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Abstract

Developmental Coordination Disorder (DCD) is a pathological condition characterized by impaired
motor skills. Current theories advance that a deficit of the internal models is mainly responsible for DCD
children’s altered behavior. Yet, accurate movement execution requires not only correct movement
planning, but also integration of sensory feedback into body representation for action to update the state
of the body. Here we advance and test the hypothesis that the plasticity of body representations is altered
in DCD. To probe Body Representations (BR) plasticity, we submitted a well-established tool-use
paradigm to seventeen DCD children, required to reach for an object with their hand before and after
tool use, and compared their movement kinematics to that of a control group of Typically Developing
(TD) peers. We also asked both groups to provide explicit estimates of their arm length. Results revealed
that DCD children explicitly judged their arm shorter after tool use, similarly to their TD peers. Unlike
them, though, DCD did not update their implicit BR estimate: kinematics showed that tool-use affected
their peak amplitudes, but not their latencies. Remarkably, the kinematics of tool-use showed that the
motor control of the tool was comparable between groups, both improving with practice, confirming
that motor learning abilities are preserved in DCD. These findings indicate that the update of the BR for
action is impaired in DCD, suggesting a novel deficit may contribute to this pathology. Further studies
are needed to tease apart the possible role played by motor and body representations deficits in DCD.
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Body representation, body schema, internal model, tool use, motor control, body image.
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Introduction

Developmental Coordination Disorder (DCD) is a neurodevelopmental condition marked by impaired
motor skills in the absence of neurological injury, given a child’s chronological age and previous
opportunities for skill acquisition (DSM-V: American Psychiatric Association, 2013). It affects
approximately 5% of school-aged children (Mandich & Polatajko, 2003; range between 1.8% and 8%
depending on the selection criteria; for reviews see Biotteau et al., 2020; Gomez & Sirigu, 2015; Zwicker
et al., 2012), and persists through adulthood (e.g. Cantell et al., 2003; Cousins & Smyth, 2003; Losse et
al., 1991; Rasmussen & Gillberg, 2000), thus considerably impacting academic and life achievements
(e.g. Cheng et al., 2011; Geuze, 2005a; Kirby & Sugden, 2007; Smits-Engelsman et al., 2001; Van der
Linde et al., 2015).

The etiology of DCD has gained considerable interest over the years, with converging evidence
towards an internal modelling deficit (also called predictive control; Adams et al., 2014; Gomez &
Sirigu, 2015; Wilson et al., 2013). Within internal models, the inverse model defines the accurate motor
command, and the forward model predicts its consequences. Actual sensory feedback are also monitored
allowing for movement correction and update of both models to improve motor control (Kawato &
Wolpert, 1998; Shadmehr & Krakauer, 2008). Children with DCD can produce some appropriate motor
commands when required, even though these appear to be more variable than in typically developing
(TD) children (e.g. Roche et al., 2016; Smits-Engelsman et al., 2008; Smits-Engelsman & Wilson,
2013). Accordingly, visuomotor adaptation studies showed that children with DCD are able to update
their inverse model, provided they are given more trials and larger error signals (Cantin et al., 2007;
Kagerer et al., 2004, 2006; Zoia et al., 2005). This suggests that they need more time to process feedback,
and that they might ignore error signals that are not relevant enough. When relevant, however, they can
learn from these signals and update their models, as shown by their preserved ability for motor learning
(Smits-Engelsman et al., 2015). Furthermore, children with DCD plan and execute a whole movement
(i.e., in one time), rather than performing an incomplete movement and updating it online, as this may
seem too costly for their motor system (Mon-williams et al., 2005). Hence, in double-step paradigms,
children with DCD show difficulties in correcting 3D movement trajectories through rapid online
control (Hyde & Wilson, 2011a, 2011b, 2013). Yet, they have no deficit when tasks are easier, namely
when more time is allowed to correct the movement, or in tasks that involve 2D movements in the
transversal plane (Adams, Lust, et al., 2016; Plumb et al., 2008). Online control performance can be
predicted by the ability to represent action, that is motor imagery abilities, both in typical and atypical
development (Fuelscher, Williams, Enticott, et al., 2015; Fuelscher, Williams, & Hyde, 2015). Motor
imagery studies, which tackle the integrity of the forward model (Kilteni et al., 2018), revealed that
DCD participants can imagine movements, but again less consistently, less accurately and less rapidly
than their TD peers (e.g. Barhoun et al., 2019, 2021; Deconinck et al., 2009; Noten et al., 2014; Reynolds
et al., 2015; Williams et al., 2008; Wilson et al., 2004). Children with DCD can make proper use of
instructions to improve their motor imagery abilities (Reynolds et al., 2015; Williams et al., 2008), and
motor imagery training has been shown helpful for motor control remediation in DCD (Steenbergen et
al., 2020), again attesting that internal models can be updated. Overall, deficits in DCD therefore seem
to affect different components of internal models, making it difficult to decipher the core neurocognitive
deficit.

