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Abstract

Developmental dyslexia (DD), a severe and frequent disorder of reading acquisition, is
characterised by a diversity of cognitive and motor deficits whose interactions still remain
misunderstood. Although deficits in the automatization of sensorimotor control have been
highlighted, the cognitive prerequisite of sensorimotor control, or internal action representation
allowing prediction, have never before been investigated. In this study, we considered action
representation of 18 adolescents with pure DD and 18 age matched typical readers. Participants
actually and mentally performed a visually guided pointing task involving strong
spatiotemporal constraints (speed/accuracy trade-off paradigm). While actual and mental
movement times of typical readers were isochronous and both conformed to Fitts’ law, the
movement times of dyslexics differed between conditions, and only the actual movement times
conformed to Fitts’ law. Furthermore, the quality of motor imagery correlated with word
reading and phonological awareness abilities. This suggests that the process of action
representation is impaired in pure DD and supports the sensorimotor perspective of DD.
Theoretical implications are discussed.

Keywords: developmental dyslexia, adolescence, internal forward models, motor imagery.



o J oy Ul W -

OO UG UG UTOTOUTOTOT R B BB BB DDA DNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPFOOVWO I EWNROWOW®®JdAANUTAWNROWOW®O®JdNTEWNROW®O-JAURWNROWW-L0U S WNR O W

Action representation in developmental dyslexia

1. Introduction

Developmental dyslexia (DD) is a specific, severe and persistent disorder of word
identification and reading automatization, appearing independently of mental, neurological,
visual, hearing, intellectual or educational deficits (W.H.O., 1994). This developmental
disorder is frequently observed in the general population, with at least one dyslexic child in
each class of pupils (Barrouillet et al., 2007). It significantly interferes with school learning and
daily living activities requiring reading. The different etiopathogenic theories of DD describe a
diversity of cognitive and motor deficits, whose interactions remain misunderstood, and have
been progressively generalised in two divergent perspectives (Ramus, 2003).

The phonological perspective suggests that a phonological deficit is directly responsible
of reading disorders (Liberman, 1973; Snowling, 2001). This deficit arises from a dysfunction
of the neural circuitry involved in the representation and processing of speech sounds
(Galaburda, Sherman, Rosen, Aboitiz, & Geschwind, 1985; Paulesu et al., 2001; Temple et al.,
2001) with genetic predisposition (for a review: Giraud & Ramus, 2013). However, the
exclusivity of a phonological deficit has been challenged by several theories describing deficits
in auditory (Tallal, 1980), visual (Eden, VanMeter, Rumsey, & Zeffiro, 1996; Lovegrove,
Bowling, Badcock, & Blackwood, 1980), and motor (Nicolson, Fawcett, & Dean, 2001)
processing, at both behavioural and neurological levels.

These additional deficits led to a sensorimotor perspective (Stein, 2001), suggesting that
the phonological deficit is part of a multi-modal sensorimotor syndrome. Notably, the theory
of an automatization deficit (Nicolson et al., 2001) has been largely supported by studies that
have highlighted impairments in DD for balance control, motor coordination, eye movement
control and motor learning (Fawcett & Nicolson, 1999; Iversen, Berg, Ellertsen, & Teonnessen,
2005; Kapoula & Bucci, 2007; Poblano et al., 2002; Pozzo et al., 2006; Stoodley & Stein, 2013;
Velay, Daffaure, Giraud, & Habib, 2002; Vieira, Quercia, Michel, Pozzo, & Bonnetblanc, 2009;
Viholainen et al., 2006). However, the specificity (i.e., the link with reading disorders) and the
nature (i.e., the underlying mechanisms) of these sensorimotor deficits are yet under debate.
Their frequency varies across studies (Fawcett & Nicolson, 1999; Fawcett, Nicolson, & Dean,
1996; Moe-Nilssen, Helbostad, Talcott, & Toennessen, 2003; Nicolson & Fawcett, 1999;
Quercia et al., 2005; Ramus, Rosen, et al., 2003) and, given the high degree of co-morbidity
between DD, attention deficit with hyperactivity disorder (ADHD), and developmental
coordination disorder (DCD), it has been suggested that sensorimotor deficits do not have a
direct causal link with reading disorders (Chaix et al., 2007; Kaplan, Wilson, Dewey, &
Crawford, 1998; Ramus, Pidgeon, et al., 2003; Rochelle & Talcott, 2006; Van Daal & Van der
Leij, 1999; Wimmer, Mayringer, & Raberger, 1999).

Although numerous studies have suggested deficits in the automatization of
sensorimotor control in DD, the involvement of crucial cognitive mechanisms, like mental
action representation has never been investigated up to date. The ability to mentally represent
or mentally simulate motor actions constitutes an important feature of motor behaviour.
Evidence support the hypothesis that mental simulation of movement is generated by internal
forward models, which are neural networks that mimic the causal flow of the physical process
by predicting the future sensorimotor state (e.g., position, velocity) given the efferent copy of
the motor command and the current state (Miall & Wolpert, 1996; Wolpert & Flanagan, 2001).
Motor prediction through forward models is useful in production of quick and accurate
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movements, in anticipation and cancellation of the sensory consequences of movement, as well
as in mental practice (Gueugneau, Schweighofer, & Papaxanthis, 2015; Wolpert & Flanagan,
2001; Wolpert, Ghahramani, & Jordan, 1995). Neuroimaging, behavioural, and clinical studies
identified the cerebellum as an important neural site of learning forward models and of adaptive
prediction in movement and cognition (Shadmehr & Krakauer, 2008; Sokolov, Miall, & Ivry,
2017). The cerebellum interconnects with the parietal lobule. It may be that sensorimotor
prediction generated in the cerebellum updates a state estimate in the parietal cortex, which
maintains forward models (Wolpert, Goodbody, & Husain, 1998).

Given this literature state, our intention here was to study whether action representation
is altered in DD. To that aim, we used the ‘motor imagery’ paradigm. During motor imagery,
individuals mentally perform movements, without actually execution (Demougeot &
Papaxanthis, 2011; Michel, Gaveau, Pozzo, & Papaxanthis, 2013; Papaxanthis, Paizis, White,
Pozzo, & Stucchi, 2012). Actual and mental movements engage similar brain areas, including
the motor cortex, parietal cortex and cerebellum (Jeannerod, 2001), with forward models
believed to be involved in mental movement simulation (Wolpert & Flanagan, 2001). It has
been proposed that the temporal features of mental movements emerge from the predictions of
the forward internal model (Papaxanthis et al., 2012; Sirigu et al., 1996). During mental
movements, neural commands are prepared, but they do not reach the muscle level. However,
the efference copy of these motor commands is still available to the forward models, which
predicts the future states of the arm and thus provides temporal information that are very similar
to that of actual movements. Data from healthy subjects (Cerritelli, Maruff, Wilson, & Currie,
2000; Courtine, Papaxanthis, Gentili, & Pozzo, 2004; Decety, Jeannerod, & Prablanc, 1989;
Gueugneau, Crognier, & Papaxanthis, 2008), from patients (Bennabi et al., 2014; Gonzalez,
Rodriguez, Ramirez, & Sabaté, 2005; Sirigu et al., 1996), and developmental studies (Smits-
Engelsman & Wilson, 2013; Spruijt, van der Kamp, & Steenbergen, 2015; Caeyenberghs,
Tsoupas, Wilson, & Smits-Engelsman, 2009; Caeyenberghs, Wilson, Van Roon, Swinnen, &
Smits-Engelsman, 2009; Choudhury, Charman, Bird, & Blakemore, 2007a, 2007b; Crognier,
Skoura, Vinter, & Papaxanthis, 2013; Skoura, Vinter, & Papaxanthis, 2009) suggest that the
close temporal relation between actual and mental movements is a hallmark of the normally
developed sensorimotor and cognitive system, and constitute a solid set of evidence indicating
that the timing of mental movements arises from forward models.

