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Abstract: Aim. Handwriting abilities in children with dyslexia (DYS) are not well documented in
the current literature, and the presence of graphomotor impairment in addition to spelling impair-
ment in dyslexia is controversial. Using resting-state functional connectivity (RSFC), the present
study aims to answer the following question: are there markers of graphomotor impairment at rest
in DYS children? Method. The participants were children with DYS and typically developing (TD)
children (n = 32) from French-speaking primary schools (Mg = 9.3 years). The behavioural evalua-
tion consisted of spelling and handwriting measures. Participants underwent a resting-state fMRI
scan. Results. Analyses of RSFC focused on a brain region responsible for graphomotor processes—
the graphemic/motor frontal area (GMFA). The RSFC between the GMFA and all other voxels of the
brain was measured. Whole-brain ANOVAs were run to compare RSFC in DYS and TD children.
The results demonstrated reduced RSFC in DYS compared to TD between the GMFA and brain
areas involved in both spelling processes and motor-related processes. Conclusions. For the first
time, this study highlighted a disruption of the writing network in DYS. By identifying functional
markers of both spelling and handwriting deficits at rest in young DYS participants, this study sup-
ports the presence of graphomotor impairment in dyslexia.

Keywords: developmental dyslexia; graphomotor difficulties; writing; fMRI; resting-state
functional connectivity; graphemic/motor frontal area

1. Introduction

Developmental dyslexia is a neurobiological disorder characterised by deviant liter-
acy development, [1-5] affecting approximately 10% of the French-speaking population,
the language of the present study. The symptoms of dyslexia occur despite normal intel-
ligence, adequate education and the absence of sensory deficits, and they persist across a
lifespan. In addition to reading impairment, DYS children have a severe and persistent
impairment in spelling, which remains the most visible symptom of dyslexia in adults
[6,7]. Past research has repeatedly demonstrated that DYS children struggle with all writ-
ing activities that are carried out every day in school, such as copying tasks [8,9], dictation
tasks [10] and text composition [11]. Beyond school, writing difficulties can negatively
impact children’s development in all aspects as poor writing abilities can have far-reach-
ing consequences for children’s self-esteem and academic achievement [12,13]. Despite
the importance of mastering writing and the severity and persistence of DYS-related writ-
ing impairment, current research on dyslexia focuses substantially more on reading diffi-
culties than on writing difficulties. In particular, a gap in the literature concerns the pres-
ence of graphomotor difficulties in children with dyslexia in addition to their spelling
impairment.

Indeed, handwriting difficulties have been repeatedly observed in DYS samples us-
ing measures of handwriting speed and/or handwriting legibility [9,14-17]. However,
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their origin is not yet understood as poor handwriting performance may be a consequence
of spelling impairment [11,18] or may instead indicate a graphomotor deficit [10,14]. Re-
cently, abnormal brain activation of graphomotor regions in DYS children has been
demonstrated during an fMRI handwriting task [19]. These results strengthened the need
to focus on writing difficulties in dyslexia by considering not only spelling but also graph-
omotor processes. To date, this task-fMRI study constitutes the only investigation of
graphomotor abilities in dyslexia using MRI data. The use of complementary neuroimag-
ing techniques would allow these conclusions to be confirmed. Resting-state functional
connectivity (RSFC) is another type of fMRI sequence that provides information about the
functional organisation of brain networks at rest [20,21]. As it does not require participants
to perform any task inside the MRI, RSFC has considerable methodological advantages
[21-23]. Nevertheless, RSFC currently appears to be underutilised in the field of research
in dyslexia. To date, the few studies that have investigated RSFC in dyslexic samples have
successfully identified functional markers of reading impairment at rest [23-25]. How-
ever, no study has focused on measuring RSFC in the writing network of individuals with
dyslexia. By using RSFC data in DYS and typically developing (TD) children, the present
study aimed to answer the following research question: are there functional markers of
graphomotor dysfunction visible at rest in DYS children? By measuring functional con-
nectivity with a brain region responsible for handwriting, i.e., the graphemic/motor
frontal area (GMFA) [26,27], in children with and without dyslexia, this study has the
potential to significantly improve our understanding of writing impairment in dyslexia.

1.1. Writing Difficulties in Dyslexia

Due to a phonological deficit, DYS children struggle with developing literacy from
the very start of reading and writing instruction [2,5,28]. The most described and studied
behavioural manifestations of dyslexia are less accurate, slower and hesitant reading.
However, in addition to their reading impairment, children with dyslexia face severe and
persistent spelling difficulties [5-7]. At the beginning of primary school, DYS children
have difficulty mastering the correspondences between phonemes and graphemes [29].
Spelling difficulties in dyslexia are persistent and considered the most durable visible
symptom of dyslexia throughout life [7]. More concretely, misspellings in individuals
with dyslexia consist of nonphonetic errors such as inversion, substitution or omission of
letters [30]. DYS children also produce conventional phonetic misspellings, referred to as
orthographic errors (e.g., readable spelt readible), and more variations of spellings for the
same word (e.g., college spelt as both collage and colege by the same writer) [31,32].

In addition to spelling accuracy, an important aspect of writing development con-
cerns the mastery of handwriting [33,34], which is a complex ability relying on grapho-
motor processes [33,35-38]. As featured in the psychomotor theory of writing by Van Ga-
len [34] (see [39] for a more recent elaboration), the graphomotor processes are divided
into distinct modules: selection of the sensorimotor programmes associated with each let-
ter stored in memory; adjustment of the size parameter for each allograph; and recruit-
ment of the arm and hand muscles to trace the letters.

In past literature, research has highlighted the presence of graphomotor difficulties
in dyslexia as characterised by slowness and poor legibility [9,10,14-16]. Understanding
DYS children’s graphomotor difficulties has been the subject of a growing number of stud-
iesin recent years, e.g., [10,14,18,19]. However, knowing that handwriting involves a mul-
titude of processes and a close relationship with spelling, disentangling the origin of these
handwriting difficulties is challenging. Consequently, several hypotheses have been pro-
posed to explain these handwriting difficulties in DYS children.

On the one hand, authors have supported the idea that DYS children show poorer
handwriting abilities as a direct consequence of spelling impairment. Indeed, results have
demonstrated that DYS children execute handwriting at the same speed as their peers but
pause more during writing tasks because of their spelling impairment [8,11]. Such obser-
vations led authors to conclude that DYS children are slow at completing writing tasks
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because of the spelling deficit, not supporting the idea that they have actual graphomotor
difficulties [11,18,40]. Moreover, as highlighted by a recent study, DYS children’s poor
handwriting performance may be a consequence of their reduced writing practice because
of their literacy impairments [18]. Indeed, because spelling is difficult for DYS children,
they may write on fewer occasions than their peers.

On the other hand, recent findings have defended the idea that DYS-related deficits
in writing concern both spelling and graphomotor processes. Indeed, the results have re-
vealed handwriting difficulties in DYS children compared to TD children that could not
be attributed to children’s spelling difficulties as they occurred during a task that did not
require orthographic skills, i.e., the name and surname writing task [14]. Moreover, an-
other study demonstrated that DYS children were more influenced by the graphic struc-
ture of words, leading to handwriting difficulties when writing words that contain graph-
ically complex segments [10]. More precisely, DYS children in grades 3 and 4 made more
graphical errors, such as letter distortions, than younger TD children that were matched
for spelling ability.

To conclude, several studies have highlighted the presence of handwriting difficul-
ties in DYS children compared to their TD peers [9-11,14,19]. To date, the origin of graph-
omotor difficulties in dyslexia is still debated. Indeed, because writing is a complex ability
involving spelling and graphomotor processes [41], several plausible causes may lead to
handwriting difficulties. Therefore, more research is needed to understand the origin of
handwriting difficulties in dyslexia.

1.2. The Contribution of fMRI Techniques to Investigate Dyslexia

Overall, past fMRI studies have identified regions in which DYS has shown abnormal
strength of functional activation in both children and adults [42—45]. Such experiments
required participants, i.e., typical readers compared to DYS individuals, to perform vari-
ous literacy tasks inside the MRI. However, even if task-fMRI studies are undeniably val-
uable and informative for the field of literacy development and disability, they present
several limitations. First, while literacy abilities require a multitude of tasks to be compre-
hensively assessed, neuroimaging studies have necessarily focused on one subskill during
fMRI (e.g., word and pseudoword matching in [46]; writing under dictation in [19]). More-
over, knowing that participants with dyslexia presumably dislike performing literacy
tasks because of their disability, performance during the fMRI task and the functional data
acquired can be biased by negative emotional factors.

