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Abstract Developmental coordination disorder (DCD) is a
neuromotor disorder of unknown etiology characterized by
poor motor skills that significantly interferes with a child’s
ability to perform everyday activities and affects their psycho-
social well-being. Little is known about the neural mecha-
nisms underlying motor impairment, making it difficult to
understand why children with DCD struggle to learn motor
skills and what the best intervention would be to optimize
function. With the advent of advanced neuroimaging tech-
niques, several MRI studies have been conducted to tackle
this important issue. Findings from these studies suggest that
children with DCD activate different regions of the brain dur-
ing functional tasks and show differences in white matter mi-
crostructure compared to typically developing children. The
emerging neuroimaging data will help clarify the possible un-
derlying mechanisms in relation to impaired motor function at
the behavioral level in children with DCD.
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Introduction

Affecting 5–6 % of school-age children, developmental coor-
dination disorder (DCD) is a neurodevelopmental disorder
characterized by motor impairment that significantly inter-
feres with a child’s activities of daily living [1]. DCD is het-
erogeneous, where the core condition is difficulty with fine
and/or gross motor skills [2, 3]. Motor performance in chil-
dren with DCD is slower, less accurate, and more varied than
their peers, and upon assessment, children with DCD score
below that expected for their age and intelligence. These mo-
tor impairments significantly impact daily life, and secondary
psychosocial difficulties often develop, such as anxiety, de-
pression, and poor self-esteem [4]. Children with DCD do not
simply outgrow the motor impairment. Without intervention,
it is estimated that nearly 75% of children with DCD continue
to have difficulties as adults [2].

Behavioral work has contributed significant knowledge
about the basis of DCD and has largely directed the recent
neuroimaging studies [5•]. The underlying assumption driving
the neuroimaging research is that impaired motor function is
the result of atypical brain development. Compared to what is
known about other developmental disorders, such as autism
and attention-deficit hyperactivity disorder (ADHD), little is
known of the neural basis of DCD [6]. This makes it difficult
to understand why children with DCD struggle to learn motor
skills and what the best intervention would be to optimize
function. Neuroimaging research provides an objective mark-
er into the neurophysiological basis of DCD [7]. In the same
way that neuroimaging studies have informed intervention for
cognitive skill learning such as reading [8, 9], the brain differ-
ences found in children with DCD compared to typically de-
veloping peers may increase our understanding of neural cor-
relates associated with DCD and subsequently improve diag-
nosis and optimize intervention strategies [10]. This review
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will focus on neuroimaging techniques and summarize current
knowledge gained from brain imaging studies on motor im-
pairment in children with DCD. We conclude with a discus-
sion on limitations of this work and future directions for re-
search and practice.

Methods

For this review paper, we searched EMBASE, PubMed, and
PsycInfo databases from January 1, 2000, to December 1,
2014. Our search included the keywords of Bdevelopmental
coordination disorder^ and Bmagnetic resonance imaging.^
Because the first search yielded only a few studies, we did a
secondary search using the following keywords: Movement
Assessment Battery for Children, neuromotor assessment,
and neuroimaging. Studies were included if the operational
definition of DCD diagnosis met DSM-IVor DSM-V criteria,
if a standardized motor assessment such as the Movement
Assessment Battery for Children (MABC) [11] was used, mo-
tor outcomes using imaging technology, and participant age of
5 years or older. According to the European Academy for
Childhood Disability (EACD) guidelines for DCD, 5 years
is the minimum age that DCD can be diagnosed [10]. Case
reports and pilot studies were also included. Studies that in-
cluded severe neurological conditions, such as cerebral palsy
and autism, were excluded. In total, the search results yielded
22 studies, which included seven functional magnetic reso-
nance imaging (fMRI) studies, two diffusion tensor imaging
(DTI) studies, six electroencephalogram (EEG) studies, and
one case study using single-photon emission computed to-
mography (SPECT). All children in the studies met diagnostic
criteria for DCD and used the MABC-2 to assess motor im-
pairment. MABC-2 cutoff scores ranged from below the 16th
percentile to below the 5th percentile. All of the studies were
small ranging from N=7 to N=24 with age-matched controls
between the ages of 6 to 17 years (see Table 1 for a summary
of the research findings).

Brain Imaging Techniques to Study Motor
Impairment in Children with DCD

Since 2006, there have been advances in the application of
neuroimaging technology to characterize brain development
in children with DCD. Advanced imaging techniques such as
fMRI, EEG, and DTI have been applied to characterize path-
ways and regions of activation that are involved in cortical
sensorimotor processing. All of these modalities yield differ-
ent levels of details about the brain that can help complement
each other to build a better picture of the neurodevelopmental
trajectory of children with DCD.