In the present study, adolescents with pure DD (no associated diagnosis of DCD, AD or
ADHD) and age matched typical readers, actually and mentally accomplish a visually guided
pointing task involving strong spatiotemporal constraints (speed-accuracy trade-off paradigm).
Mental action representation process is estimated by the compliance to Fitts’ law, which
predicts that the time taken to perform a movement linearly increases with task difficulty (Fitts,
1954), and by the isochrony between actual movement time and mental movement time.
Behavioural studies have shown that speed-accuracy trade-off in mental movements, as well as
close temporal relation between actual and mental movements times, are acquired and
consolidated at adolescence after a progressive improvement during childhood (Caeyenberghs,
Tsoupas, et al., 2009; Caeyenberghs, Wilson, et al., 2009; Choudhury et al., 2007a, 2007b;
Crognier et al., 2013; Skoura et al., 2009). We expected that typical readers would modulate
their movement times with task difficulty in both actual and mental conditions, while the
dyslexic group would present a lack of modulation in the mental condition due to action
representation deficits. In addition, the quality (or ability) of motor imagery was assessed
through questionnaires. We predicted differences in auto-evaluation of motor imagery quality
between typical readers and dyslexics.
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2. Materials and Methods
2.1 Participants

Eighteen adolescents with DD (ten boys and eight girls; mean age: 14.10 + 0.3 years)
and eighteen age-matched typical readers (eight boys and ten girls; mean age: 14.10 & 0.2 years)
participated in the study. Each group was composed of 3 left-handers and 15 right-handers
(Oldfield, 1971). All participants were native French speakers and recruited from ordinary
secondary schools in Belgium on the basis of an anamnestic questionnaire, medical and/or
paramedical files and standardized tests of praxis and reading performed individually prior to
the study. Given the implication of phonological deficits in DD (see introduction), phonological
awareness was also assessed in dyslexic participants (see Table 1). Participants were included
if they had no bilingual context during reading acquisition, no diagnosis of attentional, motor,
language or intellectual disorders (e.g., AD, ADHD, DCD, dysphasia) and no medical history
(e.g., neurological disorders). Dyslexic participants were included into the study if: (i) they had
received a formal diagnosis of developmental dyslexia, (ii) they were in possession of recent
medical, neuropsychological, and speech therapist attestations showing persistence of their
reading disorder and allowing them to benefit from education adjustments during their high
school studies (e.g., extra time for examinations), and (iii) performed below the 10™ percentile
compared to typically developing readers (matched for age or grade level) on standardized
reading and phonological awareness tests. As documented in their personal medical and
paramedical field, all the dyslexic participants had a diagnosis of associated dysorthographia
and four of them had a diagnosis of associated dyscalculia. Control participants were included
if they had normal reading development and performed greater or equal to the 16 percentile
on the same standardized reading tests. Table 2 shows that while dyslexic and control
participants did not differ in age and in praxis test, they differed in reading tests. The study was
approved by the Ethics Committee of Research Institute in Psychological Science at the
Université Catholique de Louvain. Prior to the study, written informed consents were obtained
from the parents of each participant. Parents and participants were naive to the experiment
hypotheses.
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Table 1

Assessments used for the participants’ inclusion in each group

P oo wv e

ssessments Dyslexic group  Control group
N=18 N=18
Anamnestic questionnaire V4 V4
10
11
1®/edical and/or paramedical files v
13
14
?raxis test (NEPSY-II) v v
17 Cubes (accuracy, speed)
1§eading tests (Phonolec) v v
20 Regular, irregular, pseudo words (accuracy, fluency)
21
2Phonological awareness tests (Phonolec) v

;3 Syllables deletion in first, median and final positions (accuracy, fluency)
>5 Phonemes deletion in first, median and final positions (accuracy, fluency)

20
27
28
29 Table 2

30

31

32 Descriptive statistics of the sample
33
34

35
36
37
38

Variables Dyslexic group (N=18)

Control group (N=18)

Group differences

39
40 Mean (SD)

Mean (SD)

41
42 Age (years)

43 a

44 Cubes (% CR in CT)

45

46 Words reading - accuracy

47
48 Regular words (% CR)b

g g Irregular words (% CR)
51 Pseudo words (% CR)

52
53

gg Regular words (s)c

56 Irregular words (s)
57 Pseudo words (s)

14.10 (1.16)
80.36 (8.15)

98.06 (2.44)
94.72 (6.52)
72.22 (11.91)

Words reading - fluency

43.00 (10.99)

16.34 (4.86)
63.05 (15.88)

14.10 (0.85)
83.73 (7.47)

99.72 (0.64)
98.06 (2.51)
90.83 (5.21)

31.11 (5.84)
11.91 (2.73)
51.00 (10.60)

ns (not significant)

ns

P <0.001
P <0.05
P <0.001

P<0.05
P<0.05
P <0.05

58
59 Note.

60 a = Percentage of Correct Responses in Correct Time
gé b = Percentage of Correct Responses
63 ¢ = seconds

64
65
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2.2. Measurement of motor imagery quality

Before the experiment, we measured the general motor imagery ability of participants
using the French version of the Movement Imagery Questionnaire (MIQr) (Hall & Martin,
1997). The MIQr measures the difficulty level (from 1 = very difficult to 7 = very easy) of
forming visual and kinaesthetic images of movements (involving a body limb or the whole
body) with a 7-point-scale in 8 items (maximum score = 56; visual modality = 28; kinaesthetic
modality = 28). During the experiment, we also measured the quality of motor imagery (QMI)
by asking the participants to report after each mental trial the quality of their mental movement
on a 7-point-scale (1 = very poor; 7 = excellent).

2.3. Material and Experimental procedure

The experiment took place in a quiet room inside the participants’ school. Participants
were comfortably seated on a chair in front of a table whose edge was aligned with their chest
at the level of the diaphragm. The experiment consisted in a visually guided pointing task
involving strong spatiotemporal constraints (speed/accuracy trade-off paradigm). For each trial,
a plain sheet of paper (A3 format) was presented to the participants at a distance of 10 cm from
their chest. In each sheet, four targets (squares of same size) were printed (see Figure 1A). From
trial-to-trial, the size of the targets changed (0.5x 0.5; 1 x I; 1.5x 1.5; 2x 2; 2.5 x 2.5 cm) with
the aim to modulate the difficulty of the task according to the Fitts’ Law (Fitts, 1954) :

ID =logy (2*A/W),

where, ID is the index of difficulty, A is the amplitude of the movement (i.e., the inter-target
distance between the starting target and the three others = 19 cm), and W is the width of the
target. Figure 1B shows the five target’s width, the constant movement amplitude, and the
corresponding ID.

During the experiment, participants had to actually or mentally point the four targets as
accurate and as fast as possible, while holding a pencil in their dominant hand. For the mental
trials, participants were asked to feel themselves performing the task (internal motor imagery
or first-person perspective; as in (Gueugneau et al., 2013; Michel et al., 2013; Skoura et al.,
2009). As for actual trials, mental trials were performed with eyes open to avoid a multi-task
effect engendered by mental reproduction of the targets’ spatial arrangement, but also to avoid
the use of an external perspective (e.g., to see themselves pointing). Given the coarse resolution
of movement durations, long trials are necessary to obtain reliable measurements in motor
imagery protocols (Demougeot & Papaxanthis, 2011; Gentili, Han, Schweighofer, &
Papaxanthis, 2010; Sirigu et al., 1996). Therefore, one trial (actual or mental) consisted of three
cyclical pointing movements between the targets, namely six arm movements (see Figure 1A).
Before initiation of an actual or a mental trial, the participants placed the pencil in the center of
the starting target. They were free to start the actual or mental movement when they felt ready;
there were no reaction time constraints. For the mental trials, participants were asked to
maintain the pencil immobile in the center of the starting target and to mentally move it through
the targets, as if they would actually do it. For the actual trials, participants were informed that
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if they missed more than two targets during a trial, the trial would be cancelled and retaken.
Very few trials were repeated in both groups (dyslexic group = 0.83%; control group = 1.33%).