With these issues in mind, RSFC appears to be a complementary fMRI technique that
can overcome these methodological challenges. RSFC can be defined as a significantly
correlated signal between functionally related regions in the absence of any stimulus,
providing an evaluation of functional brain organisation [47]. RSFC is based on the prin-
ciple that functionally related regions, e.g., regions forming literacy networks, are known
to show greater connectivity with each other at rest [21]. A small number of studies have
used RSFC to investigate the functional organisation of the reading network in DYS com-
pared to TD individuals. Overall, these studies revealed reduced RSFC in regions of the
reading network in DYS participants (i.e., between the left intraparietal sulcus and the left
middle frontal gyrus [25]; between the left posterior temporal areas and the inferior frontal
gyrus [23]; and between the left and the right inferior frontal gyri [24]). These findings
provided evidence of the presence of functional markers of dyslexia at rest underlying the
observed reading deficit. To date, no neuroimaging study has addressed the issue of writ-
ing difficulties in DYS children using RSFC in the writing network.

The adult brain writing network has been identified and presented in two meta-anal-
yses [27,37]. The writing network is composed of regions of the left hemisphere responsi-
ble for either the spelling processes (i.e., the fusiform gyrus, inferior temporal gyrus, infe-
rior frontal gyrus, superior temporal sulcus, supramarginal and superior temporal gyri)
or the graphomotor processes (i.e., the parietal cortex, anterior and posterior regions of
the right cerebellum, the graphemic/motor frontal area (GMFA), also known as the Exner
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area [26]). The cerebellar graphomotor areas play a role in the motor control of complex
finger movements. However, their specificity for handwriting production has not been
fully demonstrated as their recruitment was highlighted during other motor-related ac-
tivities [27,37]. Moreover, an increasing number of studies focusing on the cerebellum
have revealed that this is a multifunctional structure that connects with most parts of the
brain [48-50]. Conversely, the GMFA’s role has been demonstrated to be specific to graph-
omotor production. The left GMFA seed region is located in the left premotor cortex (BA6)
in the posterior part of the middle frontal gyrus. Authors have revealed that a lesion of
the GMFA negatively impacted the formation of letters [51-53]. Further research has led
to refining our understanding of the GMFA, which is in charge of translating orthographic
information into graphomotor plans [27,37,54]. Finally, motor regions (i.e., primary motor
area and supplementary motor area, for example) are also recruited for graphomotor pro-
duction, but they are not specific to the act of writing [27,37].

This network was recently investigated for the first time in TD children using task-
fMRI [55], revealing that the regions recruited by children during writing (aged from 8 to
11 years old) corresponded to the adult writing network [27,37]. Of particular interest to
the current study, the network was also investigated in children with and without dys-
lexia for the first time during an fMRI dictation task [19]. The results highlighted func-
tional differences in the writing network [27,37] between DYS and TD children in regions
not only responsible for spelling but also for graphomotor and motor-related processes.
These dysfunctions were characterised by less brain activation in DYS children than in TD
children, particularly in cerebellar regions that play a role in controlling complex finger
movements during handwriting. To date, this task-fMRI experiment constitutes the only
investigation of DYS children’s handwriting abilities using neuroimaging data. Grapho-
motor dysfunction in DYS children needs to be confirmed and further defined by robust
complementary evidence. Importantly, no study has ever investigated the writing net-
work at rest in children with dyslexia. The use of RSFC constitutes an innovative approach
for understanding graphomotor difficulties in children with DYS.

1.3. The Present Study

To date, writing difficulties in dyslexia are not as well documented as reading defi-
cits. An important gap in the current literature concerns the issue of graphomotor impair-
ment in dyslexia. Indeed, while the presence of severe spelling impairment in dyslexia is
undeniable, the frequently observed handwriting difficulties in DYS children are not well
understood [10,11,14,15,18]. As writing ability involves a multitude of cognitive and mo-
tor processes that influence each other [36,38,56-58], disentangling the issue of the origin
of handwriting difficulties is challenging. The use of neuroimaging techniques to examine
the writing brain network [27,37] in DYS children constitutes a promising avenue to better
understand their writing difficulties. Remarkably, while reduced RSFC has been high-
lighted in DYS samples in the reading network [23-25], no study has ever investigated
RSFC in the brain network responsible for writing in DYS children.

The aim of the present study was to test the hypothesis of graphomotor impairment
in dyslexia by comparing RSFC in DYS and TD children. Sixteen DYS children partici-
pated in this study. They were matched on chronological age with 16 TD children. All
children underwent a behavioural evaluation, including measures of spelling accuracy
and handwriting, and a neuroimaging evaluation, including a resting-state fMRI se-
quence. Due to the key role of the GMFA region in graphomotor processes (i.e., the region
responsible for transforming orthographic information into graphic traces, [26,27,37]), we
measured RSFC between this area and the rest of the brain in all participants. We used
RSEC to locate the brain areas with which the GMFA connects differently in DYS children
compared to TD children.

Precisely, this study will address the following research question: are there functional
markers of graphomotor impairment visible at rest in DYS children?
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We expect our analyses to highlight differences between DYS and TD children in
functional coupling of the GMFA. Differences in RSFC between the GMFA and other brain
regions are interpreted in relation to their potential involvement in spelling, reading and
graphomotor processes [27].

We hypothesise that DYS children will show decreased functional connectivity pat-
terns with the GMFA seed region compared to TD children during rest. Indeed, similar to
how a reduction in RSFC in the reading network underlies DYS-related reading impair-
ment [23-25], we expect RSFC in writing regions to be in the sense of a reduction in the
DYS group compared to the TD group. More precisely, knowing that DYS children have
a severe spelling deficit, we expect to highlight reduced RSFC between the GMFA and
spelling-related regions in DYS. In addition, revealing a reduction in RSFC between the
GMFA and motor-related areas would support the hypothesis of the presence of addi-
tional graphomotor difficulties in DYS.

This RSFC approach has the potential to identify markers of writing impairment at
rest in DYS children, which will contribute to filling the gap in the current literature re-
garding the origin of DYS children’s poor handwriting performance [10,11,14,15,18]. More
broadly, RSFC data of the writing network may contribute to improving our current
knowledge of the brain basis of dyslexia in a young population.

2. Method
2.1. Participants

Participant recruitment targeted DYS children and TD children. This took place in six
ordinary primary schools in the French-speaking region of Belgium. All children and par-
ents provided informed consent for inclusion before they participated in the study. The
experiment was carried out with respect to the ethical standards of the Declaration of Hel-
sinki and received approval by the Ethics Committee of the University Hospital of Saint-
Luc (number: B403201942022). Thirty-two children participated in the present experiment
according to a series of inclusion criteria (native French-speaking, aged between 7 and 10
years old and right-handed) and exclusion criteria (sensory deficit, a history of brain dam-
age, medication use, learning disability other than dyslexia and metal in the body). Half
of the sample was composed of DYS children (1 = 16; Mag = 9.38 years, SD = 1.24, Range =
7.14-11.25) who had all been diagnosed by a speech and language therapist. Children in
the TD group had no history of learning difficulty (n =16; M =9.32 years, SD = 0.96, Range
= 7.88-10.85). Children in both groups presented grade-adequate standardised scores in
nonverbal IQ (DYS: M =0.21, SD =0.75, Range = -1.00-1.33; TD: M = 0.46, SD = 0.74, Range
=-1.33-2.00) and receptive vocabulary (DYS: M = 1.18, SD = 0.66, Range = 0.07-2.20; TD:
M =122, SD =0.88, Range = —0.13-2.87), as measured by the Matrix Reasoning Subtest of
the WISC-IV [59] and the French adaptation of the Peabody Pictures Vocabulary Test [60],
respectively. Group comparisons ensured that DYS and TD children were equivalent in
age (t(30)=0.17, p = 0.870), nonverbal IQ (#(30) = -0.96, p = 0.346) and receptive vocabulary
(#(30) =-0.14, p = 0.890). Group comparisons performed on children’s behavioural perfor-
mances (see 3.3 for details on the tasks used) revealed that TD children outperformed DYS
children in all reading and spelling measures and in handwriting legibility (all ps < 0.05).
The performance of the children in the behavioural evaluation is presented in Table 1.
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Table 1. Participants scores on behavioural tasks and statistical group comparison.

