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a b s t r a c t 

Developmental coordination disorder (DCD) and attention deficit / hyperactivity disorder (ADHD) are preva- 

lent childhood disorders that frequently co-occur. Evidence from neuroimaging research suggests that chil- 

dren with these disorders exhibit disruptions in motor circuitry, which could account for the high rate of 

co-occurrence. The primary objective of this study was to investigate the functional connections of the mo- 

tor network in children with DCD and / or ADHD compared to typically developing controls, with the aim

of identifying common neurophysiological substrates. Resting-state fMRI was performed on seven children 

with DCD, 21 with ADHD, 18 with DCD + ADHD and 23 controls. Resting-state connectivity of the primary 

motor cortex was compared between each group and controls, using age as a co-factor. Relative to controls, 

children with DCD and / or ADHD exhibited similar reductions in functional connectivity between the primary 

motor cortex and the bilateral inferior frontal gyri, right supramarginal gyrus, angular gyri, insular cortices, 

amygdala, putamen, and pallidum. In addition, children with DCD and / or ADHD exhibited different age- 

related patterns of connectivity, compared to controls. These findings suggest that children with DCD and / or 

ADHD exhibit disruptions in motor circuitry, which may contribute to problems with motor functioning 

and attention. Our results support the existence of common neurophysiological substrates underlying both 

motor and attention problems. 
c © 2014 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-SA license 

( http: // creativecommons.org / licenses / by-nc-sa / 3.0 / ). 
. Introduction 

Developmental coordination disorder (DCD) occurs in approxi- 

ately 5–6% of children and is associated with impairments in fine 

nd gross motor functions ( American Psychiatric Association, 2000 ). 
Abbreviations: ADHD, attention deficit / hyperactivity disorder; DCD, developmen- 

al coordination disorder; DSM-IV, Diagnostic and Statistical Manual of Mental Dis- 

rders (4th edition); DTI, diffusion tensor imaging; FC, functional connectivity; GLM 

eneral, linear model; fMRI, functional magnetic resonance imaging; ICA, indepen- 

ent component analysis; M1, primary motor cortex; PFC, prefrontal cortex; rs-fMRI, 

esting-state fMRI. 

* Corresponding author at: Behavioural Research Unit, Alberta Children’s Hospital, 

888 Shaganappi Trail N.W., Calgary, AB T3B 6A8, Canada. 

E-mail address: dmdewey@ucalgary.ca (D. Dewey ). 

213-1582/ $ - see front matter c © 2014 The Authors. Published by Elsevier Inc. This is an open

y-nc-sa / 3.0 / ). 

ttp://dx.doi.org/10.1016/j.nicl.2014.03.010 
Attention-deficit / hyperactivity disorder (ADHD), which affects ap- 

proximately 5% of children, is characterized by age-inappropriate lev- 

els of inattention, hyperactivity and / or impulsivity ( American Psychi- 

atric Association, 2000 ). DCD and ADHD have been found to co-occur 

in up to 50% of affected children ( Kadesjo and Gillberg, 1998 ; Pitcher 

et al., 2003 ) and have both been associated with neuropsychological 

deficits, academic difficulties and behavior problems that can lead to 

long-term issues in social and mental health ( Able et al., 2007 ; Lingam 

et al., 2012 ). Early identification and intervention are therefore critical 

to improve outcomes. 

Imaging studies suggest that disruptions in brain motor circuitry 

are associated with both ADHD and DCD. In children with ADHD, 

meta-analyses have consistently reported reduced volumes in the 

right hemisphere ( Valera et al., 2007 ), including the right prefrontal 
 access article under the CC BY-NC-SA license ( http: // creativecommons.org / licenses / 

http://dx.doi.org/10.1016/j.nicl.2014.03.010
http://www.sciencedirect.com/science/journal/22131582
http://www.elsevier.com/locate/ynicl
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.nicl.2014.03.010&domain=pdf
http://creativecommons.org/licenses/by-nc-sa/3.0/
mailto:dmdewey@ucalgary.ca
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://dx.doi.org/10.1016/j.nicl.2014.03.010


K.R. McLeod et al. / NeuroImage: Clinical 4 (2014) 566–575 567 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cortex (PFC) ( Valera et al., 2007 ), frontal white matter ( Valera et

al., 2007 ), right putamen / pallidus ( Ellison-Wright et al., 2008 ; Frodl

and Skokauskas, 2012 ; Nakao et al., 2011 ) and caudate ( Frodl and

Skokauskas, 2012 ; Nakao et al., 2011 ). Consistent with these find-

ings, diffusion tensor imaging (DTI) studies of children with ADHD

have reported reduced white matter integrity in the corticospinal

tract ( Hamilton et al., 2008 ) and in regions between the basal gan-

glia and PFC ( de Zeeuw et al., 2012 ; Langevin et al., 2014 ). Functional

magnetic resonance imaging (fMRI) studies have also implicated mo-

tor regions in children with ADHD ( Booth et al., 2005 ; Durston et

al., 2003 ; Durston et al., 2006 ; Mostofsky et al., 2006 ; Suskauer et

al., 2008 ). Limited imaging research has been conducted on children

with DCD; however, recent DTI studies have reported reduced white

matter integrity within the corticospinal tract ( Zwicker et al., 2012 )

