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Abstract

In the present experiment, we examined whether short-term upper-limb immobilisation would
selectively affect the representation of the immobilised limb (using a hand laterality task) or if
the effect of immobilisation would extend to another body part (using a foot laterality task). A
rigid splint placed on the participants’ left hand was used for immobilisation. A control group
did not undergo the immobilisation procedure. We compared the participants’ performances
on the hand and foot laterality tasks before (T;) and after (T,) a 48-hour delay, corresponding
to the immobilisation period. For controls, response time analysis indicated a benefit of task
repetition for the recognition of both hand and foot images. For the immobilised group, a
slowdown of performance appeared in T, for hand images, but not for foot images. The
reduced benefit of task repetition following left-hand immobilisation appeared for both the
immobilised and non-immobilised hand images. These findings revealed that the general
cognitive representation of upper-limb movements is affected by the decrease in input/output
signal processing due to the left-hand immobilisation, while the cognitive representation of

lower-limb movements is not.



Introduction
Introduced in neuroscience for the first time in 1890 by William James, the concept of
plasticity refers to the inherent property of the nervous system to reorganise itself according to
environmental demands. Plasticity is an interesting concept in cognitive sciences because it
leads to a functional reorganisation of the central nervous system that might be observable at
the behavioral level. The majority of studies that have focused on the plasticity of the
sensorimotor system use two main approaches (see Pascual-Leone, Amedi, Fregni, &
Merabet, 2005, for a review) based either on a rich and stimulating environment (e.g., in
motor learning) or on an impoverished environment (e.g., with sensorimotor deprivation). In
the latter case, short-term limb immobilisation (10-12 hours to 4 days) appears as a novel
paradigm to explore the continuous and rapid updates to the sensorimotor representations
caused by peripheral factors. Neuronal evidence has indicated that limb non-use induces a
decrease in motor cortex excitability contralateral to the immobilised limb (Avanzino,
Bassolino, Pozzo, & Bove, 2011; Avanzino, Pelosin, Abbruzzese, Bassolino, Pozzo, & Bove,
2013; Facchini, Romani, Tinazzi, & Aglioti, 2002; Huber, Ghilardi, Massimini, Ferrarelli,
Riedner, Peterson, & Tononi, 2006). In parallel, behavioral studies have shown that
sensorimotor restriction alters the central functioning of the sensorimotor system and may
disrupt motor performance (Bassolino, Bove, Jacono, Fadiga, & Pozzo, 2012; Huber et al.,
2006; Moisello, Bove, Huber, Abbruzzese, Battaglia, Tononi, & Ghilardi, 2008) or action
simulation (Meugnot, Almecija, & Toussaint, 2014; Meugnot, Agbangla, Almecija,
& Toussaint, 2015; Meugnot & Toussaint, 2015; Toussaint & Meugnot, 2013) of the
restricted and unrestricted limbs.

Studies on the central and functional effects of short-term limb immobilisation have
based their reasoning on the simulation theory, which states that covert and overt actions

share the same sensorimotor representations and rely on the same mechanisms (Jeannerod,



2001). Therefore, motor imagery tasks were used to examine the immobilisation-induced
effects (i.e., the decrease in input/output signal processing) on sensorimotor representations.
The effect of sensorimotor deprivation was often evaluated using mental rotation tasks that
are well known to implicitly trigger mental imagery strategies. In these tasks, participants are
instructed to identify as accurately and as quickly as possible an image presented on the
computer screen in different orientations (Parsons, 1994; Shepard & Metzler, 1971). When
images represent objects such as geometrical figures or Arabic numbers, participants usually
use visual imagery to solve the task, a strategy independent of the sensorimotor processes (de
Lange, Hagoort, &Toni, 2005; Kosslyn, DiGirolamo, Thompson, & Alpert, 1998). By
contrast, when body-part images are used, participants usually refer to motor imagery to
identify hand laterality. Therefore, the hand laterality task is ideal to investigate whether the
internal upper-limb representations are affected by peripheral factors such as the input/output
restriction of signal processing due to hand immobilisation.

