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Abstract
Peripersonal space can be considered as the interface between the body and the environment,
where objects can be reached and which may serve as a reference for the central nervous system
with regard to possible actions. Peripersonal space can be studied by assessing the perception
of the reachable space, which depends on the body’s physical characteristics (i.e., arm length)
since their modifications have been shown to be associated with a change in peripersonal space
representation. However, it remains unclear whether the representation of limb dynamics also
influences the representation of peripersonal space. The present study investigated this issue by
perturbing the force-field environment. A novel force field was created by rotating an
experimental platform where participants were seated while they reached towards visual targets.
Manual reaching performance was assessed before, during and after platform rotation.
Crucially, perception of peripersonal space was also assessed, with reachability judgments,
before and after platform rotation. As expected, sensori-motor adaptation to the perturbed force
field was observed. Our principal finding is that peripersonal space was systematically
perceived as closer to the body after force-field adaptation. Two control experiments showed
no significant difference in reachability judgments when no reaching movements were
performed during platform rotation or when reaching movements were performed without
platform rotation, suggesting that the change in perceived peripersonal space resulted from
exposure to new limb dynamics. Overall, our findings show that sensori-motor adaptation of
reaching movements to a new force field, which does not directly influence arm length but
results in the updating of the arm’s internal model of limb dynamics, interacts with the
perceptual categorisation of space, supporting a motor contribution to the representation of

peripersonal space.

Keywords: force-field adaptation, internal models, manual reaching, reachability judgment,

peripersonal space, space representation
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1. Introduction

Interacting adequately with the physical world requires fine perceptual and motor skills, such
as estimating the distance of an object or anticipating the effect of body movement on the object.
As early as the beginning of the 20th century, Poincaré (1902) stated that to localise an object
in space, we represent “the movements that are necessary to reach that object” or, in other
words, “the muscular sensations which accompany them and which have no geometrical
character”. This implies that the central nervous system may use a functional representation of
space, and recent research appears to support this view. For instance, the nervous system seems
to represent object properties such as being reachable or not, and such attributes can be used to
define the peripersonal and the extrapersonal space, respectively (Caggiano et al., 2009;
Brozzoli et al., 2010). Behavioural as well as neuroimaging studies of the human neurotypical
brain have provided evidence suggesting the specific processing of information in peripersonal
and extrapersonal spaces. Object perception, in particular, seems to be associated with an
activation of the motor system only when the object appears within the peripersonal space
(Mark et al., 1997; Costantini et al., 2010; lachini et al., 2014; Coello et al., 2008; Gallivan et
al., 2009, 2011, Bartolo et al., 2014). Thus, visual presentation of objects in peripersonal space
has been found to activate not only occipital but also parietal, ventral and premotor cortices
(Chao & Martin, 2000; Chao et al. 2002; Creem-Regehr & Lee, 2005; Kan et al. 2006; Martin,
2007), and sensori-motor cortices (Cardellicchio et al., 2011; Grafton et al., 1997; Matelli et al.,
1985; Gallivan et al., 2011; Wamain et al., 2016). Wamain et al. (2016), for instance, reported
an event-related desynchronisation of the p rhythm (8-13Hz) over the centro-parietal region
when a graspable object was presented in peripersonal space. This typical neural activation
related to the motor system was not observed for objects in extrapersonal space, and was

congruent with the activation reported when executing a voluntary motor action (Babiloni et
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al., 1999; Llanos et al., 2013; Salmelin & Hari, 1994; Salenius et al., 1997), observing a human
movement (Cochin et al., 1999) or observing the picture of a graspable object (Proverbio, 2002).
In addition, Coello et al. (2008) reported that transcranial magnetic stimulation of the left motor
cortex altered the neural processing of objects located in peripersonal space, but not of those
located in extrapersonal space. Likewise, Cardellicchio et al. (2011) reported greater motor-
evoked potentials when observing graspable objects located in the peripersonal space,
compared to observing either non-graspable objects or graspable objects outside the
peripersonal space. Accordingly, peripersonal space can be viewed as an abstract representation
of the near-body space where allocation of attention is multisensorial (Clery et al., 2015; di
Pellegrino et al., 1997; Graziano & Gandhi, 2000) and where objects are coded in terms of
possible actions (Coello & lachini, 2016; de Vignemont & lannetti, 2015; Di Pellegrino &
Ladavas, 2014), as Rizzolatti et al. (1981) put it. It is therefore now generally accepted that the
representation of peripersonal space may not be solely based on a perceptual representation of
space, but may also be influenced by motor representations allowing the anticipation of possible
actions.

The relationship between peripersonal space representation and motor representations has
been widely investigated, in particular in relation to tool use (Berti & Frassinetti, 2000; Ladavas
& Serino, 2008; Cardinali et al., 2009; Canzoneri et al., 2013; Clery et al., 2015; di Pellegrino
& Ladavas, 2015; Gouzien et al., 2017). For instance, Bourgeois et al. (2014) showed that using
tools to reach a target modifies the representation of peripersonal space. Their perceptual
paradigm investigated peripersonal space representation through reachability judgment tasks
that involved judging the reachability of various visual stimuli located at different distances
from the body (Bourgeois et al., 2014). In another study, Cardinali et al. (2009) asked
participants to repeatedly use long mechanical grabbers to reach objects. This period of repeated

tool use modified the kinematics of the same reaching movements using the hand alone,
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suggesting that the geometry of the arm was perceived as longer after using the grabber. Other
work also suggests that after repeated use, the tool is integrated into the body schema, defined
as a highly plastic representation of the body in terms of geometry and relative position of limbs,
which is used for performed and imagined movements (Haggard & Wolpert, 2005; Medina &
Coslett, 2010; De Vignemont, 2010; Martel et al., 2016). However, while it appears clear that
the geometrical properties of the body and its hierarchical arrangement are linked to
peripersonal space representation, it remains unclear whether dynamic properties also influence
this representation.

It has been hypothesised that internal models of limb dynamics are used to control
movements (Wolpert et al., 1995; Kawato, 1999; Bursztyn et al., 2006; Cullen & Brooks, 2015;
Ghez & Sainburg, 1995; Tanaka & Sejnowski, 2013). In reference to the mainstream literature,
internal models are separately conceived as a model “within the brain that can predict the
sensory consequences of an action”, namely the forward model, and as a model capable “[to
transform] a desired sensory consequence into the motor command that would achieve it”,
namely the inverse model (Wolpert et al., 2001). These internal models would thus operate at
the neural level both as controllers producing motor commands and as predictors anticipating
the sensory consequences of these motor commands (Wolpert & Kawato, 1998; Wolpert et al.,
2001; Pickering & Clark, 2014). Such internal models could underlie sensori-motor adaptation
and learning (Shadmehr et al., 2010). For instance, whenever the dynamic characteristics of the
limb change, these highly plastic sensori-motor representations may be updated to maintain a
high level of motor performance (Ostry et al., 2010).