A so far relatively neglected aspect of the internal models is the body state estimation. This Body
Representation (BR), also referred to as body schema, is defined as an implicit (i.e., unconscious)
sensorimotor representation that allows monitoring the position and size of the different effectors (de
Vignemont, 2010; Head & Holmes, 1911; Martel et al., 2016; Medina & Coslett, 2010; Schwoebel &
Coslett, 2005). This representation it is often opposed to the so-called body image, an action-free,
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explicit (i.e., conscious) representation of the body shape and size (de Vignemont, 2010; Gallagher,
2005). Substantial evidence for the plastic monitoring of limb’s size in motor control comes from studies
on tool use. After using a tool for a few minutes, healthy adults start performing free-hand movements
differently, with longer latencies and reduced amplitudes for the acceleration, velocity and deceleration
profiles (e.g. Cardinali et al., 2009; for review Martel et al., 2016). This kinematic signature of what has
been called tool-incorporation, typically observed also in long-armed vs. short-armed participants
(Cardinali et al., 2012; Martel et al., 2019), is indicative of a longer arm estimate after tool use. This
body state plasticity has been suggested to allow tools to become extensions of our limbs for action and
perception (e.g. Arbib et al., 2009; Jacobs et al., 2009; Maravita & Iriki, 2004; Martel et al., 2016; Miller
etal., 2018, 2019; Witt, 2021).

Importantly, this plasticity requires years to develop fully. Martel and colleagues (2021) reported
that the plasticity of the body state estimation is not mature in TD children and early adolescents. After
using a tool for a few minutes, their free-hand kinematic pattern is actually opposite to what has been
consistently observed in healthy adults: the kinematics peaks amplitudes of the wrist increased, and their
latencies decreased. Following the rationale from previous studies in adults, this was interpreted as a
movement performed with an arm estimated as being shorter (rather than longer in adults) after use of
the same tool. Reduction in arm length estimate may result from the need to build new sensorimotor
associations for a tool that has never been used before (Ganesh et al., 2014) or from a stronger reliance
on visual as compared to proprioceptive guidance in TD children, compared to adults (Martel et al.,
2021). Besides, investigating the plasticity of the body estimate in DCD may offer complementary
insights to better understand its actiology (Martel et al., 2017, 2019, 2021; Medendorp & Heed, 2019).

Surprisingly, the role potentially played by an altered body state estimation in DCD’s motor deficits has
yet been scarcely investigated (Gomez & Sirigu, 2015), although it has been linked indirectly with them.
Impairment in multisensory body representations have been suggested after findings of poorer
performance in somatosensory localization (Elbasan et al., 2012; Johnston et al., 2017; Schoemaker et
al., 2001).Wilson and colleagues (2004) also hypothesized that motor imagery difficulties in DCD could
result from inaccurate body estimate: children with DCD would not automatically use motor imagery
from their perspective, but would rather rely on visual imagery from an object-based third-person
perspective (see also Barhoun et al., 2021).

Here, we aimed at filling this gap by investigating the plasticity of both the implicit body estimate and
the explicit body image in DCD, taking advantage of the above-mentioned tool-use paradigm. First,
given their relatively preserved ability to update the inverse model and program movements (e.g.
Kagerer et al.,, 2006; Smits-Engelsman et al., 2008, 2015), we predicted that children and early
adolescents with DCD should be able to control the tool adequately and to improve with practice.
Quantitative difference with their TD peers might however be expected as they sometimes ignore
sensory signals, or need more trials to reach the same level. Second and most importantly, we predicted
that children with DCD would show a less plastic body estimate than their TD peers. Accordingly, free-
hand movements following tool use should display a different kinematic signature than that observed in
TD children. Lastly, we also investigated the conscious, explicit representation (or body image) in DCD
and TD, asking them to estimate their perceived forearm length before and after tool use. While, to the
best of our knowledge, there is no previous investigation of the body image in DCD, we anticipated that
it would be preserved (as it is not linked to motor control). Thus, their perceived forearm length should
be shorter after tool use, as recently observed in TD children (Martel et al., 2021).
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Material and methods
Participants