DYS TD

(n=16; 5 Girls, 9 Boys) (n=16; 9 Girls, 5 Boys) Group Comparison

M SD Min Max M SD Min Max t30) p

Reading accuracy
Non-words raw (/20) 12.60 3.52 7.00 18.00 1694 2.05 12.00 20.00 —4.23 <0.001 DYS<TD
Non-words standardised -1.38 144 -441 021 -015 071 -199 125 -3.04 0.005 DYS<TD
Regular words raw (/20) 1760 2.75 9.00 20.00 1938 126 16.00 20.00 -2.34 0.027 DYS<TD
Regular words standardised ~ -1.36 1.39 -3.56 045 0.01 089 -1.88 077 -3.27 <0.001 DYS<TD
Irregular words raw (/20) 1493 4.04 3.00 19.00 18.00 261 12.00 20.00 —2.53 0.017 DYS<TD
Irregular words standardised  -1.24 1.17 -341 049 027 075 -1.03 114 -4.28 <0.001 DYS<TD

Spelling accuracy
Simple regular words raw (/10) 6.81 2.66 0.00 10.00 894 1.18 7.00 10.00 -2.92 0.010 DYS<TD

Standardised -2.04 203 -548 087 -0.11 087 -178 0.87 -3.49 <0.001 DYS<TD

Complex regular words raw (/10) 5.19 3.10 0.00 10.00 7.81 226 4.00 10.00 -2.74 0.010 DYS<TD
Standardised -252 232 -846 095 -046 113 -193 095 -3.18 <0.001 DYS<TD

Irregular words raw (/10) 344 203 0.00 8.00 694 321 200 10.00 -3.68 0.002 DYS<TD
Standardised -2.08 1.05 -444 -044 -008 111 -1.79 124 -522 0.003 DYS<TD

Handwriting legibility
Raw (number of errors)? 1531 7.81 39.00 8.00 955 426 200 1700 259 0.015 DYS<TD

Standardised -0.68 157 -444 089 082 131 -129 357 -293 0.006 DYS<TD
Handwriting speed

Raw (number of words copied) 186.75 63.91 82.00 273.00 223.38 83.05 102.00 393.00 -1.40 0.172 DYS=TD

Standardised -030 0.73 -148 062 031 128 -1.85 3.18 -1.65 0.110 DYS=TD

Note. Standardised scores correspond to participants’ scores compared to test age or grade norms.
The standardised scores are z-scores (M = 0; SD = 1). Scores below -2 SD were considered. DYS =
children with dyslexia, TD = typically-developing children, M = mean, SD = standard deviation.

2.2. Procedure

The current experiment was composed of two phases: a behavioural evaluation and
MRI scanning. Children performed both phases of the evaluation in a narrow time interval
in February 2020. Cognitive assessment tasks were individually administered to each par-
ticipant either at home or at school. The MRI scan sessions took place at the university
hospital on weekends. Anatomic, functional (task and resting-state) and multishell diffu-
sion sequences were acquired at Cliniques Universitaires Saint-Luc (UCLouvain, Bel-
gium). For the purpose of this paper, we exclusively focused on RSFC data. The results
concerning structural and task-fMRI data have been published in a previous paper [19].
Scanning started with acquiring a T1-weighted image, followed by resting-state fMRI,
during which participants were scanned with their eyes closed and were instructed to
allow their thoughts to freely roam and to think of nothing in particular. Due to the young
age of the participants, we used a playful protocol for the whole MRI scan session inspired
by a previous study conducted on young children with dyslexia [61]. The rocket protocol
consisted of immersing the children in a space mission theme. The MRI scanner was pre-
sented to children as a type of rocket ship, and the children and the experimenters were
wearing an astronaut suit during the pre-scanning preparation and the MRI data acquisi-
tion (for a complete description of the rocket protocol, see [19]).

2.3. Behavioural Evaluation
2.3.1. Word Reading (Accuracy and Speed)
Reading ability was assessed with a standardised test from the Batterie Analytique

du Langage Ecrit (Analytic Battery of Written Language) [62]. For the reading assessment,
children read several items aloud: 20 irregular words, 20 regular words and 20 nonwords.
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The children had to read the items aloud as quickly as possible. For each list, the total
number of correct responses (1 point for accurate reading) was scored and compared to
the norms for each school grade.

2.3.2. Word Spelling (Accuracy)

Spelling accuracy was assessed with a standardised dictation task from the BALE
[62], which was composed of three lists of words: 10 irregular, 10 complex regular and 10
simple regular words. The dictation task was not time-constrained, and the experimenter
ensured that each child was ready before proceeding to the next word. A small break of
two minutes was proposed to the child between the lists. One point was given for accurate
spelling, and the children’s raw scores were compared to the norms for their grade given
by the test. The scores on the three lists were summed, leading to a maximum score of 30
for word spelling.

2.3.3. Handwriting (Legibility and Speed)

Participants” handwriting was assessed with a text copying task taken from a stand-
ardised test in a limited time of five minutes (BHK, (Concise Evaluation Scale for Chil-
dren’s Handwriting); [63]). The quality of the handwriting was scored through the use of
precise aesthetic criteria (e.g., the sizes of the letters, correction of letterforms, letter dis-
tortion). Each sentence was scored according to those criteria. The presence of one of the
graphical errors led to assigning 1 point. The raw scores were then compared to test age
norms. The number of letters correctly copied was scored and then compared to test age
norms as an indicator of handwriting speed. The task had a very high reported interrater
reliability (r = 0.90), and the internal reliability in the current sample given by Cronbach’s
alpha was 0.83.

2.4. MRI Scanning
2.4.1. Imaging Acquisition Parameters

All participants underwent an MRI session during which three-dimensional (3D) T1-
weighted and resting-state functional MRI (RS-fMRI) T2*-weighted sequences were ac-
quired. The data were collected using a 3T MRI (Signa™ Premier, General Electric Com-
pany, Milwaukee, WI, USA) equipped with a 48-channel coil and installed at the Cliniques
Universitaires Saint-Luc (UCLouvain, Brussels, Belgium). The 3D T1 encompassing the
whole brain was selected to provide detailed anatomy (1 mm?3) due to an MPRAGE se-
quence (inversion time = 900 ms; repetition time (TR) = 2188.16 ms; echo time (TE) = 2.96
ms; flip angle (FA) = 8°; field of view (FOV) = 256 x 256 mm?; matrix size = 256 x 256; 156
slices; slice thickness = 1 mm; no gap; and total scan time = 5 min 36 s). The RS-fMRI se-
quences were collected with hyperband (Factor 3) echo-planar imaging: FOV= 220 x 220
mm?; matrix size = 110 x 110; TE = 30 ms; FA = 90°; slice order ascending and interleaved;
slice thickness =2 mm; and ARC 2 (parallel imaging). The TR was 1500 ms and the number
of slices was 64, with the whole brain scanned 250 times per run (=6 min 15 s).

2.4.2. MRI Data (Pre)Processing

The MRI data were analysed using BrainVoyager (Version 20.4 for Windows, Brain
Innovation, Maastricht, The Netherlands). Preprocessing of the resting-state data con-
sisted of linear trend removal to exclude scanner-related signal drift, a temporal high-pass
filter to remove frequencies lower than 0.005 Hz and correction for head movements using
a rigid body algorithm for rotating and translating each functional volume in 3D space.
The data were also corrected for time differences in the acquisition of the different slices.
The data were co-registered with their 3D T1-weighted scans and normalised in MNI
space. All co-registrations were verified, and movement corrections were optimised using
sinc interpolation. As spontaneous low-frequency fluctuations are not exclusively BOLD-
related fluctuations but are also contaminated by nonneural signals (i.e., artefacts), several
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additional preprocessing steps were added to remove these undesirable sources of vari-
ance. Regression analyses were performed to remove artefacts due to residual motion (the
six movement regressors were obtained during the previous motion correction) and
changes in ventricles (the signal from the ventricular mask defined in each participant).
The final data were smoothed in the spatial domain (Gaussian filter: full width at half
maximum =5 mm).

RSFC was analysed using seed-voxel correlation mapping, with the GMFA as the
seed region. This region was selected because of its key role in graphomotor processes.
More precisely, the GMFA has been shown to be the interface between orthographic in-
formation and motor programmes that are specific to handwriting [26]. The seed region
was created on BrainVoyager with a radius of 5 mm centred on the MNI coordinates re-
ported in a meta-analysis by Planton and colleagues [27] (x =-22, y =-8, z = 54).

2.4.3. Statistical Analyses

For each participant, we generated first-level connectivity maps between the seed
region and all other voxels of the brain. Then, we entered these connectivity maps in a
whole-brain ANOVA to investigate the effect of groups as a between factor (DYS; TD).
This analysis allowed us to identify the brain regions with which the GMFA correlates
differently depending on children’s group (DYS; TD). Last, we focused on understanding
the relationships between RSFC and behavioural performance using standardised scores.
As a reminder, TD children significantly outperformed DYS children in spelling, hand-
writing and reading measures (see Table 1). Correlational analyses using Pearson’s r co-
efficient were conducted between behavioural measures and RSFC between GMFA and
the clusters for which significant differences between TD and DYS were revealed. These
analyses were informative regarding the strength and direction of association between
each behaviour and RSFC. Finally, whole-brain ANCOV As were computed for each writ-
ing behaviour (simple-regular word spelling accuracy, handwriting legibility) and for reg-
ular-word reading accuracy. These ANCOVAs allowed us to identify whether the group
differences in RSFC between TD and DYS children were still present when their perfor-
mances in spelling, handwriting and reading were entered in the analysis.