The effect on motor performance of perturbing upper-limb dynamics has been extensively
studied through adaptation to modified gravito-inertial fields (Bourdin et al., 2001; Coello et
al., 1996; Lackner & DiZio, 1994; Sarlegna et al., 2010). The force-field environment can be

modified by asking individuals to sit on a rotating platform and to perform reaching arm
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movements. Such experiments are based on the fact that any movement performed during
rotation will encounter an inertial force (i.e., the Coriolis force) proportional to the speed of
both the reaching movement and the platform rotation. The force is applied to the body segment
with an effect orthogonal to the radial trajectory and opposite to the direction of the platform
rotation, resulting in lateral deviations of the movements during the first trials. Adaptation to
this inertial perturbation typically requires a few trials before the movement characteristics
return to baseline values, and produces an after-effect when the rotation (and the perturbation)
is interrupted (Lackner & DiZio, 1994; Coello et al., 1996; Bourdin et al., 2001, 2006; Lefumat
et al., 2015). Interestingly, the spatio-temporal features of the trajectories before and after
adaptation have been found to be similar, suggesting that this adaptation involves changes to
the dynamic properties of the motor system with no effect on the body’s spatial properties:
length of limb segments, their arrangement and configuration in space, and shape of body

surface (Morasso et al, 2015).

We used a classic force-field adaptation protocol (Lackner & DiZio, 1994; Coello et al.,
1996; Bourdin et al., 2006; Sarlegna et al. 2010) and measured several kinematic parameters
such as initial direction error, endpoint error and maximum perpendicular deviation (Lackner
& DiZio, 1994; Lefumat et al. 2015) to validate the strong hypothesis of a sensori-motor
adaptation. In the present study, force-field adaptation was a pre-requisite to assess whether the
internal model of limb dynamics influences the representation of peripersonal space. Indeed,
our subsequent hypothesis was that updating the arm’s internal model through sensori-motor
adaptation (as revealed by after-effects on reach trajectories) would modify judgments of
reachability. To test this hypothesis, we requested participants to perform a reachability
judgment task, which enabled us to assess participants’ representation of peripersonal space,

before and after adapting to new limb dynamics.
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2. Material and methods

2.1. Participants

14 healthy right-handed adults (3 females, mean age = 21.9 + 2.1 years) participated in this
experiment. No prior data were available from the literature or pilot experiments to estimate a
realistic effect size, so 14 participants were recruited for our main experiment because this
number reflects the sample size used in similar studies (Canzoneri et al., 2013; Ambrosini &
Costantini, 2013; Grade et al., 2015; Bartolo et al., 2018 for the reachability part and Lackner
& DiZio, 1994; Shadmehr & Mussa-lvaldi, 1994; Wolpert et al., 1995 for the sensori-motor
adaptation part). Participants gave their written informed consent prior to inclusion in the
study, which was approved by the institutional review board of the Institute of Movement
Sciences and was performed in accordance with the ethical standards set out in the 1964
Declaration of Helsinki. All participants had normal or corrected-to-normal vision and were

naive to the purpose of the experiment.

2.2. Experimental set up

As illustrated in Figure 1, participants sat at the centre of a motorised rotating platform. An
adjustable headrest was used to restrain head movements and to keep the centre of the head
aligned with the vertical (Z) axis of the platform, so as to minimise centrifugal forces on the
head during platform rotation. When the upper limb was voluntarily moved towards the target
during rotation, each moving point of the limb was subjected to the Coriolis force (Fcor in the
following equation) acting perpendicularly to the limb displacement: Feor = -2m x ® x v, with
m the mass of the upper-limb segments in motion, ® the platform’s angular velocity and v the

arm’s linear velocity (Lackner & DiZio, 1994).
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Several visual targets were positioned on a horizontal table placed in front of the subjects,
at waist level. All visual targets were low-intensity red light-emitting diodes (3 mm in
diameter) presented in an otherwise completely dark room, a condition which does not
preclude force-field adaptation (Lackner & DiZio, 1994, Lefumat et al., 2015).

Participants had to perform two tasks, each involving different visual targets (see Figure
1). In the manual reaching task, we used only one visual target, which was positioned 30 cm
directly ahead of the starting hand position along the mid-body sagittal axis. In the reachability
judgment task, 25 visual targets were aligned in a fronto-parallel plane and positioned in the
subject’s right hemispace (with respect to the mid-body sagittal axis). The array of reachability
targets (inter-target distance was 20 mm; see details on Figure 1) was positioned according to
each subject’s arm length (see Procedure). Reachability targets were positioned horizontally
in the right hemispace of participants in order to be in the same plane than the expected effect
of the perturbation, and the adaptation to it, namely orthogonal to the manual reaching
trajectory toward a straight-ahead visual target. On the horizontal table, two response buttons
were positioned close to the participant, one located 1 cm from the table’s edge and the other
located 1 cm farther away. The participants operated these buttons with their left hand to
respond in the reachability judgment task (closer response button for reachable targets and
more distant response button for non-reachable targets). The more distant response button in
the reachability judgment task also served as the starting right hand position in the manual
reaching task, and could be illuminated with a light-emitting diode.

An infrared active marker was taped to the right index fingertip, whose position was
sampled at 350 Hz using an optical motion tracking system (Codamotion cx1 and MiniHub,
Charnwood Dynamics Ltd, Leicestershire, UK), to record hand movement kinematics during
the manual reaching task. Response buttons were sampled at 800 Hz to record reachability

estimates. The experimenter controlled the tracking system, the motorised platform and the
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presentation of the visual targets from an adjacent room via customised software (Docometre)

governing a real-time acquisition system (ADwin-Pro, Jager, Germany).

A - Reachability judgment task B — Manual reaching task

s S0 ]
— >

Figure 1. Experimental setup. (A) Reachability judgment task: participants had to judge
whether a target illuminated on their right was reachable or not: they responded by pressing
the closer response button with their left index or the more distant button with their middle
finger, respectively. The 0 mm location, adjusted for each participant, corresponded to the
maximum physical distance reachable with the arm fully stretched. (B) Manual reaching task:
participants had to reach the visual target with their right index as accurately and as fast as
possible.