A

6
B
Target Width | Amplitude 1D
05x05cm| 19cm |6,3 bits
1x1cm 19cm |53 bits

15x15cm| 19cm |47 bits
2x2cm 19cm |4.3bits
25x25cm| 19cm |4,0bits

Figure 1. Experimental setup. (A) A sheet of paper (A3 format) was placed on a table and participants
had to actually or mentally point the targets as accurate and as fast as possible. (B) Five different sizes
of targets and one constant movement amplitude (inter-target distance) were used to modulate the
difficulty of the task (ID).

Before the experiment, the participants were familiarized with the experimental
protocol. First, they were trained to generate kinaesthetic sensations through two imagery
exercises: (i) draw successive circles (on average 5 trials for each participant) and (ii) throw an
object along a table in various trajectories (on average 5 trials for each participant). Then, they
were trained on the experimental task: after a demonstration given by the experimenter in both
actual and mental conditions, the participants trained themselves (2 x 2 cm target width; one of
the easiest thus most neutral target’s size) until they have correctly applied the instructions (on
average 5 trials for each participant). During the experiment, each participant performed ten
actual and ten mental trials for each ID in a random order (i.e., 100 trials per participant). A
break of 5-10 minutes was systematically proposed at the middle-test or before according to the
participant request or his attention-concentration state.

2.4. Data recording and statistical analysis

For the MIQr, individual scores were calculated for the visual and kinaesthetic imagery
modalities by summing points obtained on the 4 items. These scores were expressed as a
percentage (%) of the maximum score; a score of 100 % (i.e., 28/28 in each imagery modality
or 56/56 for the total score) indicated excellent imagery ability.

For the pointing task, we recorded the actual movement time, the mental movement
time, and the QMI score (% of the maximum score; i.e., 7/7 in Likert Scale). Actual and mental
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movement times were recorded by means of an electronic stopwatch held by the participants in
their non-dominant hand. They started the stopwatch when they actually or mentally initiated
the movement and stopped it when they finished the movement. The participants were trained
during the practice trials to perfectly coordinate the starting and stopping of the stopwatch with
the starting and stopping of their actual or mental movements. Before being analysed, individual
actual and mental movement times were filtered at a confidence interval of = 2 SD by group
and by condition. Statistical analyses were performed using the IBM SPSS Statistics 20
software (SPSS, 2011). Statistical effects were considered as significant at P < 0.05. Statistical
analyses were performed in four steps:

(i) We investigated between-groups (Mann-Whitney test) and within-group (Wilcoxon
tests) differences in the ability to form visual and kinaesthetic images of movements (MIQr;
qualitative variables).

(il) We made a general analysis to investigate whether groups differed (z-fests for
independent samples; Shapiro-Wilk W test; P > 0.05) in their actual and mental movement
times. In this analysis, we did not consider movement times for each ID separately, but we
averaged the times of the five ID for each participant. We also run a non-parametric correlation
analysis between mental movement times and QMI scores to assess whether good quality of
motor imagery corresponded to faster movements. In this analysis, scores corresponding to
mental movement times identified as out of confidence interval were excluded.

(ii1) We investigated whether actual and mental movement times of the two groups were
conformed to Fitts’ Law. For each participant, we performed a linear regression analysis
between the mean actual or mental movement times and the ID. We calculated the slope (the
extent to which performance becomes slower as ID increases), the y-intercept (general index of
the speed of task performance), and the correlation coefficient (R?). These parameters were
compared by means of Kruskal-Wallis ANOVA (Shapiro-Wilk W test: P <0.05; Levene’s test:
P < 0.05) with group (dyslexic, control) as a between-subject factor and movement (actual,
mental) as within-subject factors. In further analyses, actual and mental movement times were
compared in an ANOVA with group (dyslexic, control) as a between-subject factor and
movement (actual, mental) and difficulty (five ID) as within-subject factors. A Bonferroni
correction for multiple comparisons was applied on difficulty factor. For all statistical analyses,
power (1-error probability) was > 0.95.

(iv) We performed a non-parametric correlational analysis to assess the relationship
between motor imagery ability (QMI scores obtained in the pointing task and in the MIQr) and
reading ability (Phonolec scores). To further explore this analysis, we also performed a non-
parametric correlational analysis to assess the relationship between motor imagery ability (QMI
scores) and phonological awareness ability (Phonolec scores). For these analyses, combined
scores of reading and phonological awareness were calculated for each participant by dividing
the total fluency by the total accuracy (fluency/accuracy). These combined scores were
calculated either by averaged subtests or by subtest, in order to consider the different types of
processes involved in the reading test (i.e., analytic vs automated word recognition) and the
different levels of complexity involved in the phonological awareness test (i.e., phoneme vs
syllable, initial vs median vs final position).
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3. Results
3.1. Lower visual and kinaesthetic imagery abilities for the dyslexic group

Figure 2 depicts the average scores (+SD) for both groups in the MIQr, which was
administrated before the experiment. It is noticeable that the dyslexic group obtained
significantly lower scores than the control group in both visual (U=41.50, P<0.001) and
kinaesthetic (U=63.50, P<0.01) modalities of motor imagery. For each group, scores were
equivalent between the two imagery modalities (dyslexics: Z=-0.39, P=0.70; typical readers:
7=-1.58, P=0.12).

B Visual imagery

1ao O Kinaesthetic imagery

= (=)} co
o o (=]

[}
<

MIQr average scores (%)

Control group Dyslexic group

Figure 2. Movement Imagery Questionnaire (MIQr) average scores (+SD) in visual and kinaesthetic
imagery modalities for both groups. Star indicates significant difference between the two groups for
both modalities of motor imagery.

Slower actual and mental movement times for the dyslexic group

Figure 3A illustrates the grand average (+ SD) of actual and mental movement times
(all IDs mixed) for both groups. For the control group, grand averages were 3.21 + 0.32 s for
the actual movements and 3.45 + 0.58 s for the mental movements. For the dyslexic group, the
same values were 3.67 £ 0.44 s and 4.16 = 0.83 s, respectively. The statistical analysis
confirmed that the dyslexic group performed both actual (t34=3.65, P<0.01) and mental (t34=
2.97, P<0.01) movements significantly slower than the control group.

The analysis of the QMI scores (quality of motor imagery; see Figure 3B) showed that
the dyslexic group (on average: 70.61+13.01) performed the mental trials with significantly
lower scores (U = 81; P < 0.05) than the control group (on average: 79.60+£19.54). It is of
interest that while there was a significant correlation between the QMI scores and the time of
mental movements in the control group (Spearman Rho =-0.67, P<0.01), indicating that for the
control group, faster mental movements corresponded to higher QMI scores. Such a correlation
was totally absent from the dyslexic group (Spearman Rho =-0.11, P>0.1).

10
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A B
m Actual
5 O Mental 100 +
& 80 - |
® 4 % : <O> |
o 2
g 3 - + é 60 -
= =) |
g 2 - g 40 -
2 g
g @
=] - L 20 -
z
0 - 0 -
Control group Dyslexic group Control group  Dyslexic group

Figure 3. General analysis of groups’ performances in the visually guided pointing task. (A)
Average values (+ SD) of actual and mental movement times (all IDs mixed) for both groups. (B)
Average values (+ SD) of QMI scores for both groups. Stars indicate significant differences between
the two groups.

3.2 Lower conformity to Fitts’ Law for the dyslexic group in the mental condition

In continuity with the previous results, a thorough investigation of movement times
revealed that the dyslexic group did not follow Fitts’ Law during mental trials (see white
symbols of the Figure 4B, upper row). Indeed, mental times remained almost identical when
the index of difficulty varied. On the contrary, actual movement times of both groups and
mental movement times of control group (see Figure 4A) conformed to Fitts’ Law. For each
parameter of the linear function, ANOVA revealed a main effect of group for the mental
condition, but not for the actual condition. In the mental condition, Mann-Whitney tests showed
that the dyslexic group had significantly lower slope values (U = 62, P < 0.01), higher y-
intercept values (U = 40, P < 0.001) and lower R? values (U =48, P < 0.001) than the control
group (see Table 3).

