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Abstract
Aim: This study aimed to (1) quantify attention and executive functioning in chil-
dren with developmental coordination disorder (DCD), (2) assess whether some chil-
dren with DCD are more likely to show attention difficulties, and (3) characterize 
brain correlates of motor and attention deficits.
Method: Fifty-three children (36 with DCD and 17 without) aged 8 to 10 years un-
derwent T1-weighted and diffusion-weighted magnetic resonance imaging, and 
standardized attention and motor assessments. Parents completed questionnaires of 
executive functioning and symptoms of inattention and hyperactivity. We assessed 
regional cortical thickness and surface area, and cerebellar, callosal, and primary 
motor tract structure.
Results: Analyses of covariance and one-sample t-tests identified impaired atten-
tion, non-motor processing speed, and executive functioning in children with DCD, 
yet partial Spearman's rank correlation coefficients revealed these were unrelated 
to one another or the type or severity of the motor deficit. Robust regression analy-
ses revealed that cortical morphology in the posterior cingulate was associated with 
both gross motor skills and inattentive symptoms in children with DCD, while gross 
motor skills were also associated with left corticospinal tract (CST) morphology.
Interpretation: Children with DCD may benefit from routine attention and hyper-
activity assessments. Alterations in the posterior cingulate and CST may be linked 
to impaired forward modelling during movements in children with DCD. Overall, 
alterations in these regions may explain the high rate of non-motor impairments in 
children with DCD.

Developmental coordination disorder (DCD) affects ap-
proximately 5% of schoolchildren and is characterized by 
poor motor skills that significantly impact daily life, in the 

absence of genetic, neurological, or global developmen-
tal disorders.1,2 Children with DCD reportedly also show 
attention, processing speed, and executive functioning 
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impairments, as well as symptoms of inattention and hyper-
activity.3,4 Yet few studies have used standardized neuropsy-
chological tests to assess attention abilities in children with 
DCD, or examined how these abilities relate to motor skills. 
Research identifying the relationships between motor and 
attention profiles in DCD is needed to help clinicians tailor 
the assessment and support for children most at risk of at-
tention difficulties.

Theoretical accounts of DCD postulate that the core 
deficit is either altered automatization of motor sequence 
learning, which implicates premotor and superior parietal 
cortices5 alongside the basal ganglia,6 or poor online control 
of motor skills, driven by anomalies in wider circuits incor-
porating supplementary and premotor areas, the sensorimo-
tor cortex, cingulate gyrus, parietal lobe, and cerebellum.7,8 
Magnetic resonance imaging (MRI) studies of white matter 
in DCD have inconsistently implicated sensorimotor path-
ways, including the corticospinal tract (CST), corpus cal-
losum, internal capsule, posterior thalamic radiations, and 
cerebellar peduncles, as well as tracts outside the sensorimo-
tor system, compared to controls.3,9–11 Poorer overall motor 
abilities have been associated with lower left posterior cin-
gulate volume,11 and microstructural changes in a range of 
tracts including the CST,12,13 posterior thalamic radiations,12 
left superior longitudinal fasciculus,9,13 left internal capsule, 
and right inferior longitudinal fasciculus.13 However, there 
is evidence for unique but overlapping functional brain ac-
tivation patterns in population norm adults performing fine 
and gross motor tasks.14–17 Indeed, impaired aiming and 
catching, reflecting gross motor abilities, but not fine motor 
or balance skills, have been linked with lower volume in the 
cerebral cortex, primarily the premotor and motor cortices, 
and the superior cerebellum in a cohort of children with 
attention-deficit/hyperactivity disorder (ADHD), DCD, and 
co-occurring DCD and ADHD irrespective of symptoms of 
inattention, hyperactivity, and impulsivity.18 Considering 
the heterogenous motor profiles reported in children with 
DCD19,20 affecting fine motor, gross motor, and balance abil-
ities to different degrees, research is needed to characterize 
brain–behaviour relationships in children with DCD to in-
form theoretical models and support the development of in-
terventions that target underlying brain networks.

Despite the high rate of additional impairments in ex-
ecutive functioning, attention abilities, and symptoms of 
inattention and hyperactivity in children with DCD,1,3 the 
structural MRI correlates of these abilities are also not well 
characterized. Primarily, structural MRI studies have inves-
tigated the differences between children with DCD alone and 
DCD with co-occurring ADHD. In a cohort of 226 children, 
associations were reported between cerebellar and premotor 
or motor cortex volumes and gross motor skills in children 
with ADHD, with DCD and co-occurring DCD and ADHD, 
but no differences between groups.18 In contrast, others re-
ported reduced right temporal pole thickness in children 
with DCD alone compared to controls, but widespread re-
ductions in the insula, isthmus of the right posterior cingu-
late gyrus, and the frontal and temporal poles in children 

with co-occurring DCD and ADHD.21 Importantly, thick-
ness in the frontal regions was associated with attention 
abilities in children with DCD and co-occurring DCD and 
ADHD. A study investigating white matter microstructure 
reported reduced fractional anisotropy in the anterior cor-
pus callosum in children with ADHD, the middle section 
of the corpus callosum in children with DCD alone, and in 
both regions in children with concurrent DCD and ADHD 
compared to controls.22 While rates of co-occurrence be-
tween ADHD and DCD are around 30% to 50%,23 up to 80% 
of children with DCD may have executive functioning, hy-
peractivity, and attention deficits.1,3 Indeed, relying on co-
occurring categorical diagnoses may not characterize the 
true nature of additional difficulties in neurodevelopmental 
disorders or underlying neurobiological correlates.24 Re-
search is needed to investigate the relationship between MRI 
metrics and attention difficulties within unselected groups 
of children with DCD with a spectrum of attention abilities.