2.3. Procedure

Once seated on the platform and before the experiment started, participants wore occluding
glasses to prevent them viewing the target array. They were then asked to fully stretch out their
right arm in the fronto-parallel plane: this allowed the experimenter to match the position of
each participant’s index fingertip, with the arm fully stretched, with the position of the central
target in the array used for the reachability judgment task. The individually-adjusted position
of the central target thus corresponded to the actual maximum distance that was physically
reachable by each participant (Bourgeois et al., 2014; VValdés-Conroy et al., 2014; Patané et al.,
2017). After this personalized adjustment of the setup, the occluding glasses were removed and

participants were allowed to open their eyes in the dark room.
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2.3.1. Manual reaching task

In the manual reaching task, each trial began with the right index positioned at the starting
hand location. The visual target was flashed for 200 ms, after a 100 ms auditory tone followed
by a random time of 500 to 1000 ms. As soon as the visual target was turned on, participants
had to reach towards it as fast and as accurately as possible with the right index. Participants
were asked to maintain their final hand position once the finger touched the horizontal board.
3.5 s after the start of the trial, the LED at starting hand location was turned on: this indicated
the end of the trial and signalled to participants that they should move their hand back to the
start position and prepare for the next trial. No explicit instructions were given with respect to

hand path.

2.3.2. Reachability judgment task

In the reachability judgment task, after a 100 ms auditory tone followed by a random time
of 500 to 1000 ms, one of the 25 visual targets was randomly presented in the participants’
right hemispace. Participants had to judge as fast and as accurately as possible, without
performing any reaching movement, whether the illuminated visual target was reachable or
not with their right index, from a stable trunk posture. This two-alternative forced choice was
recorded as participants pressed either the closer response button (“reachable”) with their left
index or the more distant response button (“unreachable) with their middle finger. The target
disappeared as soon as the participant provided his/her response and, at the end of a fixed
period lasting 4 s from the 100 ms auditory tone, the next trial started with the same temporal

sequence.

10
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All participants were familiarised with both tasks during a pre-experiment session. The
experiment involved five conditions, presented in successive blocks (see Figure 2):

- Manual reaching task / PRE-rotation (platform stationary). Participants executed a series
of thirty reaching movements towards the visual target to determine baseline sensori-motor
performance.

- Reachability judgment task / PRE-rotation (platform stationary). Participants performed
a series of one hundred reachability estimates (each of the 25 targets randomly presented 4
times) to determine baseline performance in the reachability judgment task. At the end of the
PRE-rotation stage, the platform was progressively accelerated, counterclockwise, for 80 s
(increase of 1.5°/s?) to reach a constant velocity of 120°/s (20 rpm).

- Manual reaching task / PER-rotation (platform rotating). Participants executed sixty
reaching movements towards the visual target. The platform’s rotation generated Coriolis
force (Fcor) On the moving limb. Then, the platform was progressively decelerated for 80 s
(decrease of 1.5°/s?) until stationarity.

- Reachability judgment task / POST-rotation (platform stationary). Participants performed
a new series of one hundred reachability estimates, as in PRE-rotation.

- Manual reaching task / POST-rotation (platform stationary). Participants ended the
experiment by performing a new series of thirty manual reaching movements.

A 90 s pause was included between the end of the platform rotation acceleration (or
deceleration) period and the ensuing task, to allow the vestibular semi-circular canals to return
to their resting discharge frequency (Goldberg & Fernandez, 1971). Subjects were instructed
not to move their opposite arm during the experiment (left arm during the manual reaching
task, right arm during the reachability judgment task).

The order of conditions was not counterbalanced, for two main reasons. First, the second

reachability judgment task (namely reachability POST-rotation in our manuscript) had to be

11
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performed right after a reaching movement task, so the first reachability judgment task
(reachability PRE-rotation) was also performed right after a reaching movement task; this
way, a reachability judgment task was always preceded by a reaching movement task. Second,
this experimental design allowed to compare the reachability judgment tasks performed just
before and just after the sensorimotor adaptation phase, as has been done by Bourgeois &
Coello (2012) (see also Ostry et al. (2010) for a similar design albeit with a different perceptual

test).

Platform Platform

\ .
]

]

.
L

a. Manual reaching b. Reachability c. Manualreaching , d. Reachability  e. Manualreaching

PRE-rotation PRE-rotation PER-rotation POST-rotation POST-rotation
30 Trials 100 Trials 60 Trials 100 Trials 30 Trials
]
— - — % - —
PRE-final PER-initial PER-final POST-initial POST-final

Figure 2. Experimental procedure. Manual reaching movements were executed before (a),
during (c) and after (e) platform rotation, while reachability was estimated before (b) and after
(d) rotation. Under the black arrow of time, we specify the manual reaching trials used for
statistical analyses: the ten last trials before the rotation (PRE-final), the first (PER-initial) and
ten last trials during the rotation (PER-final), and the first (POST-initial) and ten last trials
(POST-final) after the rotation.
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2.4. Data recording and analysis

In the manual reaching task, the (X, y, z) coordinates of the marker on the right index
fingertip were recorded and then analysed via customised Matlab software (Mathworks,
Natick, MA, USA). Raw data were low-pass filtered using a dual-pass, no-lag Butterworth
(cut-off frequency: 8Hz; order: 2). Velocity data were obtained from the filtered position data.
As in Lefumat et al. (2015), movement onset was defined as the first time hand velocity
reached 3 cm/s and movement offset was defined as the first time hand velocity dropped below
3 cm/s. These time markers were used to compute movement time.

Previous work showed that Coriolis force mainly influences the directional control of
movement (Lackner & DiZio, 1994; Coello et al., 1996; Bourdin et al., 2001; Sarlegna et al.,
2010). We therefore computed initial movement direction, as given by the angle between the
vector start position-to-target position and the vector start position-to-hand position at the
moment hand movement reached maximum velocity. Peak velocity was reached on average
217 + 55 ms (mean + SD) after movement onset. We considered peak velocity to be of
particular interest in the present study because it coincided with the maximum effect of
Coriolis forces. We also analysed movement endpoint error as the angle between the vector
start position-to-target position and the vector start position-to-hand position at the end of the
reaching movement (Coello et al., 1996; Bourdin et al., 2001). In addition, we computed
maximum perpendicular deviation as the maximum distance between the hand and its
orthogonal projection on the straight line linking the hand starting position and its ending
position (Brown & al., 2007), assuming that subject’s intended hand path would mainly be
directly ahead, unless instructed otherwise, particularly given the planar workspace (Morasso,
1981; Palluel et al.,, 2004). For all these variables, rightward trajectory deviations