The analysis of all movement times further confirmed the previous results. ANOVA
revealed a main effect of movement (F134=13.66, P<0.05, 1>=.29), a main effect of difficulty
(F4,136=243.42, P<0.001, n*> =.88), and a main effect of group (F134=12.75, P<0.05, n*=.27).
There were also interaction effects between movement and difficulty (F4,13¢=35.44, P<0.001,
n*=.51), between difficulty and group (Fs136=5.6, P<0.05, n*=.14), as well as between
movement, difficulty and group (F4,136=9.93, P <0.001,1?>=.23). Post-hoc analysis for the triple
interaction effect revealed a significant gradual increase of both actual and mental movement
times with the gradual increase of ID for the control group (P<0.05), while the dyslexic group
presented this gradual increase only for the actual movement times (P<0.05). Indeed, the
dyslexic group presented an increase of the mental movement times only between IDs3 and
ID47 (P<0.05). In addition, while actual and mental movement times did not differ for the
control group (for all IDs, P>0.1), they significantly differed for the dyslexic group (for all
comparisons P<0.05; but [Ds 3 and IDs 3, P>0.1).
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Figure 4. Fitts’ Law analysis of groups’ performances in the visually guided pointing task. Average
values (+SD) of actual and mental movement times according to the index of difficulty (ID) for the
control group (A) and the dyslexic group (B). In the dyslexic group, stars indicate significant
difference between actual and mental movement times.
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Table 3

Descriptive statistics of both groups for the linear function parameters between actual or mental
movement times with ID.

Conditions/Parameters Dyslexic group Control group Group differences
N=18 N=18
Mean (SD) Mean (SD)
Actual movements
Slope 0.68 (0.14) 0.66 (0.11) U=141,P=0.52
y-intercept 0.31 (0.66) -0.06 (0.60) U=114,P =0.13
R? 0.98 (0.02) 0.98 (0.02) U=136,P =042
Mental movements
Slope 0.17 (0.30) 0.49 (0.25) U=62,P<0.01
y-intercept 3.32(1.78) 1.03 (0.99) U =40, P<0.001
R? 0.55(0.33) 0.87 (0.22) U =48, P<0.001

3.3. Link between motor imagery, reading, and phonological awareness abilities

For all participants, there was a significant correlation between the MIQr scores
(averaged visual and kinaesthetic scores) and the combined scores of word reading averaged
subtests (MIQr with averaged regular, irregular and pseudo words: Spearman Rho = -0.63,
P<0.0001; Figure 5A). Note that this correlation was true for each word reading subtest (MIQr
with regular words: Spearman Rho =-0.63, P<0.0001; MIQr with irregular words: Spearman
Rho =-0.55, P<0.0001; MIQr with pseudo words: Spearman Rho =-0.65, P<(0.0001) indicating
that better ability in motor imagery corresponded to better ability in word reading. Similar
results were found between the pointing task QMI scores and all the word reading subtests
(QMI with averaged regular, irregular and pseudo words: Spearman Rho =-0.34, P<0.05; QMI
with regular words: Spearman Rho = -0.47, P<0.005; QMI with irregular words: Spearman
Rho =-0.31; P<0.05; QMI with pseudo words: Spearman Rho = -0.33; P<0.05).

In dyslexic participants, there was a significant correlation between the MIQr scores and
the combined scores of phoneme deletion in median position only (Figure 5B; Spearman Rho
= -0.44 , P<0.05); the correlations between the MIQr scores and the combined scores of
phoneme deletion in first and final positions or the combined scores of syllables deletion in
first, median and final positions were not significant (all P values >0.05). Similar results were
found with the pointing task QMI scores: the correlation was significant with the combined
scores of phoneme deletion in median position only (Spearman Rho = -0.57 , P<0.01), while
other correlations were not significant (all P values >0.05).
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Figure 5. Correlation analysis between motor imagery, reading, and phonological awareness abilities.
(A) For all participants, correlation between the MIQr (averaged visual and kinaesthetic) scores and
the combined scores of word reading (Phonolec; averaged regular, irregular and pseudo words).
Dyslexics in black and typical readers in grey. (B) For the dyslexic group, correlation between the
MIQr scores and the combined scores of phoneme deletion (Phonolec; median position).

4. Discussion

Here, we investigated mental action representation in adolescents with pure DD and typical
readers. We used the mental chronometry paradigm to quantitatively analyse the temporal
features of actually and mentally performed arm movements requiring high spatiotemporal
constraints. In addition, we qualitatively evaluated motor imagery by means of the MIQr
questionnaire which measures the quality of mental images in several movements, and self-
reported scores (QMI), which indicates the quality of mental movements during our specific
pointing task. Our main results revealed that the dyslexic group in comparison to the control
group: i) performed actual and mental movements significantly slower, ii) showed deficits in
mental action representation, attested by the lack of compliance to Fitts’ law in mental condition
and the lack of isochrony between actual and mental movement times, and iii) their lower
quality of motor imagery correlated with words reading and phonological awareness abilities.

4.1. Slowness of actual and mental movements in DD

We found that adolescents with DD executed arm movements significantly slower than
typical readers. This observation could be anticipated from previous findings and is in
accordance with the theory of an automatization deficit (Nicolson et al., 2001). Specifically, it
has been largely supported by several studies that individuals with DD present impairments in
balance control, motor coordination, eye movement control, and motor learning (Fawcett &
Nicolson, 1999; Iversen et al., 2005; Kapoula & Bucci, 2007; Poblano et al., 2002; Pozzo et al.,
2006; Stoodley & Stein, 2013; Velay et al., 2002; Vieira et al., 2009; Viholainen et al., 2006).

On the other hand, the general observation that mental movement durations were longer in
the DD group constitutes a novel result. This result may suggest alterations in cognitive
mechanisms responsible for the mental representation of motor actions in parallel to those
observed in movement execution. This finding also relies on previous observations which
suggest that DD influences the generation and manipulation of mental-visual images. A
previous study reported that dyslexic children show both slower reaction times regarding the
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stimulus “‘letters’” and ‘‘pseudo-letters’” and increased overall reaction times compared to non-
dyslexic children (Kaltner & Jansen, 2014).

4.2. Action representation deficits in DD

Several developmental studies, using a speed-accuracy trade-off task, suggest that
compliance to Fitts’ law in both actual and mental conditions, as well as close temporal relation
between the two conditions, is a hallmark of the normally developed cognitive and sensorimotor
system (Caeyenberghs, Tsoupas, et al., 2009; Caeyenberghs, Wilson, et al., 2009; Choudhury
et al., 2007a, 2007b; Crognier et al., 2013; Skoura et al., 2009; Smits-Engelsman & Wilson,
2013; Spruijt et al., 2015). In our study, typical readers showed a modulation of both actual and
mental movement times with task difficulty and an isochrony between actual and mental
movement times, as has been previously demonstrated by similar studies in typically developed
adolescents and adults (Caeyenberghs, Wilson, et al., 2009; Choudhury et al., 2007a; Crognier
et al., 2013; Maruff, Wilson, De Fazio, et al., 1999 ; Cerritelli et al., 2000; Smits-Engelsman &
Wilson, 2013). Thus, our findings also argue in turn that mental action representation process
is definitely acquired at adolescence.

More interestingly, our results revealed that adolescents with DD did not show strong
relationships between mental movement times and target size as typical readers did. Thereby,
one could assume that when adolescents with DD mentally represent arm movements between
visual targets, they did not fully integrate task constraints (i.e., target size and movement speed).
More appealing, the fact that adolescents with DD showed poorer correlations and greater
differences between actual and mental movements than typical readers, indicates a specific
weakness of mental action representation in DD. This last conclusion is further supported by
the observation that adolescents with DD did respect Fitts’s law for actual movements.