The first aim of this study was to assess attention abil-
ities, non-motor processing speed, executive functioning, 
and symptoms of inattention and hyperactivity or impul-
sivity in an ecologically valid group of children with DCD 
aged 8 to 10 years compared to typically developing children 
(TDC). The second aim was to determine whether the type 
or severity of motor or behavioural deficits in children with 
DCD are associated with co-occurring attention difficul-
ties. The third aim was to characterize the relationship be-
tween the deficits identified as part of the first aim and brain 
structures of interest (motor control, automatization, and 
attention networks). We used a transdiagnostic approach 
and measured brain–behaviour relationships irrespective of 
additional diagnoses of ADHD or autism spectrum disorder 
(ASD).24

We hypothesized that a large proportion of children 
with DCD would have attention difficulties, irrespective of 
ADHD profile and the severity or type of motor difficulties, 
in accordance with previous literature on executive func-
tioning and information processing deficits in children with 
DCD.3,4 We tested the hypotheses that motor abilities would 
correlate with premotor and superior parietal cortices, in 
accordance with the automatization deficit hypothesis,6 and 

What this paper adds

•	 Children with developmental coordination dis-
order have difficulties in attention, processing 
speed, and executive functioning.

•	 Non-motor impairments were not interrelated 
or correlated with the type or severity of motor 
deficit.

•	 Posterior cingulate morphology was associated 
with gross motor skills and inattention.

•	 Gross motor skills were also associated with left 
corticospinal tract morphology.
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supplementary and premotor areas, sensorimotor cortex, 
cingulate gyrus, parietal lobe, and cerebellar networks in 
accordance with the online motor control deficit hypothe-
sis.8 Finally, we hypothesized that attention deficits would 
correlate with anomalies in frontoparietal networks, in line 
with Posner and Rothbart's neuroanatomical model for at-
tentional orienting, shifting, and executive control,25 and 
with regions identified as associated with co-occurring 
DCD and ADHD.18,21,22

We used an extensive cognitive and motor assessment 
battery to explore the associations between motor and 
attention abilities and identify those that are most ro-
bust. We chose to assess cortical grey and white matter 
regions implicated in attention, motor automatization, 
and motor control networks with corrections for multiple 
comparisons.

M ETHOD

The study procedures were approved by the West London 
Research Ethics Committee (no. 14/LO/00059) from the UK 
Health Research Authority. Written informed consent and 
assent were obtained from all parents or guardians and chil-
dren respectively.

Participants

The recruitment of children with DCD (final sample n = 36) 
and TDC (final sample n = 17) is summarized in Figure S1. 
We did not exclude children with DCD and additional diag-
noses of developmental disorders that commonly co-occur.1 
The Diagnostic and Statistical Manual of Mental Disorders, 
Fifth Edition (DSM-5) diagnostic criteria for DCD and asso-
ciated procedures used to assess them in this study are pro-
vided in Appendix S1.

Hand dominance was determined by asking parents which 
hand the child typically used for writing.26 Maternal years of 
education after age 14 years were used as a proxy of socioeco-
nomic status.27 Additional developmental disorders that were 
either confirmed or under clinical investigation were recorded 
using a semi-structured telephone interview with parents.

Assessment of motor skills, IQ, attention, 
processing speed, and executive function

Motor skills were assessed using the Movement Assessment 
Battery for Children, Second Edition.26 Manual dexterity, 
corresponding to fine motor skills, aiming and catching, 
corresponding to gross motor skills, balance skills, and 
total test scaled scores were calculated. The Movement As-
sessment Battery for Children, Second Edition and Devel-
opmental Coordination Disorder Questionnaire were used 
to detect the impact of motor skill impairments on daily 
life.26,28

The Wechsler Abbreviated Scales of Intelligence, Second 
Edition was administered to obtain a full-scale IQ.29

The assessment of attention, symptoms of inattention 
and hyperactivity or impulsivity, and executive function-
ing is summarized in Table 1. Five subtests of the Test of 
Everyday Attention for Children30 were administered to 
assess sustained attention (Score!), selective attention (Sky 
Search and Sky Search dual task), and attentional control 
(creature counting and opposite worlds) abilities. Subtests 
were chosen because they require verbal responses and cal-
culation of difference scores, and therefore minimized the 
effect of motor impairment on attentional performance. 
In addition, the time taken to complete the first trial of the 
‘same world’ subtest was taken as a measure of non-motor 
processing speed, as previously reported in children born 
preterm.31

Parents completed the Conners 3 full-length question-
naire32 to measure inattentive and hyperactive or impulsive 
symptoms presenting in everyday activities according to the 
updated DSM-5 diagnostic criteria, as well as the presence of 
everyday executive functioning difficulties. The Conners 3 
ADHD probability index, reflecting the similarity between 
a child's scores and children with ADHD assessed with the 
Conners 3, was calculated.

Parents also completed the Children's Communication 
Checklist (CCC-2),33 which is sensitive to ASD and autistic 
traits.34 The Social Interaction Deviance Composite was 
extracted, representing the presence of social communi-
cation impairments that are disproportionate to a child's 
structural language difficulties. It is calculated by sub-
tracting the total score on ‘inappropriate initiation’, ‘non-
verbal communication’, and ‘social relations and interests’ 
items from the total score on ‘speech’, ‘syntax’, ‘semantics’, 
and ‘coherence’ items. Using this composite, children were 
categorized as having a communication profile consistent 
with ASD or autistic traits if (1) the global communication 
score was less than 55 (total score on speech, syntax, se-
mantics, coherence, inappropriate initiation, stereotyped 
language, use of context, and non-verbal communication 
items) and the Social Interaction Deviance Composite was 
less than 0 or (2) if the Social Interaction Deviance Com-
posite was less than or equal to −15 irrespective of global 
communication scores.33

MRI data collection and processing

Participants were scanned on a 3 T Siemens Magnetom 
Prisma MRI scanner at Great Ormond Street Hospital 
for Children using a 20-channel head coil while watch-
ing a video of their choice. T1-weighted magnetization-
prepared rapid acquisition gradient echo (echo time/
repetition time = 2.74/2300 ms, voxel size = 1 mm3, field of 
view = 256 × 256, f lip angle = 8 degrees, coronal acquisi-
tion) and multi-shell diffusion-weighted MRI scans were 
acquired (b = 1000s/mm2 [n = 60], b = 2200 s/mm2 [n = 60], 
echo time/repetition time = 60/3050 ms, voxel size = 2 mm3, 
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13 b = 0 images interspersed, anterior to posterior phase en-
coding, 1 b = 0 image with negative phase encoding). All 
T1-weighted MRI scans were viewed by a consultant paedi-
atric neuroradiologist (KM) and were within normal limits.

