versus external syn-
chronous: p = .014; internal synchronous versus external
asynchronous: p = .028) (Fig. 3C). This means that our protocol
is effective in replicating classical RHI effects in humans.
Crucially, the monkey’s behavior fully parallels the results
observed in humans. Indeed, the ANOVA shows again a sig-
nificant Position by Stimulation interaction [Fy79 = 8.86,
p = .004], with a greater movement displacement toward the
fake hand during the internal synchronous condition as
compared to all the other conditions (internal synchronous
versus internal asynchronous: p = .012; internal synchronous
versus external synchronous: p = .0003; internal synchronous
versus external asynchronous: p = .019) (Fig. 3D). An opposite
movement displacement away from the fake hand, although
not significant (p = .11), was also present following Synchro-
nous versus Asynchronous stimulation, when the fake arm
was placed in the external body-incongruent position.

To sum up, this analysis reveals as an important new
finding, that the monkey’s behavior is affected by the illusory
experience and that this happens only when the same
bottom-up and top-down constraints operating in humans are
respected.

3.1.3.
results
Velocity profiles of human controls and the monkey are
shown in Fig. 4A—B and C-D, respectively. Starting from these
raw data, we calculated peak velocity as the difference be-
tween maximal velocity reached in each condition and that
reached in the corresponding baseline. Deceleration phase
was computed as the difference between the percentage of
deceleration phase observed in each condition’s movement
and that observed in the corresponding baseline. These two
parameters are considered a hallmark of target uncertainty,
with decreased peak velocity and increased deceleration
phase indicating greater confound effect induced by the fake
hand on the movement.

In humans, no significant result was found, neither for the
velocity peak [main effect of Position: F3 19) = .33, p = .57; main
effect of Stimulation: Fq 10y = 1.1, p = .31; Position by Stimulation
Interaction: Fy 19) = .1, p = .76] nor for the deceleration phase
[main effect of Position: F(;19) = 1.05, p = .32; main effect of
Stimulation: F(1,10) = 1.84, p = .19; Position by Stimulation Inter-
action: F(;19) = 2.34, p = .14]. In particular, the absence of a

Main analyses: velocity peak and deceleration phase

Fig. 2 — Results of the preliminary analyses comparing each kinematic parameter between internal and external baselines.
Panel A, C and E represent the results of the analyses run on the human datasets regarding movement endpoint, velocity
peak and deceleration phase respectively. Panel B, D and F represent the results of the analyses run on the monkey datasets
regarding movement endpoint, velocity peak and deceleration phase respectively. Error bars represent standard error of the
mean. Single subject values are displayed over each mean bar plot. Asterisks indicate significant results.
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significant interaction seems to suggest that, differently from
the displacement of movement’s endpoint (see above), these
two kinematic parameters are not sensitive to capture the
modulation induced by the combination of bottom-up and
top-down constraints in humans.

Mean velocity peak and mean deceleration phase in the
monkey are shown in Fig. 5A and B, respectively. In the
monkey, differently from humans, the velocity peak analysis
shows a significant main effect of Stimulation [F(1,70) = 12.64,
p = .0006], with lower values in synchronous than asynchro-
nous conditions, and Position [F(;7) = 43.32, p < .0001], with
lower values in internal than external conditions (Fig. 5A).
This means that both bottom-up and top-down constraints
induce a decrease of the monkey’s maximal velocity during
the reaching movement, as if the animal was more uncertain.

Also the analysis of the deceleration phase seems to sug-
gest a greater uncertainty of the monkey induced by the illu-
sion (Fig. 5B). Here, the rmANOVA shows a significant main
effect of Stimulation [F(; 70 = 4.89, p = .03], with a longer
deceleration phase in the synchronous than in the asyn-
chronous condition and a significant Position by Stimulation
interaction [F(; 76y = 10.95, p = .001], suggesting that, when both
bottom-up and top-down constraints make the attribution of
the fake hand to the own body unlikely (i.e., in the asyn-
chronous external condition), the deceleration phase is
significantly lower with respect to the baseline, thus indi-
cating smaller confound effect induced by the fake hand on
the monkey’s movement, as compared to all the other con-
ditions (external asynchronous versus external synchronous:

p = .003; external asynchronous versus internal
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Fig. 4 — Mean velocity profiles of reaching movements performed by human controls (A—B) and monkey (C—D). Variability
around the mean velocity indicates standard error of the mean.

asynchronous: p = .006; external asynchronous versus inter-
nal synchronous: p = .035) (Fig. 5B).

3.2 Explicit measures of RHI in humans

In human controls, to corroborate the results of the hand-
identification reaching task with explicit reports of the illu-
sory experience, we additionally collected subjective ratings at
the Embodiment questionnaire (see Table 1). We computed an
embodiment index (calculated as the difference between
mean subjective ratings in real and control items), reflecting
the subjective experience of embodiment of the fake hand.

