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Children with developmental coordination disorder (DCD) present lower abilities to acquire and execute coor-
dinated motor skills. DCD is frequently associated with visual perceptual (with or without motor component)
impairments. This magnetoencephalography (MEG) study compares the brain resting-state functional connec-
tivity (rsFC) and spectral power of children with and without DCD.

29 children with DCD and 28 typically developing (TD) peers underwent 2 x 5 min of resting-state MEG.
Band-limited power envelope correlation and spectral power were compared between groups using a functional
connectome of 59 nodes from eight resting-state networks. Correlation coefficients were calculated between fine
and gross motor activity, visual perceptual and visuomotor abilities measures on the one hand, and brain rsFC
and spectral power on the other hand. Nonparametric statistics were used.

Significantly higher rsFC between nodes of the visual, attentional, frontoparietal, default-mode and cerebellar
networks was observed in the alpha (maximum statistics, p = .0012) and the low beta (p = .0002) bands in
children with DCD compared to TD peers. Lower visuomotor performance (copying figures) was associated with
stronger interhemispheric rsFC within sensorimotor areas and power in the cerebellum (right lobule VIII).

Children with DCD showed increased rsFC mainly in the dorsal extrastriate visual brain system and the cer-
ebellum. However, this increase was not associated with their coordinated motor/visual perceptual abilities. This
enhanced functional brain connectivity could thus reflect a characteristic brain trait of children with DCD
compared to their TD peers. Moreover, an interhemispheric compensatory process might be at play to perform
visuomotor task within the normative range.

1. Introduction by any medical condition affecting motor abilities. Motor difficulties

refer mainly to postural control, motor learning and sensorimotor co-

Developmental Coordination Disorder (DCD) is a neuro-
developmental disorder characterized by lower coordinated motor skills
compared with typically developing (TD) peers (American Psychiatric
Association, 2013). It impacts the daily living of ~ 5-6% of school-aged
children from the early developmental period and is not better explained

ordination (Geuze, 2005). The etiology of the disorder is still largely
unknown but atypical brain functioning is considered as one of the main
hypotheses (for reviews, see Biotteau et al., 2016; Fuelscher et al., 2018;
Hyde et al., 2019).

Functional neuroimaging studies have been performed to unravel the
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neural correlates of DCD. A limited number of task-based functional
magnetic resonance imaging (fMRI) studies have been conducted. They
evidenced modulations in blood oxygen level dependent (BOLD) signal
in children with DCD compared with TD peers over brain regions
involved in low- or high-level sensorimotor processes (with in-
consistencies between studies, either decrease or increase in BOLD
signal). These brain regions included the prefrontal areas (inferior,
middle and superior gyri), the primary sensorimotor cortices, the pos-
terior parietal cortex, the precuneus, the posterior cingulate cortex
(PCQ), the cerebellum (lobule VI, IX and crus I) and the basal ganglia
(Debrabant et al., 2013; Licari et al., 2015; Reynolds et al., 2015a;
Reynolds et al., 2019; Thornton et al., 2018; Zwicker et al., 2010;
Zwicker et al., 2011). Increase in BOLD signal was also observed in the
dorsolateral prefrontal cortex of children with DCD during tasks
assessing executive functions, frequently impaired in DCD (Stroop and
Wisconsin card sorting test, Koch et al., 2018). Atypical functional brain
integration was found during motor tasks in children with DCD based on
fMRI (Querne et al., 2008) and electroencephalographic (EEG) re-
cordings (Blais et al., 2018; de Castelnau et al., 2008). These studies
demonstrated the existence of atypical intra- or interhemispheric func-
tional connectivity between these sensorimotor brain areas in children
with DCD compared with TD children.

The apparent inconsistencies within this sparse functional neuro-
imaging literature can be explained by methodological differences be-
tween studies such as the tasks used to assess performance (e.g., finger
tapping, tracing, or Go-NoGo) or the heterogeneity of the participants (e.
g., presence/absence of associated disorders, variability of the age
range, severity of the motor impairments, cut-off regarding the motor
abilities of the TD children; Biotteau et al., 2016). One way to avoid task-
related confound or performance bias is to study functional brain con-
nectivity at rest (Deco and Corbetta, 2011). Resting-state functional
brain connectivity (rsFC) reflects the neural communication between
distant brain regions and allows to unravel similar functional brain
networks as during task performance (Fox and Raichle, 2007; Smith
et al., 2009). These functional networks underlie several specific low-
level (e.g., visual, auditory or sensorimotor networks) or high-level (e.
g., default-mode network (DMN), attentional, fronto-parietal networks)
neural networks. To the best of our knowledge, only four resting-state
fMRI studies have been conducted in children with DCD. In the first
two, based on a priori hypotheses, authors measured rsFC between the
left primary motor (M1) cortex (i.e., seed region) and the rest of the
brain (McLeod et al., 2014; McLeod et al., 2016). Decreased rsFC was
found in children with DCD between the seed and several cortico-
subcortical regions involved in motor and sensorimotor processing
(bilateral inferior frontal gyri, insular cortices, superior temporal gyri,
right supramarginal gyrus, frontal operculum cortex and basal ganglia).
A similar a priori approach showed abnormalities (i.e., stronger rsFC) in
motor-related cortico-cerebellar connections and cortico-striatal con-
nections mapping onto posterior parietal cortex in children with DCD
(Cignetti et al., 2020). The fourth study identified the resting-state
networks (RSNs) using a data-driven approach (i.e., independent
component analysis, ICA) to explore functional brain connectivity
without any a priori (Rinat et al., 2020). Using this approach, reduced
rsFC between the sensorimotor network and the precuneus, the PCC and
the left posterior middle temporal gyrus was observed in children with
DCD (with or without concurrent attention deficit hyperactivity disor-
der, ADHD) compared to their TD peers. These atypical functional brain
connectivity patterns were considered as the neural correlates of motor
difficulties in DCD considering the involvement of those connections in
motor learning, action-related information or processing (e.g., Cavanna
and Trimble, 2006; Leech and Sharp, 2014; Papeo et al., 2015). The
frequent occurrence of associated neurodevelopmental disorders such as
ADHD, developmental language disorder, or developmental dyslexia
combined with the heterogeneity of symptoms encountered in children
with DCD (Dewey et al., 2002; Visser, 2003) can also explain the dis-
crepancies observed in previous functional neuroimaging studies. ADHD
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is characterized by deficits in attention, impulsivity or hyperactivity
(American Psychiatric Association, 2013) and is co-occurring with DCD
in up to 50% of the cases (Kadesjo and Gillberg, 1998). Hence, con-
trolling for ADHD symptoms while investigating DCD pathophysiology
may enable to clarify the specific characteristics associated to DCD (Van
Dyck et al., Under review).

Beside fine and gross motor activity impairments, children with DCD
also frequently present impairments in non-motor domains such as
visual-perceptual abilities (Cheng et al., 2014; Tsai et al., 2008), vi-
suospatial short-term memory (Alloway et al., 2009; Tsai et al., 2012) or
executive functions (Leonard et al., 2015; Wilson et al., 2020). These
alterations are not present in the entire DCD population (Tsai et al.,
2008) but are part of the persisting symptoms of children with DCD
(Bernardi et al., 2018; Wilson et al., 2020). These observations led to the
assumption that several clinical subtypes can be described in DCD, with
a substantial proportion of children presenting a subtype characterized
by visual perceptual and visuomotor impairments (Hoare, 1994; Vaivre-
Douret et al., 2011). Alterations within occipito-temporal and occipito-
parietal brain circuits could therefore be expected based on the reported
alterations in visual-perceptual abilities and action-oriented visual
function (Hutchison and Gallivan, 2018; Rizzolatti and Matelli, 2003;
Tsai et al., 2008). Still, in the data-driven resting-state fMRI study (Rinat
etal., 2020), the visual network was excluded from comparison analyses
as the ocular behavior of the participants was not controlled (i.e., eyes
open/closed).