corresponded to positive values, and leftward deviations to negative values.
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Sensori-motor adaptation to the Coriolis force was characterised using a method similar to
that described by Lackner and DiZio (1994) and Lefumat et al. (2015). Data from the final ten
trials in the PRE-rotation phase (labelled PRE-final) were averaged for each participant and
used as baseline value. This baseline was then compared to the data of the first trial (PER-
initial) and the average of the final ten trials (PER-final) during the rotation of the platform,
and then to the first trial (POST-initial) and the average of the final ten trials (POST-final)
once rotation ceased. The analyses of initial direction, endpoint error and maximum amplitude
deviation were used to characterise adaptation to the perturbation. The PER-initial data (with
respect to baseline) reflected the effect of the velocity-dependent force field on the manual
reaching movements (perturbation), while the PER-final data and POST-initial data reflected
sensori-motor adaptation and after-effects of sensori-motor adaptation to the velocity-
dependent force field. In addition, we analysed peak acceleration, peak velocity and peak
deceleration amplitude in order to provide a detailed kinematic account of the reaching
movements throughout the experiment.

In the reachability judgment task, reachability judgments and response times were
registered through the participant’s answers via the response buttons. As in Bourgeois &
Coello (2012), the estimated boundary of reachable space was determined using a maximum-
likelihood fit procedure based on the second-order derivatives (quasi-Newton method) to
obtain the logit regression model that best fitted the reachable/unreachable responses of the
participants. Taking into account the 25 positions of the target, the model relied on the
following equation: y = e®P/(1+e@P¥) in which y was the participant’s response (0 for
unreachable and 1 for reachable), x the distance (in mm) between the presented target and the
target representing the physical limit of reachability, and (-a /) the value of x at which the
transition from one type of response (reachable) to the other type of response (unreachable)

occurred (the probability p associated with the logit function was 0.50 for both responses).
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This point of subjective equality (PSE) thus expresses the perceived boundary of reachable
space. Positive PSE values corresponded to an overestimation of the peripersonal space
boundary with respect to the physical one. We then calculated the difference between the PSE
in PRE-rotation and POST-rotation corresponding to the shift in peripersonal space
representation (APSE) after the PER-rotation condition. In addition, we computed the
discrimination threshold, defined as the distance between the value of PSE (target distance at
p = 0.50) and the target distance at p = 0.84 (Ernst & Banks, 2002). The smaller the
discrimination threshold, the more accurate the participant was in distinguishing between
reachable and unreachable targets.

To analyse response time, defined as the time between the onset of stimulus presentation
and the onset of the button press, we divided the set of targets into three zones, corresponding
to (1) the three most reachable targets (Near), (2) the three targets around the boundary of
reachable space (adjusted for each participant) (Boundary) and (3) the three least reachable
targets (Far). Once the boundary was determined for each reachability phase, we selected the
closest target as well as the adjacent ones to determine response time in the boundary zone.
We calculated the mean response time for each region and verified that no targets were situated

in more than one zone (no overlap).

2.5. Statistical analysis

To assess sensori-motor adaptation in the manual reaching task, we conducted a repeated-
measure analysis of variance (ANOVA) with one factor, Phase (PRE-final, PER-initial, PER-
final, POST-initial, POST-final)], on the different variables. When there was a significant
main effect, a Tukey HSD post-hoc test was used for further analysis. In the reachability
judgment task, both perceived boundary of reachable space and discrimination threshold were

compared between reachability PRE- and POST-rotation conditions, using a t-test for related
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samples. Level of significance was 0.05 for all analyses. Normality of data distribution was

verified in all experimental conditions, using the Kolmogorov-Smyrnov method.

3. Results

3.1. Manual reaching task

Since our aim was to assess the effect of sensori-motor adaptation on reachability judgment,
it was essential to confirm the presence of force-field adaptation in reaching arm movements.
We thus analysed both the spatial performance (initial direction, endpoint error, maximum
perpendicular deviation) and the temporal performance (movement time and time to peak

velocity) of the voluntary, unconstrained targeted movements.

3.1.1. Spatial performance

The Coriolis force induced by platform rotation and limb movements influenced the spatial

performance of every participant, and sensori-motor adaptation was systematically observed.
3.1.1.1. Hand trajectory

Figure 3 shows that hand trajectories towards the visual target were quite straight during
baseline (PRE-rotation, average initial direction = -2.3 £ 3.5°; average endpoint error = 1.6 +
2.2°). During counterclockwise platform rotation, Coriolis force initially altered the hand path,
as shown by the lateral deviation of the first reaching movement in the PER-rotation stage.
After 60 trials performed in rotation, the hand path was similar to baseline, suggesting
substantial force-field adaptation. After rotation was interrupted and the usual force field was
restored, there was a pronounced after-effect on the hand path of each participant, confirming
the presence of force-field adaptation. Indeed, the first movement in the POST-rotation
condition was clearly deviated to the left. Finally, at the end of the experiment, the last

movement in the POST-rotation condition was similar to the baseline.
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Figure 3. Top view of the right index fingertip trajectories for a representative participant.

Hand paths are shown for the last trial of the PRE-rotation (red line), the first trial of the PER-

rotation (black line), the last trial of the PER-rotation (yellow line), the first trial of the POST-

rotation (light blue line) and the last trial of the POST-rotation (light blue dotted line).
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3.1.1.2. Initial direction

An ANOVA revealed a significant effect of Phase on initial direction (F(4, 52) = 36.53;
p <0.001; n?=0.738). HSD Tukey post-hoc comparison revealed that the initial direction of
the PER-rotation initial movement was significantly deviated to the right (4.9 + 5°) compared
to PRE-final (-2.3 + 3.5°), PER-final (-2.6 + 3.1°), POST-initial (-13.7 + 8.2°) and POST-final
(-0.9 £ 1.5° all p<0.01). Statistical analyses revealed that initial direction at the end of the
PER-rotation did not significantly differ from baseline (p = 0.99). The first movement in the
POST-rotation condition (POST-initial) was significantly deviated to the left: initial direction
(-13.6°) compared to PRE-final (-3.1°), PER-initial (4.9°), PER-final (-2.6°) and POST-final

(-0.9°) movements (all p < 0.001).