and superior / posterior parietal regions of the corpus callosum and the

left superior longitudinal fasciculus ( Langevin et al., 2014 ). Functional

MRI studies have implicated motor regions immediately overlying the

corticospinal tract ( Kashiwagi et al., 2009 ; Querne et al., 2008 ; Zwicker

et al. , 2010 , 2011 ) and one fMRI study investigating functional con-

nectivity (FC) (i.e., temporal synchrony between brain regions, which

is an indicator of functional connection strength) during a Go / No Go

task reported that children with DCD exhibit increased connectiv-

ity between the left middle frontal and inferior parietal cortices and

reduced connectivity between the right striatum and parietal cor-

tex ( Querne et al., 2008 ). These findings suggest that the functional

connections between the striatum and the parietal cortex, areas that

integrate sensory information in motor responses, are altered in chil-

dren with DCD. 

Functional connectivity can also been examined when participants

are not performing an explicit task during imaging, referred to as

resting-state fMRI (rs-fMRI). Studies using rs-fMRI in children with

ADHD have observed FC differences within frontostriatal circuits, at-

tention circuits, and the default mode network ( Cao et al., 2006 ; Cao

et al., 2009 ; Tian et al., 2006 ; Zang et al., 2007 ). Findings of increased

FC between the dorsal anterior cingulate cortex and the bilateral tha-

lamus, cerebellum, insula and brainstem ( Tian et al., 2006 ), as well

as increased FC between the cerebellum and the right inferior frontal

and left somatosensory cortices ( Zang et al., 2007 ) support the in-

volvement of motor pathways in ADHD. No studies, however, have

specifically examined FC within the motor network. Furthermore, no

rs-fMRI studies have investigated FC in the motor network of children

with DCD or co-occurring DCD and ADHD. 

In the present study, we used rs-fMRI to investigate brain regions

that are functionally connected with the primary motor cortex (M1) in

children with DCD and / or ADHD. The M1 was selected because motor

circuitry converges upon M1 for movement execution and it is con-

sistently identifiable on MR images because of its location and shape

( Golestani and Goodyear, 2011 ; Yousry et al., 1995 ). We hypothe-

sized that children with DCD and / or ADHD would exhibit altered FC

between M1 and brain regions involved in motor functioning and

sensorimotor processing compared to typically developing children.

Regions exhibiting common FC alterations among children with DCD,

ADHD or co-occurring DCD and ADHD compared to typically develop-

ing children would provide support for a common neurophysiological

basis for these disorders. 

2. Methods 

2.1. Participants, recruitment details and assessments 

Participants 8–17 years of age were recruited through advertise-

ments posted in the local community, schools, and physicians’ offices

in Calgary, Alberta, Canada, and Alberta-based newsletters and web-

sites devoted to learning disabilities, ADHD and developmental coor-

dination disorder. These advertisements invited parents of children

with motor or attention problems and parents of children who did not
have motor or attention problems to contact the investigators regard-

ing the study. Parents who responded were screened by telephone.

Exclusion criteria included diagnosed metabolic or genetic condition,

epilepsy or other seizure disorder, cerebral palsy, intellectual disabil-

ity, autism spectrum disorder, fetal alcohol spectrum disorder, psy-

chiatric disorder other than ADHD, prematurity (born at < 36 weeks

of gestation), and very low birth weight ( < 1500 g). Individuals with a

previous diagnosis of DCD and / or ADHD and individuals who had

not been diagnosed previously, but who met the above inclusion

criteria were invited to participate in a detailed neuropsychologi-

cal assessment. Based on their performance on standardized neu-

ropsychological measures participants were classified as DCD, ADHD,

DCD + ADHD or controls ( Table 1 ). Those who scored less than the

16th percentile on the Movement Assessment Battery for Children —

Second Edition ( Henderson et al., 2007 ) and were reported by par-

ents as exhibiting motor difficulties that interfered significantly with

daily functioning on the Developmental Coordination Questionnaire

( Wilson et al., 2000 ) were classified as DCD. Children were classified

as ADHD if they met the diagnostic criteria on the Diagnostic Inter-

view for Children and Adolescents-IV ( Reich et al., 1997 ), or had a T

score above the 95th percentile on the Conners’ Parent Rating Scale

— Revised ( Conners et al., 1998 ) and were diagnosed by a physician

as having ADHD based on DSM-IV criteria ( American Psychiatric As-

sociation, 2000 ). Children meeting our research criteria for both DCD

and ADHD were classified as DCD + ADHD. Children not meeting our

research criteria for DCD, ADHD or DCD + ADHD were assigned to

the typically developing control group. 