In recent experiments investigating the effects of immobilisation on sensorimotor
representations, healthy young adults usually wore a splint on their upper limb (the left or the
right hand) for 24 hours (Meugnot et al., 2014, 2015) or 48 hours (Meugnot & Toussaint,
2015; Toussaint & Meugnot, 2013). Overall, the results showed that the immobilised
participants took more time to identify images representing the immobilised hand, whereas
their performance on the visual imagery task (i.e., using object images) was not affected
following sensorimotor restriction. Moreover, the effect of immobilisation varied according to
the duration of splint-wearing. A selective effect appeared following 24 hours of upper-limb
immobilisation, as revealed by slower responses to images portraying the immobilised hand
(either the left or the right hand) compared to the non-immobilised hand (Meugnot et al.,
2014, 2015). By contrast, after 48 hours of sensorimotor deprivation, an independent-effector

effect appeared, resulting in a slow-down of the sensorimotor processes for images



corresponding to both the immobilised and non-immobilised hand (Meugnot & Toussaint,
2015; Toussaint & Meugnot, 2013). These results suggested that inter-limb (or inter-manual)
transfer may occur in the case of sensorimotor deprivation, and may suggest that the
movement simulation processes used in a body-part mental rotation task would elicit an
abstract representation of the body influenced by peripheral changes. Note that currently, the
issue of embodiment remains controversial in the motor simulation domain and the exact
content of representations solicited by motor imagery is still unclear. Some studies
highlighted the independent-effector effects (Curtze, Otten, & Postema, 2010; Johnson,
Sprehn, & Saykin, 2002; Toussaint & Meugnot, 2013), while others revealed the embodied
nature of motor imagery processes (lonta, Fourkas, Fiorio & Aglioti, 2007; Meugnot et al.,
2014; Nico, Daprati, Rigal, Parsons & Sirigu, 2004).

Our study aimed to go further in understanding the immobilisation-induced effects on
the sensorimotor representations. This has a great interest at both the theoretical and practical
levels, to further identify the effects induced by short-term sensorimotor deprivation on the
functioning of the sensorimotor system , and to organize rehabilitation programs to
compensate for the slowdown of sensorimotor processes due to the decrease in input/output
signal processing in immobilised patients. In the present experiment, we specifically
examined whether short-term upper-limb (i.e., the left hand) immobilisation would strictly
affect the sensorimotor representations of the immobilised limb (i.e., the hand) or if this effect
would extend to other body parts such as lower extremities (i.e., the foot). In the first case, the
results would suggest that the slowdown of the sensorimotor processes to the left hand
identification spreads to the right hand, via interhemispheric transfer. In the second case, the
slowdown of the sensorimotor processes for the identification of both hand and foot images
would suggest that the upper-limb immobilisation-induced effects spread to the whole-body

sensorimotor representation (i.e., from the upper-limb to the lower-limb system). For this



purpose, we compared the performance of left-hand immobilised and control participants in
two body-part mental rotation tasks using either foot or hand images. Participants performed
the two tasks before (T,) and after (T) a 48-hour delay, corresponding to the left-hand non-
use period in the immobilised group. If sensorimotor deprivation selectively affects the
restricted body part, we expected an immobilisation-induced effect only for the hand laterality
task. Indeed, in agreement with previous studies (Meugnot et al., 2014, 2015; Meugnot &
Toussaint, 2015; Toussaint & Meugnot, 2013), a slowdown of the sensorimotor processes
should be observed (in T,) for both the immobilised and non-immobilised hand recognition
for participants who wore a splint for 48 hours (not for controls). Such a result would confirm
that 48 hours of left-hand immobilisation affects the general cognitive representation of hand
movements. By contrast, if the left-hand immobilisation-induced effects can be generalised to
different effector-systems, recognition of body-part images should be slower for both hand
and foot imagery tasks. Such a result would mean that the decrease in input/output signal
processing not only causes an alteration in the representation of a specific body part but also

may lead to a general slowdown of the whole sensorimotor system.