3. Results

3.1. Differences in Connectivity between DYS and TD Children (Whole-Brain ANOVAs with
the GMFA Seed Region)

Whole-brain ANOVAs revealed significant group differences for RSFC between the
GMFA seed region and several brain regions. DYS and TD children exhibited different
RSFCs between the GMFA and eight brain clusters (p < 0.05, corrected for multiple com-
parisons, cluster-level significance threshold =206 voxels, see Figure Al in Appendix A).
A visual representation of these eight clusters can be found in Figure 1. Table 2 reports
the MNI coordinates of the eight clusters, as well as the peaks contained inside of each,
representing brain areas with which the GMFA connects differently at rest depending on
children’s group. Notably, all the significant results reflected a reduction in RSFC in DYS
children compared to TD children.
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Table 2. Significant effect of group for the connectivity maps of the GMFA seed region (whole-brain

ANOVAs).
Correlated Brain Area (DYS < TD) MNI Peak

Size X y z 1(30)
13,639 Cluster 1  Bilateral Frontoparietal -11 -36 68 2.43
L Paracentral Lobule BA 6 -4 -25 69 3.04

L Postcentral Gyrus BA2 -49 -22 63 2.88

L Postcentral Gyrus BA5 -18 -35 76 3.04

L Postcentral Gyrus BA5 -33 -35 71 3.09

L Precentral Gyrus BA 4 -36 -22 69 2.81

L Precentral Gyrus BA 4 =37 -16 67 2.80

L Precuneus BA7 2 -57 67 2.99

L Superior Frontal Gyrus BA6 -21 -3 76 2.82

R Medial Frontal Gyrus BA6 5 -13 74 2.80

R Paracentral Lobule BA5 8 -39 59 2.83

R Paracentral Lobule BA 6 6 24 64 3.05

R Postcentral Gyrus BA7 25 -49 74 3.11

R Precuneus BA7 8 -47 65 3.07

2943 Cluster2  Right Frontoparietal 40 -21 65 2.38
R Postcentral Gyrus BA3 43 -25 65 2.85

R Postcentral Gyrus BA3 34 -26 72 2.88

R Precentral Gyrus BA 4 32 -16 72 2.84

4263 Cluster 3  Bilateral Limbic 6 -52 13 2.49
L Posterior Cingulate BA 29 0 -46 7 3.09

R Posterior Cingulate BA 30 19 -62 14 2.95

R Posterior Cingulate BA 30 7 -60 12 2.90

R Posterior Cingulate BA 30 6 -51 24 2.85

1693 Cluster4  Right Limbic BA 34 37 -3 -28 2.32
R Parahippocampal Gyrus BA 34 33 1 -28 2.85

R Parahippocampal Gyrus Amygdala 33 -4 -22 291

5940 Cluster 5  Left Temporolimbic -39 -56 23 2.39
L Posterior Cingulate BA 31 -15 -50 23 3.05

L Superior Temporal Gyrus BA 39 -43 -56 33 291

1766 Cluster 6 Left Temporolimbic -31 -35 -15 2.44
L Parahippocampal Gyrus Hippocampus -28 =37 -8 3.12

L Parahippocampal Gyrus BA 35 -32 -31 24 2.86

L Fusiform Gyrus BA 20 -35 -38 -17 2.83

3621 Cluster 7  Left Temporal -58 -9 -18 2.48
L Superior Temporal Gyrus BA 38 -40 20 -36 2.92

L Fusiform Gyrus BA 20 -40 -5 =27 3.34

L Sub-Gyral BA 21 -46 -11 -16 291

L Middle Temporal Gyrus BA 21 -55 -4 -18 3.10

L Middle Temporal Gyrus BA 21 -65 -3 -18 2.82

L Middle Temporal Gyrus BA 21 -68 -13 -16 3.22

7273 Cluster 8  Bilateral Cerebellum 4 -52 -41 2.52
L Posterior Lobe Lob X -22 -41 -46 2.43

L Posterior Lobe Lob IX -6 -55 -42 2.73

R Posterior Lobe Lob IX 10 -54 42 2.52

R Posterior Lobe Dentate 17 -52 -34 2.29

R Anterior lobe Lob V 17 -51 -27 2.20

R Posterior Lobe Lob X 24 -39 -44 2.51

R Posterior Lobe Lob VIIIa 32 -45 -47 2.50

R Anterior Lobe Crus I 44 —-42 -37 2.46

Note. L = left; R = right; BA = Brodmann area; Lob = lobule. Cluster size is expressed in mm3. DYS
= children with dyslexia, TD = typically-developing children, MNI = Montreal Neurological Insti-

tute coordinate system.
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Cluster 4
Cluster 5
Cluster 6
Cluster 7
Cluster 8

Figure 1. Visual representation of the eight clusters for which the GMFA seed region showed re-
duced RSFC in DYS compared to TD (whole-brain ANOVA, p <0.05 corrected for multiple compar-
ison).

Group differences were found within the frontoparietal regions (Clusters 1 and 2),
which comprehended regions of the paracentral lobules, regions of the postcentral and
precentral gyri, regions of the precuneus, the left superior frontal gyrus and the right me-
dial frontal gyrus. DYS children also showed reduced RSFC compared with TD children
between the GMFA and limbic regions (Clusters 3 and 4), which comprehended the bilat-
eral posterior cingulate region and parts of the parahippocampal gyrus, including the
amygdala. The statistical analyses revealed that DYS children showed less RSFC between
the GMFA and temporolimbic regions than TD children (Clusters 5 and 6), which com-
prehended part of the left superior temporal gyrus, left parahippocampal gyrus, including
the hippocampus, and left fusiform gyrus. Group differences in RSFC between the GMFA
and temporal regions (Cluster 7) were also revealed in regions of the left hemisphere: su-
perior temporal, fusiform and middle temporal gyri. The last cluster for which DYS chil-
dren exhibited significantly lower RSFC than TD children involved the cerebellar regions
(Cluster 8). This cluster included bilateral regions of the posterior cerebellar lobe, includ-
ing cerebellar lobules VIIIa, IX and X and right regions of the anterior cerebellar lobe,
including Crus I and lobule V.

3.2. RSFC-Behaviour Relationships (Whole-Brain ANCOVAs with the GMFA Seed Region)

Behavioural scores in regular-word spelling accuracy (SP), handwriting legibility
(HW) and regular-word reading accuracy (READ) (see Table 1) were used to analyse the
RSFC-behaviour relationships. These scores were entered in Pearson bivariate correla-
tional analyses for all children together and in each group separately (i.e., DYS and TD).
Then, these scores were entered as covariates in the statistical analyses. These correlational
and ANCOVA results are presented in Tables 3 and 4, respectively. To keep this report
short, we only presented the results in the eight clusters highlighted by the whole-brain
ANOV As without focusing on all the peaks reported in Table 2.
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Table 3. Pearson correlations between behavioural measures and RSFC between the GMFA seed
region and the eight clusters.

All Children (n = 32) DYS (n=16) TD (n=16)
Measures SP HW  READ SP HW READ SP HW READ
SP - - -
HW 0.514 ** - 0.297 - 0557* -
READ 0.592 ** 0.711 ** - 0.411 0.564* - 0.528 * 0.659 ** -

Cluster 1 0.168 0302 0346 -0.480 0.062 -0.125 0.105 0.051 0.210
Cluster 2 0203 0274 0357* -0.388 —0.072 0.067 0.159 0.143 0.190
Cluster 3 0.353* 0.378* 0.422* 0.104 0269 0.217 0.157 0.029 0.146
Cluster 4 0.359* 0.421* 0.390* 0.241 0387 0.206 0.083 0.008 0.045
Cluster 5 0.345 0.406* 0.428* 0.006 0322 0305 0229 0.138 0.148
Cluster 6 0256 0296 0.387* -0.099 -0.036 0.081 0.106 0.102 0.158
Cluster 7 0.360* 0.353* 0.388* -0.146 -0.067 0.006 0.313 0.199 0.081
Cluster 8 0.496 ** 0.467 ** 0.517** 0.456 0.348 0403 0.209 0.119 0.152

Note. SP = spelling score; HW = handwriting score; READ = reading score; Cluster 1 = bilateral
frontoparietal; Cluster 2 = right frontoparietal; Cluster 3 = bilateral limbic; Cluster 4 = right limbic;
Cluster 5 = left temporo-limbic; Cluster 6 = left temporo-limbic; Cluster 7 = left temporal; Cluster 8
= bilateral cerebellum. * p < 0.05; ** p < 0.01.

Table 4. Effect of group using spelling, handwriting and reading behaviours as covariates (whole-
brain ANCOVAs with the GMFA seed region).

Cov
Correlated Brain Area (DYS < TD) CovSP CovHW SP and HW CovREAD

+29) £(29) 1(28) +29)
Cluster 1 Bilateral frontoparietal 2.00 2.33% 2.04 1.86
Cluster 2 Right frontoparietal 1.92 213*% 1.87 1.62
Cluster 3 Bilateral limbic 1.86 1.95 1.67 1.67
Cluster 4 Right limbic 1.57 1.79 1.42 1.62
Cluster 5 Left temporolimbic 1.65 1.84 1.49 1.51
Cluster 6 Left temporolimbic 2.02 211* 1.92 1.73
Cluster 7 Left temporal 2.03 2.03 1.85 1.92
Cluster 8 Bilateral cerebellum 1.75 1.76 1.47 1.49

Note. Cov = covariate; SP = spelling accuracy; HW = handwriting legibility; READ = reading accu-
racy. * p <0.05.