Children who were on stimulant treatment for ADHD were asked

to refrain from taking their medication on the day of assessment. No

children in the control and DCD groups were on stimulant medication,

11 of 21 the children in the ADHD group were on stimulant medica-

tion, and 9 of 18 children in the DCD + ADHD group were on stimulant

medication. A significant difference was found between the control

and ADHD groups for sex [ χ (1, N = 44) = 9.69, p < 0.002]. This is con-

sistent with research, which has reported higher prevalence of ADHD

in males ( Ramtekkar et al., 2010 ). No group differences were found

for age, handedness or IQ ( Table 1 ). This research was conducted in

accordance with the code of ethics of the World Medical Association

(Declaration of Helsinki) for experiments involving human subjects

and was approved by the Conjoint Health Research Ethics Board of the

University of Calgary. Written consent was obtained from parents /
guardians, and verbal assent was obtained from the participants. 

2.2. Image acquisition and analysis 

Images were collected using a 3 Tesla GE MR scanner (Signa VH / i,
GE Healthcare, Waukesha, WI) with an eight-channel phased-array

radiofrequency head coil. Resting-state fMRI consisted of 5 min of a

T 2 *-weighted gradient-recalled echo, echo planar imaging (EPI) se-

quence (TR / TE = 2000 / 30 ms, flip angle = 70 ◦, matrix size 64 × 64,

FOV = 220 mm × 220 mm, 4-mm slice thickness, 26 slices). Par-

ticipants were instructed to look at a fixation cross at the center

of a screen. T 1 -weighted images were obtained for anatomical reg-

istration of the fMRI data (multi-slice fast spoiled gradient echo;

TR / TE = 200 / 2.5 ms, flip angle = 18 ◦, matrix size = 128 × 128,

FOV = 220 × 220 mm, 4-mm slice thickness, 40 slices). 

Resting-state fMRI data were pre-processed prior to

statistical analysis with the FMRIB Software Library (FSL,

http: // www.fmrib.ox.ac.uk / fsl ). This included scalp and skull

removal using the Brain Extraction Tool (BET) ( Smith, 2002 ), motion

correction using MCFLIRT ( Jenkinson et al., 2002 ), interleaved slice

timing correction, temporal high pass filtering ( > 0.01 Hz), spatial

smoothing using a Gaussian kernel of 6 mm, and registration to the

MNI standard template. T 1 -weighted images were segmented into

grey matter, white matter and cerebrospinal fluid using FMRIB’s

Automated Segmentation Tool (FAST) ( Zhang et al., 2001 ). MCFLIRT

http://www.fmrib.ox.ac.uk/fsl


568 K.R. McLeod et al. / NeuroImage: Clinical 4 (2014) 566–575 

Table 1 

Participant characteristics. 

Controls ADHD DCD DCD + ADHD 

Age in years 11.3 ± 2.8 12.5 ± 2.9 13.0 ± 2.5 11.5 ± 3.0 

N (females) 23 (12) 21 (1) a 7 (2) 18 (4) 

Left-handed 2 2 1 4 

WASI IQ 113.0 ± 13.4 105.4 ± 11.8 107.0 ± 13.0 104.8 ± 15.8 

CPRSC-C score 51.7 ± 9.5 72.5 a,b ± 8.7 50.9 ± 3.9 72.2 a,b ± 12.0 

CPRSC-H score 51.6 ± 9.4 71.1 a,b ± 14.1 49.7 ± 3.4 65.0 a,b ± 13.8 

MABC-2 score 10.1 ± 2.2 9.5 ± 1.6 5.1 a,c ± 2.0 4.4 a,c ± 2.2 

WASI IQ = Wechsler Abbreviated Scale of Intelligence IQ; CPRSC-C = Conner’s Parent Rating Scale Revised Children Cognitive Problems / Inattention; CPRSC-H = Conner’s Parent 

Rating Scale Revised / Hyperactivity; MABC-2 = Movement Assessment Battery for Children — Second Edition. 

CPRSC Scores were not available for one child in the ADHD group. 
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nalysis revealed no group difference in head motion, M1 center of 

ravity, or degree of correlation among voxels within the mask. The 

enter of gravity of the M1 mask and the degree of correlation among 

he voxels of the mask did not differ between groups. Thus, the M1 

ask represented an equivalent region across all groups. 

For each participant, a mask of left M1 was manually drawn on the 

natomical image using the FSLView drawing tool, with the omega- 

haped anatomical landmark of M1 as a guide ( Yousry et al., 1995 ). 

he mask was registered to the native resting-state data space using 

LIRT, and then reduced to a final volume of 100 contiguous voxels 

sing the process of intervoxel cross-correlation, which identifies the 

egion with the greatest homogeneity in terms of temporal synchrony 

 Golestani and Goodyear, 2011 ). The center of gravity and the degree 

f cross-correlation within the mask were each tested between sub- 

ect groups using Student’s t-tests, to determine if there was a group 

ias in this method of mask generation. 