Children and adolescents with DCD were recruited during the school year, in parallel to the recruitment
of TD participants from a previous study using the same paradigm (Martel et al., 2021). A total of 32
DCD participants, aged between 9.5 and 16.5 years old, were referred to our lab by several physical
therapists as well as by the health network Dys/10 (specialized in the care of developmental disorders,
from diagnosis with a multidisciplinary team to follow-ups with schools). All children were diagnosed
with DCD following the DSM-5 (American Psychiatric Association, 2013), and accordingly had no
neurological condition nor intellectual disability. They were additionally screened on the French
adaptation of the Movement ABC (Henderson & Sugden, 1992; Soppelsa & Albaret, 2004) by a trained
physical therapist. As the French version of the M-ABC2 (Marquet Doléac et al., 2016), standardized
for adolescents up to 16 years of age, was not available at the time of the study, all the adolescents with
DCD older than 12 years were evaluated based on the standardization for the 12-year-olds. To be
included in the final sample, participants with DCD could not be born preterm (n = 2 excluded) and had
to score below the 5" percentile on the M-ABC, or below the 15" percentile but with at least one
subcategory under the 5® percentile (n = 5 excluded). Comorbidity with other developmental disorders
was not an exclusion criterion (see Table 1).

Out of the 25 remaining DCD participants who fulfilled these criteria, we enrolled in the study children
and early puberty adolescents only. We assessed their puberty level with the Self-Rating Scale for
Pubertal Development (Carskadon & Acebo, 1993; Petersen et al., 1988) including five items standing
for five phenomena: growth spurt, body hair, skin changes, deepening of the voice/breast growth and
growth of hair on the face/menstruations. For each item, puberty-induced changes are rated on a 4-point
scale (“not started yet”, “barely started”, “definitely underway”, “finished”), leading to a global puberty
score (ranging between 5 and 20) which considers that children of the same age/sex have not necessarily
reached the same pubertal stage. Adolescents who would indicate that each of the phenomena was
“definitely underway” would score 15/20, meaning that they reached their puberty peak, while if all of
the phenomena had “barely started”, they would score 10/20. We placed the cut-off for inclusion at
13/20 a posteriori, based on the results in typically developing children and adolescents using the same
paradigm (Martel et al., 2021), which showed a change in tool-use effects on their body representations
at mid-puberty (score > 14). By including only the children and early adolescents with DCD scoring
between 5 and 13/20, we minimized the potential role of puberty, and focused on a period where the
pattern of results in TD participants is rather stable. This led to a final sample of 17 DCD participants,
who were compared to a subsample of a larger cohort of TD participants from a previous study (Martel
et al., 2021). The two groups were matched for daily tool practice, age, sex and puberty (see Table 2).
TD children and early adolescents had no learning disabilities or delayed psychomotor acquisition
according to their parents’ report. DCD and TD participants all had normal or corrected-to-normal
vision. We also ensured that DCD and TD groups did not differ in their sport and/or musical practice or
in their daily tool-use activities (i.e. activities involving tools such as tennis, ping pong, golf, drums etc.
that are regularly practiced outside school). Non-tool users practiced activities without any tool involved
(e.g., football, handball, climbing, piano...). Matching DCD and TD participants for tool-use activities
ensures that any difference in performance between the groups could not result from different knowledge
in such tool-based activities. The main characteristics of the two groups are displayed in Table 2.

Parents or guardians as well as children and early adolescents gave written informed consent to
participate in the study, which was approved by the French ethics committee (Comité de Protection des
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Personnes CPP Sud-Est IT) and conformed to the Helsinki declaration. Children and early adolescents
were naive to the purpose of the study and received a board game after completion.