3.1.1.3. Endpoint error

An ANOVA revealed a significant effect of Phase on endpoint error (F(4, 56) = 76.64;
p <0.001; n* = 0.855). HSD Tukey post-hoc comparison revealed that the PER-initial
endpoints were significantly deviated rightward (11.3 + 4.1°) compared to PRE-final (1.7 +
2.2°), PER-final (3.9 + 3.6°), POST-initial (-8.9 * 5.3°) and POST-final (1.6 + 2.6°, all
p <0.001). Statistical analyses revealed that endpoint error at the end of the PER-rotation did
not significantly differ from baseline (p = 0.35). Once rotation stopped, the first movement
endpoint error in the POST-rotation condition (POST-initial) was significantly deviated to the
left (-13.6°) compared to PRE-final (-3.1°), PER-initial (4.9°), PER-final (-2.6°) and POST-

final (-0.9°) movements (all p < 0.001).
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Figure 4. Behavioural adaptation to the force-field perturbation. (A) Mean angular endpoint
error and initial direction of the first (PER-initial) and last ten trials (PER-final) of PER-
rotation, and the first (POST-initial) and last ten trials (POST-final) of the POST-rotation
phases, normalised with respect to the last ten trials of the PRE-rotation condition (PRE-final).
(B) Mean maximum perpendicular distance of the hand trajectory from the straight line linking
its starting and its final location as a function of the different phases and normalised with
respect to PRE-final. Vertical bars represent the standard error of the mean. Asterisks

correspond to statistically significant differences with respect to baseline (***: p < 0.001).

3.1.1.4. Maximum perpendicular deviation

An ANOVA on maximum perpendicular deviation revealed a main effect of Phase (Fs, 52)
= 74.63, p < 0.001; n*» = 0.852) and post-hoc analysis revealed that deviations were
significantly greater for the PER-initial trial (6.0 £ 3.6 cm) compared to the trials in PRE-final
(1.1 £ 1.6 cm), PER-final (-0.8 £ 2.3 cm), POST-initial and POST-final (-0.9 £ 1.5 cm; all
p <0.001) phases. Figure 4 shows that data for the first trial after rotation ended (POST-
initial:-7.8 + 2.3 cm) differed from PRE-final data (p < 0.001), highlighting the after-effects
of sensori-motor adaptation. As shown in Figure 5, participants corrected the deviation
observed in the first trial of PER-rotation and POST-rotation phases such that, trial after trial,

they recovered a straight hand path to the target.
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426  Figure 5. Mean maximum perpendicular deviation across participants for all reaching
427  movements throughout the experiment. The dark grey area surrounding black points represents
428  the standard deviation of the mean. Participants progressively adapted to the Coriolis force
429 that initially deviated their moving limb to the right when they performed manual reaching
430 tasks during platform rotation (PER-rotation). After the perturbation ceased, participants’
431  movements were deviated to the left during the first trials before recovering trajectories similar
432  to the baseline (POST-rotation). Reachability judgment tasks (light grey vertical bars) were

433 interleaved with platform rotation.

434

435 3.1.2. Temporal performance and related kinematic data

436 3.1.2.1. Movement time

437 Statistical analysis revealed an effect of Phase on the duration of reaching movements (F,

438  s53=4.3; p=0.004; n? = 0.249). According to post-hoc analyses, movements were performed
439 inalonger time in the POST-initial phase (mean =485 + 142 ms) compared to PRE-final (386
440 £49ms; p <0.05) and POST-final (mean =431 £ 54 ms; p < 0.05), and also in the PER-initial
441  phase (mean = 497 + 138 ms) compared to PRE-final (p < 0.05) and POST-final (p < 0.05).
442  However, there was no significant difference between PRE- and PER-final trials (mean = 431
443 £ 54 ms; p = 0.5). The percentage of movement time (51 £ 19%) taken to reach maximum
444  velocity was not significantly altered by Phase (F@4,s2) = 1.45; p = 0.22; 02 = 0.101), suggesting

445  that the overall temporal organisation of the movement was preserved.
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3.1.2.2.Acceleration, velocity and deceleration peaks amplitude
We conducted a repeated-measure, one-way analysis of variance with one factor Phase (PRE-
final, PER-initial, PER-final, POST-initial, POST-final) for peak velocity, peak acceleration
and peak deceleration. There was no significant effect for peak acceleration (F, s2)=0.2987,
p = 0.88; n? = 0.022) and peak deceleration (F, 52) = 2.34; p = 0.07; n* = 0.153). For peak
velocity, the ANOVA revealed a significant main effect (F(4, 52) =3.18; p=0.02; 1>=0.196).
Post-hoc analysis (HSD Tukey test) only showed a greater peak velocity in the PER-initial
trial (mean = 227 = 59 cm/s) compared with the POST-initial trial (mean = 195 + 51 cm/s;
p < 0.05). However, there was no significant difference between either PRE-final (mean = 229
+ 44 cm/s) and PER-final trials (mean = 218 + 54 cm/s; p = 0.72), PRE-final and PER-initial
trials (p = 0.24) or PER-initial and PER-final trials (p = 0.91). There was also no significant
difference between either PRE-final and POST-final trials (mean = 210 + 49 cm/s; p = 0.99),
PRE-final and POST-initial trials (mean = 195 = 51 cm/s; p = 0.74), or POST-initial and

POST-final trials (p = 0.52).

3.2. Reachability judgment task

3.2.1. Reachability judgments

We performed a paired t-test to compare the perceived boundary of reachability between
the POST-rotation and the PRE-rotation stages. The shift (mean APSE = 55 + 34 mm) in
perceived reachable space was statistically significant: a t-test showed that the perceived
boundary of reachability in POST-rotation (mean PSE = -13 mm = 89 mm) was significantly
reduced compared to the PRE-rotation (mean PSE =42 mm + 75 mm; t(13) = 6.06; p < 0.001,
n? = 0.674). Figure 6 illustrates the finding that, on average, participants overestimated the

boundary of reachable space by 45 mm in baseline, before being subjected to the rotating
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platform. Figure 6 also illustrates the main finding of the present study, i.e. that following
exposure to the rotation (POST-rotation), reachability was shifted compared to PRE-rotation.
By contrast with the perceived boundary of reachability, the discrimination threshold in the
PRE-rotation (116 + 53 mm) and POST-rotation (115 + 64 mm) conditions did not
significantly differ (t(13) = 0.4; p = 0.7). Thus, after force-field adaptation, the perceptual
reachability estimates shifted with respect to baseline, in the direction of the compensatory

reach response (opposite to the perturbation).
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Figure 6. Systematic shift in reachability judgment. (A) Results of logit regression analysis for
a representative participant during reachability PRE-rotation (dark line) and POST-rotation
(grey line) conditions. (B) Individual shift in the limit of perceived reachable space [POST-

rotation - PRE-rotation] for each participant (in black) and mean perceived reachable limit (in

grey).