The correlational results revealed significant associations between children’s behav-
ioural performances and RSFC between the GMFA and the eight clusters. First, one can
notice that the three behaviours (SP, HW, READ) were positively significantly correlated
with each other. When taking all children together, several clusters were significantly as-
sociated with the three behaviours (Clusters 3, 4, 7, 8). In contrast, RSFC between GMFA
and Clusters 2 and 6 was only significantly correlated with READ. When conducted in
each group separately, the correlation coefficients between the behaviours and RSFC in
the eight clusters did not reach significance. However, one can notice several high nega-
tive values in the DYS group involving SP performance and Clusters 1 and 2 (r = -0.480
and r = —0.388, respectively). In contrast, all correlational values in the TD group were
strictly positive. In other words, while greater RSFC between GMFA and the frontoparie-
tal regions seemed to be associated with better spelling skills in typical development, DYS
children showed a different pattern of association.

Whole-brain ANCOV As revealed the brain regions with which the GMFA no longer
showed reduced RSFC in DYS children compared to TD children when considering their
performance in either SP, HW or both. Overall, our analyses demonstrated that children’s
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SP, HW and READ abilities played a role in the group differences highlighted by the
whole-brain ANOVAs (Table 2). More precisely, while SP and READ seemed to contrib-
ute to all the significant differences in RSFC between DYS and TD children, entering HW
scores did not cause the group differences in the frontoparietal regions (Clusters 1 and 2)
and temporolimbic regions (Cluster 6) to disappear. When both SP and HW were entered
together in the analyses, the group differences between DYS and TD children in the eight
clusters were no longer significant.

4. Discussion

The present study aimed to investigate writing difficulties in children with dyslexia,
with a particular focus on their graphomotor abilities. First and foremost, it is essential to
specify that the DYS children who participated in the current study had a severe spelling
deficit and less legible handwriting than TD children. In addition to the behavioural as-
sessment, resting-state functional connectivity (RSFC) was measured in all participants.
These RSFC analyses focused on the left GMFA seed region, which is located in the left
premotor cortex (BA6) in the posterior part of the middle frontal gyrus. Due to its role in
transforming orthographic code in graphic traces [26], the left GMFA is a region that spe-
cialises in graphomotor processes. Our main findings concerned altered functional cou-
pling between the GMFA and brain areas that play a role in literacy-related or motor-
related skills (i.e., temporal areas; frontoparietal areas and cerebellar areas, respectively)
in DYS children. Moreover, spelling and handwriting behavioural scores were entered as
covariates in the analyses. This step demonstrated that the differences in RSFC with the
GMFA observed between DYS and TD children were no longer significant when chil-
dren’s performances in writing were considered. These results suggested that connectiv-
ity with the GMFA is a marker of writing impairment. In line with our predictions, the
statistical analyses revealed graphomotor dysfunction in dyslexia in addition to spelling
impairment. Additionally, our analyses revealed reduced connectivity in DYS children
between the GMFA and the limbic system, which is known for its role in emotional and
behavioural regulation. Altogether, these findings highlighted a disruption in the func-
tional organisation of the handwriting circuit for the first time, which is already present
in young DYS children and is evident at rest.

4.1. Connectivity Differences with the GMFA in Regions Involved in Phonological and Lexical
Processes (Temporal Areas)

In accordance with our predictions, our group comparison analyses revealed that the
left GMFA had reduced connectivity with temporal brain areas in DYS children compared
to TD children (i.e., BA20, 21, 38 and 39) for which abnormalities in dyslexia have already
been reported in past literature. In a coherent way, the correlational analyses demon-
strated that better spelling, handwriting and reading skills were associated with greater
strength of RSFC between the GMFA and temporal areas. These regions are known for
their involvement in both procedures of reading and spelling, namely the lexical and pho-
nological routes [64].

Indeed, differences in RSFC between DYS and TD children were highlighted in the
left fusiform gyrus (BA20). Abnormalities in the fusiform gyrus have been repeatedly dis-
cussed in past literature, with both structural and functional results [42—45], rendering it
a reliable marker of dyslexia. In particular, dyslexia is characterised by the dysfunction of
the visual-word form area (VWFA), which is responsible for the lexical route of reading.
Indeed, the left VWFA enables readers to directly access and quickly retrieve word ortho-
graphic forms during literacy tasks [65]. Interestingly, VWFA activity is known to increase
with age and reading expertise [66]. Our study reveals that differences in connectivity
between a key reading region and a key graphomotor region (VWFA and GMFA, respec-
tively) were already present in our young sample of children (Mag = 9.3 years). Our results
also highlighted a reduction in RSFC in regions of the left middle temporal gyrus in DYS
children, which is in line with the findings of a previous resting-state fMRI study in which
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reduced connectivity between the middle temporal gyrus and the right frontal pole was
demonstrated [23]. The function of the middle temporal gyrus is crucial for reading as it
is responsible for the retrieval of visually presented items [21].

Additional group differences in RSFC were highlighted in the superior temporal gy-
rus (BA38 and 39), which is critically involved in the phonological procedure of reading.
Structural abnormalities such as decreased grey matter volume and dysfunction in DYS
samples have already been revealed in BA38 [67]. Similarly, hypoactivation in the angular
gyrus (BA39) has been demonstrated in DYS children compared to TD children [68,69],
especially during reading tasks involving phonological processing [70].

Overall, our results reveal that the left GMFA, a region that is specialised in grapho-
motor processes, has reduced connectivity with regions that are recruited during reading
and spelling for both phonological and lexical processes in DYS children [64]. These dif-
ferences are visible at rest in primary school children.

4.2. Connectivity Differences with the GMFA in Motor Regions (Frontoparietal and Cerebellar
Areas)

Our statistical analyses highlighted that the left GMFA connected differently with
motor-related areas of the frontoparietal brain. First, the correlational analyses suggested
a reverse pattern of association between behavioural performances and RSFC with fron-
toparietal areas depending on children’s group. Indeed, while typical development
seemed to be associated with positive relationships between RSFC and reading and writ-
ing skills, negative associations were found in the DYS group. However, these negative
associations did not reach significance, which makes them hard to interpret. Second, the
group comparison analyses highlighted a significant reduction in RSFC with regions of
the primary somatosensory cortices (left BA2, right BA3), the primary motor cortex (bilat-
eral BA4, M1), somatosensory association cortices (bilateral BA5, 7) and the premotor and
supplementary motor cortices (left BA6, SMA). These results are in line with our predic-
tion, suggesting that literacy impairment in DYS children is not sufficient for explaining
handwriting difficulties.

In particular, our results highlighted reduced RSFC between the GMFA and motor
regions of the handwriting network in DYS children compared to TD children [27]. More
precisely, a significant difference concerned the left precentral gyrus (BA4), which corre-
sponds to the primary motor area (M1) in the handwriting network [27]. We also found
differences in RSFC with a region of the left paracentral lobule (BA6), which corresponds
to the supplementary motor area. Due to its role in the planning and execution of volun-
tary hand movements, this area is also part of the handwriting network [27]. These areas
are crucial for handwriting but are not specific to graphomotor production as they are
recruited for various motor-related tasks. Interestingly, no difference in fMRI activity was
found for these specific motor regions of the writing network (i.e., M1 and SMA) between
DYS and TD children during an fMRI word-dictation task [19]. Therefore, while past find-
ings have suggested that these motor-related regions were not recruited differently dur-
ing writing by DYS children, our results suggest that differences exist between DYS and
TD children in the functional coupling between motor regions at rest.

Another main cluster of differences in RSFC between DYS and TD children was
found in the cerebellum. Indeed, our results revealed reduced connectivity between the
GMFA and bilateral posterior cerebellar regions and right anterior cerebellar regions in
DYS children. These findings are in line with our predictions, revealing altered functional
coupling between graphomotor regions. Indeed, the role of the right cerebellum in the
control of complex finger movements has been highlighted for handwriting [27]. The ma-
jor role of the cerebellum in the acquisition of writing skills has been confirmed in a recent
task-fMRI study conducted in both children and adults [55]. Moreover, dysfunction of
anterior and posterior regions in the right hemisphere was highlighted in DYS children
during a dictation task in a recent fMRI study [19]. More broadly, cerebellar function in
dyslexia has been the topic of many investigations. Indeed, past works have repeatedly
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highlighted functional and structural abnormalities of the cerebellum in DYS samples [71-
74]. Therefore, observing RSFC reduction with the GMFA in cerebellar regions was not
surprising. Such findings reinforce the hypothesis of graphomotor impairment in DYS
children. Moreover, the present study adds additional evidence of the presence of cere-
bellar abnormalities as reliable markers of dyslexia [74], which were already noticeable in
children at rest.

All these findings highlighted RSFC disruption in DYS children in regions involved
in motor processes, which are known to be crucial for handwriting. In line with our hy-
pothesis, these results support the idea that reduced connectivity between the GMFA and
motor-related regions is a sign of graphomotor impairment in DYS children.