Cortical reconstructions were generated from T1-
weighted images using FreeSurfer v5.3 on the Legion 
High Performance Computing Facility (Legion@UCL) ac-
cording to the standard automated pipeline.35,36 Cortical 
surfaces were parcellated into 34 gyral-based regions of in-
terest based on the Desikan–Killiany atlas.37 The total sur-
face area and mean cortical thickness for each region and 
the whole brain were extracted. The total grey and white 
matter volume was also calculated. Further details on the 
T1-weighted image processing are provided in Table  S1. 
One data set from a child with DCD was excluded due to 
poor surface reconstruction.

Three diffusion-weighted MRI data sets from children 
with DCD were excluded due to excessive motion artefact 
(10% of volumes affected before preprocessing). The remain-
ing data sets were analysed using MRtrix3 (https://www.
mrtrix.org/)38 and pre-processed using standard methods 
(https://mrtrix.readt​hedocs.io/en/3.0_rc3/fixel_based_
analy​sis/mt_fibre_densi​ty_cross​-secti​on.html).

Probabilistic tractography was performed in native space 
for the left and right CST, middle cerebellar peduncles, and 
corpus callosum (Table S1). Mean fractional anisotropy val-
ues for each tract were extracted.

In addition to assessing fractional anisotropy, fixel-based 
fibre morphology was used39 to examine alterations in fibre 
populations with voxels, known as ‘fixels’. Diffusion-weighted 

MRI was processed according to the standard multi-tissue 
fixel-based analysis pipeline. Mean fibre density and fibre 
cross-section were extracted for the whole corpus callosum, 
left and right CST, and bilateral middle cerebellar peduncle. 
Fibre density is a microstructural measure related to the intra-
axonal volume of fibres in a certain direction.40 Fibre cross-
section is a macrostructural measure related to fibre bundle 
diameter;39 values were log-transformed to normalize the data 
as recommended by the MRtrix3 pipeline (log[fold change]). 
Details of the diffusion-weighted MRI processing and fixel-
based fibre morphology are provided in Appendix S1.

Fractional anisotropy was reported alongside fixel-
based metrics in accordance with the previous litera-
ture.41,42 Fixel-based metrics were calculated across the 
whole track level to assess the integrity of the circuits 
implicated in motor control, learning, and co-occurring 
DCD and ADHD, as previously conducted,43,44 including 
in adults with DCD.11

We chose whole-track-level measures because we did not 
have a hypothesis regarding focal locations of white matter 
changes along our tracks of interest.

Statistical analyses

Analyses were performed in R v4.0.3 (R Foundation for Sta-
tistical Computing, Vienna, Austria) and SPSS v27.0 (IBM 
Corp., Armonk, NY, USA). Participants with missing data 
were excluded on an analysis-by-analysis basis (<8% for all 
variables; Figure 1).

F I G U R E  1   (a) Proportion of children with developmental coordination disorder (DCD) showing significant impairments across attention and 
processing speed measures, attention-deficit/hyperactivity disorder (ADHD) symptomatology, and executive functioning. (b) Individual profiles of 
children with DCD: the black boxes indicate impairment; the grey boxes indicate no impairment; x indicates missing data.

https://www.mrtrix.org/
https://www.mrtrix.org/
https://mrtrix.readthedocs.io/en/3.0_rc3/fixel_based_analysis/mt_fibre_density_cross-section.html
https://mrtrix.readthedocs.io/en/3.0_rc3/fixel_based_analysis/mt_fibre_density_cross-section.html
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Normality was tested using a Shapiro–Wilk test and 
skewness and kurtosis values. Differences in demographic 
variables were tested using t-tests, and Mann–Whitney U 
and Fisher's exact tests.

The first aim of the study was assessed by examin-
ing differences in motor and non-motor scores between 
children with DCD and TDC, as well as the standard-
ized population mean. The second aim was assessed by 
examining the associations between behavioural scores 
in children with DCD. The third aim was assessed by 
characterizing brain–behaviour relationships for abilities 
found to be impaired in children with DCD in the first 
aim. All analyses, including statistical tests and covari-
ates, are summarized in Table 2. P-values underwent false 
discovery rate (FDR) correction to correct for multiple 
comparisons (Table 2).

Associations between motor, attention and inattention, 
and hyperactivity symptoms and executive functioning 
scores and cortical grey matter and white matter structures 

were hypothesized based on previous theoretical and im-
aging literature (Table 3). Associations between non-motor 
processing speed and white matter volume, mean cortical 
thickness, and total surface area were also assessed.

The investigation of brain–behaviour relationships con-
sisted of two analyses. First, non-parametric correlations 
assessed the relationship between behavioural measures 
and brain metrics across the whole group. This maximized 
statistical power and, by using a non-parametric correla-
tion method, could detect both linear relationships present 
across typically developing controls and children with DCD, 
as well as non-linear relationships driven by the association 
with scores in one group. Then, we ran robust regressions 
(designed to be resistant to outlying observations and non-
normality)45 in the group with DCD alone, using the brain 
metrics identified in the previous analysis as predictors and 
motor and non-motor skills as the outcome measures, ad-
justing for appropriate covariates. When a robust regres-
sion model was significant in children with DCD, we ran an 

T A B L E  2   Analyses undertaken in this study.