As expected, the rmANOVA shows a significant Position by
Stimulation interaction [F(1,109) = 5.53; p = .03], with greater
values in the Internal Synchronous condition as compared to
all other conditions (internal synchronous versus internal
asynchronous: p = .001; internal synchronous versus external
synchronous: p = .002; internal synchronous versus external
asynchronous: p = .001; Fig. 6). This result, in agreement with
previous studies (Blanke et al, 2015), confirms that the
embodiment of the fake hand is verified when both bottom-up
and top-down constraints are respected (i.e., only in the in-
ternal synchronous condition). Crucially, these findings
perfectly mirror the results found in the displacement of
movement endpoint parameter, wherein the presence of a
significant Position by Stimulation interaction revealed signifi-
cantly greater attraction towards the fake hand position in the
internal synchronous condition.

4, Discussion

In the present study, we focused on the sense of body
ownership (SBO) from an across-species perspective, by
investigating whether similar bottom-up and top-down con-
straints that consent to build a SBO in humans also operate to
build it in a Rhesus monkey. To this aim, the monkey and a
cohort of human participants underwent a novel paradigm in
which we combined the RHI procedure (Botvinick & Cohen,
1998) and a hand-identification reaching task borrowed from
the clinical evaluation of patients with disorders of body-
ownership (Errante et al.,, 2022; Garbarini et al., 2020; Pia
et al., 2020; Rossi Sebastiano, Poles, et al., 2022). By
measuring spatial and temporal kinematic features of self-
directed movements during the illusion, this procedure
allowed us to demonstrate that the embodiment phenome-
non modulates the monkey’s behavior according to human-
like body ownership constraints.

Our results in human controls pinpoint that, by analyzing
movement kinematics, we were able to capture the embodi-
ment effect in individuals who also provided explicit report of
illusory experience (i.e., subjective ratings at the Embodiment
questionnaire). As expected, we replicated the classical RHI
effect with significantly greater subjective ratings of embodi-
ment of the fake hand following synchronous than asyn-
chronous stimulation (Erro, Marotta, & Fiorio, 2020; Fossataro,
Bruno, Giurgola, Bolognini, & Garbarini, 2018; Galigani,
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Fossataro, Gindri, Conson, & Garbarini, 2022; Marotta,
Zampini, Tinazzi, & Fiorio, 2018). Interestingly, this differ-
ence was modulated by the postural constraint, with signifi-
cantly greater ratings of embodiment in the internal as
compared to the external rubber hand position. Previous
literature investigated the postural constraint by manipu-
lating the perspective from which the fake hand was observed
[i.e., first- versus third-person perspective; e.g., Bucchioni
et al.,, 2016] or by manipulating its alighment with respect to
the participant’s shoulder (e.g., Erro et al., 2020). In line with
such evidence, the synchronous internal condition was the
one in which participants reported a greater illusion.
Crucially, the very same modulation was observed also in the
displacement of movement endpoint. Among the considered

kinematic parameters, this measure seems to be the one that
captures embodiment more robustly. Indeed, when partici-
pants aimed to the own hand, the trajectory of self-directed
movements was attracted by the position of the hand
believed to be one’s own (i.e., the fake hand). Similar kine-
matic parameters were previously employed by Kammers and
colleagues (Kammers, de Vignemont, Verhagen, & Dijkerman,
2009) who, after inducing the illusion, asked participants to
point on a board positioned over their deceived hand to indi-
cate its felt position. The authors could not find a difference
between RHI and control conditions, although, few years later,
other research reported contrasting evidence, showing a shift
in the pointed position following a different version of the RHI
paradigm [i.e., visuo-motor RHI; (Kalckert & Henrik Ehrsson,
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2012)]. Irrespective of whether they found the effect or not,
there are crucial differences between our procedure and those
reported by previous studies that must be highlighted. In
these studies, participants were asked to point at a board
covering the hand subjected to the illusion, while the view of
the rubber hand was precluded [as in classical proprioceptive
drift procedures (Tsakiris & Haggard, 2005)]. By contrast, in our
procedure, similarly to what happens during the motor eval-
uation of pathological embodiment (Errante et al., 2022;
Garbarini et al.,, 2013, 2014, 2020; Pia et al.,, 2020; Rossi
Sebastiano, Poles, et al., 2022), we asked participants to
directly reach for their own hand while the view of the fake
hand was allowed. This methodological aspect makes an
important difference in terms of both kinematic recordings
and maintenance of embodiment phenomenon. As regards
kinematic recordings, movements which directly target the
own body are characterized by specific kinematic patterns
(Castiello & Dadda, 2019) which could be more sensitive to the
body ownership manipulation. As regards the embodiment
maintenance, viewing the rubber hand during reaching
movements has likely maximized the embodiment mainte-
nance during our hand-identification reaching task.
Crucially, the analysis on the displacement of movement
endpoint shows an embodiment-dependent modulation not
only in human controls but also in the monkey we tested here.
Indeed, when both bottom-up and top-down constraints were