The average time series of all the voxels in the left M1 mask was 

enerated from the preprocessed resting-state data, to act as the re- 

ressor of interest in a time-series analysis using the general linear 

odel (GLM). This analysis generated a whole-brain voxel-by-voxel 

stimate of FC with M1. The average time series from the segmented 

hite matter masks, CSF masks and six head motion parameters were 

sed as nuisance regressors. Groups were compared using a mixed 

ffects GLM model. FC maps were created for each participant group 

nd for the differences between each group, using age as a co-factor. 

verage Z -statistic images for each group were generated for clusters 

f 25 or more voxels and a Z -score greater than 3.1, correspond- 

ng to a corrected cluster significance of p = 0.05 ( Woolrich et al., 

004 ; Worsley, 2003 ). For differences between participant groups, 

 -statistic images were generated for clusters of 75 or more vox- 

ls and a Z- score greater than 2.3 ( p = 0.05). Brain regions within 

hese Z -statistic images were anatomically identified by Brodmann’s 

rea and the Harvard-Oxford Cortical and Subcortical Structural atlas 

 Lancaster et al., 2000 ; Lancaster et al., 2007 ). 

. Results 

.1. Resting-state fMRI 

Each group exhibited resting-state connectivity of motor circuitry 

onsistent with that reported by Deco and Corbetta (2011) . Data anal- 

sis revealed that no differences in FC were associated with sex (i.e., 

ales and females demonstrated no significant differences in FC pat- 

erns) or handedness; therefore, these variables were not included 

s co-factors in the group analysis, in order to maintain sufficient 

egrees of freedom. Brain regions exhibiting significant FC with the 

eft M1 included the contralateral motor cortex, bilateral premotor 

ortices, somatosensory cortices and striatum. Fig. 1 shows brain re- 

ions that differed significantly between the control group and all 

iagnostic groups. Compared to the control group, the DCD group 

emonstrated decreased FC with M1 in the bilateral inferior frontal 
gyri, right frontal operculum cortex, right supramarginal gyrus, bilat- 

eral insular cortices and superior temporal gyri ( Table 2 ). Subcortical 

structures exhibiting decreased FC included the bilateral caudate and 

the right nucleus accumbens, pallidum and putamen. No regions ex- 

hibited increased FC with M1. In the ADHD group, decreased FC with 

M1 was observed in the bilateral frontal eye fields, bilateral inferior 

frontal gyri, left middle frontal gyrus, right anterior cingulate cortex 

and frontopolar cortex. More posteriorly, decreased FC was observed 

in the bilateral supramarginal gyri, right auditory cortex and bilat- 

eral insular cortices. Subcortical structures that exhibited reduced 

connectivity with M1 in children with ADHD included the left amyg- 

dala, bilateral putamen, globus pallidus and brainstem. No regions 

exhibited greater FC with M1. Relative to controls, the DCD + ADHD 

group exhibited lower FC in the right motor cortex, left supramarginal 

gyrus, bilateral postcentral gyri, left putamen, left pallidum and left 

amygdala. Regions exhibiting greater FC with M1 included the left 

frontopolar cortex and lingual gyrus. 

Direct comparison of the clinical groups revealed greater FC with 

M1 in the left postcentral gyrus and left superior frontal gyrus in 

children with DCD compared to ADHD ( Table 3 ). The ADHD group 

exhibited greater FC compared to the DCD group in the right cau- 

date, middle frontal gyrus, left superior temporal gyrus and bilateral 

inferior frontal gyri. Compared to the DCD + ADHD group, children 

with ADHD exhibited greater FC between M1 and the left postcentral 

gyrus. Children with DCD + ADHD evidenced greater FC between M1 

and the bilateral precuneus cortices and anterior cingulate gyri, the 

left premotor cortex and postcentral gyrus, and the right parietal op- 

erculum cortex and angular gyrus, compared to children with ADHD. 

Compared to the DCD group, children with DCD + ADHD exhibited 

greater FC between M1 and the bilateral caudate nuclei and anterior 

superior temporal gyri, the left premotor cortex, postcentral gyri and 

frontopolar cortex, and the right inferior frontal gyrus and parietal 

operculum cortex. 

3.2. Connectivity association with age 

Within group effects were investigated for age. Between group 

differences were not examined due to the limited sample size. In 

controls, increasing age was associated with greater FC between M1 

and the bilateral precentral and postcentral gyri as well as the right 

superior frontal gyrus ( Fig. 2 , Table 4 ). Lower FC was observed in the 

bilateral occipital poles, left lingual gyrus, and right anterior cingulate 

cortex. In the DCD group, older age was associated with greater FC 

between M1 and the left frontal pole, left precuneus cortex and right 

paracingulate gyrus, and lower FC between M1 and the left occipital 

lobe, right motor cortex, left supplementary motor area and thala- 

mus. In the ADHD group, age was positively associated with greater 

FC between M1 and a number of brain regions including the dor- 

solateral prefrontal cortices, paracingulate gyrus, right superior and 

middle temporal gyri, right insular cortex, lateral occipital cortices 

and precuneus. Older age was associated with lower FC between M1 
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Table 2 

Regions exhibiting altered functional connectivity with left primary motor cortex in children with DCD, ADHD and DCD + ADHD. 