Concerning the quality of motor imagery, the dyslexic group performed mental trials with
significantly lower QMI scores than the typical readers group. Furthermore, while QMI scores
significantly correlated with mental movement times in the control group, such a correlation
was not found in the dyslexic group. In agreement with these results, the dyslexic group also
presented significantly lower MIQr scores than the control group. The fact that lower quality
of motor imagery has been found in the dyslexic group for both the Fitts’ pointing task and the
MIQr, whereas these tasks involve different types of movement (i.e., visually guided pointing
versus involving a body limb or the whole body), argue that the obtained results are well specific
to the processes involved in action representation and are not due to a simple task effect (e.g.
ocular motricity deficits, general difficulty because of instructions/task complexity or task
duration,...). Importantly, the quality of motor imagery assessed in both the Fitts’ pointing task
and the MIQr significantly correlated with words reading ability and phonological awareness
ability, which is known as a crucial prerequisite of reading acquisition (Puolakanaho et al.,
2007; Ziegler et al., 2010).

Similar results have been reported by previous studies using a Fitts’ pointing task in DCD
children. The dissociation between actual and mental performances has been interpreted as an
impairment in the process of action representation (Ferguson, Wilson, & Smits-Engelsman,
2015; Maruff, Wilson, Trebilcock, & Currie, 1999; Wilson, Maruff, Ives, & Currie, 2001). Note
that the lack of compliance to Fitts’ law in mental condition occurred in DCD children only,
and not in children with ADHD or DCD+ADHD (Lewis, Vance, Maruff, Wilson, & Cairney,
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2008; Williams, Omizzolo, Galea, & Vance, 2013), underlining that impairments in action
representation is not linked to a factor of comorbidity. Note, however, that sensorimotor
processes, such as postural adjustments in voluntary unloading was impaired in DD+DCD
children, but preserved in pure DCD and DD children (Cignetti et al., 2018), suggesting a
possible difference between sensorimotor and cognitive mechanisms for action control in pure
DD.

4.3. Internal models of action in DD

At the behavioural level, the concept of internal forward model may account for our
findings (Miall & Wolpert, 1996; Wolpert & Flanagan, 2001). The forward model, relating the
sensory signals of the actual state of the arm (e.g., position, time, and velocity) to the neural
commands predicts the future states of the arm (e.g., position, velocity). Theoretically, timing
information for the mentally represented movement is provided by the internal forward model,
which predicts the sensory consequences of the movement on the basis of the prepared, but
blocked neural commands. When the CNS has an accurate internal representation of limb and
environmental dynamics, movement prediction is very close to movement production (in
mental actions, this is attested by the well-known isochrony and the compliance to Fitts’ law)
and, theoretically, movement can be controlled in feed-forward without requiring on-line
feedback regulation. If internal representations are biased or variable, a discrepancy between
state estimation and actual state could emerge.

In our study, adolescents with DD did not completely preserve this ability as they
exhibited temporal dissimilarities between actually and mentally performed arm movements.
DD-related decline in mental actions may be associated to the fact that sensory information
from the periphery is not available to the motor system during mental movement simulation as
it is during movement execution. The lack of sensory information prevents individuals with DD
from verifying whether the simulated movement is similar to its actual counterpart and therefore
precludes the calibration of simulated actions on the basis of sensorimotor information provided
from their actual execution.

Although forward models allow to supply the feedback motor control, their
development requires obligatorily the processing and the integration of intermodal sensory
feedback. Developmental studies suggested that forward models are acquired by learning
during childhood through the repetition of motor experiences; i.e., the acquisition of a
systematic relation between the motor commands, the environment, and their effects on the
executed movement will progressively allow the formation of an accurate action representation
or mental movement simulation (Caeyenberghs, Tsoupas, et al., 2009; Caeyenberghs, Wilson,
et al., 2009; Crognier et al., 2013; Guilbert, Molina, & Jouen, 2016; Molina, Tijus, & Jouen,
2008; Skoura et al., 2009). Therefore, the general proprioceptive dysfunction in DD (Martins
da Cunha, 1979; Martins da Cunha & Alves Da Silva, 1986; Quercia et al., 2007, 2005) could
be one of the origins for action representation deficit in DD. Furthermore, the cerebellum has
been identified as an important neural site of learning forward models and of adaptive prediction
in movement and cognition (Shadmehr & Krakauer, 2008; Sokolov et al., 2017). However, both
clinical and neuroimaging studies have highlighted functional and constitutional abnormalities
of the cerebellum in DD (Brown et al., 2001; Eckert et al., 2003; Finch, Nicolson, & Fawcett,
2002; Leonard, 2001; Nicolson et al., 1999; Rae et al., 2002). Moreover, the parietal cortex has
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been identified as being dedicated to the storage and update of forward models (Wolpert et al.,
1998) and the ability to process the predictive control with age is hypothesised to increase
through its maturation (Choudhury et al., 2007a, 2007b; Giedd et al., 1999). It may be that
through their connections, sensorimotor prediction generated in the cerebellum updates a state
estimate in the parietal cortex (Wolpert et al., 1998). Finally, both the cerebellum and the lower
parietal lobule (or supramarginal gyrus) are dedicated to the comparison between the motor
command of a movement and its sensorial consequences (visual and proprioceptive)
(Jeannerod, 2009). However, functional abnormalities of the left lower parietal lobule and the
bilateral superior parietal lobules, which are involved in phonological and orthographic
processing, have also been identified in DD (Peyrin et al., 2012; Ruff, Cardebat, Marie, &
Démonet, 2002). In this view, the present study suggests that possible interactions between
proprioceptive, cerebellar and parietal dysfunctions could be involved in the co-occurrence of
cognitive and sensorimotor deficits in DD.

4.4. Limitations and Perspectives

The present study raises the importance to consider action representation in DD and
support the sensorimotor perspective of DD (Stein, 2001). We are aware that the ideal design
would have been to confirm the absence of co-morbid disorders by means of a complete
standardized assessment of praxis and attention. However, neither the participant’s individual
anamnestic questionnaires nor their medical or paramedical fields mentioned an history or a
diagnosis of DCD, AD or ADHD. The assessment of action representation across different
subtypes of pure DD children (i.e., phonological vs. surface vs. mixt) will also be informative
concerning the specificity of action representation deficits in DD. In addition, longitudinal
follow up of both typically developed children and children at risk for specific learning
disorders are needed to investigate the specific role of sensorimotor development (or intermodal
sensorial integration) in reading acquisition mechanisms.

Acknowledgements
This work was supported by Région-Bourgogne-Franche-Comté.
Declarations of interest

None.

17



o J oy Ul W -

OO UG UG UTOTOUTOTOT R B BB BB DDA DNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPFOOVWO I EWNROWOW®®JdAANUTAWNROWOW®O®JdNTEWNROW®O-JAURWNROWW-L0U S WNR O W

Action representation in developmental dyslexia

References

Barrouillet, P., Billard, C., De Agostini, M., Démonet, J.-F., Fayol, M., Gombert, J.-E., ...
Sprenger-Charolles, L. (2007). Dyslexie, dysorthographie, dyscalculie: bilan des
données scientifiques. Institut national de la santé et de la recherche médicale
(INSERM).