In this study, we used MEG to investigate the changes in resting-state
functional brain architecture in children with DCD compared with their
TD peers, while controlling for ADHD symptoms. MEG was preferred
over EEG as it has been shown to better capture the interhemispheric
rsFC within the sensorimotor network (Van Dyck et al., 2020). We used
band-limited power-envelope correlation as a measure of rsFC as it al-
lows to reproduce similar RSNs than those first highlighted using fMRI
(e.g., low-level RSNs such as the sensorimotor, auditory and visual
networks; or high-level RSNs such as the default mode, frontoparietal
and dorsal attentional networks; Brookes et al., 2011; de Pasquale et al.,
2010; Hipp et al., 2012; Wens et al., 2014). Although MEG RSNs are
typically blurrier than fMRI RSNs due to the limited spatial resolution of
MEG, a large number of independent studies have successfully
discriminated between these different RSNs, in particular thanks to
methodological developments on spatial leakage correction (Brookes
et al., 2012; Hipp et al., 2012; Wens et al., 2015). Compared with fMRI,
MEG has the advantage of providing direct information about neural
activity, while allowing to investigate similar RSNs in a spectrally-
resolved way thanks to its excellent temporal resolution (about the
millisecond). Practically, rsFC was estimated using a comprehensive
parcellation of the human brain (i.e., a connectome) into distinct RSNs.
The visual network was included here as we controlled for several pa-
rameters related to ocular behavior during resting-state recordings (e.g.,
video-monitoring during MEG recordings, measure of the quantity of
eye blinks and control for the arousal state based on alpha band power;
Barry et al., 2007). Children also underwent a comprehensive motor and
neuropsychological assessment. We expected to find (i) altered spectral
power and rsFC within the sensorimotor and visual networks in children
with DCD compared to TD peers, and (ii) associations between the
severity of spectral power and rsFC changes within the sensorimotor/
visual networks and those of motor/visual perceptual (with or without
motor component) impairments in children with DCD.

2. Methods
2.1. Participants

We recruited 87 children with and without DCD aged between 7 and
11 years old. As depicted in Fig. 1, 30 participants were excluded from

the study: 13 did not fulfill the inclusion criteria detailed below (6 DCD
and 7 TD), 9 due to excessive movements or distance between head and
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Fig. 1. Participant enrollment in the study and
exclusion following the different stages of the exper-
iment: 13 participants did not fulfill the inclusion/
exclusion criteria, 4 dropped out of the study, and 13
were excluded due to MEG-related issues (excessive
movement artifacts, important distance between head
and sensors during MEG recordings, movements
during head digitalization or a head position coil
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>MABC-2 < pc25 (n=4)

> Neurological history (n=1)
> ADHD-RS > 28 (n=2)
>Drop out (n=1)

coming off the head). Abbreviations: DCD = Devel-
opmental Coordination Disorder; TD = Typical
Development; MABC-2 = Movement Assessment Bat-
tery for Children, 2nd ed.; pc = percentile; VCI =
Verbal Comprehension Index of the Wechsler Intelli-
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sensors during MEG recordings (6 DCD and 3 TD), 3 due to excessive
movements during head digitalization (2 DCD and 1 TD), one (1 DCD)
due to a head position coil coming off the head (see section 2.3.1. MEG
and MRI data acquisition for further details) and 4 who dropped out of the
study (3 DCD and 1 TD). The final sample was therefore composed of 29
children with DCD (3 females and 26 males, mean age + SD: 9.74 + 1.53
years) and 28 children with TD (12 females and 16 males, mean age +
SD: 10.03 + 1.33 years).

Children with DCD had to meet the four diagnostic criteria of the
DSM-5 to be included in the study (American Psychiatric Association,
2013), assessed as follow : (i) global score equal or below the percentile
15th at the French version of the Movement Assessment Battery for
children, 2nd edition (MABC-2, measure of the motor abilities; Hen-
derson et al., 2007; Marquet-Doléac et al., 2016), (ii) score in the sus-
pected or indicative range of DCD on the DCD-Q (measure of the impact
of motor difficulties on the child’s life; Martini et al., 2011), (iii) onset of
symptoms in the early developmental period as assessed through a short
parental anamnesis, and (iv) absence of neurological disorder assessed
with a short parental anamnesis and through the medical file when
available, or intellectual disability with the verbal comprehension index
of the WISC-V (Wechsler, 2016). Children with DCD included in the
study presented severe (n = 18; MABC-2 percentile < 5th) to moderate
(n = 11; percentile 6-15th) motor impairment. Children with TD were
included if they did not present any history of motor difficulties, their
MABC-2 score was equal or above the percentile 25th, the DCD-Q was
not indicative of a (suspected) DCD and if they had none of the following
exclusion criteria.

Children from both groups were excluded from the study if they
presented any intellectual disability (assessed with the WISC-V Verbal
Comprehension Index < 80; Wechsler, 2016), autism spectrum disorder,
history of psychiatric or neurological disorder, or were born very pre-
term (<33 weeks gestational age; all controlled through a short parental
anamnesis). The verbal comprehension index was chosen instead of total
IQ as motor difficulties of children with DCD can have a deleterious
impact on other IQ indices such as processing speed (Sumner et al.,
2016). Moreover, TD children should not present any neuro-
developmental disability (controlled through short parental anamnesis
and the parental questionnaire ADHD-RS-1V, score > 28 being indicative
of ADHD; DuPaul et al., 1998). In children with DCD, concurrent ADHD
diagnosis was not an exclusion criterion (n = 17), as

neurodevelopmental comorbidities are frequent in DCD (Dewey, 2018;
Piek and Dyck, 2004). ADHD diagnosis was assessed according to DSM-5
criteria (American Psychiatric Association, 2013) by a multidisciplinary
team including pediatric neurologists and neuropsychologists. Methyl-
phenidate medication for ADHD (n = 9) was interrupted at least 24 h
before the experiment. In all participants, the severity of ADHD symp-
toms was measured through the ADHD-RS-IV parental questionnaire
(DuPaul et al., 1998), assessing the main symptoms of inattention and
hyperactivity/impulsivity following DSM criteria (American Psychiatric
Association, 2013).

Children presenting DCD were recruited through neuropediatricians
and health professionals’ consultations (n = 22) as well as social media
(n = 5) and primary schools (n = 2). Children from the TD group were
recruited either through primary schools after receiving the approval of
school authorities (n = 2), social media (n = 7) or acquaintances (n =
19) in the French-speaking part of Belgium. All participants participated
in a longer experimental protocol, involving electroencephalography
investigations (Van Dyck et al., 2020) and a procedural learning task
(Van Dyck et al., 2021).

Written inform consents were obtained from all participants and
their parents. The study was approved by local Ethics Committee of CUB
Hopital Erasme (Reference: P2018/179) and Hopital Universitaire des
Enfants Reine Fabiola (Brussels, Belgium).

2.2. Material and design

2.2.1. Experimental design

Participants underwent a clinical assessment and a MEG investiga-
tion (order counterbalanced between subjects) during one (TD = 23/28;
DCD = 1/29), two (TD = 5/28; DCD = 19/29) or three (DCD = 9/29)
different days to avoid fatigue effect (mainly within the month, except
for five participants, due to difficulties to manage appointments [40, 58,
63 or 100 days between the first and last appointments] or to COVID-19
pandemic lock-down [147 days]).

During the MEG investigation, participants were first prepared for
MEG acquisition (i.e., head position coils placement and head digitali-
zation) while watching cartoons. They were then moved in the MEG
chair and sat comfortably for two successive 5-min sessions of resting
state. They were asked to sit as still as possible and to gaze at a picture of
their favorite cartoon chosen beforehand, printed and displayed on a
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wall at 2 m in front of them.