Functional Magnetic Resonance Imaging

fMRI is an indirect measure of neural activity that measures
local blood flow by detecting changes in blood oxygenation
(BOLD) andmetabolic demands of active neurons. In response
to neural activity, an increase in oxygenated hemoglobin flows
into capillaries with a corresponding decrease in the amount of
deoxygenated hemoglobin. This change in the ratio of oxygen-
ated and deoxygenated hemoglobin causes susceptibility in the
magnetic field that is measured using fMRI pulse sequences
and can be visualized as an increase in image intensity [12].

To date, a handful of studies have applied fMRI to examine
differences in brain function in children with DCD. These
studies are summarized in Table 1. Building on behavioral
research [13–17] showing differences in attention in children
with and without DCD, Querne et al. in 2008 was the first to
apply fMRI to test a theoretical model of response inhibition
during a go-no-go task in children with DCD [18••]. They
reported that children with DCD exhibited abnormal brain
hemispheric specialization when performing a go-no-go task.
Connectivity analysis revealed that childrenwithDCD engage
the same cerebral regions but in different ways than typically
developing children. Children with DCD had lower activation
in the dorsolateral prefrontal cortex (DLPFC) compared to the
control group. These findings suggest that hypoactivation in
the attentional network may impact the underlying mecha-
nisms involved with disruption in motor planning observed
in children with DCD. Further, in a recent fMRI study,
Debrabant et al. investigated differences in predictive motor
timing in a visually guided motor task. They reported
hypoactivation in the right DLPFC, left posterior cerebellum,
and right tempero-parietal junction in children with DCD.
These findings suggest that children with DCD require extra
processing efforts to perform visually guided predictive motor
tasks compared to their TD peers [19].

To investigate brain function during a motor control task,
Kashiwagi et al. in 2009, was the first to investigate the neural
correlates of children with DCD during visuomotor tasks. The
purpose of the study was to detect underlying motor control
deficits in children with DCD. During tracking of a horizon-
tally moving target, children with DCD demonstrated less
activation in the left superior and inferior parietal lobules com-
pared to TD children. These findings support the
neurocognitive literature which suggests that the underlying
mechanism of DCD may be associated with dysfunction in
motor control involving the parietal lobe [20]. Using a differ-
ent task that required greater demands for continued process-
ing of visuospatial information, Zwicker et al. in 2010 report-
ed greater, not lower, brain activation in the frontal, parietal,
and temporal brain regions during a trail-tracing task. These
findings suggest that children with DCD needed to recruit
more attentional resources when first learning a motor task
[21]. In 2011, Zwicker et al. was the first study to examine

132 Curr Dev Disord Rep (2015) 2:131–140



T
ab

le
1

Su
m
m
ar
y
of

re
se
ar
ch

fi
nd
in
gs

Fi
rs
ta
ut
ho
r,

jo
ur
na
l,
da
te

C
ou
nt
ry

Pa
rt
ic
ip
an
ts

D
ef
in
iti
on

of
m
ot
or

im
pa
ir
m
en
t

N
eu
ro
im

ag
in
g
ta
sk
s

Im
ag
in
g
re
gi
on
s

of
in
te
re
st

O
ut
co
m
es

A
lb
er
et
JM

,
C
lin

N
eu
ro
ph
ys
,

20
11

To
ul
ou
se
,

F
ra
nc
e

A
ge
:8

–1
2
ye
ar
s

(i
n
Fr
en
ch
)