Bennabi, D., Monnin, J., Haffen, E., Carvalho, N., Vandel, P., Pozzo, T., & Papaxanthis, C.
(2014). Motor imagery in unipolar major depression. Frontiers in Behavioral
Neuroscience, 8, 413. https://doi.org/10.3389/fnbeh.2014.00413

Brown, W. E., Eliez, S., Menon, V., Rumsey, J. M., White, C. D., & Reiss, A. L. (2001).
Preliminary evidence of widespread morphological variations of the brain in dyslexia.
Neurology, 56(6), 781-783. https://doi.org/10.1212/WNL.56.6.781

Caeyenberghs, K., Tsoupas, J., Wilson, P. H., & Smits-Engelsman, B. C. M. (2009). Motor
imagery development in primary school children. Developmental Neuropsychology,
34(1), 103—121. https://doi.org/10.1080/87565640802499183

Caeyenberghs, K., Wilson, P. H., Van Roon, D., Swinnen, S. P., & Smits-Engelsman, B.
(2009). Increasing convergence between imagined and executed movement across
development: evidence for the emergence of movement representations. Developmental
Science, 12(3), 474—483. https://doi.org/10.1111/j.1467-7687.2008.00803.x

Cerritelli, B., Maruff, P., Wilson, P., & Currie, J. (2000). The effect of an external load on the
force and timing components of mentally represented actions. Behavioural Brain
Research, 108(1), 91-96. https://doi.org/10.1016/S0166-4328(99)00138-2

Chaix, Y., Albaret, J.-M., Brassard, C., Cheuret, E., De Castelnau, P., Benesteau, J., ...
Démonet, J.-F. (2007). Motor impairment in dyslexia: the influence of attention
disorders. Furopean Journal of Paediatric Neurology, 11(6), 368-374.
https://doi.org/10.1016/j.ejpn.2007.03.006

Choudhury, S., Charman, T., Bird, V., & Blakemore, S.-J. (2007a). Adolescent development
of motor imagery in a visually guided pointing task. Consciousness and Cognition,
16(4), 886—896. https://doi.org/10.1016/j.concog.2006.11.001

Choudhury, S., Charman, T., Bird, V., & Blakemore, S.-J. (2007b). Development of action
representation during adolescence. Neuropsychologia, 45(2), 255-262.
https://doi.org/10.1016/j.neuropsychologia.2006.07.010

Cignetti, F., Vaugoyeau, M., Fontan, A., Jover, M., Livet, M.-O., Hugonengq, C., ...
Assaiante, C. (2018). Feedforward motor control in developmental dyslexia and
developmental coordination disorder: Does comorbidity matter? Research in
Developmental Disabilities, 76, 25-34. https://doi.org/10.1016/j.ridd.2018.03.001

Courtine, G., Papaxanthis, C., Gentili, R., & Pozzo, T. (2004). Gait-dependent motor memory
facilitation in covert movement execution. Cognitive Brain Research, 22(1), 67-75.
https://doi.org/10.1016/j.cogbrainres.2004.07.008

Crognier, L., Skoura, X., Vinter, A., & Papaxanthis, C. (2013). Mental representation of arm
motion dynamics in children and adolescents. PloS One, 8(8), €73042.
https://doi.org/10.1371/journal.pone.0073042

Decety, J., Jeannerod, M., & Prablanc, C. (1989). The timing of mentally represented actions.
Behavioural Brain Research, 34(1-2), 35-42. https://doi.org/10.1016/S0166-
4328(89)80088-9

Demougeot, L., & Papaxanthis, C. (2011). Muscle fatigue affects mental simulation of action.
Journal of Neuroscience, 31(29), 10712—10720.
https://doi.org/10.1523/JNEUROSCI.6032-10.2011

Eckert, M. A., Leonard, C. M., Richards, T. L., Aylward, E. H., Thomson, J., & Berninger, V.
W. (2003). Anatomical correlates of dyslexia: frontal and cerebellar findings. Brain,

18



o J oy Ul W -

OO UG UG UTOTOUTOTOT R B BB BB DDA DNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPFOOVWO I EWNROWOW®®JdAANUTAWNROWOW®O®JdNTEWNROW®O-JAURWNROWW-L0U S WNR O W

Action representation in developmental dyslexia

126(2), 482—-494. https://doi.org/10.1093/brain/awg026

Eden, G. F., VanMeter, J. W., Rumsey, J. M., & Zeffiro, T. A. (1996). The visual deficit
theory of developmental dyslexia. Neuroimage, 4(3), S108-S117.
https://doi.org/10.1006/nimg.1996.0061

Fawcett, A. J., & Nicolson, R. L. (1999). Performance of dyslexic children on cerebellar and
cognitive tests. Journal of Motor Behavior, 31(1), 68—78.
https://doi.org/10.1080/00222899909601892

Fawcett, A. J., Nicolson, R. I., & Dean, P. (1996). Impaired performance of children with
dyslexia on a range of cerebellar tasks. Annals of Dyslexia, 46(1), 259-283.
https://doi.org/10.1007/BF02648179

Ferguson, G. D., Wilson, P. H., & Smits-Engelsman, B. C. M. (2015). The influence of task
paradigm on motor imagery ability in children with developmental coordination disorder.
Human Movement Science, 44, 81-90. https://doi.org/10.1016/j.humov.2015.08.016

Finch, A. J., Nicolson, R. L., & Fawcett, A. J. (2002). Evidence for a neuroanatomical
difference within the olivo-cerebellar pathway of adults with dyslexia. Cortex, 38(4),
529-539. https://doi.org/10.1016/S0010-9452(08)70021-2

Fitts, P. M. (1954). The information capacity of the human motor system in controlling the
amplitude of movement. Journal of Experimental Psychology, 47(6), 381.
https://doi.org/10.1037/h0055392

Galaburda, A. M., Sherman, G. F., Rosen, G. D., Aboitiz, F., & Geschwind, N. (1985).
Developmental dyslexia: four consecutive patients with cortical anomalies. Annals of
Neurology, 18(2), 222-233. https://doi.org/10.1002/ana.410180210

Gentili, R., Han, C. E., Schweighofer, N., & Papaxanthis, C. (2010). Motor learning without
doing: trial-by-trial improvement in motor performance during mental training. Journal
of Neurophysiology, 104(2), 774—783. https://doi.org/10.1152/jn.00257.2010

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A., ...
Rapoport, J. L. (1999). Brain development during childhood and adolescence: a
longitudinal MRI study. Nature Neuroscience, 2(10), 861. https://doi.org/10.1038/13158

Giraud, A.-L., & Ramus, F. (2013). Neurogenetics and auditory processing in developmental
dyslexia. Current Opinion in Neurobiology, 23(1), 37-42.
https://doi.org/10.1016/j.conb.2012.09.003

Gonzalez, B., Rodriguez, M., Ramirez, C., & Sabaté, M. (2005). Disturbance of motor
imagery after cerebellar stroke. Behavioral Neuroscience, 119(2), 622.
https://doi.org/10.1037/0735-7044.119.2.622

Gueugneau, N., Bove, M., Avanzino, L., Jacquin, A., Pozzo, T., & Papaxanthis, C. (2013).
Interhemispheric inhibition during mental actions of different complexity. PloS One,
8(2), €56973. https://doi.org/10.1371/journal.pone.0056973

Gueugneau, N., Crognier, L., & Papaxanthis, C. (2008). The influence of eye movements on
the temporal features of executed and imagined arm movements. Brain Research, 1187,
95—102. https://doi.org/10.1016/j.brainres.2007.10.042

Gueugneau, N., Schweighofer, N., & Papaxanthis, C. (2015). Daily update of motor
predictions by physical activity. Scientific Reports, 5, 17933.
https://doi.org/10.1038/srep17933

Guilbert, J., Molina, M., & Jouen, F. (2016). Role des afférences proprioceptives dans le
développement de I’imagerie motrice chez I’enfant. Canadian Journal of Experimental
Psychology/Revue Canadienne de Psychologie Expérimentale, 70(4), 343.

Hall, C. R., & Martin, K. A. (1997). Measuring movement imagery abilities: a revision of the
movement imagery questionnaire. Journal of Mental Imagery.

Iversen, S., Berg, K., Ellertsen, B., & Tennessen, F. (2005). Motor coordination difficulties in
a municipality group and in a clinical sample of poor readers. Dyslexia, 11(3), 217-231.

19



o J oy Ul W -

OO UG UG UTOTOUTOTOT R B BB BB DDA DNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPFOOVWO I EWNROWOW®®JdAANUTAWNROWOW®O®JdNTEWNROW®O-JAURWNROWW-L0U S WNR O W

Action representation in developmental dyslexia

https://doi.org/10.1002/dys.297

Jeannerod, M. (2001). Neural simulation of action: a unifying mechanism for motor
cognition. Neuroimage, 14(1), S103—S109. https://doi.org/10.1006/nimg.2001.0832

Jeannerod, M. (2009). Cerveau volontaire (Le). Odile Jacob.