A structural brain magnetic resonance image (MRI) was finally ac-
quired to enable MEG source reconstruction, either on the day of clinical
assessment or that of MEG recording, but never before the MEG
investigation.

Data acquisition was done at CUB Hopital Erasme (Brussels,
Belgium). Six children with DCD performed the clinical assessment at
the Hopital Universitaire des Enfants Reine Fabiola (Brussels, Belgium)
with the same investigator.

2.2.2. (Clinical assessment

All participants were initially screened for inclusion/exclusion
criteria. A semi-structured interview with at least one parent and the
child was conducted to learn more about the impact of motor difficulties
on daily living and school productivity, any possible associated disorder
or medical condition, medical and pregnancy history and the socio-
economic status (SES). The latter was estimated with a double 6-point
scale based on the addition of each 6-point scale for each parent’s ed-
ucation level (SES lowest score = 2, highest score = 12; adapted from
Largo et al., 1989). Laterality was assessed with the Edinburgh Hand-
edness Inventory scale (Oldfield, 1971). Each participant underwent a
comprehensive neuropsychological assessment comprising the evalua-
tion of (1) visuo-perceptual abilities using visual closure subtest of the
DTVP-2 (Hammill et al., 1993) and a bar orientation recognition test
(Lacert, 1987); (2) visuomotor abilities using the eye-hand coordination
and copying subtests of the DTVP-2 (Hammill et al., 1993); (3) visual
constructional abilities using the block design subtest of WISC-V
(Wechsler, 2016); (4) sensorimotor abilities using hand position imita-
tion and motor sequences of NEPSY-II (Korkman et al., 2007); (5) vi-
suospatial short-term memory with a block tapping test (Fournier and
Albaret, 2013) and verbal working memory using backward digit span
(WISC-V; Wechsler, 2016); (6) executive functions, more specifically
cognitive inhibition with the difference between interference and
denomination parts of a non-reader version of the Stroop test (Catale
et al., 2014), motor inhibition with a Go-NoGo test (Zimmermann and
Fimm, 2004), planning with a child-adapted version of Tower of London
(Shallice, 1982), and flexibility with a Revised Wisconsin Card Sorting
Test (Nelson, 1976); (7) attentional functions with the coefficient of
variation of reaction times (alertness test; Zimmermann and Fimm,
2004).

The clinical assessment allowed to check the inclusion/exclusion
criteria, characterize the clinical profile of children with DCD, and ul-
timately address possible associations between functional brain con-
nectivity and clinical parameters. The order between tasks was
counterbalanced between subjects.

2.3. Data acquisition and processing

2.3.1. MEG and MRI data acquisition

Participants’ neuromagnetic activity was recorded (band-pass filter:
0.1-330 Hz, sampling rate: 1 kHz) using a 306-channel whole-scalp
neuromagnetometer (TriuxTM, MEGIN, Croton Healthcare, Helsinki,
Finland) installed in a light-weight magnetically shielded room (Max-
shield™, MEGIN, Croton Healthcare, Helsinki, Finland; see De Tiege
et al., 2008 for details) at the CUB Hopital Erasme. Four head-tracking
coils were placed on the subjects’ head to monitor head position in-
side the MEG helmet. Their location relative to anatomical fiducials and
at least 300 head-surface points were digitized prior to data acquisition
using an electromagnetic tracker (Fastrack, Polhemus, Colchester, VT).

A high-resolution structural 3D T1-weighted brain MRI was acquired
either on a 1.5 T MRI scanner (n = 33; Intera, Philips, Best, The
Netherlands) or on a hybrid 3 T PET-MRI scanner (n = 21; Signa 3 T,
General Electric Healthcare, Wisconsin, USA) installed at the CUB
Hopital Erasme. The MRI of 3 children was missing (due to excessive
head motion, fear or following the parents’ decision). A linear defor-
mation of the structural images from another child’s brain of roughly the
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same age (to best match head-surface points) was thus used instead.
These surrogate MRIs were obtained with the CPD toolbox (Myronenko
and Song, 2010) embedded in FieldTrip (Donders Institute for Brain
Cognition and Behaviour, Nijmegen, The Netherlands, RRID:
SCR_004849; Oostenveld et al., 2011).

2.3.2. MEG data preprocessing

Environmental magnetic noise was suppressed and head movements
were corrected using the temporal extension of the signal space sepa-
ration algorithm (Taulu et al., 2005; correlation limit, 0.98; window
length, 10 s; Maxfilter™, Elekta Oy, Helsinki, Finland; version 2.2 with
default parameters). Time periods contaminated by excessive move-
ments or muscular artifacts were visually identified by inspection of the
whole recorded signal and eliminated from subsequent analysis. Usage
of ICA (FastICA algorithm with dimension reduction to 30 and hyper-
bolic tangent nonlinearity contrast; Vigario et al., 2000) of the band-pass
filtered (1-40 Hz) MEG signals allowed to suppress remaining cardiac
and ocular artifacts. Components corresponding to artifacts were visu-
ally identified and regressed out of the full-rank data (number of com-
ponents removed from data, mean + SD [range]: DCD = 5.88 + 1.69
[4-13]; TD = 5.27 + 1.53 [3-10]). The cleaned MEG data were then
filtered into four frequency bands (theta: 4-8 Hz; alpha: 8-12 Hz, low
beta: 15-21 Hz, high beta: 21-30 Hz). The alpha and beta frequency
bands were chosen as they support the power envelope coupling among
low-level (e.g., sensorimotor, visual, auditory) and high-level (e.g.,
default-mode network (DMN), attentional networks, executive net-
works) electrophysiological RSNs, as well demonstrated both in healthy
adults (Brookes et al., 2011; Coquelet et al., 2020; Hipp et al., 2012; Liu
et al., 2017; Liu et al., 2018; Sjggard et al., 2019; Wens et al., 2014) and
in children (Van Dyck et al., 2020). The theta frequency band was also
included as children tend to exhibit slower spontaneous rhythmic brain
activity than adults (Rodriguez-Martinez et al., 2017).

2.3.3. MEG source reconstruction

The participants’ brain MRI was preprocessed to compute the MEG
forward model, necessary to proceed with MEG source reconstruction.
The structural MRI was anatomically segmented using the FreeSurfer
software (Martinos Center for Biomedical Imaging, Massachussetts,
USA; RRID: SCR_001847; Fischl, 2012). MEG and structural MRI coor-
dinate systems were coregistred manually using the digitized fiducial
points for initial estimation and head-surface points for refinement
(Mrilab, MEGIN Croton Healthcare, Helsinki, Finland). A volumetric
source grid (5 mm) was built with the Montreal Neurological Institute
(MNI) template MRI and mapped on each subject’s MRI using a non-
linear deformation (SPM12, Wellcome Trust Centre for Neuroimaging,
London, UK; RRID: SCR_007037; Ashburner and Friston, 1999). Three-
dimensional dipole sources were then placed on each node of this
grid. MEG forward model was finally computed on this source space
using the one-layer boundary element method of the MNE-C suite
(Martinos Centre for Biomedical Imaging, Massachussets, USA; Gram-
fort et al., 2014).

Source activity was reconstructed in each of the considered fre-
quency bands using minimum norm estimation (MNE; Dale and Sereno,
1993). The MEG noise covariance matrix was estimated based on 5 min
MEG empty-room data recorded for each participant, preprocessed
using signal space separation, and filtered in each frequency band. The
MNE regularization parameter was set based on the consistency condi-
tion from Wens et al. (2015). The resulting three-dimensional dipole
time series were projected on their direction of maximum variance
(Sjogard et al., 2019; Wens et al., 2014) and their analytic signal was
obtained via Hilbert transformation. Nodes signals were extracted as
pointwise signals at each node location.