Method

Participants

Twenty-four right-handed university students (M age = 19.8 years; SD = 1.2) participated in
the experiment. Their handedness was determined using the ten-item version of the Edinburgh
inventory (Oldfield, 1971). Participants were divided in two groups. The control group (n=12)
was composed of 5 men and 7 women, aged between 18 to 21 (M age = 19.5 years, SD = 1.2).
The immobilised group (n=12) was composed of 8 men and 4 women, aged between 18 to 22
(M age = 20.2 years, SD = 1.3). Each participant was healthy, had normal or corrected-to-

normal vision and no history of motor or neurological disorders. The local ethics committee



approved the study protocol. The study has been performed in accordance with the ethical
standards as laid down in the 1964 Declaration of Helsinki or comparable standards. All
participants provided their written informed consent prior to their inclusion in this study.

Before testing, the participants were naive to the aim of the experiment.

Materials and task

All participants performed two body-part mental rotation tasks, one with hand-images (i.e.,
the hand laterality task) and the other with foot-images (the foot laterality task; see Figure 1).
In these tasks, participants had to determine whether a hand or a foot image (created with
Poser 6.0 software; size: 15.7 cm in height, 13.5 in width) was a left or a right hand/foot.
Body-part images were presented in different orientations in the picture plane: 40°, 80°, 120°,

and 160° in two directions (clockwise and counterclockwise).

Hand laterality task

Footlaterality task

400  80gp 120;;  160gp

Figure 1. Example of body-part images used in the study. Only right hand and foot images are

illustrated.



For each task, participants were seated approximately 60 cm in front of the computer
screen with their hands resting palm down on their laps. Participants were asked to identify
body-part images displayed in the centre of the computer screen as accurately and as quickly
as possible. Each trial began when a fixation cross was displayed in the centre of the screen
for 500 ms. Then, a body-part image was presented and remained visible until the participant
gave a verbal response ("gauche"/"droite", two French words meaning "left"/"right",
respectively). Verbal responses rather than key pressing responses were used to avoid
interference with cognitive processes implied in the hand or foot laterality tasks (see Meugnot
et al., 2014). The E-Prime 2.0 software package (Psychology Software Tools Inc., Pittsburgh,
USA) was used to present body-part images and record the participants’ response time via a
microphone connected to the computer. For each trial, the response time corresponded to the
time between the body image display and the first letter of the word pronounced by the
participant (i.e., "gauche"/"droite"). The experimenter wrote the participants’ answer on a

sheet.

Procedure

The hand and foot laterality tasks were performed in two experimental sessions that were 48
hours apart (T, and T). The order of presentation of the tasks was counterbalanced across
participants (hand-foot tasks vs. foot-hand tasks). For all participants the laterality tasks were
divided into two phases. During the first familiarisation phase, the participants were shown 16
randomly presented trials (2 hands or feet x 2 directions x 4 rotations). No speed-accuracy
constraints were imposed during the familiarisation phase. During the second experimental
phase, the participants were shown 5 blocks of 16 trials (i.e., 80 trials per participant)
presented in a random order. The participants identified the laterality of hand or foot images

as accurately and as quickly as possible.



Immediately after T,, we immobilised the left hand of the immobilised group. The
other group served as the control (i.e., without immobilisation). We used a rigid splint (model
DONJOY “Comfort Digit”; DJO, Surrey, UK) to immobilise the wrist and three fingers
(index, middle and ring fingers) of the participants. Their immobilised arm was placed in a
sling to ensure that the participants kept their hand at rest as much as possible during the 2
days of immobilisation. To quantitatively verify whether participants followed the
instructions, we monitored the physical activity of both hands through actimeters
(pounds/min) placed on each hand. The immobilised participants were instructed to never
remove the splint or the actimeters and to keep the left-hand at rest during the immobilisation
period. During the 48 hours delay, on average 314 pounds/min (SD = 105) were recorded for
the immobilised hand and 946 pounds/min (SD = 201) for the non-immobilised hand (see
Toussaint & Meugnot, 2013, for a similar procedure). An ANOVA performed on the
actimeters values showed that the level of activity was significantly higher for the right-hand
than for the left-hand, F(1, 11) = 95.84, MSE = 25062, p = .0001, r2, =.90. For the

immobilisation groups, the post-test was performed immediately after the splint removal.