Comparison Brain region Z score x y z BA 

DCD < controls 

R anterior superior 

temporal 

gyrus / planum 

polare 

3.16 58 −4 −2 6, 22 

R frontal operculum 

cortex 

3.0 46 16 4 13 

R inferior frontal 

gyrus / precentral 

gyrus 

2.93 54 12 2 44, 45 

R caudate 2.88 8 10 0 –

R nucleus 

sccumbens 

2.85 10 8 −6 –

L insular cortex 2.79 −40 8 −6 13 

L superior temporal 

gyrus (anterior) 

2.79 −56 −14 −6 −21 

L inferior frontal 

gyrus / precentral 

2.76 −54 10 2 13, 44 

R insular cortex 2.71 38 0 −6 13 

L anterior cingulate 

gyrus 

2.71 −4 40 −4 24 

R pallidum 2.66 14 4 −4 –

L caudate (all) 2.66 −14 14 2 –

Paracingulate 

gyrus / superior 

frontal gyrus 

2.56 0 48 28 9 

R putamen (ventral) 2.53 28 8 2 –

ADHD < controls R parietal 

operculum 

2.53 52 −32 22 13 

R parietal 

operculum cortex / 

supramarginal gyrus 

3.69 60 −26 28 40 

R auditory 

cortex / insular 

cortex 

3.58 46 −10 0 13 

Frontal eye fields 3.29 0 30 40 8 

L pallidum 3.28 −18 −4 −8 –

R inferior frontal 

gyrus 

3.26 48 14 30 9 

L angular / 

supramarginal gyri 

3.26 −54 −52 22 22, 39, 40 

L supramarginal 

gyrus 

3.21 −48 −40 34 40 

Brainstem 3.17 −2 −28 2 –

L amygdala 2.97 −20 −6 −10 –

L insular cortex 2.96 −42 −6 −2 13 

L inferior frontal 

gyrus 

2.89 −44 32 2 45, 47 

R anterior cingulate 

gyrus 

2.88 −8 18 34 24, 32 

L putamen 2.71 −28 −12 2 –

R putamen, 

pallidum 

2.67 20 4 6 –

L middle frontal 

gyrus 

2.66 −38 10 40 6 

DCD + ADHD < con- 

trols 

L pallidum 3.55 −18 −6 −8 –

R postcentral gyrus 3.49 64 −8 26 4 

R motor cortex 3.32 62 2 26 6 

L supramarginal 

gyrus (anterior) 

2.96 −56 −26 38 2, 40 

L 

putamen / pallidum 

(dorsal) 

2.85 −26 −14 6 –

L amygdala 2.79 −20 −8 −12 –

L postcentral gyrus 2.71 −56 −16 34 3 

DCD + ADHD > con- 

trols 

Lingual gyrus 3.46 0 −72 −2 –

L lingual gyrus 3.41 −4 −84 −16 –

L frontopolar cortex 3.22 −26 64 8 10 

BA = Brodmann’s Area, L = left, R = right. Coordinates ( x , y , and z ) given in mm of MNI template space. 
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Fig. 1. Regions exhibiting greater (red) and lower (blue) functional connectivity with left M1 in controls compared to children in the ADHD (top), DCD (middle), and DCD + ADHD 

(bottom) groups. Colors indicate statistical significance, expressed as Z -scores. 
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nd the angular gyri, left precentral and middle frontal gyri, right an- 

erior cingulate cortex, and left superior lateral occipital cortex. In the 

CD + ADHD group, increasing age was not associated with greater 

C in any brain regions. Increasing age, however, was associated with 

ower FC between M1 and the right angular gyrus, lateral occipital 

ortex, and right superior and middle temporal gyri. 

. Discussion 

This study is the first to report that children with motor and / 
r attention problems exhibit altered FC with M1 within the motor 

etwork as well as with brain regions involved in cognitive control of 

ovement and sensorimotor processing. 

.1. Resting-state motor connectivity of children with DCD 

The alterations in FC we observed in children with DCD are con- 

istent with commonly reported deficits in motor execution, motor 

ontrol, motor planning and sensorimotor processing. Reduced FC be- 

ween M1 and the caudate, putamen, and globus pallidus in children 

ith DCD suggests disrupted connectivity between regions associ- 

ted with motor execution and motor control. Similarly, reductions 

n connectivity between M1 and the inferior frontal gyrus is consis- 

ent with disruptions in fine motor control, inhibition and integra- 

ion of sensory input into action reported previously ( Liakakis et al., 

011 ). Consistent with decreased insular cortex involvement during 

rail-tracing in children with DCD ( Zwicker et al., 2010 ), we observed 

educed FC between M1 and the posterior insular cortex, which could 

lso be related to disruptions in sensorimotor processing and mo- 

or output ( Cauda et al., 2012 ). Cognitive control regions related to 

orking memory and motor planning (i.e., prefrontal cortex) also ex- 

ibited altered FC in children with DCD. As a result, motor execution 

egions may receive degraded input from areas responsible for motor 
planning, organization and regulation ( Christoff and Gabrieli, 2000 ). 