Analysis Statistical test Covariates Effect size FDR correction

Aim 1: assess behavioural, attention, and motor differences between children with DCD and TDC

Analysis 1: differences between 
children with DCD and TDC

ANCOVA Full-scale IQ, maternal 
education, ADHD 
probability index, and sex

Partial η2 Across all analyses: 14 tests

Analysis 2: Differences between 
children with DCD and 
population test reference mean

One-sample t-test – – Across all analyses: 14 tests

Aim 2: determine whether different motor or behavioural deficits are associated with co-occurring attention difficulties in children with DCD

Correlations between behavioural 
measures in children with DCD

Partial 
Spearman's 
rank 
correlation 
coefficients

Full-scale IQ, maternal 
education, sex, and ADHD 
probability index (post hoc 
analysis)

Spearman's ρ Across all analyses: 78 tests

Aim 3: characterize brain–behaviour relationships

Analysis 1: correlations between 
cortical grey and white matter 
metrics and significant measures 
identified as part of Aim 1 across 
the whole sample

Spearman's rank 
correlation 
coefficients

– Spearman's ρ Across all measures of a particular 
brain metric for each behavioural 
measure separately

Motor scores
Surface area: 20 tests
Cortical thickness: 20 tests
Fractional anisotropy: 9 tests
Fixel-based metrics: 8 tests
Non-motor scores
Surface area: 18 tests
Cortical thickness: 18 tests
Fractional anisotropy: 6 tests
Fixel-based metrics: 4 tests

Analysis 2: identify whether 
brain–behaviour relationships 
are significant when adjusting 
for covariates in DCD. When 
significant in children with DCD, 
an exploratory analysis was run to 
determine if the models were also 
significant in TDC

Robust regression Full-scale IQ, total grey and 
white matter volume, sex, 
hand dominance (lateralized 
structures), ADHD 
probability index, and 
CCC-2 ASD indication (post 
hoc analyses)

Unstandardized 
coefficients 
(B)

Across all brain analyses separately 
for each behavioural measure

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; ANCOVA, analysis of covariance; ASD, autism spectrum disorder; CCC-2, Children's Communication 
Checklist; DCD, developmental coordination disorder; FDR, false discovery rate; TDC, typically developing children.
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exploratory analysis to determine if it was also significant in 
the group of TDC.

R E SU LTS

Children with DCD and TDC did not differ with regard to 
age, sex, or hand dominance (see Table 4 for the demograph-
ics). The mothers of TDC had significantly higher education 
than the mothers of children with DCD.

Children with DCD scored significantly worse than both 
the group of TDC and the test reference mean on selective at-
tention (Sky Search), sustained attention (Score!), attentional 
control (creature counting), and non-motor processing 
speed (same world time). Children with DCD also displayed 
significantly more symptoms of inattention and hyperactiv-
ity and executive function impairments than TDC (Table 5). 
The results were not different when excluding children with 
DCD who were taking medication for ADHD at the time of 
the assessment (Table  S2). Impairments outside the motor 
domain were highly prevalent in children with DCD (Fig-
ure 1). More than 50% of children with DCD were catego-
rized as impaired on sustained attention (Score!), attentional 
control (creature counting), and non-motor processing 
speed (same world time); 58% to 86% of children with DCD 
had symptoms of inattention or hyperactivity, or executive 
functioning difficulties (Figure  1a). There was significant 

heterogeneity in attention impairments in children with 
DCD (Figure 1b).

Relationship between motor, attention, 
hyperactivity or impulsivity, and executive 
functioning skills in children with DCD

Attention, hyperactivity or impulsivity, and executive func-
tioning skills were unrelated to type or degree of impairment 
in motor skills after adjusting for full-scale IQ, maternal edu-
cation, and sex (Figure  2a). Impaired executive functioning 
was associated with poorer sustained attention (Score!) abili-
ties and more symptoms of inattention in children with DCD. 
A post hoc analysis revealed that adding the ADHD probabil-
ity index and CCC-2 ASD or autistic traits as covariates did not 
alter the associations between impaired executive function-
ing, sustained attention (Score!), and symptoms of inattention 
(Figure 2b–d). When the data of children who were medicated 
for ADHD were removed, impaired executive functioning re-
mained associated with impaired sustained attention (Score!; 
ρ = −0.534, p = 0.002) and symptoms of inattention (ρ = 0.714, 
p < 0.001). Inattentive and hyperactive or impulsive symptoms 
were highly correlated after adjusting for full-scale IQ, mater-
nal education, and sex; however, when including the ADHD 
probability index and CCC-2 ASD or autistic traits as covari-
ates, this correlation was no longer significant.

T A B L E  3   Brain regions investigated for correlations between brain metrics and motor and attention scores.

Variable Motor skills
Attention, inattentive and hyperactive or impulsive symptoms, 
and executive functioning

Brain metric Regions of interest 
implicated in 
motor control and 
automatization of 
motor skills5–7

Regions of interest implicated in 
motor control7

Regions of interest implicated 
in the literature comparing 
DCD and DCD with co-
occurring ADHD

Regions of interest implicated 
in Posner and Rothbart's 
model of attention25

Cortical 
thickness and 
surface area

Caudal middle frontal 
gyrus (contains 
premotor cortex)

Superior parietal 
cortex

Inferior parietal cortex
Superior frontal gyrus (contains 

supplementary motor area)
Cingulate gyrus (caudal anterior, 

posterior, and isthmus of the 
posterior)

Sensorimotor cortex (precentral, 
paracentral, and postcentral 
gyri)

Caudal middle frontal gyrus 
(contains premotor cortex)21

Posterior cingulate gyrus21

Isthmus of the posterior 
cingulate21

Caudal anterior cingulate 
gyrus

Rostral middle frontal gyrus
Superior frontal gyrus
Inferior parietal cortex
Superior parietal cortex
Supramarginal gyrus

Fractional 
anisotropy

Whole corpus 
callosum

Callosal fibres 
connecting the 
caudal middle 
frontal gyri 
(connecting to the 
premotor cortex)