Kaltner, S., & Jansen, P. (2014). Mental rotation and motor performance in children with
developmental dyslexia. Research in Developmental Disabilities, 35(3), 741-754.
https://doi.org/10.1016/j.ridd.2013.10.003

Kaplan, B. J., Wilson, B. N., Dewey, D., & Crawford, S. G. (1998). DCD may not be a
discrete disorder. Human Movement Science, 17(4-5), 471-490.
https://doi.org/10.1016/S0167-9457(98)00010-4

Kapoula, Z., & Bucci, M. P. (2007). Postural control in dyslexic and non-dyslexic children.
Journal of Neurology, 254(9), 1174. https://doi.org/10.1007/s00415-006-0460-0

Leonard, C. M. (2001). Imaging brain structure in children: Differentiating language disability
and reading disability. Learning Disability Quarterly, 24(3), 158—176.
https://doi.org/10.2307/1511241

Lewis, M., Vance, A., Maruff, P., Wilson, P., & Cairney, S. (2008). Differences in motor
imagery between children with developmental coordination disorder with and without
the combined type of ADHD. Developmental Medicine & Child Neurology, 50(8), 608—
612.

Liberman, I. Y. (1973). Segmentation of the spoken word and reading acquisition. Bulletin of
the Orton Society, 23(1), 64-77. https://doi.org/10.1007/BF02653842

Lovegrove, W. J., Bowling, A., Badcock, D., & Blackwood, M. (1980). Specific reading
disability: differences in contrast sensitivity as a function of spatial frequency. Science,
210(4468), 439—440. https://doi.org/10.1126/science.7433985

Martins da Cunha, H. (1979). Syndrome de déficience posturale. Actualités en rééducation
fonctionnelle et réadaptation, 4¢ série, L. Simon, Ed. Masson, Paris.

Martins da Cunha, H., & Alves Da Silva, O. (1986). Le syndrome de déficience posturale.
Son intérét en ophthalmologie. Journal Frangais d ’ophtalmologie, 9(11), 747-755.

Maruff, P., Wilson, P. H., De Fazio, J., Cerritelli, B., Hedt, A., & Currie, J. (1999).
Asymmetries between dominant and non-dominanthands in real and imagined motor task
performance. Neuropsychologia, 37(3), 379-384. https://doi.org/10.1016/S0028-
3932(98)00064-5

Maruff, P., Wilson, P., Trebilcock, M., & Currie, J. (1999). Abnormalities of imagined motor
sequences in children with developmental coordination disorder. Neuropsychologia,
37(11), 1317-1324. https://doi.org/10.1016/S0028-3932(99)00016-0

Miall, R. C., & Wolpert, D. M. (1996). Forward models for physiological motor control.
Neural Networks, 9(8), 1265—-1279. https://doi.org/10.1016/S0893-6080(96)00035-4

Michel, C., Gaveau, J., Pozzo, T., & Papaxanthis, C. (2013). Prism adaptation by mental
practice. Cortex, 49(8), 2249-2259. https://doi.org/10.1016/j.cortex.2012.11.008

Moe-Nilssen, R., Helbostad, J. L., Talcott, J. B., & Toennessen, F. E. (2003). Balance and gait
in children with dyslexia. Experimental Brain Research, 150(2), 237-244.
https://doi.org/10.1007/s00221-003-1450-4

Molina, M., Tijus, C., & Jouen, F. (2008). The emergence of motor imagery in children.
Journal of Experimental Child Psychology, 99(3), 196-209.
https://doi.org/10.1016/j.jecp.2007.10.001

Nicolson, R. L., & Fawcett, A. J. (1999). Developmental dyslexia: The role of the cerebellum.
In Dyslexia: Advances in theory and practice (pp. 173—196). Springer.
https://doi.org/10.1002/(SICI)1099-0909(199909)5:3<155::AID-DYS143>3.0.CO;2-4

Nicolson, R. 1., Fawcett, A. J., Berry, E. L., Jenkins, I. H., Dean, P., & Brooks, D. J. (1999).
Association of abnormal cerebellar activation with motor learning difficulties in dyslexic

20



o J oy Ul W -

OO UG UG UTOTOUTOTOT R B BB BB DDA DNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPFOOVWO I EWNROWOW®®JdAANUTAWNROWOW®O®JdNTEWNROW®O-JAURWNROWW-L0U S WNR O W

Action representation in developmental dyslexia

adults. The Lancet, 353(9165), 1662—1667. https://doi.org/10.1016/S0140-
6736(98)09165-X

Nicolson, R. L., Fawcett, A. J., & Dean, P. (2001). Developmental dyslexia: the cerebellar
deficit hypothesis. Trends in Neurosciences, 24(9), 508-511.
https://doi.org/10.1016/S0166-2236(00)01896-8

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh inventory.
Neuropsychologia, 9(1), 97—113. https://doi.org/10.1016/0028-3932(71)90067-4

Papaxanthis, C., Paizis, C., White, O., Pozzo, T., & Stucchi, N. (2012). The relation between
geometry and time in mental actions. PloS One, 7(11), e51191.
https://doi.org/10.1371/journal.pone.0051191

Paulesu, E., Démonet, J.-F., Fazio, F., McCrory, E., Chanoine, V., Brunswick, N., ... Frith, C.
D. (2001). Dyslexia: cultural diversity and biological unity. Science, 291(5511), 2165—
2167. https://doi.org/10.1126/science. 1057179

Peyrin, C., Lallier, M., Demonet, J.-F., Pernet, C., Baciu, M., Le Bas, J. F., & Valdois, S.
(2012). Neural dissociation of phonological and visual attention span disorders in
developmental dyslexia: FMRI evidence from two case reports. Brain and Language,
120(3), 381-394. https://doi.org/10.1016/j.bandl.2011.12.015

Poblano, A., Ishiwara, K., de Lourdes Arias, M., Garcia-Pedroza, F., Marin, H., & Trujillo,
M. (2002). Motor control alteration in posturography in learning-disabled children.
Archives of Medical Research, 33(5), 485—488. https://doi.org/10.1016/S0188-
4409(02)00397-1

Pozzo, T., Vernet, P., Creuzot-Garcher, C., Robichon, F., Bron, A., & Quercia, P. (2006).
Static postural control in children with developmental dyslexia. Neuroscience Letters,
403(3), 211-215. https://doi.org/10.1016/j.neulet.2006.03.049

Puolakanaho, A., Ahonen, T., Aro, M., Eklund, K., Leppénen, P. H. T., Poikkeus, A., ...
Lyytinen, H. (2007). Very early phonological and language skills: estimating individual
risk of reading disability. Journal of Child Psychology and Psychiatry, 48(9), 923-931.
https://doi.org/10.1111/.1469-7610.2007.01763.x

Quercia, P., Seigneuric, A., Chariot, S., Bron, A., Creuzot-Garcher, C., & Robichon, F.
(2007). Etude de I’impact du contrdle postural associ¢ au port de verres prismatiques
dans la réduction des troubles cognitifs chez le dyslexique de développement. Journal
Francais d’ophtalmologie, 30(4), 380-389. https://doi.org/10.1016/S0181-
5512(07)89608-2

Quercia, P., Seigneuric, A., Chariot, S., Vernet, P., Pozzo, T., Bron, A., ... Robichon, F.
(2005). Proprioception oculaire et dyslexie de développement: a propos de 60
observations cliniques. Journal Frangais d’ophtalmologie, 28(7), 713-723.
https://doi.org/10.1016/S0181-5512(05)80983-0

Rae, C., Harasty, J. A., Dzendrowskyj, T. E., Talcott, J. B., Simpson, J. M., Blamire, A. M.,
... Styles, P. (2002). Cerebellar morphology in developmental dyslexia.
Neuropsychologia, 40(8), 1285-1292. https://doi.org/10.1016/S0028-3932(01)00216-0