4.3. Connectivity Differences with the GMFA in Regions Involved in Emotion and Behaviour
Regulation (Limbic System)

Our results revealed that the left GMFA had reduced connectivity with brain areas
of the limbic system in DYS children compared to TD children, which is responsible for
emotion and behaviour regulation. Moreover, the correlational analyses demonstrated
that better performances in reading and writing were associated with greater RSFC with
limbic regions. These findings were not expected as our research question specifically ad-
dressed DYS children’s writing difficulties. However, they are in line with past findings
highlighting emotional struggles such as low self-esteem and anxiety issues in individuals
with dyslexia [75,76].

Specifically, our results concerned areas of the posterior cingulate gyrus (BA29-31),
the parahippocampal gyrus (BA34) and the amygdala. Recently, authors have examined
the emotional network, i.e., the limbic system, in DYS children [77]. More precisely, their
findings highlighted decreased functional connectivity between the amygdala and bilat-
eral frontal pole regions. Our results revealed a similar pattern of reduced RSFC between
the amygdala and the GMFA area in DYS children. With regard to the posterior cingulate
cortex, its functions are recognised for various cognitive processes, such as memory re-
trieval, planning and control of attentional focus [78]. Altered connectivity in the posterior
cingulate cortex has already been demonstrated in DYS children [66]. In this previous
study, typical readers exhibited stronger RSFC between regions of the posterior cingulate
and the left fusiform gyrus, which plays a key role in the lexical processes of reading (see
5.1.). Our findings extend these results by pointing to reduced RSFC in the posterior cin-
gulate in relation to graphomotor processes in DYS children.

To the best of our knowledge, the limbic system has never been studied in relation to
writing abilities in neuroimaging experiments. We propose that the significant differences
in connectivity between a region specialised in graphomotor processes (the GMFA) and
limbic regions may be proof of differences in emotional experiences during handwriting
tasks in DYS children compared to TD children. Indeed, one might plausibly believe that
the negative experiences of DYS children while learning to write significantly affect how
these regions communicate. Knowing that our study was exclusively focused on under-
standing writing difficulties, the behavioural assessment did not include emotional
measures. Such measures would have been useful to strengthen our interpretation of how
negative emotions may significantly induce disruption in functional connectivity between
the GMFA and the limbic system.
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4.4. Synthesis: Are There Functional Markers of Graphomotor Impairment at Rest in DYS
Children?

Overall, the RSFC results presented in the sections above revealed functional markers
of graphomotor impairment at rest in DYS children. Indeed, our findings provided evi-
dence that the writing difficulties encountered by DYS participants were not limited to
spelling processes. Importantly, we demonstrated that the GMFA, a key graphomotor
brain area, exhibited altered RSFC with not only spelling regions but also motor regions.
Overall, we demonstrated for the first time that the behavioural manifestations of dyslexia
(i.e., poor spelling, reading and handwriting performances) were associated with reduced
RSFC with the GMFA region. In particular, reduced RSFC was demonstrated with motor
areas crucial for handwriting, namely the primary motor area, the supplementary motor
area and the right cerebellum. Additionally, our results suggested that emotional experi-
ences in DYS children during writing development significantly impacted the functional
coupling of the writing network and the limbic system.

Regarding the origin of DYS children’s handwriting difficulties, these findings must
be interpreted cautiously. While our results constitute robust evidence of altered RSFC
between regions involved in graphomotor production, they cannot ascertain the origin of
this graphomotor dysfunction. Indeed, our findings do not exclude the possibility that
graphomotor dysfunction is a consequence of deviant literacy development [9,11,18]. In-
deed, knowing that the GMFA is the interface between orthographic and graphomotor
processes, the GMFA receives inputs from spelling regions. Moreover, past longitudinal
research in preliterate children has revealed that brain markers of literacy disability are
already present in crucial phonological regions before reading and writing instruction in
children who later develop dyslexia [79]. Knowing that DYS children have pre-existing
dysfunction in spelling regions, the altered connectivity between spelling regions and the
GMFA may subsequently damage connections with motor regions.

Notably, the differences in RSFC between the GMFA and the motor regions located
in the frontoparietal cortex between DYS and TD children were no longer significant when
spelling performance was entered in the analysis. In contrast, the reduced RSFC observed
in the DYS sample between the GMFA and these motor regions remained significant when
we considered children’s handwriting scores. One could speculate that these different
contributions of spelling and handwriting to RSFC in the motor regions highlighted that
altered RSFC in DYS children may be linked to spelling impairment and not to handwrit-
ing difficulties.

Finally, considering our findings in relation to the concept of orthographic-motor
integration is interesting [80]. Knowing that the function of the GMFA is to bridge ortho-
graphic and motor information, the GMFA may be the region responsible for the ability
of orthographic-motor integration. Revealing reduced RSFC with the GMFA from various
areas of the brain may be interpreted as a sign of a deficit in orthographic-motor integra-
tion in dyslexia, as suggested by authors [10].

More research is needed to understand whether graphomotor impairment in dys-
lexia is independent of literacy deficits or its consequences. Nevertheless, the current
study demonstrated that young DYS children already show disorganisation of the hand-
writing network even at rest and that these abnormalities concern graphomotor regions
and not just spelling regions. Overall, this study supports the hypothesis of the presence
of graphomotor impairment in DYS children in addition to spelling deficits.

4.5. Study Limitations and Perspectives

As is often the case in experiments involving neuroimaging data, the sample size in
the current study was quite limited (n = 32), although it was consistent with the standards
of other fMRI studies in individuals with and without dyslexia (e.g., n = 29 [23]; n = 15
[24]). Therefore, conducting similar analyses in resting-state data acquired in larger sam-
ples of DYS children is required to reinforce our conclusions. Furthermore, recruiting
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larger samples of children could allow comparison between DYS children and several
groups of TD children, matched on various abilities and not just on chronological age. In
particular, it would be interesting to compare DYS to several groups of TD children, being
equivalent in literacy abilities and in fine motor skills. Designing future studies that pre-
sent such methodological assets would greatly contribute to understanding the origin of
handwriting difficulties in dyslexia. Moreover, given that the participants in this study
were primary school children, importantly, they were still developing their spelling and
graphomotor abilities [38]. Thus, handwriting difficulties in DYS children may be greater
at the beginning of learning to write because both spelling and graphomotor processes
require substantially more effort at this age. Therefore, measuring RSFC between the
GMFA and motor regions in adult samples may help understand whether graphomotor
difficulties in dyslexia persist into adulthood or if they only pertain to the arduous begin-
ning of writing development.

Another limitation of the present study concerns the behavioural assessment, which
was not sufficiently comprehensive. Indeed, our measures exclusively focused on read-
ing, spelling and handwriting abilities. Inevitably, even if scoring of the handwriting task
was focused only on graphomotor skills, this copying task inevitably involved spelling
processes in addition to graphomotor processes. To refine our understanding of the origin
of graphomotor difficulties in dyslexia, future research must assess participants’ perfor-
mances in various motor tasks, such as manual dexterity or visuomotor integration
[81,82]. Indeed, investigating motor abilities in DYS children during tasks that do not re-
cruit spelling processes is necessary to understand whether graphomotor impairment
could be independent of spelling impairment. In the same line, adding an evaluation of
the emotional variables in relation to writing would have been interesting. Indeed, our
results highlighted altered RSFC with the limbic system, which suggested the importance
of emotional factors during writing development [13]. Knowing that significant influences
exist between motivational factors and writing performances [83,84], we can postulate
that a vicious cycle exists between writing abilities and emotional factors. In other words,
repeated episodes of writing failure may lead to increased negative emotions in relation
to writing, which may further aggravate children’s writing performance. Our results en-
courage future research to focus on the role played by emotional factors in writing disa-
bility.

Despite these limitations, these studies revealed that young DYS children in primary
school already present markers of graphomotor dysfunction. These results convey educa-
tional and clinical implications for practitioners working with DYS patients. This study
draws attention to the fact that during handwriting, DYS children may face an even
greater challenge than the one induced by their severe spelling deficit. Indeed, the current
study supports the idea of additional graphomotor impairment in dyslexia. Future studies
should test whether graphomotor instruction has the potential to help DYS children de-
velop writing skills. Such interventional designs may greatly contribute to improving the
current therapy practices used with DYS children.

5. Conclusions

For the first time, the issue of graphomotor impairment in dyslexia was addressed
with a resting-state fMRI study. The present study revealed altered functional connectiv-
ity in dyslexia between the region responsible for transforming orthographic code into
graphic traces (i.e., the left GMFA) and both spelling and motor regions. Overall, the pre-
sent findings demonstrated markers of graphomotor impairment in dyslexia that are vis-
ible at rest and are already present in young DYS children. While the spelling difficulties
encountered by DYS children are well documented, this study reinforces the need to focus
on the graphomotor side of writing during literacy development in children with dyslexia.
Indeed, our data indicate that dysfunction in the graphomotor circuit is already present
in DYS children in the early stages of learning to write.
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Figure A1l. Visual representation of the clusters for which the GMFA seed region showed reduced
RSFC in DYS compared to TD (whole-brain ANOVA, p < 0.05 corrected for multiple comparison).