Callosal fibres 
connecting to the 
parietal cortex

CSTs
Callosal fibres connecting the 

precentral gyri
Callosal fibres connecting the 

postcentral gyri
Callosal fibres connecting 

the superior frontal 
gyri (connecting to the 
supplementary motor area)

Middle cerebellar peduncles

Whole corpus callosum22

Callosal fibres connecting the rostral middle frontal gyri22

Callosal fibres connecting the superior frontal gyri22

Middle cerebellar peduncles6

Callosal fibres connecting the 
caudal middle frontal gyri22

Callosal fibres connecting the 
parietal cortices

Fibre density and 
cross-section

Whole corpus 
callosum

CSTs
Middle cerebellar peduncles

Whole corpus callosum22

Middle cerebellar peduncles6

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; CST, corticospinal tract; DCD, developmental coordination disorder.
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Associations between brain measures and 
motor skills

In the first brain–behaviour analysis (correlations across the 
whole sample), lower aiming and catching scores (reflect-
ing gross motor skills) were associated with reduced surface 
area in the bilateral posterior cingulate cortex (left ρ = 0.397; 
right ρ = 0.436), left inferior parietal cortex (ρ = 0.393), left 
superior frontal gyrus (ρ = 0.384), and right caudal mid-
dle frontal gyrus (ρ = 0.410; all pFDR = 0.034). Lower aiming 
and catching scores correlated with lower log(fold change) 
in the corpus callosum (ρ = 0.397, pFDR = 0.034) and left CST 
(ρ = 0.421; pFDR = 0.034), and lower fractional anisotropy in 
the whole corpus callosum (ρ = 0.394; pFDR = 0.034) and the 
parietal (ρ = 0.392; pFDR = 0.034) and postcentral callosal fi-
bres (ρ = 0.373; pFDR = 0.048) (Figure 3). There were no other 
significant correlations between brain measures and motor 
skills.

In the second brain–behaviour analysis (brain pre-
dictors of behavioural scores in children with DCD), 
the surface area of the left posterior cingulate gyrus and 
log(fold change) in the left CST predicted aiming and 
catching scores, corresponding to gross motor abilities, 
in children with DCD when controlling for full-scale IQ, 
sex, grey and white matter volume, and hand dominance 
(Table 6; Figure 4). Adding the ADHD probability index 

(left posterior cingulate gyrus, p = 0.012; left CST log[-
fold change], p = 0.018) or CCC-2 ASD or autistic traits 
(left posterior cingulate gyrus, p = 0.008; left CST log[fold 
change], p = 0.026), and removing children who were med-
icated for ADHD (left posterior cingulate gyrus, p = 0.048; 
left CST log[fold change], p = 0.008) did not alter these re-
sults. These brain measures were not significant predictors 
of aiming and catching in TDC.

No other brain metrics identified in the first analysis 
predicted aiming and catching scores in children with DCD 
when adjusting for covariates.

Associations between brain 
measures and attention, hyperactivity or 
impulsivity, processing speed, and executive 
functioning

In the first brain–behaviour analysis, increased inattentive 
symptoms were associated with thinning in the isthmus of 
the left posterior cingulate cortex across the whole sample 
(ρ = −0.451; pFDR = 0.040; Figure  5). Non-motor processing 
speed (same world time) was negatively correlated with total 
cortical surface area (ρ = −0.342, pFDR = 0.049), but not mean 
cortical thickness (ρ = 0.075, pFDR = 0.609) or white mat-
ter volume (ρ = −0.211, pFDR = 0.195). There were no other 

T A B L E  4   Demographics of children with DCD and typically developing peers.

Children with DCD 
(n = 36)

Typically developing children 
(n = 17) Statistical difference

Age at assessment, mean (SD), range, years:months 9:6 (0:9), 8:3–10:11 9:4 (0:11), 8:3–10:10 t (5) = 0.727, p = 0.474

Male, n (%) 28 (78) 10 (59) p = 0.197

Right-handed, n (%) 32 (89) 12 (71) p = 0.126

Born at fewer than 37 weeks, n (%) 4 (11) 0 (0) p = 0.314

Maternal education in years, median (IQR), range 7 (3.75–8.0), 2–13 8 (7–10), 2–13 U = 192.5, p = 0.014

Co-occurring or suspected diagnoses,a n (%) 23 (67) 0 (0) –

Number of co-occurring diagnoses, n (%)

One 14 (39) 0 (0) –

Two 2 (6) 0 (0) –

Three 4 (11) 0 (0) –

Four 3 (8) 0 (0) –

Type of co-occurring diagnoses, n (%)

Speech and language disorders 10 (28) 0 (0) –

Dyslexia 10 (28) 0 (0) –

Autism spectrum disorder or autistic traits 6 (17) 0 (0) –

ADHD 10 (28)b 0 (0) –

Conners 3 ADHD probability index, median (IQR), 
range

99 (91–99), 51–99 11 (11–11), 11–56 –

CCC-2 communication profile indicative of autism 
spectrum disorder or autistic traits

19 (53) 1 (6)

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; CCC-2, Children's Communication Checklist; DCD, developmental coordination disorder; IQR, 
interquartile range. 
aReported as either confirmed or under clinical investigation by parents during a semi-structured telephone interview.
bTreated with medication at the time of the assessment, n = 3.
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significant correlations between brain measures and skills 
outside the motor domain (Figures S2 and 5).

In the second brain–behaviour analysis, cortical thick-
ness in the left isthmus of the posterior cingulate cortex 
significantly predicted symptoms of inattention in children 
with DCD (B = −20.1, t = −2.48, p = 0.019; R2 = 0.23; Figure 4) 
when correcting for full-scale IQ, sex, and hand dominance 
(Table 6). When adding the ADHD probability index to the 
model, the relationship was no longer significant in children 
with DCD (B = −9.46, t = −1.88, p = 0.071; R2 = 0.72). Remov-
ing children with DCD medicated for ADHD did not alter 
this result (p = 0.618). The left isthmus of the posterior cin-
gulate cortex did not significantly predict symptoms of inat-
tention in TDC (B = 5.88, t = 1.331, p = 0.212; R2 = 0.67).