2.3.4. Comparability of resting-state data between groups
Children’s head size, their tendency to move inside the MEG helmet,
as well as the different ocular behavior that participants can adopt
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during the resting-state sessions may affect MEG recording quality. This
could potentially lead to MEG signal differences between DCD and TD
groups unrelated to actual brain functioning. MEG data quality was
therefore assessed in both groups to ensure their comparability before
turning to rsFC estimation. We measured for each participant and each
resting-state session: (i) the quantity of eye blinks, estimated by count-
ing the number of blinks identified by signal peaks exceeding signal
mean + 1.65SD in the independent components corresponding to ocular
artifacts; (ii) the total MEG data duration after removing bad time pe-
riods; (iii) the number of artefactual components identified; (iv) the
alpha-band power averaged across all the occipital nodes (i.e., nodes
part of the visual network; see the following section 2.3.5. Functional
connectivity estimation) as an indicator of participants’ arousal state
(Barry et al., 2007). In case of significant differences in data duration,
MEG data were cut so as to ensure similar duration on average between
DCD and TD children.

2.3.5. Functional connectivity estimation

The rsFC was quantified between two source time courses as their
envelope correlation (Brookes et al., 2011; de Pasquale et al., 2010; Hipp
et al., 2012; Wens et al., 2014) after signal orthogonalization in order to
correct for spatial leakage (Brookes et al., 2012). Envelopes were low-
pass filtered below 1 Hz and their temporal correlation was then
calculated over the whole data duration (i.e., excluding time periods
marked as bad; Wens et al., 2014; Wens et al., 2015).

The rsFC was estimated within a connectome based on a parcellation
of the human brain into 59 major nodes (see Fig. 2 for an overview of
their location) of 8 well-known RSNs: default-mode network (DMN),
dorsal attentional network (DAN), language network (LAN), sensori-
motor network (SMN), ventral attentional network (VAN), visual
network (VN) taken from de Pasquale et al. (2012), frontoparietal
network (FPN; obtained from Della Penna et al., 2019), and cerebellar
network (Naeije et al., 2020). The frontoparietal and cerebellar nodes
were added to the parcellation of de Pasquale et al. (2012) given the
assumptions (Bo and Lee, 2013; Zwicker et al., 2009) and evidence
(Debrabant et al., 2013; Querne et al., 2008; Licari et al., 2015; Reynolds
etal., 2015a; Reynolds et al., 2019; Thornton et al., 2018; Zwicker et al.,
2010) regarding the involvement of the cerebellum, parietal and frontal
lobes in DCD pathophysiology.

The use of this connectome resulted in a 59-by-59 rsFC matrix per
subject and frequency band, which was further symmetrized by aver-
aging them with their transpose as in Hipp et al. (2012) to avoid possible
asymmetries emerging after pairwise orthogonalization (for a discus-
sion, see Coquelet et al., 2020). We also estimated the signal power
variance at each node, with noise standardization to correct for the
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depth bias (Pascual-Marqui, 2002). Node power was introduced in as
covariate of no interest in subsequent statistical models to avoid rsFC
group differences solely due to concomitant power differences
(Muthukumaraswamy and Singh, 2011). The depth bias in node vari-
ance estimation was corrected beforehand using noise standardization
(Pascual-Marqui, 2002). Finally, the rsFC matrices corresponding to the
two resting-state recordings were averaged to improve the stability of
rsFC estimation (Liuzzi et al., 2017).

2.4. Data analyses

2.4.1. Statistical analyses on behavioral measures from clinical assessment

Before comparing both groups on the behavioral and clinical mea-
sures, participants deviating from>3 median absolute deviation in each
behavioral measure were considered as outliers for each group of par-
ticipants and removed from the comparison analysis on the concerned
measure (Leys et al., 2013). Questionnaires, motor and neuropsycho-
logical assessment scores were compared between children with DCD
and TD using two-tailed unpaired t tests. Significance level was set to p
< .002, Bonferroni corrected for the number of scores (p < .05/22).
Results in visual perceptual and visuomotor assessment from both
samples were also compared to normative data to describe the propor-
tion of children in each group presenting impairment in each test.

2.4.2. Comparability of resting-state MEG data between groups of
participants

The quantity of eye blinks, total MEG data duration after removing
bad time periods, number of artefactual components identified, and
occipital alpha-band power were averaged across the two resting-state
sessions and compared statistically between the two groups using un-
paired t tests.

2.4.3. Resting-state functional connectivity and spectral power differences
between children with DCD and TD

To investigate group differences in the functional connectome, we
contrasted DCD and TD node power and rsFC group-averaged data using
mass-univariate unpaired t tests (one per connection and frequency
band), implemented as a regression model to incorporate covariates of
no interest. Specifically, the contrast was measured using a covariate of
interest labelling group dependence. Five variables were introduced as
covariates of no interest for comparison analyses performed on rsFC and
spectral power: sex, age, the severity of the ADHD symptoms (score at
the parental questionnaire ADHD-RS-IV; DuPaul et al., 1998), the verbal
comprehension index (Wechsler, 2016) and laterality (score at the
Edinburgh questionnaire; Oldfield, 1971). For rsFC, node power at the
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two nodes of a connection was additionally introduced as covariates of
no interest to exclude possible rsFC group differences concomitant to
node power changes (Muthukumaraswamy and Singh, 2011).

Contrast significance was established using non-parametric testing
based on a maximum statistic (Nichols and Holmes, 2002). Here, the
maximum statistic corresponded to maximum (taken over all 1711
connections) absolute value of the regression coefficient corresponding
to the group contrast factor. Taking the absolute value allowed to design
a two-sided test, and taking the maximum allowed to correct for the
multiple comparisons associated with the number of connections in the
connectome. More specifically, assuming the absence of between-group
difference, we generated 4000 null samples of the group contrast coef-
ficient by randomly permuting the group label (“DCD” vs “TD”) of each
subject in the covariate of interest (while keeping covariates of no in-
terest fixed) before constructing the regression model. Importantly,
keeping covariates of no interest fixed while permuting the covariate of
interest (i.e., group label) preserved the relationship between the con-
nectivity or spectral power weights and the covariates of no interest, so
their effects were still correctly controlled in permuted data. We
retained the maximum group contrast coefficient across all connections
of the connectome, and the 95th percentile of the resulting distribution
of maxima yielded the two-tailed significance threshold for the group
contrast coefficients at p < .0125 (i.e., 0.05 further Bonferroni corrected
for 4 frequency bands) with full control of the false positive rate (Nichols
and Holmes, 2002). P-values were obtained from each null distribution
as the fraction of null samples above the observed (non-permuted)
maximum statistic.

Of note, these statistical analyses were performed separately for each
of the four frequency bands, instead of using a single maximum statistics
taken over all four connectomes. While this idea would be theoretically
justified to correct for the frequency band factor and avoid our usage of
Bonferroni correction, it has practical limitations. Indeed, one issue with
the maximum statistic is that large significant effects can overshadow
smaller effects, as strong effects are generally associated with large
variance and may dominate the variance of the maximum statistic
(Nichols and Holmes, 2002). Separating the maximum statistics ac-
cording to the frequency band allows to avoid the issue that different
frequency bands typically exhibit different effect sizes.

2.4.4. Relationship between resting-state functional connectivity, spectral
power and behavioral measures

Being particularly interested in motor and visual perceptual diffi-
culties with or without motor component in children with DCD, we
selected 10 subtests assessing these functions to perform correlation
analyses: MABC2 (global score and 3 subscales scores), visual closure,
eye-hand coordination, copying (DTVP-2; Hammill et al., 1993), bar
orientation recognition (Lacert, 1987), the Corsi’s block tapping test
(Fournier and Albaret, 2013) and the block design subtest of WISC-V
(Wechsler, 2016). Outliers in any behavioral measure were removed
from the correlation analysis involving this behavioral measure.