3.2.2. Response time

An ANOVA with repeated measures on RT (mean for the Near zone = 708 £ 176ms; mean
Boundary =917 + 286ms; mean Far = 824 £+ 225ms) confirmed the significant effect of Target
zone (Fe, 26) = 11.28; p < 0.001; n>=0.465) but did not show a significant effect of Condition

(Fa,13=2.1; p=0.12; n*=0.172) or interaction (F, 26y =0.119; p = 0.89; n> = 0.009). Post-
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hoc analysis of the Target zone effect showed that RTs for targets in the Near zone were
significantly lower than for those in the Boundary zone (p < 0.001). Figure 7 illustrates the

finding that response time (RT) was greater for targets at the boundary of reachable space.
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Figure 7. Mean response time for three different sets of targets in the reachability judgment
task across both conditions of rotation. The three zones (Near, Boundary and Far)
corresponded to the 3 most reachable (closest) targets, 3 targets around the boundary of
reachable space and the 3 least reachable (farthest) targets, respectively. Vertical bars
represent the standard deviation of the mean. Statistically significant differences between zones
were tested using Tukey’s HSD post-hoc test (***: p < 0.001).

3.3. Correlation analyses

We performed correlation analyses (Pearson’s correlation coefficient) to test the link
between the shift in peripersonal space representation (APSE) and movement parameters in

the POST-initial trial which reflect sensorimotor adaptation. Results showed no significant
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correlation between APSE and initial direction (r = 0.50; p = 0.07), maximal perpendicular
deviation (r = 0.47; p = 0.09) and endpoint error (r = 0.48; p = 0.08).

In summary, the present study suggests that the estimated boundary of reachable space is
shifted as the result of sensori-motor adaptation to a novel force field. However, the possibility
that the change in peripersonal space perception observed here could also be due to the
movement repetition itself (Verstynen & Sabes, 2010; Marinovic et al., 2017; Mawase et al.,
2017) and/or to the platform rotation (Pfeiffer et al., 2018), rather than to sensori-motor
adaptation, cannot be ruled out. To test our hypothesis on the role of sensori-motor adaptation,
we separately investigated the effect of movement repetition and platform rotation, without
sensori-motor adaptation. Based on the results from the main experiment, we conducted a
post-hoc power analysis (paired-samples t test, effect-size = 1.07, a = .05, two-tailed)
indicating a minimum of 9 participants to reach a power of 0.8. 10 participants were thus

enrolled for each of the following control experiments.
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Control experiment 1

To assess whether the observed change in peripersonal space could be due to the nature of
the manual reaching task itself (rather than to sensori-motor adaptation), a control experiment
was run using the same experimental setup and the same protocol as in the main experiment
but without platform rotation.

Ten new healthy participants (4 females and 6 males, age = 23.7 + 2.7 years) took part in
this experiment. They gave their prior informed consent in accordance with the ethical
standards set out in the 1964 Declaration of Helsinki. All participants were self-declared right-
handed and had normal or corrected-to-normal vision. No significant difference in reachability
judgments (t(9) = 1.83; p = 0.1) was found between PRE- (mean PSE = 18 £78 mm) and
POST-tests (mean PSE = -3 +£82 mm ). No significant difference was found between
discrimination thresholds in PRE- and POST-tests (mean =85 = 23 mm; t(8) = 0.18; p = 0.86).
These results support the hypothesis that neither the boundary of estimated reachable space
nor the precision of this judgment were affected by the movement repetition in the main
experiment.

RTs were also analysed for the three zones, using the same methods as in the main
experiment. A 2x3 ANOVA with repeated measures (2 Conditions: PRE-, POST-rotation x 3
Target zones: Near, Boundary, Far) showed the significance of the effect of Target zone on
RT (F (2, 18) = 6.93; p = 0.006; n? = 0.052) but there was no significant effect of Condition
(mean PRE-rotation = 389 + 142 ms; mean POST-rotation = 335 + 122 ms) (F (2, 18) = 1.98;
p =0.19; n? = 0.243) and no significant interaction between Target zone and Condition (F (2,
18) = 1.49; p = 0.25; n? = 0.076). RT varied according to whether targets were in the Near
(mean = 318 + 115 ms), Boundary (424 + 163 ms) or the Far zone (374 + 149 ms) but post-
hoc analysis only showed that RT for the Near zone was lower than for the Boundary zone (p

= 0.004).
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Overall, the results of the first control experiment indicated that when reaching arm
movements were repeated in the absence of platform rotation, there was no significant change
in reachability estimates (see also Bourgeois & Coello 2012). In the second control
experiment, new participants underwent the same experiment but without manual reaching
during the rotation, to assess the effect of platform rotation without adaptation on reachability

judgments.

Control experiment 2

Ten new healthy participants (3 females and 7 males, mean age = 20.9 + 2.4 years) took
part in this experiment. They gave their prior informed consent in accordance with the ethical
standards set out in the 1964 Declaration of Helsinki. All participants were self-declared right-
handed and had normal or corrected-to-normal vision. The participants were required to
perform the reachability judgment task (identical to experiment 1) before (PRE-rotation),
during (PER-rotation) and after (POST-rotation) platform rotation, but without any manual
reaching. A one-way analysis of variance with repeated measures was used to compare the
perceived boundary of reachable space and the discrimination threshold in the PRE- (mean
PSE = 36 £ 60 mm), PER- (mean PSE = 12 + 75 mm) and POST-rotation (mean PSE = 32 +
71 mm) conditions.

No significant effect of the rotation on perceived boundary of reachable space (mean PSE
= 27 £ 67 mm) was found (F (2, 18) = 2.54; p = 0.11; n? = 0.22). In addition, analysis of the
discrimination threshold (85 £+ 23 mm) showed no significant effect of the rotation (F (2, 18)
=0.191; p = 0.83; 2= 0.021).

RTs were also analysed. A 3x3 ANOVA with repeated measures (3 Conditions: PRE-,
PER-, POST-rotation x 3 Target zones: Near, Boundary, Far) on response time showed an

effect of Target zone (F 2, 18) = 7.53; p = 0.004; n2? = 0.455) but not of Condition (F (2, 18) =
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3.36; p = 0.057) and no significant interaction (F 2,18y= 0.83; p =0.52; n2=0.084). RT varied
according to whether participants judged targets to be the most reachable (Near zone: mean
RT =491 + 192 ms) around the boundary of reachable space (Boundary zone: 781 + 326 ms)
or the least reachable (Far zone: 599 + 216 ms). However, post hoc analysis only pinpointed
a lower RT for the Near zone than for the Boundary zone (p = 0.003). Overall, the results of
the second control experiment indicate that when movements were not performed during
platform rotation, i.e. in the absence of sensori-motor adaptation, there was no significant

change in reachability estimates.