E
E
G
sy
nc
hr
on
iz
at
io
n
ta
sk

ac
ro
ss

th
re
e
ag
e
gr
ou
ps
:8

–9
,

10
–1
1,
an
d
12
–1
3
ye
ar
s

de
C
as
te
ln
au

P,
H
um

M
ov

Sc
i,

20
08

To
ul
ou
se
,

F
ra
nc
e

D
C
D
=
24

T
D
=
24

A
ge
:8

–1
3
ye
ar
s

N
eu
ro
lo
gi
ca
le
xa
m

to
m
ee
tD

SM
-I
V
,

IQ
>
80
;F

re
nc
h
M
A
B
C
<
5t
h

pe
rc
en
til
e,
pa
re
nt
s
co
nf
ir
m
ed

D
C
D

in
te
rf
er
ed

w
ith

da
ily

lif
e
ac
tiv

iti
es

E
E
G
,f
in
ge
r
fl
ex
io
n
an
d

ex
te
ns
io
n
in

rh
yt
hm

to
a

m
et
ro
no
m
e
to

te
st

se
ns
or
im

ot
or

bi
nd
in
g

ac
ro
ss

th
re
e
ag
e
gr
ou
ps
:8

–9
,

10
–1
1,
an
d
12
–1
3
ye
ar
s

C
hi
ld
re
n
w
ith

D
C
D
ex
hi
bi
ti
nt
er
-

in
di
vi
du
al
va
ri
ab
ili
ty

an
d
do

no
t

im
pr
ov
e
pe
rf
or
m
an
ce

w
ith

re
pe
tit
io
n.
Y
ou
ng
er

ch
ild

re
n
w
ith

D
C
D
sh
ow

ed
in
cr
ea
se
d
ac
tiv

at
io
n

in
th
e
fr
on
to
-c
en
tr
al
re
gi
on
s

co
m
pa
re
d
to

co
nt
ro
ls
an
d
ol
de
r

D
C
D
gr
ou
p.
E
ig
ht
-t
o-
ni
ne
-y
ea
r-

ol
d
ch
ild
re
n
w
ith

D
C
D
sh
ow

ed
hi
gh
er

ac
tiv

at
io
n
be
tw
ee
n
th
e

fr
on
to
-c
en
tr
al
re
gi
on
s
co
m
pa
re
d
to

th
ei
r
pe
er
s.
N
o
di
ff
er
en
ce

fo
un
d
in

ol
de
r
ch
ild
re
n
w
ith

D
C
D
.

D
eb
ra
ba
nt

J,
R
es

in
D
ev

D
is
ab
ili
tie
s,

20
13

G
he
nt
,

B
el
gi
um

D
C
D
=
17

T
D
=
17

A
ge
:7

–1
0
ye
ar
s

M
A
B
C
-2
≤5

th
pe
rc
en
til
e;
IQ

sc
or
e≥

85
,

no
A
D
H
D
,a
ut
is
m
,o
r
m
ed
ic
al

co
nd
iti
on

th
at
ca
n
in
te
rf
er
e
w
ith

m
ot
or

ab
ili
tie
s

fM
R
I
bl
oc
k
de
si
gn

of
ne
ur
al

co
rr
el
at
es

of
m
ot
or

tim
in
g:

pr
ed
ic
tiv

e
m
ot
or

–
fi
ng
er

ta
pp
in
g

ta
sk

(b
as
ed

on
B
ay
es
ia
n

pr
in
ci
pl
e)

w
hi
ch

is
pa
rt
of

th
e

in
te
rn
al
m
od
el
in
g
de
fi
ci
t

hy
po
th
es
is

R
ig
ht

do
rs
ol
at
er
al
pr
ef
ro
nt
al

co
rt
ex

an
d
ri
gh
ti
nf
er
io
r

fr
on
ta
lg

yr
us

pr
ef
ro
nt
al

co
rt
ex
,l
ef
tp

os
te
ri
or

ce
re
be
llu

m
an
d
ri
gh
tt

em
po
ro
-p
ar
ie
ta
lj
un
ct
io
n

M
ot
or

pe
rf
or
m
an
ce

in
ch
ild

re
n
w
ith

D
C
D
re
qu
ir
e
ex
tr
a
pr
oc
es
si
ng

de
m
an
ds

du
e
to

im
pa
ir
ed

pr
ed
ic
tiv

e
co
di
ng

(l
es
s
ce
re
be
llu
m

ac
tiv

at
io
n
in

th
e
un
pr
ed
ic
ta
bl
e

tr
ia
l)

K
as
hi
w
ag
iM

,
N
eu
ro
re
po
rt
,

20
09

O
sa
ka
,

Ja
pa
n

D
C
D
=
12

bo
ys

T
D
=
12

bo
ys

A
ge
:9

–1
2
ye
ar
s

In
cl
ud
ed

co
m
or
bi
di
tie
s

(e
.g
.,
A
D
H
D
,

dy
sl
ex
ia
)