Gesture Imitation proficiency

We first quantified participants’ sensorimotor proficiency and compared the performance of DCD and
TD groups with a gesture imitation task, initially developed for the assessment of apraxia (De Renzi et
al., 1980). Participants were instructed to imitate a set of different gestures performed by the
experimenter using their dominant arm/hand (anatomical imitation, not mirrored), while standing. Two
training gestures allowed them to familiarize with the task. We also informed them that some gestures
would be repeated and emphasized the importance of exact imitation of the gesture (fingers opening,
hand orientation etc.). We reminded participants of these instructions several times before the test. The
test was composed of 24 gestures: for correct imitation on the first time, participants scored 3 points; 2
points were given if the experimenter had to perform the movement a second time and participants
succeeded in imitating it. In case of failure, on the third and last repetition, participants scored 1 for a
correct gesture and O for inaccurate imitation. We defined the assessment criteria classically used in
motor imitation tasks (Rothi et al., 2014). These criteria included the configuration of the arm and/or
hand (e.g. extended arm and fist configuration), the limb orientation in space (e.g. palm down) and its
target location (e.g. palm on the contralateral shoulder). For sequential gestures, we additionally
assessed the correct order and number of occurrences (e.g. three repetitions of fist and hand flat on the
table sequence). Any element differing from one of these criteria was considered an incorrect imitation.
The maximum score was 72. The same, trained experimenter demonstrated the gestures and evaluated
online the imitation for all participants.
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Table 2. Characteristics of the Typically Developing and the Developmental Coordination Disorder groups.

Mean Age | Mean Puberty Mean Sex Manual I())?atc()t (I)Cf
n +SD score £ SD | Height+ SD | (Female/M Laterality
(year range) | (score range) | (range in m) ale) (Left/Right) based
y £ £ £ £ activities
124+ 1.8 9.3+36 1.54+£0.12 4 Yes/13
D |17 (9.7-16.2) (5-13) (1.35-1.75) 4F/13M | 2LH/15RH No
128 £ 1.7 9.8+3.6 1.57+£0.12 4 Yes/13
DED | 17 (9.9-16.2) (5-13) (1.35-1.78) 4F/13M | 4LH/13RH No
Itest 1(32)=.685 | 1(32)=.591 | #(32)=.639
p=.498 p=.558 p=.528

Apparatus and procedures

The paradigm was identical the one used in a previous study in TD children and adolescents (Martel et
al., 2021). This paradigm has consistently been shown to be sensitive to changes in arm length implicit
estimate after tool use (see, for review, Martel et al., 2016). In summary, participants were required to
reach-to-grasp an object with their free dominant hand before and after performing reach-to-grasp
movements towards the same object with a tool lengthening their arm. Comparison of the kinematics of
free-hand movements before and after tool use allows to measure the effects of tool use on free-hand
movements, and thus to assess the plasticity of the body representation for action (body schema). We
also assessed the effect of tool use on the subjective estimate of the forearm length (body image) by
asking participants to estimate the length of their forearm before and after performing similar reach-to-
grasp movements with the same tool.

Participants were comfortably seated on an adjustable swivel chair, at a fixed distance from a table in
front of them. The experiment was divided into three sessions: a pre- and post-tool-use session, separated
by a tool use session. During both pre- and post-tool-use sessions, participants performed a Free-Hand
Movement task, and a Forearm Length Estimation task, counterbalanced across participants.

Free-Hand Movement. The object to reach for was a wooden parallelepiped (10 x 2.5 x 5cm, weighting
96g) situated 35 cm away from a starting switch on the table, aligned with participants’ dominant
shoulder along the sagittal axis. Each trial (18 trials in total) started with participants holding their
fingers in a pinch grip position on the starting switch. A tone signaled that they could start their
movement. Participants were instructed to reach, grasp and lift the object at their natural speed, using
their dominant hand, then to put the object down and go back to the starting position until the next tone
was presented.

Forearm Length Estimation. In this task, participants were blindfolded. Each trial (18 trials in total)
started with them holding their index finger on the starting switch, waiting for a tone to indicate the start
of the estimation. Participants were asked to slide their dominant index finger horizontally (i.e., towards
the right/left) on the surface of the table from the starting switch to a final position corresponding to the
perceived estimation of their forearm (i.e. perceived distance between wrist and elbow). To avoid
estimation bias by visual forearm measurement, the experimenter gave task instructions once the
participants were blindfolded. The experimenter also named and touched the elbow and the wrist of each
participant while giving the instructions, so that they would know exactly which body part they had to
estimate.
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Tool movement. The tool-use task was composed of four blocks of 12 trials. Each trial started with
participants holding the tool “fingers” in a pinch grip position on the starting switch. After a tone
indicating the go for the movement, participants had to reach, grasp and lift the same object as previously
described at their natural speed, using the tool with their dominant hand. Between each trial, they had
to put the object down and go back to their starting position until presentation of the next tone. Each
participant underwent a short practice tool-use session at the beginning of the tool session. The tool,
based on a commercial grabber (Unger Enterprise Inc, CT, USA), had an ergonomic handle fitted with
a lever, a long rigid shaft, and a “hand” with two articulated fingers. It was customized and scaled on
children’s height (see Martel et al., 2021 for details). Participants between 123 and 146 cm of height
used a 32 cm long tool (DCD group: 4/17; TD group: 5/17). The remaining participants were taller than
147 cm and used a tool of 40 cm long, which is the original length also used for adults (Baccarini et al.,
2014; Cardinali et al., 2009, 2011; Martel et al., 2019, 2021), but 100g lighter to prevent fatigue.
Participants’ height was collected before the experiment, the lengths of their arm and forearm were
measured afterwards.