4.2. Resting-state motor connectivity of children with ADHD 

Reduced FC in the striatum, putamen and other subcortical struc- 

tures in children with ADHD is consistent with observations of previ- 

ous imaging studies ( Cao et al., 2009 ; Castellanos et al., 1996 ; Durston 

et al., 2003 ; Suskauer et al., 2008 ). Lower connectivity between M1 

and the frontal eye fields, areas associated with visual attention 

( Schall, 2004 ), and the left postcentral gyrus, a key component of 

the neural network involved in working memory ( du Boisgueheneuc 

et al., 2006 ), could be linked to deficits in visual attention and working 

memory observed in children with ADHD ( Martinussen et al., 2005 ; 

Swanson et al., 1991 ). Decreased FC in the inferior frontal gyri could 

play a part in the motor inhibition difficulties associated with ADHD 

( Cao et al., 2006 ; Zang et al., 2007 ), which is further supported by 

previous task-related fMRI studies ( Booth et al., 2005 ; Durston et al., 

2006 ; Liakakis et al., 2011 ). Previous imaging research has reported 

reduced grey matter volume of the left insular cortex in children 

with ADHD ( Brieber et al., 2007 ). Further, increased cortical thickness 

( Duerden et al., 2012 ) and increased activity during an fMRI-based 

attention–reorientation task ( Konrad et al., 2006 ) have been reported 

in the right insular cortex. Given the multiple functions performed 

by the insular cortices, it is not surprising that abnormal connectivity 

between the M1 and the insular cortices are associated with attention 

difficulties. 

4.3. Resting-state differences in single versus co-occurring disorders 

Compared to typically developing controls, children with co- 

occurring DCD and ADHD evidenced lower FC between M1 and the 

somatosensory cortices, left supramarginal gyrus, striatum and amyg- 

dala, suggesting poor integration between sensorimotor input, motor 
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Table 3 

Regional difference in functional connectivity with left primary motor cortex between the DCD, ADHD and DCD + ADHD groups. 

Comparison Brain region Z score x y z BA 

DCD > ADHD L postcentral gyrus 3.70 −32 −30 54 3 

L superior frontal 

gyrus 

2.67 −2 44 40 8 

ADHD > DCD R caudate 3.33 8 12 −2 –

R middle frontal 

gyrus 

3.01 52 44 4 10 

L superior temporal 

gyrus 

2.98 −56 −2 −10 22 

R inferior frontal 

gyrus 

2.79 48 20 16 44 

L inferior frontal 

gyrus 

2.72 −56 10 2 44 

ADHD > DCD + ADHD 

L postcentral gyrus 2.98 −58 −14 34 3 

DCD + ADHD > ADHD 

L premotor cortex 3.91 −28 −12 70 6 

L anterior cingulate 

cortex 

3.12 −12 20 36 32 

R parietal 

operculum cortex 

2.99 54 −24 24 40 

L postcentral gyrus 2.94 −28 −30 56 3 

R precuneus cortex 2.73 18 −72 40 31 

R anterior cingulate 

cortex 

2.66 4 32 28 32 

L precuneus cortex 2.60 −10 −72 30 31 

R angular gyrus 2.59 54 −52 32 40 

DCD + ADHD > DCD 

R caudate 3.27 8 12 −2 –

L premotor cortex 3.25 −26 −12 70 6 

R inferior frontal 

gyrus 

3.10 52 12 4 44 

L postcentral gyrus 3.09 −50 −16 58 3 

L anterior superior 

temporal gyrus 

3.02 −58 0 −8 22 

L frontopolar cortex 2.92 −28 62 8 10 

R anterior superior 

temporal gyrus 

2.86 58 −4 −2 22 

R parietal 

operculum cortex 

2.75 54 −22 20 40 

L caudate 2.62 −8 14 0 –

BA = Brodmann’s Area, L = left, R = right. Coordinates ( x , y , and z ) given in mm of MNI template space. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

execution and movement regulation. In contrast, compared to chil-

dren with only DCD or ADHD, the DCD + ADHD group exhibited

greater FC between M1 and brain regions involved in motor control

(bilateral caudate, left premotor cortex, right inferior frontal gyrus),

speech processing and prosody (bilateral anterior superior temporal

gyri), sensorimotor processing (left postcentral gyrus, right parietal

operculum cortex, bilateral precuneus cortices, angular gyri) and at-

tention and error detection (bilateral anterior cingulate cortices) com-

pared to children with only DCD or ADHD. These findings, though

unexpected, may suggest that some connections between M1 and

processing areas may be erroneous, such that greater involvement of

these regions is needed to successfully plan and execute movement

in children with co-occurring disorders ( Zwicker et al., 2010 ). More

research is needed to examine the influence of erroneous connectivity

between brain areas on motor output. 

4.4. Common neurophysiological substrates 

Our findings support the hypotheses that common neurophysio-

logical substrates may underlie both motor and attention problems.