Correlations between rsFC and these behavioral measures were
sought within the DCD group only, for each connection in the con-
nectome and each frequency band, via mass-univariate regression ana-
lyses similar to those described for the contrast, with the same set of
covariates of no interest, except that behavioral measures were used as
covariates of interest instead of the group label factor. A positive (or
negative) regression coefficient between a behavioral measure score and
electrophysiological measures indicated that a stronger (or lower) rsFC
of the corresponding connection or a stronger (or lower) power at the
corresponding node was associated with a better (or lower) performance
in the task. Given that the score of bar orientation recognition (Lacert,
1987) represents the amount of errors, a positive (or negative) regres-
sion coefficient indicated that a stronger (or lower) rsFC of the corre-
sponding connection or a stronger (or lower) power at the corresponding
node was associated with a lower (or better) performance in the task.

Statistical significance of regression coefficients was assessed in a
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way similar to the group contrast regression model, with the only dif-
ference that subjects ordering was randomly permuted within the DCD
group in the behavioral covariates (but not in the covariates of no in-
terest) before regression modeling and extracting the maximum of their
absolute regression coefficient over all connections.

3. Results
3.1. Behavioral results

Demographic and clinical data are reported in Table 1. Several out-
liers were detected in the clinical assessment using the 3 median abso-
lute deviation measure (Leys et al., 2013) and removed from behavioral
data (n/10 subtests [range of n outliers] : DCD = 2/10 subtests [2-3];
TD = 2/10 subtests [1-3]) before performing the comparison analysis on
this specific measure. Children with DCD presented, as a group, inferior
performance compared to their TD peers in fine and gross motor activity
and sensorimotor functions but also working memory and visual
perceptual/visuospatial abilities, with and without motor component.
We then compared the data with the normative data available in the
different standardized tests according to the age of the child to charac-
terize the proportion of children in our sample presenting impairments
in the visual perceptual / visuospatial abilities, visuomotor abilities and
visuospatial short-term memory (see Fig. 3). A total of 65.5% of our DCD
sample (n = 19) against 0% of the TD sample (n = 0) presented an
impairment in at least one of these areas. Regarding the subtests taken
individually, 41.4% (n = 12) of children with DCD presented perfor-
mance below the 5th percentile (set at the false-positive rate, Godefroy
et al., 2014; or 1.65 standard deviation from the mean) in visual closure,
24.1% (n = 7) in bar orientation recognition and in eye-hand coordi-
nation, 6.9% (n = 2) in the block design’ subtest of WISC-V, 10.3% (n =
3) in visuospatial short-term memory and 0% (n = 0) in copying figures.

3.2. Comparability of resting-state data between groups

A significant group difference was found on the averaged recording
time (mean + SD: DCD =293 s + 12.3, TD = 299 s + 3.59; t(55) = -2.48;
p = .02; d = -0.65) but not on the quantity of eye blinks (p = .49), the
number of artefactual ICs removed (p = .08) or occipital alpha-band
power (p = .22). To correct the inequality in recording duration be-
tween DCD and TD children, we removed the mean difference from the
end of the MEG data for each child from the TD group (rest 1 = 6.945s;
rest 2 = 4.897 s).

3.3. Resting-state functional connectivity and spectral power differences
between children with DCD and TD

Comparison analyses between groups revealed no significant differ-
ence at the level of node power (maximum statistics, all ps > 0.07). This
is suggestive that no modification of spectral power should bias rsFC
contrasts. Still, given that absence of significance does not equal absence
of effect, node power was explicitly used as covariates of no interest in
our rsFC analyses.

Comparison of rsFC showed significant differences between DCD and
TD groups in the alpha (maximum statistics, threshold = 0.0545, p =
.00125) and the low beta (threshold = 0.0318; p = .00025) bands (all
other ps > 0.0127). Higher values of rsFC were found in children with
DCD, mainly in parietal, occipital, temporal and cerebellar nodes
involved in the visual, dorsal and ventral attentional, frontoparietal,
default-mode and cerebellar networks (see Fig. 4 and Table 2 for further
details). However, while looking at the specific brain regions involved in
the significant between-group differences of rsFC, the results suggest
that these differences are mainly located within the visual system (see
Fig. 4). These nodes are then not further interpreted in terms of RSNs.
The distribution of the null samples, the threshold and the maximum
statistic value are provided in supplementary materials for both resting-
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Table 1
Descriptive measures for demographic and clinical data.

DCD (n = 29) TD (n = 28) P
Demographics and clinical characteristics
Sex, n F/M 3/26 12/16 X2 (1) =777 0.005*
Laterality,nR/L/A 23/4/2 26/2/0 X2 (2) = 2.83 0.24
Age (years) 9.74 + 1.53 10.03 +1.34 t(55) = -0.77 0.44
Socioeconomic status 9.25 + 1.96 10.9 + 2.04 t(53) = -3.04 0.004*
Questionnaires
DCD-Q 36.9 +12.00 65.3 + 6.49 t(42.1) =-109° <0.001**
ADHD-RS 28.97 +£11.08 12.21 +7.37 t(48.9) = 6.74% <0.001**
Pathological ADHD-RS score, yes/no 16/13 0/28 - -
Fine and gross motor abilities
MABC-2 (pc) 4.33 £ 3.96 51.68 + 22.24 t(28.7) = -11.10% <0.001**
Manual Dexterity (SN) 4.14 + 1.55 9.50 + 2.49 t(45) = -9.73% <0.001**
Aiming and catching (SN) 7.17 +2.47 9.96 + 2.50 t(55) = -4.24 <0.001**
Static-dynamic balance (SN) 6.21 + 3.04 11.43 +1.43 t(40) = -8.35% <0.001**
Neuropsychological assessment
VCI, intelligence score 105.72 + 13.77 115.32 4+ 12.50 t(55) = -2.75 0.008*
VG, visual-perceptual (correct trials) ® 10.00 + 5.84 18.00 + 1.41 t(31.8) = -7.14* <0.001**
BO, visual-spatial perception (errors) 6.28 + 4.47 3.46 + 3.26 t(55) = 2.70 0.009*
EH, oculomotor coordination (score) b 156 + 16.8 173.79 + 6.47 t(33.4) = -5.29% <0.001**
COPY, visuomotor abilities (score) ® 24 +5.29 34.1 +£2.78 t(43) = -9.03 <0.001**
BD, visual constructional (score) ® 8.12 +1.80 11.93 + 2.43 t(49.6) = -6.58 * <0.001**
IHP, sensorimotor (correct trials) 17.72 + 3.93 22.00 + 2.23 t(44.6) = -5.08 <0.001**
MMS, sensorimotor (score) 39.10 + 6.20 48.11 + 5.43 t(55) = -5.82 <0.001**
BTT, visual-spatial STM (max.) 4.72 £1.07 5.89 +£1.10 t(55) = -4.07 <0.001**
BDS, working memory (max.) 3.38 +£ 0.82 4.50 + 1.04 t(55) = -4.54 <0.001**
ST, cognitive inhibition (time index) 26.59 + 11.12 21.79 + 8.77 t(52.9) = 1.817 0.07
GNG, motor inhibition (errors) 7.62 + 4.87 5.64 + 3.77 t(55) = -1.69 0.09
TOL, planification (accuracy) 5.5+ 1.82 6.02 + 1.0 t(55) = 1.10 0.10
RCST, shifting (perseveration errors) 1.90 + 2.02 1.11 £ 1.34 t(48.8) = 1.74* 0.09
AL, alertness (coefficient of variation) 0.30 £ 0.11 0.22 + 0.06 t(44.8) = 3.16 2 0.003**

Values are presented as mean + SD (standard deviation), except for sex, laterality, and pathological ADHD-RS score.