Kinematic recording system

We recorded the spatial localization of the hand and of the tool using infrared light emitting diodes
(IREDs) with an Optotrak 3020 (Northern Digital Inc; sampling rate: 200 Hz; 3D resolution: 0.01 mm
at 2.25 m distance). Following previous studies using the same paradigm (Baccarini et al., 2014;
Cardinali et al., 2009, 2011, 2012; Martel et al., 2019, 2021), we assessed the grasping component of
the hand/tool movements by placing IREDs on the thumb and index finger nails of participants’
dominant hand, as well as on the two “fingers” of the tool. The reaching component was evaluated
thanks to IRED located on the dominant wrist (styloid process of the radius and distal part of the tool
shaft).

For each free-hand movement, we extracted and analyzed off-line several kinematic parameters with a
custom-made Matlab program: latencies and amplitudes of wrist acceleration, wrist velocity and wrist
deceleration peaks (reaching component), and latency and amplitude of the maximum thumb-index
distance (hereafter MGA for Maximum Grip Aperture) (grasping component). We also measured the
overall movement time as the time between the beginning of the movement (velocity > 10 mm/s after
switch release) and stabilized grasp on the object (before the lift). Extracted parameters were the same
for the tool movement task, except that they involved kinematics of the tool instead of the hand. The
arm length was estimated using the marker on participants’ index finger by subtracting the starting
position to the final one.

Statistics

We used a Linear Model (LM) on the gesture imitation score of each participant, and Linear Mixed
Models (LMM) on individual trials of each kinematic parameter of tool and free-hand movements,
implemented in R (v3.6.1; RStudio v1.1.442; R Core Team, 2018) with the package Ime4 (Bates et al.,
2015). Although similar to LM in terms of interpretation, LMM are more adequate for the present study
as they take into consideration the variability between participants (Boisgontier & Cheval, 2016), which
is especially high in participants with developmental disorders. Statistics for main effects and
interactions were extracted with the package car (Fox & Weisberg, 2011): we report these values based
on Type III Wald chi-square tests rather than Ime4 output. We used the package emmeans (Russell,
2019) for post-hoc tests, adjusting the p-values with the Tukey method for multiplicity adjustment.
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Gesture Imitation task. We performed a LM with factor Group (TD/DCD) to assess whether DCD
participants had poorer sensorimotor abilities than their TD peers, as expected from the literature.

Free-hand movement. We used a LMM with factors Session (PRE/POST) and Group (TD/DCD) and a
random intercept for participants. We were particularly interested in the presence of interactions between
the two factors, as they would indicate that tool use modifies free-hand movements of DCD children
and early adolescents differently than it does in their TD peers. Additionally, we expected the pattern
observed in our subsample of TD participants to conform to the one from the larger sample (Martel et
al., 2021), namely that TD children and early adolescents display shorter latencies and higher amplitudes
of acceleration, velocity and/or deceleration peaks after tool use.

Forearm Length Estimation. A LMM with factors Session (PRE/POST) and Group (TD/DCD) and a
random intercept for participants was used (note that data were missing for one TD and one DCD
participant). Interactions between the two factors would indicate that tool use does not affect the
conscious forearm representation of DCD children and early adolescents the same way it does for TD
participants. Additionally, for the latter, we expected the conscious forearm representation to be reduced
after tool use, as previously reported in the larger sample of TD participants (Martel et al., 2021).

Tool movement. We used a LMM with factors Block (FIRST/LAST) and Group (TD/DCD) and a
random intercept for participants. Note that the second and third blocks of tool use were not analyzed as
we were interested in motor learning with practice. Would the two factors interact, this would show that
both groups do not control the tool similarly. As before, we also anticipated to observe the motor learning
effects found in the larger sample of TD participants (Martel et al., 2021), with children and early
adolescents displaying shorter latencies and higher amplitudes in the last compared to the first block.