1. Sprenger-Charolles, L. Developmental Dyslexia in French. In Developmental Dyslexia across Languages and Writing Systems; Per-
fetti, C., Pugh, K., Verhoeven, L., Eds.; Cambridge University Press: Cambridge, UK, 2019; pp. 50-72.
2. Snowling, M.]. Dyslexia; Wiley: Hoboken, NJ, USA, 2000.



Brain Sci. 2022, 12, 243 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

Shaywitz, S.E.; Shaywitz, B.A. Dyslexia (specific reading disability). Biol. Psychiatry 2005, 57, 1301-1309.

Tainturier, M.-J.; Rapp, B. The spelling process. In The Handbook of Cognitive Neuropsychology: What Deficits Reveal about the Human
Mind; Rapp, B., Eds.; Psychology Press: Philadelphia, PA, USA, 2001; pp. 263-289.

Lyon, G.R,; Shaywitz, S.E.; Shaywitz, B.A. A definition of dyslexia. Ann. Dyslexia 2003, 53, 1-14.

Connelly, V.; Campbell, S.; MacLean, M.; Barnes, J. Contribution of lower order skills to the written composition of college
students with and without dyslexia. Dev. Neuropsychol. 2006, 29, 175-196.

Lefly, D.L.; Pennington, B.F. Spelling errors and reading fluency in compensated adult dyslexics. Ann. Dyslexia 1991, 41, 141—
162.

Blampain, E.; Gosse, C.; Van Reybroeck, M. Copying skills in children with and without dyslexia. Read. Writ. 2020, 34, 859-885.
Sumner, E.; Connelly, V.; Barnett, A.L. The influence of spelling ability on handwriting production: Children with and without
dyslexia. J. Exp. Psychol. Learn. Mem. Cogn. 2014, 40, 1441-1447.

Gosse, C.; Van Reybroeck, M. Do children with dyslexia present a handwriting deficit? Impact of word orthographic and
graphic complexity on handwriting and spelling performance. Res. Dev. Disabil. 2020, 97, 103553.

Sumner, E.; Connelly, V.; Barnett, A.L. Children with dyslexia are slow writers because they pause more often and not because
they are slow at handwriting execution. Read. Writ. 2013, 26, 991-1008.

Feder, K.P.; Majnemer, A. Handwriting development, competency, and intervention. Dev. Med. Child Neurol. 2007, 49, 312-317.
Medwell, J.; Wray, D. Handwriting: What do we know and what do we need to know? Literacy 2007, 41, 10-15.

Alamargot, D.; Morin, M.-F.; Simard-Dupuis, E. Handwriting delay in dyslexia: Children at the end of primary school still make
numerous short pauses when producing letters. J. Learn. Disabil. 2020, 53, 163-175.

Berninger, V.W.; Nielsen, K.H.; Abbott, R.D.; Wijsman, E.; Raskind, W. Writing problems in developmental dyslexia: Under-
recognized and under-treated. J. Sch. Psychol. 2008, 46, 1-21.

Martlew, M. Handwriting and spelling: Dyslexic children’s abilities compared with children of the same chronological age and
younger children of the same spelling level. Br. . Educ. Psychol. 1992, 62, 375-390.

Di Brina, C.; Averna, R.; Rampoldi, P.; Rossetti, S.; Penge, R. Reading and writing skills in children with specific learning disa-
bilities with and without developmental coordination disorder. Mot. Control 2018, 22, 391-405.

Martinez-Garcia, C.; Afonso, O.; Cuetos, F.; Suarez-Coalla, P. Handwriting production in Spanish children with dyslexia:
Spelling or motor difficulties? Read. Writ. 2020, 34, 565-593.

Gosse, C.; Dricot, L.; Van Reybroeck, M. Evidence of graphomotor dysfunction in children with dyslexia. A combined behav-
ioural and fMRI experiment. Cortex 2022, 148, 68-88.

Seitzman, B.A.; Snyder, A.Z.; Leuthardt, E.C.; Shimony, J.S. The state of resting state networks. Top. Magn. Reson. Imaging TMRI
2019, 28, 189.

Koyama, M.S.; Kelly, C.; Shehzad, Z.; Penesetti, D.; Castellanos, F.X.; Milham, M.P. Reading networks at rest. Cereb. Cortex 2010,
20, 2549-2559.

Cross, A.M.; Ramdajal, R.; Peters, L.; Vandermeer, M.R.; Hayden, E.P; Frijters, J.C.; Steinbach, K.A.; Lovett, M.W.; Archibald,
L.M.; Joanisse, M.F. Resting-state functional connectivity and reading subskills in children. Neuroimage 2021, 243, 118529.
Schurz, M.; Wimmer, H.; Richlan, F.; Ludersdorfer, P.; Klackl, J.; Kronbichler, M. Resting-state and task-based functional brain
connectivity in developmental dyslexia. Cereb. Cortex 2015, 25, 3502-3514.

Farris, E.A.; Odegard, T.N.; Miller, H.L.; Ring, J.; Allen, G.; Black, J. Functional connectivity between the left and right inferior
frontal lobes in a small sample of children with and without reading difficulties. Neurocase 2011, 17, 425-439.

Koyama, M.S.; Di Martino, A.; Kelly, C.; Jutagir, D.R.; Sunshine, J.; Schwartz, S.J.; Castellanos, F.X.; Milham, M.P. Cortical sig-
natures of dyslexia and remediation: An intrinsic functional connectivity approach. PLoS ONE 2013, 8, e55454.

Roux, F.E.; Dufor, O.; Giussani, C.; Wamain, Y.; Draper, L.; Longcamp, M.; Démonet, J.F. The graphemic/motor frontal area:
Exner’s area revisited. Ann. Neurol. 2009, 66, 537-545.

Planton, S.; Jucla, M.; Roux, F.-E.; Démonet, ].-F. The “handwriting brain”: A meta-analysis of neuroimaging studies of motor
versus orthographic processes. Cortex 2013, 49, 2772-2787.

Ramus, F.; Szenkovits, G. What phonological deficit? Q. J. Exp. Psychol. 2008, 61, 129-141.

Castles, A.; Coltheart, M. Varieties of developmental dyslexia. Cognition 1993, 47, 149-180.

Cook, L. Misspelling analysis in dyslexia: Observation of developmental strategy shifts. Bull. Orton Soc. 1981, 31, 123-134.
Andreou, G.; Baseki, J. Phonological and spelling mistakes among dyslexic and non-dyslexic children learning two different
languages: Greek vs English. Psychology 2012, 3, 595.

Caravolas, M.; Volin, J. Phonological spelling errors among dyslexic children learning a transparent orthography: The case of
Czech. Dyslexia 2001, 7, 229-245.

Graham, S.; Berninger, V.; Weintraub, N.; Schafer, W. Development of handwriting speed and legibility in grades 1-9. J. Educ.
Res. 1998, 92, 42-52.

Van Galen, G.P. Handwriting: Issues for a psychomotor theory. Hum. Mov. Sci. 1991, 10, 165-191.

Christensen, C.A.; Jones, D. Handwriting: An underestimated skill in the development of written language. Handwrit. Today
2000, 2, 56-69.

Palmis, S.; Velay, J.-L.; Fabiani, E.; Nazarian, B.; Anton, J.-L.; Habib, M.; Kandel, S.; Longcamp, M. The impact of spelling regu-
larity on handwriting production: A coupled fMRI and kinematics study. Cortex 2019, 113, 111-127.



Brain Sci. 2022, 12, 243 19 of 20

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.
66.

67.

Purcell, J.J.; Turkeltaub, P.E.; Eden, G.F.; Rapp, B. Examining the central and peripheral processes of written word production
through meta-analysis. Front. Psychol. 2011, 2, 239.

Gosse, C.; Parmentier, M.; van Reybroeck, M. How do spelling, handwriting speed, and handwriting quality develop during
primary school? Cross-classified growth curve analysis of children’s writing development. Front. Psychol. 2021, 2021, 2927.
Rapp, B.; Epstein, C.; Tainturier, M.-J. The integration of information across lexical and sublexical processes in spelling. Cogn.
Neuropsychol. 2002, 19, 1-29.

Kandel, S.; Lassus-Sangosse, D.; Grosjacques, G.; Perret, C. The impact of developmental dyslexia and dysgraphia on movement
production during word writing. Cogn. Neuropsychol. 2017, 34, 219-251.

Berninger, V. Language by hand: A synthesis of a decade of research on handwriting. Handwrit. Rev. 1998, 12, 11-25.

Martin, K.; Kronbichler, M.; Richlan, F. Dyslexic brain activation abnormalities in deep and shallow orthographies: A meta-
analysis of 28 functional neuroimaging studies. Hum. Brain Mapp. 2016, 37, 2676-2699.

Richlan, F. The functional neuroanatomy of developmental dyslexia across languages and writing systems. Front. Psychol. 2020,
11, 155.

Richlan, F.; Kronbichler, M.; Wimmer, H. Functional abnormalities in the dyslexic brain: A quantitative meta-analysis of neu-
roimaging studies. Hum. Brain Mapp. 2009, 30, 3299-3308.