Abbreviations: DCD = Developmental Coordination Disorder; TD = Typically Developing children; Laterality = Edinburgh Handedness Inventory (Oldfield, 1971), R
= right-handed, L = left-handed, A = ambidextrous; DCD-Q = The Developmental Coordination Disorder Questionnaire (Martini et al., 2011); ADHD-RS = Attentional
Deficit Hyperactivity Disorder Rating Scale IV (DuPaul et al., 1998); MABC-2 = Movement Assessment Battery for Children, 2nd ed. (Henderson et al., 2007; Marquet-
Doléac et al., 2016), percentile (pc) of the general scale and standard notes (SN) of the 3 subscales are reported; VCI = Verbal Comprehension Index of the Wechsler
Intelligence Scale for Children, 5th ed. (WISC-V; Wechsler, 2016); VC = visual closure (DTVP-2; Hammill et al., 1993); BO = bars orientation recognition (Lacert,
1987); EH = eye-hand coordination (DTVP-2; Hammill et al., 1993); COPY = copying figures (DTVP-2; Hammill et al., 1993); BD = block design subtest (WISC-V;
Wechsler, 2016); IHP = imitating hand positions (NEPSY-II; Korkman et al., 2007); MMS = manual motor sequences (NEPSY-II; Korkman et al., 2007); BTT = Corsi’s
block tapping test (Fournier and Albaret, 2013); STM = short-term memory; BDS = backward digit span (WISC-V; Wechsler, 2016); ST = non-reader Stroop test (Catale
etal., 2014); GNG = Go-NoGo (Zimmermann and Fimm, 2004); TOL = tower of London (Shallice, 1982); RCST = revised Wisconsin Card Sorting Test (Nelson, 1976),
AL = alertness test (Zimmermann and Fimm, 2004).

X2 = Chi-squared test; t = two-sample ¢ test; * Welch t test, in cases of violation of homogeneity of variance. b Clinical test with outliers removed.

**p < .002 (0.05/22), statistical significance for clinical data (questionnaires, motor, and neuropsychological assessment) using Bonferroni correction for multiple
comparison; * p < .05, uncorrected for clinical and demographic data.

state functional connectivity and spectral power in each frequency band.
Of note, the same analyses performed without the covariates of no in-
terest correlating with the group assignment (i.e., sex, verbal compre-
hension index and severity of the ADHD symptoms) did not reveal any
significant differences between the groups (all ps > .11).

3.4. Relationship between resting-state functional connectivity, spectral
power and behavioral measures

The outliers detected previously were removed from behavioral data
before assessing the relationship between this specific behavioral data
and spectral power or rsFC (n/10 subtests [range of n outliers]: DCD =
2/10 subtests [2-3]; TD = 2/10 subtests [1-3]). Only one subtest,
copying figures (DTVP-2; Hammill et al., 1993), showed significant
correlations with node power in the theta (threshold = 0.5077; p =
.0027) and the high beta (threshold = 0.4499; p = .0047; all other ps >
.02) bands and with rsFC in the alpha band (maximum statistics,
threshold = 0.0082; p = .003; all other ps >.02). These results demon-
strated that, in children with DCD, higher interhemispheric functional
connectivity between sensorimotor areas (sensorimotor network, right
frontal eye field and right pre-central sulcus) as well as higher power in
right cerebellar lobule VIII was associated with lower performance in a
visuomotor task. Fig. 5 and Table 3 detail these correlations.

4. Discussion

This MEG study revealed that children with DCD present atypical
rsFC compared with their TD peers. Stronger rsFC was found in children
with DCD mainly within the dorsal extrastriate network. The higher rsFC
observed in children with DCD was not associated with the severity of
motor symptoms nor with the visual perceptual/visuomotor impair-
ments observed in a substantial proportion (65.5 %) of our DCD sample.
However, a lower performance in one visuomotor task (copying figures)
was associated with higher functional connectivity processes within the
sensorimotor network and between the frontal eye field and the right
precentral sulcus, and with a higher spectral power in the cerebellum
(right lobule VIII).

The dorsal extrastriate network is known to be involved in sensori-
motor transformations required for visually guided motor actions
(Goodale and Milner, 1992; Milner and Goodale, 2008). The nodes
involved in the atypical rsFC characterizing children with DCD play key
roles in visuospatial processing/memory and attention shifts (i.e.,
bilateral precuneus; Cavanna and Trimble, 2006; Schott et al., 2019), in
adaptation to environmental changes and to suboptimal consequences
of previous actions (i.e., posterior cingulate cortex; Leech and Sharp,
2014; Pearson et al., 2011), in proprioception and stimulus-driven
reorienting of attention (i.e., right supramarginal and angular gyri;
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No deficit, n = 10 (34.5%)

perceptual /
visuospatial

Visuospatial
memory
n=3

Fig. 3. Venn diagram of impairments in the DCD group for visual or visuo-
spatial perception abilities (visual closure of the DTVP-2, Hammill et al., 1993;
and bar orientation recognition, Lacert, 1987), visuomotor abilities (eye-hand
coordination and copying of the DTVP-2, Hammill et al., 1993; and block
design subtest of the WISC-V, Wechsler, 2016) and visuospatial short-term
memory (Corsi’s block tapping test, Fournier and Albaret, 2013). Individual
results are compared to the normative data according to the age of the child.
Impairment was considered if the child presented at least one score in the
aforementioned abilities below the 5th percentile (or 1.65 standard deviation
from the mean) of the normative data.

Ben-Shabat et al., 2015; Corbetta and Shulman, 2002, 2011), as well as
in spatial cognition, semantic and multisensory integration (i.e., bilat-
eral angular gyri; Price et al., 2016; Seghier, 2013). Furthermore, the
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bilateral lobule V of the cerebellum is known to be involved in motor
representations (Buckner, 2013; Guell et al., 2018). Some of these brain
areas already exhibited lower functional connectivity with the sensori-
motor network or altered activity in previous samples of children with
DCD (precuneus, middle temporal gyrus, supramarginal gyrus, posterior
cingulate cortex, and other subregions of the cerebellum, the crus I,
lobules VI and IX; Debrabant et al., 2013; McLeod et al., 2014; Reynolds
et al., 2015b; Reynolds et al., 2019; Rinat et al., 2020; Zwicker et al.,
2010; Zwicker et al., 2011). These findings relate to the previous
assumption that the functional brain architecture of children with DCD
develops differently than their TD peers via the establishment of atypical
neuronal and synaptic grouping within and between specific neural
networks during brain maturation (Hadders-Algra, 2000; de Castelnau
et al., 2008). This enhanced functional brain connectivity could reflect a
characteristic brain trait of children with DCD compared to their TD
peers. This hypothesis is supported by the absence of association with
the classical measures of fine and gross motor activity (MABC-2; Hen-
derson et al., 2007). Such atypical brain development (Chaudhury et al.,
2016) might be driven by some genetic factors (Mosca et al., 2016) and
lead to atypical motor behavior. It could also (and non-exclusively) be
triggered by experience-dependent neural plasticity associated with an
increased dependence on visuomotor processing during motor actions.
Indeed, some findings suggest that children with DCD might rely more
on sensory information to perform motor actions (Licari et al., 2015;
Zwicker et al., 2010). Accordingly, as the enhanced functional brain
connectivity was not related to the visual perceptual skills of the
included children, it might be hypothesized that these children with
DCD rely more on visual feedback and memory to guide their motor
actions and try to compensate their motor impairments. Behavioral
evidence already demonstrated that children with DCD are more
dependent on vision and sensory feedback for motor control and balance
than their TD peers (Bair et al., 2011; Wilson et al., 2013). These clinical
observations led to hypothesize the existence of an internal modelling
deficit in DCD (for a review, see Adams et al., 2014). Internal models
enable, by the production of an efferent copy of the motor command, to
predict the outcome of this command and to correct rapidly and online