Results
DCD participants show poorer gesture imitation abilities than TD participants

The DCD group showed a mean score for gesture imitation of 49.2 + 8.8. As evidenced by a significant
effect of Group in a linear model (F(1, 32) = 10.34, p = .003), this was significantly lower than the
performance of the TD group who scored at 57.6 + 6.2 (Figure 1). Noteworthy, when considering the
cutoffs from the original test in adults (healthy > 62; apraxia < 53; De Renzi et al., 1980), the two groups
did not fall in the same category, underlining their different sensorimotor abilities. Note that this test has
been standardized on adults, lower performance are therefore to be expected in the present study (see
also Martel et al., 2021), however this can not explain a change in categories between the groups.
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Figure 1. Performance in the gesture imitation test in TD and DCD participants. The thick horizontal lines indicate the mean
for each group + 1 SEM. Single dots represent individual performance. Horizontal dashed lines represent the cutoffs in the
original task standardized on adults (healthy > 62; apraxia < 53; De Renzi et al., 1980)
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Tool use affects free-hand movements differently in TD and DCD children and early adolescents

Reaching component. The LMM revealed a significant main effect of Session on most of the latencies
(all p <.009; except the acceleration: y*(1) = 3.48, p =.062), and on all of the amplitudes (all p <.042).
Of major interest here, significant interactions between Session and Group were observed for all the
latencies (acceleration: ¥*(1) = 3.99, p = .046; velocity: x*(1) = 9.04, p = .003; deceleration: y*(1) = 11.0,
p <.001). Post-hoc comparisons showed that while the TD participants displayed decreased latencies
for two out of three parameters when reaching after tool use (velocity: t = 2.62, p = .044; deceleration:
t = 3.46, p = .003; Figure 2), no latency modulation in subsequent free-hand movements was found in
the DCD children and early adolescents (velocity: t =-1.63, p = .364; deceleration: t=-1.23, p=.611).
Both TD and DCD participants displayed increased amplitudes following tool use, as indicated by the
lack of significant Session x Group interactions (acceleration: (1) <.001, p = .928; velocity: ¥*(1) =
444, p = .505; deceleration: y*(1) = 3.21, p = .073).
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Figure 2. Kinematics of the Reaching component before (blue) and after (orange) tool use (top panel) and individual
performance ordered by size (bottom panel) in TD and DCD participants for the latencies and amplitudes of velocity and
deceleration. On the bottom panel, positive values indicate that the latency/amplitude increased afier tool use, while negative
values indicate reduced latency/amplitude. Most of the TD children and early adolescents displayed reduced latencies and
increased amplitudes after tool use. DCD children and early adolescents displayed increased amplitudes but no modulation of
the latencies. Error bars indicate the means = 1 SEM. Asterisks denote significance.

Grasping component. The factor Session significantly affected the latency of MGA (y*(1) = 13.8, p <
.001): children and early adolescents opened their fingers earlier after tool use. There was no evidence
that DCD participants modulated this parameter differently than their TD peers, with neither a main
effect of Group (¥*(1) = .499, p = .480), nor an interaction between Session and Group (y*(1) = .683, p
=.409). Regarding the MGA, the DCD participants opened their fingers larger than the TD participants
with a main effect of Group (¥*(1) =9.92, p =.002). There was also a significant main effect of Session
(x*(1)=4.03, p=.045) and a significant Session x Group interaction (y*(1)=14.2,p <.001). As revealed
by post-hoc comparisons, tool use increased subsequent free-hand finger opening in the DCD group (t
=-7.12, p <.001) while it did not modulate grip aperture in TD participants (t =-2.01, p = .186; Figure
3A).
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Figure 3. Kinematics of the Grasping component (A) and the Movement Time (B) before (blue) and after (orange) tool use
(top panel) and individual performance ordered by size (bottom panel) in TD and DCD participants. On the bottom panel,
positive values indicate that the latency/grip aperture and movement time increased after tool use, while negative values
indicate reduced latency/grip aperture and shorter movement time. Note that data for the grasping component is missing for
one DCD participant. Most of the TD children and early adolescents displayed reduced MGA latencies, which led to reduced
movement time after tool use. DCD children and early adolescents opened their fingers earlier and larger after tool use. They
however did not display any modulation of their movement time. Error bars indicate the means + 1 SEM. Asterisks denote
significance.