Richlan, F.; Kronbichler, M.; Wimmer, H. Meta-analyzing brain dysfunctions in dyslexic children and adults. Neuroimage 2011,
56, 1735-1742.

Maurer, U.; Schulz, E.; Brem, S.; van der Mark, S.; Bucher, K.; Martin, E.; Brandeis, D. The development of print tuning in
children with dyslexia: Evidence from longitudinal ERP data supported by fMRI. Neuroimage 2011, 57, 714-722.

Biswal, B.B.; Kylen, J.V.; Hyde, ].S. Simultaneous assessment of flow and BOLD signals in resting-state functional connectivity
maps. NMR Biomed. Int. |. Devoted Dev. Appl. Magn. Reson. In Vivo 1997, 10, 165-170.

Guell, X.; Schmahmann, J.D.; Gabrieli, ].D.; Ghosh, S.S. Functional gradients of the cerebellum. eLife 2018, 7, e36652.

Stoodley, C.J.; Schmahmann, J.D. Functional topography in the human cerebellum: A meta-analysis of neuroimaging studies.
Neuroimage 2009, 44, 489-501.

Stoodley, C.J.; Valera, E.M.; Schmahmann, J.D. Functional topography of the cerebellum for motor and cognitive tasks: An fMRI
study. Neuroimage 2012, 59, 1560-1570.

Anderson, S.; Damasio, A.R.; Damasio, H. Troubled letters but not numbers: Domain specific cognitive impairments following
focal damage in frontal cortex. Brain 1990, 113, 749-766.

Roux, F.E.; Draper, L.; Kopke, B.; Démonet, J.F. Who actually read Exner? Returning to the source of the frontal “writing centre”
hypothesis. Cortex 2010, 46, 1204-1210.

Longcamp, M.; Anton, J.-L.; Roth, M.; Velay, ]J.-L. Visual presentation of single letters activates a premotor area involved in
writing. Neuroimage 2003, 19, 1492-1500.

Rapcsak, S.Z.; Beeson, P.; Henry, M.; Leyden, A.; Kim, E.; Rising, K.; Andersen, S.; Cho, H. Phonological dyslexia and dys-
graphia: Cognitive mechanisms and neural substrates. Cortex 2009, 45, 575-591.

Palmis, S.; Velay, J.; Habib, M.; Anton, J.; Nazarian, B.; Sein, J.; Longcamp, M. The handwriting brain in middle childhood. Dev.
Sci. 2021, 24, e13046.

Pontart, V.; Bidet-Ildei, C.; Lambert, E.; Morisset, P.; Flouret, L.; Alamargot, D. Influence of handwriting skills during spelling
in primary and lower secondary grades. Front. Psychol. 2013, 4, 818.

Pritchard, V.E.; Malone, S.A.; Hulme, C. Early handwriting ability predicts the growth of children’s spelling, but not reading,
skills. Sci. Stud. Read. 2020, 25, 304-318.

Bosga-Stork, I.M.; Bosga, J.; Ellis, J.L.; Meulenbroek, R.G. Developing interactions between language and motor skills in the first
three years of formal handwriting education. Br. J. Educ. Soc. Behav. Sci. 2016, 12, 1-13

Wechsler, D. Echelle D'intelligence de Wechsler Pour Enfants: WISC-IV; ECPA, Les Editions du Centre de Psychologie Appliquée:
Paris, France, 2005.

Dunn, L.M.; Dunn, L.M.; Theriault-Whalen, C. Echelle de Vocabulaire en Images Peabody: EVIP; Psycan: Toronto, ON, Canada,
1983.

Vander Stappen, C.; Dricot, L.; van Reybroeck, M. RAN training in dyslexia: Behavioral and brain correlates. Neuropsychologia
2020, 146, 107566.

Jacquier-Roux, M.; Lequette, C.; Pouget, G.; Valdois, S.; Zorman, M. BALE: Batterie Analytique du Langage Ecrit; Groupe Cogni-
Sciences, Laboratoire de Psychologie et NeurCognition: Grenoble, France, 2010.

Charles, M.; Soppelsa, R.; Albaret, ].-M. BHK: Echelle D’évaluation Rapide de L'écriture Chez L'enfant; Ecpa: Paris, France, 2004.
Coltheart, M.; Rastle, K.; Perry, C.; Langdon, R.; Ziegler, ].C. DRC: A dual route cascaded model of visual word recognition and
reading aloud. Psychol. Rev. 2001, 108, 204.

Dehaene, S.; Cohen, L. The unique role of the visual word form area in reading. Trends Cogn. Sci. 2011, 15, 254-262.

Finn, E.S.; Shen, X.; Holahan, ].M.; Scheinost, D.; Lacadie, C.; Papademetris, X.; Shaywitz, S.E.; Shaywitz, B.A.; Constable, R.
Disruption of functional networks in dyslexia: A whole-brain, data-driven analysis of connectivity. Biol. Psychiatry 2014, 76,
397-404.

Yang, Y.H.; Yang, Y.; Chen, B.G.; Zhang, Y.W.; Bi, H.Y. Anomalous cerebellar anatomy in Chinese children with dyslexia. Front.
Psychol. 2016, 7, 324.



Brain Sci. 2022, 12, 243 20 of 20

68.

69.

70.

71.
72.
73.
74.

75.
76.

77.

78.

79.

80.

81.

82.

83.
84.

Paulesu, E.; Danelli, L.; Berlingeri, M. Reading the dyslexic brain: Multiple dysfunctional routes revealed by a new meta-anal-
ysis of PET and fMRI activation studies. Front. Hum. Neurosci. 2014, 8, 830.

Shaywitz, S.E.; Shaywitz, B.A.; Pugh, K.R.; Fulbright, R K.; Constable, R.T.; Mencl, W.E.; Shankweiler, D.P.; Liberman, A.M.;
Skudlarski, P.; Fletcher, ].M.; et al. Functional disruption in the organization of the brain for reading in dyslexia. Proc. Natl. Acad.
Sci. USA 1998, 95, 2636-2641.

Pugh, K.R.; Mencl, W.E.; Shaywitz, B.A.; Shaywitz, S.E.; Fulbright, R.K.; Constable, R.T.; Skudlarski, P.; Marchione, K.E.; Jenner,
AR, Fletcher, ].M.; et al. The angular gyrus in developmental dyslexia: Task-specific differences in functional connectivity
within posterior cortex. Psychol. Sci. 2000, 11, 51-56.

Nicolson, R.I.; Fawcett, A.]. Fawcett, Dyslexia, dysgraphia, procedural learning and the cerebellum. Cortex 2011, 47, 117-127.
Stoodley, C.J.; Stein, ].F. The cerebellum and dyslexia. Cortex 2011, 47, 101-116.

Stoodley, C.J.; Stein, J.F. Cerebellar function in developmental dyslexia. Cerebellum 2013, 12, 267-276.

Pernet, C.R.; Poline, ].B.; Demonet, ].F.; Rousselet, G. Brain classification reveals the right cerebellum as the best biomarker of
dyslexia. BMC Neurosci. 2009, 10, 67.

Mugnaini, D.; Lassi, S.; La Malfa, G.; Albertini, G. Internalizing correlates of dyslexia. World ]. Pediatrics 2009, 5, 255-264.
Carroll, ].M; Iles, J.E. An assessment of anxiety levels in dyslexic students in higher education. Br. J. Educ. Psychol. 2006, 76, 651
662.

Nachshon, O.; Farah, R.; Horowitz-Kraus, T. Decreased functional connectivity between the left amygdala and frontal regions
interferes with reading, emotional, and executive functions in children with reading difficulties. Front. Hum. Neurosci. 2020, 14,
104.

Leech, R.; Sharp, D.J. The role of the posterior cingulate cortex in cognition and disease. Brain 2013, 137, 12-32.

Vandermosten, M.; Vanderauwera, J.; Theys, C.; De Vos, A.; Vanvooren, S.; Sunaert, S.; Wouters, J.; Ghesquiere, P. A DTI trac-
tography study in pre-readers at risk for dyslexia. Dev. Cogn. Neurosci. 2015, 14, 8-15.

Christensen, C.A. The role of orthographic-motor integration in the production of creative and well-structured written text for
students in secondary school. Educ. Psychol. 2005, 25, 441-453.

Barton, M.; Friaskova, M.; Rektorova, I.; Mikl, M.; Marecek, R.; Rapcsak, S.Z.; Rektor, I. The role of the striatum in visuomotor
integration during handwriting: An fMRI study. J. Neural Transm. 2020, 127, 331-337.

Volman, M.J.M.; van Schendel, B.M.; Jongmans, M.]. Handwriting Difficulties in primary school children: A search for under-
lying mechanisms. Am. |. Occup. Ther. 2006, 60, 451-460.

Pajares, F. Self-efficacy during childhood and adolescence. Self-Effic. Beliefs Adolesc. 2006, 5, 339-367.

Pajares, F.; Cheong, Y.F. Achievement goal orientations in writing: A developmental perspective. Int. J. Educ. Res. 2003, 39, 437—
455.