Data Analysis

Accuracy and response time were recorded for each trial. Only data from correct responses
were used to analyse response time. Response times less than 400 ms were excluded from the
analyses (less than 2 % regardless of session and task; see Parsons, 1994, for a similar
procedure). No significant Pearson correlation was found between accuracy scores and
response times in each group, for each session, each body part and each body side, indicating
no speed-accuracy trade-off (ps > .15). ANOVAs were performed on both accuracy (%) and
response times (ms) with group (control vs. immobilised) as a between-subjects factor, and

body part (hand vs. foot), session (T, vs. Tz), body side (left vs. right) and rotation (40°, 80°,



120°, 160°) as within-subjects factors. Post hoc comparisons were carried out by means of a

Newman-Keuls Test. The alpha was set at .05 for all analyses.

Results

The ANOVA performed on accuracy (i.e., the percentage of correct responses) showed a
significant effect of rotation, F(3, 66) = 16.02, MSE = .0121, p = .0001, 2, = .42, with only
less accurate performance for the 160° stimuli rotation (M = 90%, SD = 10%) compared to the
other stimuli (M = 96%, SD = 7%, ps < .001). A trend toward significance was observed for
session, F(1, 22) =3.49, MSE = .0282, p = .07, n?, = .14, with less accurate performance in T,

(M =94%, SD =9 %) than in T, (M = 96%, SD =7 %).

The ANOVA performed on response time yielded significant effects for body part,
F(1,22)=12.18, MSE = 35950, p = .002, 2, = .36, session, F(1, 22) =46.7, MSE = 96920, p
=.000, 2, = .68, body side, F(1, 22) = 58.6, MSE =41754, p = .000, n?,= .72 and rotation,
F(3,66)=38.01, MSE = 72897, p = .000, 2, = .63. The main effect of rotation resulted from
faster responses for body-part images displayed at 40° (M = 875 ms, SD = 185 ms) and 80°
(M =901 ms, SD = 194 ms) than at 120° (M = 966 ms, SD =216 ms, ps < .02), which in turn
were faster than at the 160° rotation (M = 1141 ms, SD =329 ms, p =.001). We also found
two significant interactions: body part x session, F(1, 22) =4.62, MSE = 22450, p = .04, 3,
= .17, and body part x session x group, F(1, 22) = 6.44, MSE = 22450, p = .018, n?,=.22. The
breakdown of the body part x session x group interaction (Figure 2) revealed that response
times significantly decreased from T, to T, in both groups and for both hand and foot images
(p <.014). Importantly, although response times did not significantly vary between hand and
foot images in the control group (in T, and in T,, ps > .09), a different pattern of results

appeared in the immobilized group. We can effectively see that following 2 days of left hand



immobilization, responses were faster (in T,) when participants had to identify foot images
(M =914 ms, SD = 166 ms) than hand images (M = 1016 ms, SD = 141 ms; p = .0004), while
no significant differences appeared before immobilization (in T;) (p = .98). Note that no
significant differences appeared in the baseline performance (i.e., in T, ps > .65) between

groups, as well as in T, for foot images (p = .44).
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Figure 2. Response time (ms) as a function of body-part (hand versus foot), session (T, versus
T,) and group (control versus immobilised groups). Error bars indicate the standard error of

the mean.

Index of Performance Improvement

To quantify how the left hand immobilization leads to the improvement in response time in
T,, we computed the Index of Performance Improvement (IPI = [response time in T -
response time in T,] / response time in T, expressed in percentage) for each participant, and
for each body part and body side. A positive value indicated that response times decrease
from T, to T (i.e., performance improvement), whereas a negative value indicated that
response times increase (i.e., performance deterioration). IPI was analyzed by an ANOVA

with group (control vs. immobilized) as a between-subjects factor, body part (hand vs. foot)
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and body side (left vs. right) as within-subjects factors. T-tests were used to examine whether
the IPI significantly differed from zero.