respected (i.e., only in the internal synchronous condition),
the trajectory of the monkey’s self-directed movements was
significantly displaced towards the position of the fake hand.
This finding, mirroring those of the human sample, suggests
that also the monkey “was fooled” by the RHI in a similar way to
human participants. Our results are in line with previous
studies which employed the displacement of movement
endpoint as an implicit marker to describe body ownership
alterations both in patients with pathological embodiment
(Rossi Sebastiano, Poles, et al., 2022), healthy participants
undergoing the RHI (Rossi Sebastiano, Poles, et al., 2022; Zopf,
Truong, Finkbeiner, Friedman, & Williams, 2011) and human
(Bertoni et al., 2023) and non-human primates (Fang et al.,
2019) subjected to a visuo-motor illusion. In particular, the
preliminary results we show here in one monkey are in
accordance with a previous study by Fang and collaborators
(Fang et al, 2019) that measured modulations of the
displacement of the movement trajectory following a visuo-
motor illusion. However, it is worth noticing that these pre-
vious studies analyzed the motor parameters of the hand
subjected to the illusion. By contrast, in our protocol, we
analyzed the motor parameters of the non-deceived hand,
similarly to the clinical evaluation of patients with patholog-
ical embodiment in which we capitalize on the motor pa-
rameters of the intact hand to identify the affected one. Our
findings show that the monkey is deluded by the classical
visuo-tactile RHI so that its motor system is biased toward the
fake limb when aiming to the deceived hand with the non-
deceived one. The behaviour of the monkey and human
controls resembles the counterintuitive behaviour observed in
brain-damaged patients with pathological embodiment.
However, in the clinical context, the embodiment effect on the
patients' motor behaviour is more dramatic, so that self-
directed movements land right on top of the (embodied)
alien hand, whenever it is placed in a body-congruent position
(Garbarini et al.,, 2020). This greater magnitude of the
embodiment effects in pathological as compared to experi-
mental alterations of body ownership is in line with previous
studies comparing these two contexts (Fossataro, Bruno,
Gindri, et al., 2018; Rossi Sebastiano, Poles, et al., 2022).
Interestingly, in the monkey, besides displacement of
movement trajectory, also other motor parameters showed
sensitivity to the embodiment effect. Indeed, the embodi-
ment modulates the monkey’s motor behavior by decreasing
the velocity peak and increasing the percentage of move-
ment dedicated to deceleration. As regards velocity peak, it
was reduced when, irrespective of the fake hand position,
the visuo-tactile stimulation was synchronous or when,
irrespective of the stimulation synchronicity, the position of
the fake hand was body-congruent. In other words, when
either bottom-up or top-down rules make the attribution of
the fake hand to the own body more likely, then self-directed
movements show an increased degree of uncertainty. This
finding is in line with previous data in the human and
monkey literature, showing that in goal-directed forelimb
movements peak velocity is lower and deceleration phase is
prolonged when the movement requires higher control
(Castiello & Dadda, 2019; Fogassi et al., 1991, 2001; Roy et al.,
2000, 2002). Complementary to the latter finding, the per-
centage of movement dedicated to deceleration was
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decreased in the asynchronous external condition, when
both bottom-up and top-down constraints were violated. In
other words, when these two rules make the attribution of
the fake hand to the own body more unlikely, then self-
directed movements show an increased degree of certainty.
This would indicate that, in the asynchronous external con-
dition, the monkey relies more on the learned motor pro-
gram, thus producing a ballistic movement, in which the
proportion of deceleration phase typically decreases (Fogassi
et al.,, 1991; Roy et al., 2000, 2002).

In conclusion, by borrowing the hand-identification
reaching task from the pathological context, we were able to
show in one individual monkey a behavioural counterpart of
the neurophysiological evidence provided by Graziano’s
seminal studies (Graziano, 1999, 2000). In their pioneering
works, these authors demonstrated that the monkey’s neu-
rons are modulated by the RHI, but whether the procedure
was able to influence the monkey’s behaviour remained un-
clear. Our results bring out preliminary evidence that not only
the monkey’s neurons are fooled by the fake hand, but also the
monkey’s kinematic behaviour is. If confirmed in a larger sample
of monkeys, this finding should provide novel insights about
both the plasticity of body ownership in monkeys and the
constraints that regulate non-human body representations.
By showing how these mechanisms are shaped within a
phylogenetic perspective, the present study paves the way for
future investigations adopting an ontogenetic perspective, to
characterize their emergence through development.
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