Thus, the two control experiments show that neither the boundary of reachable space nor
the accuracy of reachability judgment was significantly affected by the rotation of the platform
or the repetition of 60 reaching movements. This is consistent with the hypothesis that the
shift in boundary of reachable space observed in the main experiment was related to sensori-

motor adaptation, and not merely due to the rotation of the platform.
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4. Discussion

The aim of the present study was to investigate whether sensori-motor adaptation to a
change in limb dynamics alters the representation of peripersonal space, as in the case of
geometrical changes due to tool use (for a review see: Ladavas & Serino, 2008; Clery et al.
2015; di Pellegrino & Ladavas, 2015). By assessing perception of peripersonal space before
and after force-field adaptation, we found that peripersonal space was systematically

perceived as being closer to the body after sensori-motor adaptation.

4.1. Confirmation of sensori-motor adaptation: a prerequisite

A rotating platform can be used to study sensori-motor adaptation to a perturbed force field
(Lackner & DiZio, 1994; Coello et al., 1996; DiZio & Lackner, 2000; Sarlegna et al., 2010;
Lefumat et al., 2015). In our study, participants had to deal with the Coriolis force acting on
their active, unconstrained arm during the rotation. Participants exhibited the classic pattern
of motor response to this kind of novel dynamics: deviation of the movement trajectory during
the first PER-rotation trials in the direction of the perturbation, followed by a rapid recovery
of unperturbed kinematic performance, i.e. reaching straight ahead towards the target.
Moreover, once the rotation has stopped, the trajectories were deviated in the opposite
direction from the perturbation, which is typical of the after-effects of sensori-motor
adaptation. This was systematically observed for each participant. Moreover the after-effect
was statistically significant when analysing endpoint error, initial movement direction and
maximum perpendicular deviation. These are clear markers of sensorimotor adaptation, which
is classically considered as arising from an updating of the arm’s internal model to take
account of new limb dynamics (Ghez & Sainburg, 1995; Ostry et al., 2010; Shadmehr, 2017).
It is noteworthy that the period between the first modification in limb dynamics at the very

beginning of the rotation and the first movement after the rotation stop lasted about ten
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minutes. We were thus able to investigate whether this sensori-motor adaptation had an effect
on peripersonal space representation by comparing judgments before and after the adaptation

phase.

4.2. Reproduction of reachability judgment task features

Perception of peripersonal space was investigated through a widely used reachability
judgment task (Grade et al., 2015; Bartolo et al., 2018; Cartaud et al., 2018). However, we
slightly modified this perceptive task to match the direction of the force-field perturbation
(Coriolis force applied orthogonally to the main direction of movement). Our participants had
thus to judge the reachability of targets aligned in the frontal plane (rather than in the more
commonly used sagittal plane) and in their right hemispace (rather than aligned with the
cyclopean eye). We made these modifications to assess the hypothesised lateral effect of
sensori-motor adaptation, while verifying that the task was feasible in such a configuration
with subjects and platform still. Interestingly, our results share numerous characteristics with
the results generally observed in the literature. For example, participants overestimated their
reachable limit, as frequently reported for reachability judgment tasks (Carello et al., 1989;
Rochat & Wraga, 1997; Gabbard et al. 2007; Bourgeois & Coello, 2014; Coello et al., 2012;
Wamain et al., 2016; Gouzien et al., 2017). Another important common feature concerned the
increase in response time around the boundary of reachability compared to the nearest targets.
Several studies have reported the same results (Valdés-Conroy et al. 2012; Bourgeois &
Coello, 2012; Bartolo et al., 2014; Grade et al., 2015; Wamain et al., 2016), which could be
due to participants experiencing difficulty responding around the more uncertain reachable
space boundary.

Specifically for the Near and Far zones, where judgment can be assumed to be less

uncertain, response time tended to be lower for the close, most reachable targets than for the
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far, less reachable targets. While this was not statistically significant, this is consistent with
psychophysics findings which usually show a longer response time for a negative answer (“Not
reachable’ in our study) than for a positive one (Coltheart et al., 2001; Brouillet et al., 2010).
However, in our experimental design, the eccentric peripheral position of the more distant
targets may also have induced higher latency in detecting them (Fuler, 1996; Gruber et al.,
2014; Bartolo et al., 2017). Given that studies using reachability judgment tasks in the sagittal
plan did not show a difference in response time between the nearest and the farthest targets
(Bourgeois & Coello, 2014; Coello et al., 2012), the differences here are likely due to the
varying target eccentricity in our experimental protocol. Overall, our results are consistent
with the literature and therefore support the reliability of our method to assess reachability

judgments.

4.3. Sensori-motor adaptation and reachability judgment are linked

The core concern of this study was to examine the relationships between sensori-motor
adaptation to changes in limb dynamics and peripersonal space representation. Our results
strongly suggest that the perceived boundary of reachable space, used as proxy for the
representation of peripersonal space, systematically moved towards the body after sensori-
motor adaptation. In other words, participants perceived the boundary of their peripersonal
space as being closer after sensori-motor adaptation compared to before. Whereas plasticity
of peripersonal space has previously been shown to depend on the geometrical properties of
the body-environment relationship, which change when using a tool (Maravita & Iriki, 2004;
Witt et al., 2005; Cardinali et al., 2009; Martel et al., 2016) or when artificially modifying
current visuomotor calibration (Bourgeois & Coello, 2012), our study is the first to indicate
that the representation of limb dynamics may play a major role in the representation of the

peripersonal space.
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We did not find any significant correlation between the shift in the perception of
reachability and motor behavior measures of force-field adaptation. We considered that the
systematic effect we observed on peripersonal space representation could have two
explanations other than an influence of the new force field, hence the new limb dynamics.
Firstly, our main experimental procedure involved rotating the platform, which could have
been sufficient to influence perception of the surrounding space. Indeed, the vestibular
stimulation induced by whole-body rotation can have an effect on peripersonal space
representation, as shown in particular for the peri-head space (Pfeiffer et al., 2018). Our
control experiment, however, dismisses this possible interpretation, showing that the platform
rotation alone does not induce any significant effect on reachability judgments, in contrast to
the main experiment. The absence of significant effect may not be surprising given that
participants performed the reachability judgment tasks either without rotation or when the
platform’s angular velocity was constant. During rotation at constant velocity, vestibular semi-
circular canals remain in a resting state (Goldberg & Fernandez, 1971) and thus do not appear
to modulate the representation of peripersonal space. Secondly, the repetition of the
movements during the sensori-motor adaptation phase might have had an effect. Participants
had to perform several manual reaching movements during rotation in order to adapt.
However, another control experiment enabled us to exclude the possibility that reaching
movement repetition influences peripersonal space representation. Both control experiments
proved essential to our conclusions on the effect of sensori-motor adaptation to a new force
field on the representation of peripersonal space. Furthermore, throughout our experiments,
the discrimination threshold related to the accuracy of reachability judgments in the perceptual
task did not differ before and after sensori-motor adaptation, indicating that the observed effect
cannot be explained by a different (lesser or greater) difficulty of the reachability judgment