The cortical surface area did not predict non-motor pro-
cessing speed in children with DCD (B < −0.001, t = −1.58, 
p = 0.124; R2 = 0.27) when correcting for sex and full-scale 
IQ. Removing children with DCD medicated for ADHD did 
not alter this result (p = 0.208).

DISCUSSION

In this study, we identified impaired attention and non-
motor processing speed, and reported higher rates of execu-
tive function impairments and symptoms of inattention and 
hyperactivity in children with DCD than in age-matched 
TDC. We did not find any association between motor and 
attentional measures. Reduced area of the left posterior cin-
gulate gyrus and altered morphology of the left CST were 
implicated in gross motor skills. More inattentive symptoms 
in children with DCD were associated with increased thick-
ness of the left isthmus of the posterior cingulate gyrus; 
however, this was not significant when correcting for the 
probability of ADHD.

Children with DCD had impaired executive function-
ing and information processing abilities, and lower atten-
tion scores, when adjusting for probability of ADHD, IQ, 
and socioeconomic status, with large effect sizes in audi-
tory sustained attention and attentional control. A recent 

T A B L E  5   Motor and non-motor scores in children with DCD and typically developing peers.

Variable Children with DCD
Typically developing 
children Group difference Partial η2 One-sample t-test

Full-scale IQa 98.03 (19.1), 62–136 111.12 (9.39), 92–127 F (1, 47) = 10.4, pFDR = 0.003 0.19 t (35) = − 0.620, pFDR = 0.539

Motor skills

Total motor test scoreb 4 (3), 1–8 8.5 (2.75), 5–11 F (1, 43) = 99.6, pFDR <0.001 0.70 t (34) = − 22, pFDR <0.001

Manual dexterityb 4 (1.25–6.75), 2–10 8 (5–11), 3–13 F (1, 45) = 39.1, pFDR <0.001 0.46 t (35) = − 17.8, pFDR <0.001

Aiming and catchinga 6.64 (3), 2–13 9.75 (2.11), 6–14 F (1, 44) = 12.8, pFDR = 0.001 0.23 t (35) = − 6.66, pFDR <0.001

Balanceb 5 (3–7), 1–10 9 (6–12), 5–14 F (1, 45) = 52.5, pFDR <0.001 0.54 t (34) = − 14.2, pFDR <0.001

Attention

Sky Searchb 8 (6–9), 1–16 11 (9–12), 4–13 F (1, 45) = 10.2, pFDR = 0.003 0.18 t (35) = − 3.73, pFDR <0.001

Score!b 6 (3–10), 1–14 10 (8–13), 5–14 F (1, 45) = 15.0, pFDR <0.001 0.25 t (35) = − 6.58, pFDR <0.001

Creature countingb 5.5 (4–10), 1–13 12 (9–14), 8–14 F (1, 45) = 43.5, pFDR <0.001 0.49 t (35) = − 6.47, pFDR <0.001

Sky Search dual taskb 7 (1–8.75), 1–10 8 (8–11), 3–13 F (1, 43) = 10.22, 
pFDR = 0.003

0.19 t (33) = − 6.95, pFDR <0.001

Opposite worlds time 
differenceb

9.01 (5.56–14.36), 
0.92–24.71

7.30 (5.40–8.45), 
3.05–13.55

F (2, 43) = 1.82, pFDR = 0.185 0.04 –

Non-motor processing speed

Same world time 
takenb

14.35 (12.74–16.52), 
10.15–23.09

10.82 (10.37–11.67), 
9.37–16.05

F (1, 43) = 27.3, pFDR <0.001 0.39 –

ADHD symptomatology and executive functioning difficulties

DSM-5 ADHD 
Inattention Scalea

78.3 (10.68), 58–90 48.3 (6.59), 38–64 F (1, 44) = 123, pFDR <0.001 0.73 t (35) = 17.2, pFDR <0.001

DSM-5 ADHD 
Hyperactivity 
Scalea

75.4 (12.0), 48–90 46.5 (5.84), 39–61 F (1, 45) = 90.9, pFDR <0.001 0.67 t (35) = 13.0, pFDR <0.001

Executive functioning 
difficultiesa

75.4 (10.72), 57–90 46.3 (5.62), 38–57 F (1, 45) = 122, pFDR <0.001 0.72 t (35) = 14.5, pFDR <0.001

Note: Full-scale IQ mean (SD) = 100 (15), motor and attention measures mean (SD) = 10 (3); inattentive and hyperactive or impulsive symptomatology and executive 
functioning measures mean (SD) = 50 (10); significant results are indicated in bold. pFDR, false discovery rate (FDR)-corrected p-value. Covariates: full-scale IQ (excluding 
full-scale IQ analysis), maternal years of education, sex, ADHD probability index, and CCC-2 communication profile indicative of autism spectrum disorder or autistic traits 
(yes/no).
Abbreviations: ADHD, attention-deficit/hyperactivity disorder; CCC-2, Children's Communication Checklist; DCD, developmental coordination disorder; DSM-5, 
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; IQR, interquartile range.
aMean (SD), range.
bMedian (IQR), range.
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F I G U R E  2   (a) Partial Spearman's rank correlation coefficients between motor function, attention, processing speed, symptoms of inattention 
and hyperactivity, and executive functioning impairments in children with developmental coordination disorder correcting for full-scale IQ, sex, and 
maternal education. (b) Partial Spearman's rank correlation coefficients in (a) with additional covariates of attention-deficit/hyperactivity disorder 
(ADHD) probability index and Children's Communication Checklist (CCC-2) autism spectrum disorder (ASD) or autistic traits. Blue indicates positive 
correlations, red indicates negative correlations. (c) Partial plot showing the correlation between difficulties in executive functioning T-score and 
sustained attention (Score!), adjusting for all covariates including ADHD probability index and CCC-2 ASD or autistic traits. (d) Partial plot showing 
the correlation between difficulties in executive functioning T-score and inattentive symptoms T-score, adjusting for all covariates including ADHD 
probability index and CCC-2 ASD or autistic traits.
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meta-analysis reported moderate-to-large deficits in exec-
utive functioning in individuals with DCD, including in 
those without co-occurring ADHD.3 Deficits were identi-
fied in multiple aspects of executive functioning, including 
working memory, inhibitory control, and executive atten-
tion.3 Previous studies also identified impaired information 

processing on standardized clinical assessments46 and 
across experimental modalities, including those without a 
motor component.4 It is important to note that the creature 
counting task requires counting up and down between 1 and 
a maximum of 15, and there is evidence that children with 
DCD show counting impairments;47 therefore, we cannot 