Movement Time. The LMM revealed a significant main effect of Session (y*(1) = 11.6, p <.001) as well
as a significant interaction between Session and Group (¥*(1) = 4.85, p = .028). No significant main
effect of Group (¥*(1) < .001, p = .987) was found. Post-hoc comparisons indicated that free-hand
movement time was shorter after tool use in the TD group (t = 3.41, p = .004; Figure 3B), while the
duration of the movement was not modulated in the DCD group (t =.291, p =.991).

In sum, the group of TD participants depicted larger amplitudes and reduced latencies during the
reaching component of their movement, resulting in shorter movement times. They also displayed a
reduced latency, opening their fingers earlier, but no modulation of the amplitude of the grasping
component. Instead, DCD children and early adolescents displayed modulations of the amplitudes of
the reaching component only, while their latencies were not affected, which did not lead to a change in
movement times. They however modulated their grasping component, opening their fingers both earlier
and larger after tool use.

Forearm length estimation is reduced after tool use in both TD and DCD groups

Participants estimated their forearm shorter following tool use, as shown by a significant main effect of
Session (x*(1) =23.5, p <.001; Figure 4; TD: 114% vs 105%; DCD: 131% vs 122%). However, the two
groups did not significantly differ in their estimation (no main effect of Group: ¥*(1) = 1.91, p =.167),
which was overall slightly overestimated before tool-use. There was no evidence that DCD participants
modulated their conscious forearm representation differently than their TD peers as shown by the
absence of interaction between Session and Group (y*(1) = .528, p = .467).
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Figure 4. Forearm length estimation (in % of the actual forearm length) before (blue) and after (orange) tool use (left
panel) and individual performance ordered by size (right panel). On the right panel, positive values indicate that the perceived
forearm length increased after tool use, while negative values indicate reduced forearm length representation. Note that data
was missing for one TD and one DCD participant. Most of the TD and DCD children and early adolescents estimated their
Jforearm length to be shorter after tool use. Error bars indicate the means + 1 SEM. Asterisks denote significance.
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TD and DCD children and early adolescents behave similarly during tool use

Reaching component. The LMM revealed a significant main effect of Block on all the latencies (all p <
.031), and most of the amplitudes (all p < .001; except deceleration: y*(1) = 1.30, p = .255). Latencies
decreased and amplitudes increased between the first and last blocks of the tool-use session (Figure 5).
Crucially, no evidence indicated that the DCD participants controlled the tool differently to reach for
the object than the TD group. The main effect of Group was not significant neither on the latencies
(acceleration: (1) =.003, p = .954; velocity: ¥*(1) = .078, p = .780; deceleration: y*(1) =.129,p <.719)
nor on the amplitudes (acceleration: y*(1) =.524, p = .469; velocity: ¥*(1) = 9.04, p = .003; deceleration:
¥?(1) = .583, p = .445). Similarly, there was no significant Block x Group interaction on the latencies
(acceleration: (1) =.946, p = .331; velocity: y*(1) = .441, p = .507; deceleration: y*(1) = 1.26, p=.203)
and amplitudes (acceleration: ¥*(1) = .009, p = .925; velocity: ¥*(1) = .069, p = .793; deceleration: ¥*(1)

=.371,p=.543).
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Figure 5. Kinematics of the Reaching component during the first (turquoise green) and the last (turquoise blue) blocks of
tool use (top panel) and individual performance ordered by size (bottom panel) in TD and DCD participants for the latencies
and amplitudes of velocity and deceleration. On the bottom panel, positive values indicate that the latency/amplitude increased
with practice, while negative values indicate reduced latency/amplitude. Most of the TD and DCD children and adolescents
reduced their latencies and increased their amplitudes with tool practice. Error bars indicate the means + 1 SEM. Asterisks
denote significance.

Grasping component. Similar to the reaching component, a significant main effect of Block (¥*(1) =
5.33, p = .021) was found on MGA latency, with participants opening their tool fingers earlier with
practice. There was no indication of significant modulation by Group (x*(1) = 1.96, p = .162) nor an
interaction between Block and Group (y*(1) = 1.62, p =.204). As to the tool maximal grip aperture, the
LMM did not reveal any significant main effect of Block (%*(1) = .187, p = .666), nor Group (¥*(1) =