Ramus, F. (2003). Developmental dyslexia: specific phonological deficit or general
sensorimotor dysfunction? Current Opinion in Neurobiology, 13(2), 212-218.
https://doi.org/10.1016/S0959-4388(03)00035-7

Ramus, F., Pidgeon, E., & Frith, U. (2003). The relationship between motor control and
phonology in dyslexic children. Journal of Child Psychology and Psychiatry, 44(5),
712-722. https://doi.org/10.3389/fnbeh.2014.00413

Ramus, F., Rosen, S., Dakin, S. C., Day, B. L., Castellote, J. M., White, S., & Frith, U.
(2003). Theories of developmental dyslexia: insights from a multiple case study of
dyslexic adults. Brain, 126(4), 841-865. https://doi.org/10.1093/brain/awg076

Rochelle, K. S. H., & Talcott, J. B. (2006). Impaired balance in developmental dyslexia? A

21



o J oy Ul W -

OO UG UG UTOTOUTOTOT R B BB BB DDA DNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPFOOVWO I EWNROWOW®®JdAANUTAWNROWOW®O®JdNTEWNROW®O-JAURWNROWW-L0U S WNR O W

Action representation in developmental dyslexia

meta-analysis of the contending evidence. Journal of Child Psychology and Psychiatry,
47(11), 1159-1166. https://doi.org/10.1111/j.1469-7610.2006.01641.x

Ruff, S., Cardebat, D., Marie, N., & Démonet, J. F. (2002). Enhanced response of the left
frontal cortex to slowed down speech in dyslexia: an fMRI study. Neuroreport, 13(10),
1285-1289. https://doi.org/10.1097/00001756-200207190-00014

Shadmehr, R., & Krakauer, J. W. (2008). A computational neuroanatomy for motor control.
Experimental Brain Research, 185(3), 359-381. https://doi.org/10.1007/s00221-008-
1280-5

Sirigu, A., Duhamel, J.-R., Cohen, L., Pillon, B., Dubois, B., & Agid, Y. (1996). The mental
representation of hand movements after parietal cortex damage. Science, 273(5281),
1564-1568. https://doi.org/10.1126/science.273.5281.1564

Skoura, X., Vinter, A., & Papaxanthis, C. (2009). Mentally simulated motor actions in
children. Developmental Neuropsychology, 34(3), 356-367.
https://doi.org/10.1080/87565640902801874

Smits-Engelsman, B. C. M., & Wilson, P. H. (2013). Age-related changes in motor imagery
from early childhood to adulthood: probing the internal representation of speed-accuracy
trade-offs. Human Movement Science, 32(5), 1151-1162.
https://doi.org/10.1016/j.humov.2012.06.006

Snowling, M. J. (2001). From language to reading and dyslexia. Dyslexia, 7(1), 37—46.
https://doi.org/10.1002/dys.185

Sokolov, A. A., Miall, R. C., & Ivry, R. B. (2017). The cerebellum: adaptive prediction for
movement and cognition. Trends in Cognitive Sciences, 21(5), 313-332.
https://doi.org/10.1016/j.tics.2017.02.005

Spruijt, S., van der Kamp, J., & Steenbergen, B. (2015). The ability of 6-to 8-year-old
children to use motor imagery in a goal-directed pointing task. Journal of Experimental
Child Psychology, 139, 221-233. https://doi.org/10.1016/j.jecp.2015.06.008

SPSS, I. B. M. (2011). IBM SPSS statistics for Windows, version 20.0. New York: IBM Corp.

Stein, J. (2001). The magnocellular theory of developmental dyslexia. Dyslexia, 7(1), 12-36.
https://doi.org/10.1002/dys.186

Stoodley, C. J., & Stein, J. F. (2013). Cerebellar function in developmental dyslexia. The
Cerebellum, 12(2), 267-276. https://doi.org/10.1007/s12311-012-0407-1

Tallal, P. (1980). Auditory temporal perception, phonics, and reading disabilities in children.
Brain and Language, 9(2), 182—198. https://doi.org/10.1016/0093-934X(80)90139-X

Temple, E., Poldrack, R. A., Salidis, J., Deutsch, G. K., Tallal, P., Merzenich, M. M., &
Gabrieli, J. D. E. (2001). Disrupted neural responses to phonological and orthographic
processing in dyslexic children: an fMRI study. Neuroreport, 12(2), 299-307.
https://doi.org/10.1097/00001756-200102120-00024

Van Daal, V., & Van der Leij, A. (1999). Developmental dyslexia: Related to specific or
general deficits? Annals of Dyslexia, 49(1), 71-104. https://doi.org/10.1007/s11881-999-
0020-2

Velay, J.-L., Daffaure, V., Giraud, K., & Habib, M. (2002). Interhemispheric sensorimotor
integration in pointing movements: A study on dyslexic adults. Neuropsychologia, 40(7),
827—-834. https://doi.org/10.1016/S0028-3932(01)00177-4

Vieira, S., Quercia, P., Michel, C., Pozzo, T., & Bonnetblanc, F. (2009). Cognitive demands
impair postural control in developmental dyslexia: a negative effect that can be
compensated. Neuroscience Letters, 462(2), 125—129.
https://doi.org/10.1016/j.neulet.2009.06.093

Viholainen, H., Ahonen, T., Lyytinen, P., Cantell, M., Tolvanen, A., & Lyytinen, H. (2006).
Early motor development and later language and reading skills in children at risk of
familial dyslexia. Developmental Medicine and Child Neurology, 48(5), 367-373.

22



o J oy Ul W -

OO UG UG UTOTOUTOTOT R B BB BB DDA DNWWWWWWWWWWNNNNNNNNNNR R e e
GRWONRFRPFOOVWO I EWNROWOW®®JdAANUTAWNROWOW®O®JdNTEWNROW®O-JAURWNROWW-L0U S WNR O W

Action representation in developmental dyslexia

https://doi.org/10.1017/S001216220600079X

Williams, J., Omizzolo, C., Galea, M. P., & Vance, A. (2013). Motor imagery skills of
children with attention deficit hyperactivity disorder and developmental coordination
disorder. Human Movement Science, 32(1), 121-135.

Wilson, P. H., Maruff, P., Ives, S., & Currie, J. (2001). Abnormalities of motor and praxis
imagery in children with DCD. Human Movement Science, 20(1-2), 135-159.
https://doi.org/10.1016/S0167-9457(01)00032-X

Wimmer, H., Mayringer, H., & Raberger, T. (1999). Reading and dual-task balancing:
Evidence against the automatization deficit explanation of developmental dyslexia.
Journal of Learning Disabilities, 32(5), 473—478.
https://doi.org/10.1177/002221949903200513

Wolpert, D. M., & Flanagan, J. R. (2001). Motor prediction. Current Biology, 11(18), R729—
R732. https://doi.org/10.1016/S0960-9822(01)00432-8

Wolpert, D. M., Ghahramani, Z., & Jordan, M. L. (1995). An internal model for sensorimotor
integration. Science, 269(5232), 1880—1882. https://doi.org/10.1126/science.7569931

Wolpert, D. M., Goodbody, S. J., & Husain, M. (1998). Maintaining internal representations:
the role of the human superior parietal lobe. Nature Neuroscience, 1(6), 529.
https://doi.org/10.1038/2245

World Health Organization (1994). International Classification of Diseases. Geneva: Masson.
Retrieved from https://icd.who.int/browsel1/1-
m/en#/http%3 A%2F%2Fid.who.int%2Ficd%2Fentity%2F 1008636089

Ziegler, J. C., Bertrand, D., Téth, D., Csépe, V., Reis, A., Faisca, L., ... Blomert, L. (2010).
Orthographic depth and its impact on universal predictors of reading: A cross-language
investigation. Psychological Science, 21(4), 551-559.
https://doi.org/10.1177/0956797610363406

23