F I G U R E  3   Heatmaps showing Spearman's rank correlation coefficients between motor scores and grey and white matter measures across the whole 
sample.
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discount the influence of mathematical abilities on these re-
sults. Nevertheless, our results contribute to the literature, 
which demonstrates that impaired executive functioning, 
attention, and information processing are a common feature 
in school-aged children with DCD, irrespective of ADHD 
features or the severity and type of motor deficit.

Executive functioning is a set of abilities that enable a per-
son to plan and execute goal-directed activities and support 
other cognitive functions.48 A key part of the diagnostic cri-
teria for DCD is a significant impact of poor motor skills on 
daily living, such as self-care, schooling, and social life. It is 
possible that impaired executive functioning hinders the abil-
ity of children with poor motor skills to compensate for the 
motor impairment, resulting in a significant detrimental im-
pact on daily living. Indeed, our results highlight the need to 
examine the impact of attention and executive function im-
pairments on motor intervention strategies for children with 
DCD. Of particular interest are task-based approaches, such 
as the Cognitive Orientation to daily Occupational Perfor-
mance approach, designed to enable skill acquisition through 
the use of cognitive strategies.49 In this intervention, typically 
a child follows a ‘think–plan–do–check’ model to achieve 
a skill of their choice. Interestingly, presence of ADHD or 
ASD has no reported impact on the effectiveness of this in-
tervention;19 however, additional impairments in attention 
and executive functioning may have an impact on efficacy. 
Assessment by a psychology professional may be necessary 
to fully characterize the impairments in a child with DCD. 
Indeed, we demonstrated that children with DCD are at high 
risk of attention and executive function impairments that 
probably impact their functioning while at school.48

Although only 10 participants had a diagnosis or sus-
pected diagnosis of ADHD, the Conners 3 questionnaire 
indicated the prevalence of symptoms of inattention and 
hyperactivity or impulsivity in nearly 80% of our sample, 
with over 50% having significantly elevated symptoms of 
both inattention and hyperactivity. We were not able to 
determine if all children in the elevated range would meet 
the DSM-5 criteria for ADHD; however, when adjusting for 
probability of ADHD, scores were still significantly higher 
than in TDC. This may reflect a bias in study participation 
towards children with additional deficits. Alternatively, our 
results may reflect the presence of inattention and hyper-
activity in children with developmental disorders who are 
not diagnosed with ADHD. Quantitative measures of symp-
toms of inattention and hyperactivity capture information 
on individual variability that is not available from diagnos-
tic categories. Indeed, a clustering analysis of the Conners 
3 rating scores in a transdiagnostic sample of children with 
difficulties at school found that while diagnoses of ADHD 
are overrepresented in children with inattention, hyperac-
tivity, and executive functioning impairments, this profile 
was not specific to ADHD.50 Further large-scale studies of 
motor skills in children with ADHD and DCD are needed 
to characterize the motor and attention phenotypes related 
to each diagnosis.

Poorer attention, executive functioning, processing speed, 
and symptoms of inattention and hyperactivity were not as-
sociated with the type or severity of motor impairment, even 
when adjusting for the ADHD probability index. In addi-
tion, attention impairments were highly heterogenous with 
no correlation between scores. Our results suggest that all 

T A B L E  6   Robust regression analyses of predictors of gross motor skills

Region Children with DCD Typically developing children

B t pFDR R2 B t p R2

Left CST log(fold change) 28.3 2.96 0.032 0.38 12.1 0.848 0.416 0.27

Left posterior cingulate 
gyrus surface area

0.0105 3.13 0.032 0.35 <0.001 0.032 0.975 0.15

Postcentral callosal fibre 
fractional anisotropy

40.3 1.83 0.260 0.24

Parietal callosal fibre 
fractional anisotropy

25.4 0.887 0.424 0.16

Whole corpus callosum 
fractional anisotropy

39.8 1.6 0.300 0.22

Corpus callosum log(fold 
change)

15.9 1.39 0.348 0.20

Right posterior cingulate 
gyrus surface area

0.005 1.16 0.364 0.16

Right caudal middle frontal 
gyrus surface area

0.001 0.765 0.704 0.13

Left superior frontal gyrus 
surface area

0.0009 0.996 0.410 0.15

Left inferior parietal cortex 
surface area

0.002 1.28 0.352 0.13

Abbreviations: CST, corticospinal tract; DCD, developmental coordination disorder.
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children with DCD are at risk of additional impairments in 
attention and executive functioning, rather than those with 
a particular subtype or severity of DCD. Impaired perfor-
mance on standardized tests of attention is not diagnostic 
for ADHD.51 Interestingly, deficits in executive functioning 
and processing speed have been identified in other develop-
mental disorders that co-occur with DCD.52,53 Information 
processing and executive function deficits may explain over-
lapping behavioural phenotypes with other developmental 
disorders.