The ANOVA revealed a significant main effect of body part, F(1, 22) =6.79, MSE = .
009, p <.016, 2, = .24, and a significant group x body part interaction, F(1, 22) = 6.16, MSE
=.009, p <.021, 52, = .22. The breakdown of the interaction (Figure 3) revealed that the IPI
was lower for the hand images (M = 5%, SD = 3.8%) than for the foot images (M = 15%, SD
= 3.1%) in the immobilized group (p = .002), whereas no significant difference appeared in
the control group (hand images: M = 17%, SD = 3.0%; foot images: M = 17%, SD = 2.6%, p =
.93). Moreover, the IPI was significantly lower for the hand images in the immobilized group
than in the control group (p = .014), without group differences for the foot images (p = .81).
T-test analyses showed that the IPI was significantly different from zero for foot images in the
control group, #(11) =9.02, p = .0001 and in the immobilized group, #(11) = 4.88, p =.0006,
as well as for hand images in the control group, #(11) = 6.25, p = .0001], whereas it did not

differ from zero in the immobilized group, #11) = 1.38, p =.19.
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Figure 3. Index of Performance Improvement (%) as a function of body-part (hand versus
foot), session (T, versus T>) and group (control versus immobilized groups). Error bars

indicate the standard error of the mean.
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Discussion

The scientific literature suggests that sensorimotor deprivation leads to a quick update of the
sensorimotor representation of an immobilised hand following 24 hours of immobilisation or
of both the immobilised and non-immobilised hands following 48 hours of immobilisation.
The present experiment goes further by specifically examining whether left-hand
immobilisation for 48 hours would selectively affect the upper-limb representation or would
extend to another body part, such as lower-limb (foot) representation. Thus, we compared the
participants’ performances on two body-part mental rotation tasks (with either hand images or
foot images) before and after left-hand immobilisation.

The body-part mental rotation tasks are well known to implicitly trigger a motor
imagery strategy and thus reflect the central processing of the sensorimotor system (Parsons,
1994). In the present experiment, the slower responses observed for both control and
immobilised participants when judging laterality of images corresponding to the most
awkward or biomechanically constraining postures confirmed their use of a motor imagery
strategy. We also replicated the commonly reported laterality effect (Ionta et al., 2007; lonta
& Blanke, 2009; Ni Choisdealbha, Brady, & Maguinness, 2011; Parsons, 1994; Toussaint &
Meugnot, 2013), with slower responses for the non-dominant than for the dominant hand and
foot. These results confirmed that both controls and immobilised participants in the present
experiment used a motor imagery strategy when solving the body-part mental rotation tasks,
regardless of the nature of the displayed images (i.e., hand versus foot). Therefore, the mental
rotation tasks used in this study are appropriate to examine the immobilisation-induced effects
on sensorimotor representations. Does 48 hours of left-hand non-use specifically impair the
effector-system corresponding to the restricted limb (the upper-limb system) or extend to

another effector-system (the lower-limb system)?
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The new finding of the present experiment is to show that short-term upper-limb
immobilisation affects the sensorimotor representation of the restricted effector-system (the
upper-limb) without disturbing the internal representation of another body part when it
depends on another effector-system (the lower-limb). Indeed, with regard to the
immobilisation-induced effects on inter-limb transfer, the results of this study showed a
different pattern for upper-limb and lower-limb. An important finding shows that two days of
left-hand immobilisation slowed the recognition of hand images but did not affect the speed
of laterality judgment of foot images. More precisely, the immobilised participants benefited
more from the task-repetition effect for foot images than for mental rotation of hand images.
The attenuated effect of task repetition when participants had to judge the laterality of hand
images following short-term upper-limb immobilisation (either the left or the right hand) is in
agreement with previous studies (Meugnot et al., 2014; Meugnot & Toussaint, 2015) in which
the immobilisation-induced effect was studied with regard to motor versus visual imagery
strategies. The authors demonstrated that limb non-use specifically affects motor imagery,
while visual imagery was independent of peripheral perturbations. Moreover, comparison
between various experiments shows that the general upper-limb sensorimotor representation
was impaired following 48 hours of left-hand non-use (Meugnot & Toussaint, 2015;
Toussaint & Meugnot, 2013), while the sensorimotor representation of the restricted hand was
only impaired after 24 hours of non-use (Meugnot et al, 2014, 2015). Consequently, the
present finding suggest that the negative impact of sensorimotor deprivation could be specific
to the sensorimotor representation of a specific body region (i.e., the upper-limb
representation in the present experiment). It may be, however, that the slowdown of the
sensorimotor processes due to upper-limb immobilisation takes more time to spread to the