Fig. 4. Connections significantly stron-
ger in children with DCD compared to
TD peers in the alpha (Left) and the low
beta (Right) bands. Brain is viewed from
the above (Left) and back (Right). Brain
figures were realized using the BrainNet
viewer (Xia et al., 2013). Resting-state
networks: LN = language network;
SMN = sensorimotor network; VN =
visual network; CEREB = cerebellar
network; DMN = default mode network;
FPN = frontoparietal network; DAN =
dorsal attentional network; VAN =
ventral attentional network.
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Table 2
Differences in rsFC between DCD and TD children.
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Alpha band (maxstat, p = .00125)

Connections 29 DCD (mean + SD) 28 TD (mean + SD) Connections 29 DCD (mean + SD) 28 TD (mean + SD)
ReervV - RprCu 0.097 + 0.057 0.078 + 0.050 RSMG - Lv2d 0.053 + 0.046 0.029 + 0.024
RpIPS - LMT 0.060 + 0.051 0.046 + 0.037 LV7 - ReervV 0.097 + 0.054 0.080 + 0.051
LMT - RAG 0.056 + 0.046 0.031 + 0.025 LV2d - LIPSgpn 0.070 + 0.052 0.055 + 0.045
RMT - RAG 0.068 + 0.047 0.047 + 0.034 Lv2d - RIPS 0.083 + 0.059 0.060 + 0.042
RMT - LIPSgpn 0.062 + 0.046 0.043 + 0.041 Lv2d - LprCu 0.110 + 0.067 0.095 + 0.065
RMT - RprCu 0.093 + 0.056 0.073 + 0.052 LV3 - LIPSgpn 0.075 + 0.054 0.059 + 0.046
LMT - RSMG 0.047 + 0.036 0.022 + 0.021 RV4 - LIPSgpy 0.070 + 0.047 0.050 + 0.045
LMT - Rvad 0.080 + 0.052 0.063 + 0.052 RV4 - LprCu 0.093 + 0.059 0.083 + 0.060
LMT - RV3 0.077 + 0.053 0.058 + 0.050 RV4 - RprCu 0.094 + 0.053 0.082 + 0.055
LMT - RV7 0.075 + 0.052 0.059 + 0.048 LV7 - LIPSgpn 0.085 + 0.053 0.069 + 0.053
RMT - LV1 0.091 + 0.063 0.067 + 0.043 LV7 - RprCu 0.115 + 0.067 0.095 + 0.060
RMT - Lv2d 0.103 + 0.068 0.074 + 0.042 RV7 - RIPS 0.101 + 0.055 0.074 + 0.049
RMT - LV7 0.087 + 0.058 0.067 + 0.049 RV7 - RprCu 0.118 + 0.060 0.097 + 0.062
LpIPS - LV7 0.090 + 0.060 0.072 + 0.052 LV1 - LV7 0.093 + 0.058 0.075 + 0.058
LpIPS - RV4 0.070 + 0.049 0.053 + 0.046 LV1 - RV7 0.098 + 0.061 0.078 + 0.053
LpIPS - RV7 0.084 + 0.055 0.071 + 0.055 Lv2d - RV3 0.112 + 0.069 0.091 + 0.058
RpIPS - Lv2d 0.086 + 0.059 0.064 + 0.041 Lv2d - RV4 0.114 + 0.068 0.088 + 0.053
RpIPS - LV3 0.089 + 0.063 0.070 + 0.043 Lvad - LV7 0.107 + 0.064 0.082 + 0.062
RpIPS - LV7 0.094 + 0.065 0.076 + 0.051 Lv2d - RV7 0.111 + 0.071 0.085 + 0.055
RpIPS - RV7 0.103 + 0.057 0.079 + 0.050 LV3-RV3 0.113 + 0.070 0.096 + 0.061
PCC - LV7 0.105 + 0.062 0.091 + 0.065 LV3 - LV7 0.104 + 0.068 0.089 + 0.063
LAG - LV7 0.071 + 0.063 0.056 + 0.042 RV1 - RV4 0.119 + 0.067 0.095 + 0.060
LAG - RV7 0.068 + 0.053 0.053 + 0.045 RV4 - LV7 0.094 + 0.052 0.079 + 0.054
RAG - Lv2d 0.064 + 0.057 0.043 + 0.034 LV7 - RV7 0.112 + 0.065 0.090 + 0.064
RAG - RV1 0.070 + 0.054 0.050 + 0.041
Low beta band (maxtstat, p = .00025)

Connections 29 DCD (mean + SD) 28 TD (mean + SD) Connections 29 DCD (mean + SD) 28 TD (mean + SD)
PCC-LV3 0.100 + 0.057 0.094 + 0.061 LV7 - LprCu 0.111 + 0.069 0.102 + 0.070
LV3 - RecerV 0.098 + 0.058 0.090 + 0.051 RV7 - LprCu 0.116 + 0.063 0.100 + 0.069
LV3 - LeervV 0.096 + 0.059 0.086 + 0.051 RV1 - LV3 0.116 + 0.064 0.103 + 0.059
Lv2d - LprCu 0.110 + 0.067 0.095 + 0.065 Lvad - Lv7 0.107 + 0.064 0.082 + 0.062
Lv2d - RprCu 0.107 + 0.060 0.088 + 0.056 Lvad - RV7 0.111 + 0.071 0.085 + 0.055
LV3 - LprCu 0.109 + 0.065 0.101 + 0.070 LV3 - RV7 0.114 + 0.072 0.093 + 0.064
LV3 - RprCu 0.110 + 0.063 0.096 + 0.060 LV7 - RV7 0.112 + 0.065 0.090 + 0.064

RSNs = resting-state networks; L/R = left / right hemisphere; CEREB = cerebellar network; DAN = dorsal attentional network; DMN = default mode network; FPN =

frontoparietal network; VAN = ventral attentional network; VN = visual network.

the ongoing movement, before the neural availability of the sensory
feedback (Wolpert and Flanagan, 2001). In regards of this hypothesis,
children with DCD present impairments on several aspects of movement
prediction (Adams et al., 2017), online adjustment and movement
control (Fuelscher et al., 2015), and mental manipulation of their body
schema (Reynolds et al., 2015b). An actual deficit in the mental repre-
sentation of the movements could lead children with DCD to rely more
on sensory (and especially visual) feedback and therefore to develop
stronger rsFC between the brain areas involved in action-oriented visual
function (Hutchison and Gallivan, 2018; Rizzolatti and Matelli, 2003),
adjustment to environment and feedback (Leech and Sharp, 2014;
Pearson et al., 2011), visuospatial (Cavanna and Trimble, 2006; Schott
etal., 2019) and semantic memory (Price et al., 2016). Still, based on the
available data, the pathophysiological mechanisms at the basis of the
observed increase in rsFC is rather undetermined. Future studies should
adopt longitudinal investigations in children with DCD to explore the
development of this atypical functional brain architecture. Performing a
task specifically assessing the internal modelling (e.g., overt and covert
movements; for a review, see Adams et al., 2014) during MEG recording
might also bring new evidence in favor of this hypothesis. Indeed, this
work was designed to characterize the “intrinsic” (i.e., context invariant;
Engel et al., 2013) functional brain architecture of children with DCD
using a resting-state experimental paradigm. Investigating “extrinsic” (i.
e., task-dependent) functional brain connectivity while children with
DCD perform motor, perceptual or cognitive tasks might help to better
characterize the differences in functional brain architecture of children

with DCD compared with their TD peers.