Lower gross motor skills (assessed using an aiming and 
catching task) were associated with reduced surface area in 
the left posterior cingulate, while cortical thinning in the 
adjacent isthmus was associated with higher inattentive 
symptomatology. A previous study reported that decreased 
grey matter concentration in a region of the left posterior 
cingulate and precuneus was associated with poorer overall 
motor abilities in children.11 We refined this finding to sug-
gest that surface area but not cortical thickness in the poste-
rior cingulate is specifically related to gross motor abilities. 
Resting state functional connectivity between the posterior 

cingulate and sensorimotor networks is also reportedly re-
duced in children with DCD compared to TDC.54 When 
correcting for the ADHD probability index, the association 
between cortical thickness of the isthmus of the posterior 
cingulate and inattention was no longer significant, sug-
gesting that alterations in this area may be a correlate of 
co-occurring ADHD. In accordance with this suggestion, 
Langevin and colleagues21 reported differences in cortical 
thickness of the right isthmus of the posterior cingulate in 
children with DCD with co-occurring ADHD compared to 
controls. Altered structure and function of the posterior cin-
gulate cortex has been reported in individuals with ADHD 
and ASD.55 It is possible that altered structure and function 
of the posterior cingulate is a feature common to multiple 
developmental disorders, reflecting altered cortical matu-
ration; the nature of these alterations may account for co-
occurrence between disorders.

In typical brain development, thickness increases rap-
idly to a peak before 2 years of age, before decreasing across 
childhood and adulthood, while cortical surface area in-
creases over childhood to a peak at 11 to 12 years before 

F I G U R E  4   Relationship between gross motor abilities (aiming and catching) and left posterior cingulate surface area, and log(fold change) in the 
left corticospinal tract, and inattentive symptoms and cortical thickness in the left isthmus of the posterior cingulate in children with developmental 
coordination disorder covarying for sex, hand dominance, full-scale IQ, and grey and white matter volume.
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decreasing in adolescence and adulthood.56 Wenger and 
colleagues57 suggested that learning and skill acquisition 
expands cortical thickness before thickness reduces as inef-
ficient and redundant connections are pruned. In contrast, 
a higher cortical surface area may reflect more cortical col-
umns, functional units in the cortex, available for informa-
tion processing.58 The associations with cortical features 
in this study may reflect delayed or altered maturation. We 
speculate that reduced surface area of the posterior cingulate 
gyrus may reflect fewer cortical columns, while increased 
thickness may reflect impaired cortical pruning.

The posterior cingulate may be implicated in detecting 
changes in the environment requiring a behavioural re-
sponse.55 The prevailing theoretical account suggests that 
poor online control of motor skills underlies DCD and a 
recent review cited evidence of deficits in internal model-
ling of motor commands across a range of behavioural par-
adigms.3 According to key models of motor control,59 copies 
of motor commands sent to the musculoskeletal system (‘ef-
ference copies’) are used in the brain to create predictions 
of the functional, sensory, and positional outcome of motor 
commands. The actual outcome of movement is estimated 
based on sensory input and compared to the prediction. If 
a discrepancy between predicted and actual movement is 
detected, errors are used to correct motor execution and 
update stored motor programmes. Children with DCD may 
have impaired error detection resulting in poor motor con-
trol and unrefined motor programmes.60 In this study, we 
propose that the altered detection of environmental changes 

by the posterior cingulate impairs the estimation of motor 
outcomes and online motor control in children with DCD.

Poorer gross motor skills in children with DCD were 
associated with reduced left CST cross-section. Our results 
are in contrast with Hyde and colleagues,9 who reported 
no differences in fibre density or log(fold change) in adults 
with DCD compared to TDC, whereas Brown-Lum and col-
leagues10 reported reduced fractional anisotropy and axial 
diffusivity in the right but not left CST. Interestingly, neither 
of these studies investigated whether the type of motor defi-
cit was associated with tract structure. Our results suggest 
that altered fibre morphology but not microstructure in the 
left CST may be a specific feature of DCD with gross motor 
impairments in childhood. Several functional MRI studies 
in children with DCD reported reduced activation in the 
left primary motor cortex and reduced functional connec-
tivity between the left sensorimotor cortex and the rest of 
the brain (see Subara-Zukic et al.3 for a review); however, 
these studies did not relate the MRI findings to the severity 
or type of motor skill impairments. Altogether, our finding 
of an altered CST morphology points to the importance of 
sensorimotor tracts in motor skills and is consistent with 
impaired motor control in children with DCD.3,7,59

Limitations

Our sample could be considered heterogeneous because 
we included children with a wide range of co-occurring 

F I G U R E  5   Heatmap showing Spearman's rank correlation coefficients between attention scores, symptoms of inattention and hyperactivity, 
executive functioning, and regional cortical thickness. *pFDR <0.05.
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disorders, as well as children taking medication for ADHD, 
which may have influenced the MRI findings. We also did 
not exclude children who had received intervention to im-
prove motor skills. Nevertheless, the strength of this study 
was precisely that our results are generalizable to the wider 
population with DCD with co-occurring difficulties and 
those with differing support levels. While our group of TDC 
was not large, our primary aim was to characterize non-
motor abilities in children with DCD.

In this study, we investigated how an ecologically valid 
cohort of children with DCD differed from a sample of 
typically developing controls. However, as our group of 
TDC was a convenience sample, we were not able to inves-
tigate how children with DCD differ from children with 
ADHD and other attention and executive functioning im-
pairments. Future research with larger population samples 
would further our understanding of the relationship be-
tween neurodevelopmental disorders in the wider paedi-
atric population.

Conclusions

Impaired attention, processing speed, and executive func-
tioning were features of DCD in our ecologically valid co-
hort, regardless of the type or severity of motor impairment 
or probability of ADHD, and a communication profile in-
dicative of ASD or autistic traits. Altered cortical morphol-
ogy in the posterior cingulate was associated with both gross 
motor skills and inattentive symptoms, suggesting a possible 
feature of co-occurring disorders. Gross motor skills were 
also associated with fibre morphology in the left CST. These 
regions may be implicated in online motor control and en-
vironmental change detection, deficits in which are thought 
to underlie DCD.
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