We found that a number of brain regions (i.e., bilateral inferior frontal

gyri, the right supramarginal gyrus, angular gyri, insular cortices,

amygdala, putamen and pallidum) exhibited similar FC alterations

in children with DCD and / or ADHD, which may represent putative

targets for future study and potential biomarkers for DCD and ADHD. 
The angular gyri act as multimodal integration centers active dur-

ing tasks such as reading, comprehension, spatial cognition and atten-

tion ( Vannini et al., 2004 ). Imaging research has implicated these re-

gions in both DCD ( Kashiwagi et al., 2009 ; Querne et al., 2008 ; Zwicker

et al. , 2010 , 2011 ) and ADHD ( Dickstein et al., 2006 ). The angular gyri

are also part of the fronto-parietal network, which is responsible for

integrating internal and external information for response generation

( Binkofski et al., 1999 ). In individuals affected by ADHD, fMRI tasks

involving motor inhibition have been found to result in decreased

activity within this network ( Dickstein et al., 2006 ). Our observation

of lower FC between M1 and the angular gyri in the DCD and ADHD

groups compared to the controls suggests that the information pro-

vided by this region to M1 may be degraded, which in turn could

impact motor performance. The putamen and pallidum, key regula-

tors of movement and motor learning ( Kandel et al., 2000 ), exhibited

lower FC with M1 in all diagnostic groups. Reduced FC between this

region and M1 could contribute to the movement difficulties associ-

ated with DCD and ADHD, as striatal structures receive information

from regions throughout the brain and directly interact with M1. 

The supramarginal gyri (secondary somatosensory cortices) are

responsible for integrating tactile or pain-based stimuli with higher

order functions such as attention ( Chen et al., 2008 ). Decreased FC

with M1 was observed in the right supramarginal gyrus (secondary

somatosensory cortex) in the DCD and ADHD groups, and in the left

supramarginal gyrus in the DCD + ADHD group. Other sensorimotor

regions also displayed decreased FC with M1. In the DCD and ADHD
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Fig. 2. Regions exhibiting a significant association between age and functional connectivity with the left M1. Colors indicate statistical significance, expressed as Z -scores; red 

indicates a positive association with age; blue indicates a negative association with age. 
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roups, decreased FC was observed with the insular and secondary 

omatosensory cortices. In contrast, in the DCD + ADHD group de- 

reased FC was observed with the primary somatosensory cortices. 

urther, the posterior insular cortices exhibited lower FC in the DCD 

nd ADHD groups; however, a similar decrease in FC was not ob- 

erved in the DCD + ADHD group. These findings suggest that al- 

erations in FC between primary motor cortex and sensory networks 

iffer between children with isolated DCD or ADHD and children with 

o-occurring DCD + ADHD. The functional consequences of these 

ifferences need to be investigated further; however, they could be 

ssociated with differences in severity of the sensory processing dys- 

unction ( Crawford and Dewey, 2008 ). 

.6. Connectivity association with age 

Volumetric MRI studies of children with ADHD have reported de- 

reased volume and delayed cortical thickness as age progresses, par- 

icularly in regions associated with motor control ( Castellanos et al., 

002 ; Shaw et al., 2007 ; Shaw et al., 2012 ). In our study, typically 

eveloping children exhibited increased FC between M1 and the bi- 

ateral motor and sensorimotor cortices as age increased; a finding 

ot observed in children with DCD and / or ADHD. This is a novel find- 

ng and may provide the basis for a subjective biomarker of motor 

nd attention problems in future studies. Our findings of increasing 
functional connectivity with age between M1 and frontal and parietal 

regions involved in executive functions, memory and visuospatial im- 

agery in children with DCD are consistent with the research that has 

reported symptom remission in adolescence in children with milder 

symptoms of motor impairments ( Cantell et al., 2003 ). In the ADHD 

group, increasing FC with age between M1 and regions of the frontal 

cortex is consistent with a delay in the development of regions associ- 

ated with inhibition, impulsivity, and attention. Increased FC between 

M1 and frontal cognitive areas such as the dorsolateral prefrontal 

cortex, could be associated with the remission of symptoms such as 

hyperactivity, impulsivity and inattention, in children with ADHD as 

they mature ( Biederman et al., 2000 ). Finally, in the DCD + ADHD 

group, the absence of increased FC with age between M1 and any 

brain structures suggests that brain development in children with 

co-occurring attention and motor disorders could be disrupted to a 

greater extent than that of children who present with only one disor- 

der. 

4.7. Limitations and future research 

Cortical development in children is influenced by factors, including 

environmental and social occurrences not covered by our exclusion 

criteria. Our seed based correlation approach is a highly reliable and 

allows for straightforward interpretation of the results; however, it is 
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Table 4 

Regions exhibiting a dependence of functional connectivity on age. 