task after the adaptation stage.
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One question remains: was the observed effect of sensori-motor adaptation specifically
anchored to peripersonal space or more generally related to a modification of the space
representation? In other words, perception could be shifted after the experience of the force
field such that the whole external space underwent an overall rotation, indirectly leading to a
shift in the peripersonal space representation. Although our study did not settle this question,
a recent study by Michel et al. (2018) investigated the relationship between adaptation to new
limb dynamics and space perception. In their study, participants had to perform a perceptual
task before and after adaptation to a velocity-dependent perturbation generated by a robotic
device. Unlike the reachability judgement task, their perceptive task (line bisection) likely did
not imply action simulation. Their results did not show any significant difference between
participants’ performances in the two line bisection tasks. In the light of our results, adaptation
to new limb dynamics may thus have a specific effect on peripersonal space representation, as
a space directly related to our motor experience, but does not appear to influence the line
bisection task.

Bufacchi & lannetti (2018) recently conceptualized the peripersonal space as a functional
space around the body whose measures can “reflect the relevance of potential actions that aim
to either create or avoid contact between a stimulus and a body part”. In agreement with the
interactive view of Cisek and Kalaska (2010), Bufacchi & lannetti (2018) refer to the
importance of the prediction of potential actions consequences to act appropriately in the
peripersonal space. Such predictions which are updated during sensori-motor adaptation may

be the key factor leading to the modification of peripersonal space representation.
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4.4, Somatosensory modifications may contribute to perceived peripersonal space

changes

In our study, reaching movement kinematics before and at the end of the sensori-motor
adaptation phase, i.e. preceding each reachability judgement task, shared the same features.
This means that the trajectories of reaching movements after sensori-motor adaptation were
strictly comparable under force-field perturbation and under a normal gravity force field. As
previously discussed, sensori-motor adaptation to novel limb dynamics can be explained by
an update of the arm’s internal models (Ghez & Sainburg, 1995; Shadmehr et al., 2010).
Reaching a visual target requires the sensori-motor system to map the limb’s desired motion
with the predicted acting forces. If these forces change, as during platform rotation, motor
commands and expected sensory consequences are modified so as to adapt to the new
properties of the environment (Shadmehr & Mussa-Ivaldi, 1994). Representing peripersonal
space and its boundaries does not require an actual motor command to be performed but after
sensori-motor adaptation to novel limb dynamics, the predicted sensory consequences of the
reaching movement are modified, and this modification may have induced a change in
peripersonal space representation. The after-effects observed in movement trajectories once
the rotation stopped suggest that the internal model was no longer appropriate to the novel
force-field environment (namely, the normal force field) and we eventually observed similar
modifications of motor performance and perception in the peripersonal space.

An alternative explanation may be rooted in the influence of sensori-motor adaptation on
the spatial representation of the limb. Studies have shown that the arm reaching adaptation to
a perturbed force field can lead to modifications in the somatosensory perception of the
adapted limb’s location in space (Ostry & Gribble, 2016). Ostry et al. (2010) studied the effect
of exposure to a force field generated by a robotic device on the active hand’s position. Their

results showed that after sensori-motor adaptation to novel limb dynamics, perception of the
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altered limb position is changed in the opposite direction of the perturbation. In our study,
modifications of peripersonal space perception after the sensori-motor adaptation to novel
limb dynamics could also arise from the modified felt position of the participant’s right hand.
In line with this idea, Fischer (2000) showed that reachable judgement is linked to the body
configuration. We thus could speculate that a modified arm’s localization (concurrently with
sensori-motor adaptation) could have an effect on peripersonal space perception. It would be
interesting to further study this issue and measure the perceived arm’s position before and
after exposure to a novel force field created by means of a platform rotation.

Besides the representation of arm’s position, an interesting approach to probe the
representation of the arm’s length is to analyse kinematic parameters of movement before and
after the sensori-motor adaptation phase (Cardinali et al., 2009). In the present study, peak
velocity, peak acceleration and peak deceleration did not significantly differ between reaching
movements in PRE- and POST-tests. Subtle changes in movement time were found, but they
likely reflect the additional time that was necessary to correct for the substantial movement
errors in the initial trials of PER- and POST-rotation. Overall, our findings may suggest that
the body schema, or the representation of arm length, was not modified by the change in limb
dynamics. Other paradigms such as tool-use directly modify the length of the segment used to
act on the environment: this methodological difference may explain the difference between
our results and those of Cardinali et al. (2009) for instance.

It would be interesting in future studies to assess whether the effect reported on peripersonal
space representation can be generalised to different target directions, and to investigate any
relationships between this effect and the reference systems used by the organism to interact

with the environment (Dupierrix et al., 2009; Herlihey et al., 2013).
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5. Conclusion

The present study provided the first demonstration that sensori-motor adaptation to altered
limb dynamics leads to a modification of the representation of peripersonal space. Overall,
our findings are consistent with the idea that force-field adaptation does not only influence
sensori-motor mechanisms, but can also affect the perception and possibly the representational
level of peripersonal space. This insight should prove valuable for future studies exploring
sensori-motor plasticity and its potential consequences on cognitive processes. A way to
further investigate the nature of the effect of sensori-motor adaptation on the representation of
peripersonal space would be to perform new experiments with a clockwise rotation of the
platform (opposite to the rotation used in our study) or with reachability targets in the opposite
hemispace. An inverse effect on peripersonal space (rightward shift) would strengthen the
hypothesis of a specific link between sensori-motor adaptation to novel dynamics and
peripersonal space representation. In a wider perspective, the influence of the sensori-motor
adaptation to novel limb dynamics on space perception and categorization may be important
to understand how to accurately perform and coordinate movements in microgravity. In
spaceflight for example, alterations of spatial representation could be crippling for crew safety
and mission success in addition to other critical alterations of oculomotor control, eye-hand

coordination, spatial orientation, and time perception (Clement, 2018).
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