M
A
B
C
<
15
th

pe
rc
en
til
e,
IQ

>
90
th

pe
rc
en
til
e
(W

IS
C
-3
),
ru
le
d
ou
t

pa
th
ol
og
ic
al
co
nd
iti
on
s
an
d

pe
rv
as
iv
e
de
ve
lo
pm

en
ta
ld

is
or
de
rs
,

pa
re
nt

qu
es
tio

nn
ai
re

on
da
ily

m
ot
or

ac
tiv

iti
es

fM
R
I
bl
oc
k
de
si
gn

of
vi
su
om

ot
or

ta
sk
,s
up
po
rt
s
th
e
in
te
rn
al

re
pr
es
en
ta
tio

n
of

m
ov
em

en
t,

vi
su
al
tr
ac
ki
ng

us
in
g
jo
ys
tic
k

D
C
D
=
le
ss

ac
tiv
at
io
n
in

th
e
le
ft

po
st
er
io
r
pa
ri
et
al
co
rt
ex

(i
m
pl
ic
at
ed

m
ot
or

at
te
nt
io
n,

pr
op
ri
oc
ep
tiv
e
in
pu
t)
an
d
th
e
le
ft

po
st
ce
nt
ra
lg

yr
us
,n
o
si
gn
if
ic
an
t

fi
nd
in
gs

in
th
e
ba
sa
lg

an
gl
ia
or

ce
re
be
llu

m
L
an
ge
vi
n
L
M
,

J
Pe
ds
,2
01
4

C
al
ga
ry
,

C
an
ad
a

D
C
D
=
9

D
C
D
+
A
D
H
D
=
23

A
D
H
D
=
23

T
D
=
26

A
ge
:8

–1
7
ye
ar
s

M
A
B
C
-2
≤1

6t
h
pe
rc
en
til
e.
D
C
D
Q
,

D
IC
A
-I
V
,a
nd

C
on
no
rs
Pa
re
nt

R
at
in
g
Sc
al
e
fo
r
A
D
H
D

W
A
SI

fo
r
IQ

,N
E
PS

Y
fo
r
at
te
nt
io
n

an
d
ex
ec
ut
iv
e

fu
nc
tio

n,
M
A
N
D
fo
r
m
ot
or

ab
ili
ty

D
T
I
to

ex
am

in
e
co
m
m
on

ne
ur
ob
io
lo
gi
ca
ls
ub
st
ra
te
fo
r

A
D
H
D
an
d
D
C
D

T
hr
ee

w
hi
te
m
at
te
r
tr
ac
ts
th
at

co
nn
ec
tt
he

fr
on
ta
lb

ra
in

re
gi
on
s
w
ith

m
ot
or

ar
ea
s
=

co
rp
us

ca
llo
su
m
,s
up
er
io
r

lo
ng
itu

di
na
lf
as
ci
cu
lu
s,

ci
ng
ul
um

D
C
D
=
re
du
ce
d
FA

in
th
e
SL

F
D
C
D
+
A
D
H
D
=
re
du
ce
d
FA

in
th
e

co
rp
us

ca
llo

su
m

A
D
H
D
=
m
ic
ro
st
ru
ct
ur
al

ab
no
rm

al
iti
es

in
fr
on
ta
lr
eg
io
ns

an
d
po
or

w
hi
te

m
at
te
r
co
nn
ec
tio

ns
in

th
e
pr
im

ar
y

an
d
so
m
at
os
en
so
ry

m
ot
or

co
rt
ic
es

L
an
ge
vi
n
L
M
,

D
ev

M
ed

&
C
hi
ld

N
eu
ro
,2
01
4

C
al
ga
ry
,

C
an
ad
a

D
C
D
=
14

A
D
H
D
=
10

D
C
D
+
A
D
H
D
=
10

T
D
=
14

A
ge
:8

–1
7

ye
ar
s

M
A
B
C
-2
≤1

6t
h
pe
rc
en
til
e.