Brain region Z score x y z BA 

Increase with age (controls) R precentral and postcentral gyrus (entire) 4.24 58 −8 24 4 

R superior frontal gyrus 4.14 28 28 58 6 

L precentral gyrus 4.08 −34 −6 68 6 

L postcentral gyrus (entire) 3.41 −46 −22 46 1, 2 

R precentral gyrus 3.36 40 −2 64 6 

Decrease with age (controls) L lingual gyrus 3.74 −6 −84 −10 –

R lateral occipital cortex / occipital pole 3.72 18 −88 36 19 

L lateral occipital cortex (superior) / occipital pole 3.63 −42 −84 30 19 

R anterior cingulate gyrus 3.59 6 22 22 24 

R frontal pole 3.56 20 50 34 9 

Increase with age (DCD) L frontopolar cortex 3.19 −4 62 10 10 

L precuneus cortex 2.85 −8 −70 36 7 

R paracingulate gyrus 2.69 12 48 2 32 

Decrease with age (DCD) L occipital fusiform gyrus 3.28 −24 −74 −14 19 

L occipital pole / lingual gyrus / occipital fusiform 

gyrus 

3.2 −20 −92 −16 18 

R precentral gyrus 3.00 22 −22 58 4 

L supplementary motor area 2.96 −10 −4 50 6 

L intracalcarine cortex 2.77 −4 −88 4 18 

R thalamus 2.73 4 −18 4 –

Increase with age (ADHD) R superior frontal gyrus / DLPFC 4.17 20 52 24 9 

Paracingulate gyrus 3.95 −8 48 22 32 

R superior and middle temporal gyrus, posterior 3.94 70 −26 2 21, 22 

L Heschl’s gyrus 3.88 −38 −24 8 13 

L DLPFC 3.85 −18 62 20 9, 10 

Brainstem 3.78 0 −10 −12 –

R inferior temporal gyrus 

(temporooccipital) / lateral occipital cortex, inferior 

3.68 56 −54 −12 20 

L lateral occipital cortex, inferior 3.63 −40 −64 4 37 

L temporal occipital fusiform cortex 3.49 −30 −46 −16 37 

R middle frontal gyrus 3.42 48 36 18 46 

R supracalcarine / precuneous cortices 3.24 24 −64 16 30, 31 

R insular cortex 3.19 40 −4 12 13 

L supracalcarine / precuneous / intracalcarine 

cortices 

3.03 −16 −64 12 30 

Decrease with age (ADHD) L angular gyrus / supramarginal gyrus 3.76 −58 −54 26 40 

R anterior cingulate gyrus / paracingulate gyrus 3.45 8 12 38 32 

L superior lateral occipital cortex 3.29 −32 −76 52 7 

L precentral gyrus 3.11 −10 −14 68 6 

L middle frontal gyrus 2.82 −38 32 42 8 

R supramarginal gyrus (posterior) / angular gyrus 2.81 62 −44 32 40 

Decrease with age (DCD + ADHD) R angular gyrus / lateral occipital cortex (superior) 5.16 66 −52 30 39, 40 

R planum polare / superior temporal gyrus / middle 

temporal gyrus (posterior) 

3.96 52 −12 −12 13, 21, 

22 

Coordinates ( x , y , and z ) are given in mm of MNI template space; BA = Brodmann’s Area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

prone to spatial confounds and structural noise (motion, scanner arti-

facts), and may underrepresent the data due to the strict area selected.

One future alternative approach would be independent component

analysis (ICA), which is less prone to noise but is susceptible to sta-

tistical complexities ( Cole et al., 2010 ). Our limited sample size and

cross-sectional design limit the validity of the findings; however, the

feasibility of the design provides a strong foundation from which to

build future, longitudinal study paradigms, including investigation of

DCD and ADHD subtypes. 

FC alterations may reflect atypical brain development in children

with DCD and / or ADHD and could explain the activation differences

frequently observed in task-based fMRI studies ( Booth et al., 2005 ;

Durston et al., 2003 ; Durston et al., 2006 ; Kashiwagi et al., 2009 ;

Mostofsky et al., 2006 ; Suskauer et al., 2008 ; Zwicker et al. , 2010 ,

2011 ). Future research investigating the relationship between FC and

task-based fMRI activity is warranted to shed light on how abnormal

inter-regional communication may lead to the observed deficits. 

Our findings of altered FC between M1 and the insular, somatosen-

sory cortices, striatum, and inferior frontal gyri in children with DCD

support the hypothesis that DCD is a disorder of sensorimotor pro-

cessing ( Wilson and McKenzie, 1998 ). Central problems in DCD are

movement control and visuospatial processing, which rely on inte-

grated information from visual, kinesthetic and vestibular systems
( Wilson and McKenzie, 1998 ). The results of studies investigating

kinesthetic and sensorimotor ability in children with ADHD have

been inconsistent, possibly because of the confounding effect of unac-

knowledged motor problems ( Piek and Dyck, 2004 ). Future research is

needed to determine if children with only ADHD have overt problems

with sensorimotor processing. 

4.8. Conclusions 

Compared to typically developing controls, children with DCD

and / or ADHD exhibit FC alterations between M1 and brain regions

involved in motor functioning and sensorimotor processing. Our find-

ings support the hypothesis that common neurophysiological sub-

strates underlie motor and attention problems. The decreased FC be-

tween the primary motor cortex, and the striatum and angular gyrus

observed in all groups of children with motor and attention problems

suggests that the these brain regions are common neurophysiological

substrates underlying DCD and ADHD. Our results also indicated that

children with co-occurring DCD and ADHD appear to have unique

alterations in FC between primary motor cortex and sensory net-

works compared to children with DCD or ADHD alone; suggesting

that co-occurrence of neurodevelopmental disorders may have a dis-

tinct impact on FC. 
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