Beside those changes in rsFC, correlation analyses revealed that, in
children with DCD, lower visuomotor performance was associated with
(i) a stronger rsFC between sensorimotor brain regions, and (ii) a higher
spectral power (theta and high beta) within subsections of the cere-
bellum involved in motor representation (right lobule VIII; Buckner,
2013; Guell et al., 2018). Previous evidence demonstrated that children
with DCD exhibiting higher intra-individual variability in unimanual
motor coordination (while producing a motor response synchronous to a
visual stimulus) also presented enhanced intrahemispheric brain func-
tional connectivity (based on EEG coherence; de Castelnau et al., 2008).
Surprisingly, in our sample, children with DCD and with a low perfor-
mance in a unimanual visuomotor task (i.e., copying figures; Hammill
et al,, 1993) also presented higher interhemispheric rsFC between
sensorimotor brain regions. This might reflect an abnormal hemispheric
brain specialization possibly playing a key role in the DCD pathophys-
iology (Querne et al., 2008). Interestingly, the above-mentioned copying
figures task (Hammill et al., 1993) was the only one in which none of the
children with DCD presented any impairment compared with the
normative data. It has been suggested that brain compensatory mecha-
nisms with a wider recruitment of brain regions and greater engagement
of cortical resources might be at play to enable children with DCD to
reach similar performance compared with TD peers or other neuro-
developmental disorder in various motor or executive tasks (Biotteau
et al., 2017; Koch et al., 2018; Pangelinan et al., 2013; Zwicker et al.,
2010). Our correlational findings might therefore suggest that children
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Fig. 5. Significant correlations between performance in copying figures (higher scores represent higher number of figures correctly achieved) and rsFC in the alpha
band (Top) and power in the theta and the high beta bands (Bottom). Left. Connections or nodes negatively correlating with performance in copying figures,
represented on the MNI brain (viewed from the top for rsFC and right side for power (Left) or the back (Right)). These plots were realized using the BrainNet viewer
(Xia et al., 2013). Right. Scatter plots for each significant correlation. L/R = left/right hemisphere, SMN = sensorimotor network; DAN = dorsal attentional network;
VAN = ventral attentional network; LS2 = Left Second Somatosensory; RFEF = Right Frontal Eye Field; RCS = Right Central Sulcus; RPCS = Right Pre-Central Sulcus;

RCervVIII = right lobule VIII of the cerebellum.

Table 3
Significant correlations between whole brain rsFC, power and copying score in
children with developmental coordination disorder.

Connection Corresponding Frequency Maxstat R t-

/ node RSNs band p-value value
Resting state functional connectivity

LS2 — RFEF SMN - DAN Alpha 0.003 —-0.21 -3.214
LS2 - RCS SMN - SMN -0.20 —3.336
LCS — RPCS SMN - VAN -0.17  —2.599
Spectral power

ReervVIII CEREB Theta 0.0027 -0.28 -2.131
RcervVIII CEREB High beta 0.0047 -0.28  —2.206

L/R = left/right hemisphere; RSNs = resting state networks; SMN = sensori-
motor network; DAN = dorsal attentional network; VAN = ventral attentional
network; CEREB = cerebellar network.

with the lowest visuomotor performance needed higher interhemi-
spheric functional connectivity between some nodes of the sensorimotor
network to reach a performance within the normative range.

This study contributes to the small but growing literature showing
evidence of atypical brain functioning in children with DCD (for re-
views, see Biotteau et al., 2016; Fuelscher et al., 2018; Hyde et al.,
2019). The observed enhancement in functional brain connectivity
within the dorsal extrastriate visual brain system and the absence of
association with visual perceptual or motor impairments call for further
investigations of the potential compensatory processes at play in DCD.
Visual networks were excluded from previous resting-state fMRI inves-
tigation due to the inability to control for eye behavior and arousal
during fMRI recordings (Rinat et al., 2020). This study highlights that
electrophysiological methods such as MEG can provide good alternative
to study the visual networks in children with DCD as behavior can be
controlled during (i.e., video monitoring) and after (i.e., comparison of
quantity of eye blinks and alpha power) the recordings.

A first limitation of this study is that our DCD sample was composed
of children with and without concurrent ADHD. We controlled for the
severity of ADHD symptoms using the parental questionnaire ADHD-RS-
IV as covariate of no-interest. The use of a questionnaire represents a
limitation as it only reflects the clinical severity of the observable
symptoms. It would be of interest to compare large samples of children
with DCD only to children with concurrent ADHD to better understand
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the brain alterations that are specific to DCD and the differences with
children presenting associated disorders. We introduced several possible
confounding factors (i.e., sex, age, the severity of the ADHD symptoms,
the verbal comprehension index and laterality) as covariates of no in-
terest in the group comparison analysis. Some of these covariates (sex,
severity of ADHD symptoms, verbal comprehension index) did correlate
with the group assignment, which might have affected the sensitivity of
our group comparison analysis. Still, removing these covariates for the
analysis did not reveal any significant results, which is explained by the
fact that including confounding variables in regression models might
enable to control for irrelevant variance and therefore increase the
statistical power (Watson et al., 2013). Second, the sample size of the
groups of children did not enable us to cross-validate our results. As to
the best of our knowledge, no previous study investigated rsFC in chil-
dren with DCD compared to TD peers using MEG, we cannot confront
our results to previous findings. These results should then be replicated
either with MEG as in this study, or with fMRI while including the visual
network and controlling for eye behavior through eye tracking devices.
The recruitment of larger groups of children with DCD and TD children
would allow to validate the results obtained on the first half of the
children on the second half of the participants; providing that both
group of children with DCD are matched in terms of motor and visuo-
motor impairments as well as comorbidities. Third, we used an a priori
approach to investigate the functional brain architecture as we limited
our investigation to 59 nodes of interest. Differences might nevertheless
also occur in other parts of the brain. This approach offers however the
advantages to comprise multiple seeds corresponding to the key regions
of the main functional networks and to study the correlations within and
across networks (Della Penna et al., 2019; de Pasquale et al., 2012). The
spatial topography of these networks, named after their putative func-
tion, was first unraveled in task and consistently reproduced at rest.
However, in the context of this study, the brain regions showing dif-
ferential rsFC between groups were not interpreted in terms of these
RSNs as the nodes involved were mostly interpreted as belonging to the
visual system. Despite the classification into a limited number of major
brain resting state networks, some nodes may be involved in several
brain networks (e.g., Sjogard et al., 2021), possibly limiting the in-
terpretations in terms of cross-networks interactions. Fourth, as children
participated in a rather long experimental protocol, we chose to divide
the protocol in several sessions. The number of sessions varied among
participants to respect the fatigue level of some individual participants
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and to ensure that they would realize the entire protocol. Finally,
although debated, MEG is considered to be less sensitive to deep brain
sources (Hillebrand and Barnes, 2002), especially in children given their
small head size (Gaetz et al., 2008; Pang et al., 2003). This might
therefore limit the ability to unravel abnormalities in brain structures
considered to be involved in DCD pathophysiology such as the basal
ganglia (Bo and Lee, 2013; Querne et al., 2008; McLeod et al., 2014;
Reynolds et al., 2019; Zwicker et al., 2009).

5. Conclusion

This MEG study showed that children with DCD present atypical
functional brain architecture mainly within the dorsal extrastriate
network compared to their TD peers. The observed enhancement in
functional brain connectivity in children with DCD did not correlate
with their motor nor visual perceptual abilities. This pattern of func-
tional brain architecture might therefore correspond to a genetically-
determined characteristic brain trait of children with DCD or to
experienced-dependent neural plasticity associated with an increased
reliance on visual feedback to compensate for motor or movement
representation deficit, independently of motor performance. Altogether,
this study brings unprecedented behavioral and electrophysiological
evidence showing, once again, that DCD is not just a motor disorder.

6. Data statement
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