lower-limbs, challenging the selective impairment of body-part non-use.
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Other studies have tested the selective effect of peripheral changes using hand and foot
mental rotation tasks (Fiorio, Tinazzi, & Aglioti, 2006; lonta et al., 2007; Ionta & Blanke,
2009). Ionta and collaborators showed the selective influence of hand posture adopted by
participants during the mental rotation of hands. When participants were holding their hands
behind their back, response times for hand identification increased compared to a “standard”
condition, i.e., when the task was performed with hands on the legs. This postural effect was
absent for foot images, indicating the specific effect of body-part posture on motor imagery
processes. In another experiment examining peripheral sensorimotor impairments (i.e., focal
hand dystonia), Fiorio et al. (2006) reported a selective slowing of laterality judgment of hand
images but not foot images. Overall, these findings are consistent with the idea that peripheral
perturbations selectively affect the limb representation or the effector-system corresponding
to the body part that undergoes sensorimotor deprivation. Consequently, although the
laterality judgment of hand and foot images both depend on the use of sensorimotor
processes, these processes are based on a specific effector-system representation rather than
an overall body representation. It is possible that the present result is task dependent, and
some questions remain about the induced effect of sensorimotor deprivation on accurate
movement parameterisation or movement output.

Because several cognitive processes are implied in a body-part recognition task, we
can ask which of these processes are affected by short-term limb non-use. Parsons and
collaborators (Parson, 1987; Parson, Fox, Downs, Glass, Hirsch, Martin, Jerabek, &
Lancaster, 1995) argued that hand recognition relies on a two-stage identification process. A
rapid and implicit initial analysis of hand shape (perceptive identification stage) followed by
the mental rotation of participant’s own hand (mental rotation stage) allows the participant to
confirm the previous implicit judgment of handedness. Therefore, in a mental rotation task,

the response time reflects the sum of these processes. It is commonly accepted in the literature
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that the effect of the angle of rotation on response times highlights the mental rotation
processes, i.e., the movement simulation processes when a body image is displayed on the
computer screen, with participants imagining actions that would allow them to move from
their current position to that of the image. In our experiment, the consequence of 48 hours of
left-hand immobilisation did not modify the response time profile as a function of images
rotation (i.e., the mental rotation stage). Therefore, the slowdown of responses observed in the
hand laterality task following 2 days of left-hand immobilisation may due to less efficient and
slower processes implied specifically in the implicit perceptive identification stage. This
initial identification analysis of hand images is based on a stored body schema that is limb-
independent, as also suggested by immobilisation-induced neural changes observed in a study
based on transcranial magnetic stimulation (Facchini et al., 2002). Four days of
immobilisation of the ring and little fingers induced a decrease in cortical excitability of the
restricted fingers and also on homotopic regions of the cortex.

In the present experiment, the immobilisation-induced effect that appeared only at the
initial stage of the hand mental rotation task may be task-specific. Indeed, in a hand laterality
task in which participants gave their response by pressing a response-key with their
unrestricted limb, Toussaint and Meugnot (2013) reported changes at both the perceptive
identification and motor imagery stages. It may be that the key-pressing responses, which
consume sensorimotor resources, do not allow sufficient allocation of sensorimotor resources
to efficiently simulate action, leading participants to favor a visual imagery strategy (versus a
motor imagery strategy), as reported by the authors. In contrast, when a response is given
verbally, as in the present experiment (see also Meugnot et al., 2014), sufficient sensorimotor
resources may remain to correctly simulate actions. Further research is needed to examine
whether the effects of limb non-use may vary as a function of the complexity of the task with

regard to sensorimotor resources that remain available to simulate actions.
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