A
D
H
D
vi
a
D
IC
A
-I
V
,

C
on
no
rs
’
Pa
re
nt

R
at
in
g

Sc
al
e,
IQ

vi
a
W
IS
C

A
tte
nt
io
n
te
st
ed

us
in
g

A
ud
ito

ry
A
tte
nt
io
n,

R
es
po
ns
e
Se
ta
nd

In
hi
bi
tio

n
Sw

itc
hi
ng

su
bt
es
ts
in

th
e
N
E
PS

Y
II

M
ot
or

ab
ili
ty

te
st
ed

us
in
g

th
e
M
A
N
D

2×
T
1
-w

ei
gh
te
d
M
R
I
im

ag
es

to
ca
pt
ur
e
co
rt
ic
al
th
ic
kn
es
s

M
ea
su
ri
ng

co
rt
ic
al
th
ic
kn
es
s

in
th
e
fr
on
ta
la
nd

te
m
po
ra
l

lo
be
s
an
d
co
rr
el
at
ed

w
ith

m
ot
or

an
d
at
te
nt
io
na
l

fu
nc
tio

ni
ng

D
C
D
al
on
e
=
co
rt
ic
al
th
ic
kn
es
s

re
du
ct
io
ns

in
m
ed
ia
lo

rb
ito

fr
on
ta
l

co
rt
ex

D
C
D
+
A
D
H
D
=
gl
ob
al
co
rt
ic
al

th
in
ni
ng

fo
un
d
in

fr
on
to
te
m
po
ra
l,

pa
ri
et
al
,a
nd

oc
ci
pi
ta
lr
eg
io
ns

A
D
H
D
=
co
rt
ic
al
th
ic
kn
es
s
re
du
ce
d
in

th
e
le
ft
su
pe
ri
or

te
m
po
ra
lg

yr
us

an
d
pa
ra
hi
pp
oc
am

pa
lg

yr
us

M
ar
ie
n
P,

C
er
eb
el
lu
m
,

20
10

A
nt
w
er
p,

B
el
gi
um

O
ne

19
-y
ea
r-
ol
d

fe
m
al
e
w
ith

D
C
D

D
ia
gn
os
is
co
nf
ir
m
ed

cl
in
ic
al
ly

pr
io
r
to

ca
se

re
po
rt

SP
E
C
T

N
eu
ra
lc
or
re
la
te
s
of

D
C
D
,

sp
ec
if
ic
al
ly

th
e
ce
re
be
llu

m
D
ec
re
as
ed

pe
rf
us
io
n
of

th
e
m
ed
ia
l

pr
ef
ro
nt
al
le
ft
he
m
is
ph
er
e
an
d
th
e

ce
re
be
lla
r/
oc
ci
pi
ta
lr
eg
io
n
of

th
e

ri
gh
th

em
is
ph
er
e

Curr Dev Disord Rep (2015) 2:131–140 133



T
ab

le
1

(c
on
tin

ue
d)

Fi
rs
ta
ut
ho
r,

jo
ur
na
l,
da
te

C
ou
nt
ry

Pa
rt
ic
ip
an
ts

D
ef
in
iti
on

of
m
ot
or

im
pa
ir
m
en
t

N
eu
ro
im

ag
in
g
ta
sk
s

Im
ag
in
g
re
gi
on
s

of
in
te
re
st

O
ut
co
m
es

M
cL

eo
d
K
R
,

N
eu
ro
Im

ag
e,

20
14

C
al
ga
ry
,

C
an
ad
a

D
C
D
=
7

D
C
D
+
A
D
H
D

=
18

A
D
H
D
=
21

T
D
=
23

A
ge
:8

–1
7
ye
ar
s

M
A
B
C
-2
≤1

6t
h
pe
rc
en
til
e,

D
C
D
Q
,D

IC
A
IV

fo
r

A
D
H
D
W
A
SI

fo
r
IQ

,
C
on
no
rs
Pa
re
nt

Sc
al
e
fo
r

hy
pe
ra
ct
iv
ity

an
d

co
gn
iti
ve

pr
ob
le
m
s

R
es
tin

g-
st
at
e
fM

R
I

R
eg
io
ns

of
th
e
pr
im

ar
y
m
ot
or

co
rt
ex

Fu
nc
tio
na
lc
on
ne
ct
io
ns

be
tw
ee
n
th
e

st
ri
at
um

an
d
th
e
pa
ri
et
al
co
rt
ex

(a
re
as

th
at
in
te
gr
at
e
se
ns
or
y

in
fo
rm

at
io
n
in

m
ot
or

re
sp
on
se
s)

ar
e
al
te
re
d
in

ch
ild
re
n
w
ith

D
C
D

L
us
tJ
M
,C

hi
ld
:

ca
re
,h
ea
lth

&
de
v,
20
06

G
ro
ni
ng
en
,

N
et
he
rl
an
ds

D
C
D
=
10

T
D
=
7

Pl
us

14
ad
ul
ts

D
C
D
co
nf
ir
m
ed

us
in
g
M
A
B
C
-2

(D
ut
ch

ed
iti
on
)

<
15
th

pe
rc
en
til
e

an
d
pa
re
nt
s
fi
lle
d

ou
ta

qu
es
tio

nn
ai
re

E
E
G
us
in
g
m
en
ta
lh

an
d
ro
ta
tio
n

ta
sk

to
te
st
in
te
rn
al
m
od
el

Pa
ri
et
al
co
rt
ic
al
re
gi
on

N
o
ev
id
en
ce

th
at
ch
ild
re
n
w
ith

D
C
D

ha
ve

im
pa
ir
ed

m
ot
or

im
ag
er
y

pr
oc
es
si
ng
,c
ou
ld

be
re
fl
ec
tin
g

in
di
vi
du
al
di
ff
er
en
ce
s
in

a
po
pu
la
tio
n
of

ch
ild

re
n
w
ith

D
C
D

w
ho

ar
e
no
to

n
th
e
se
ve
re

en
d
of

D
C
D
sp
ec
tr
um

Pa
ng
el
in
an

M
,

J
N
eu
ro
ph
sy
,

20
13

B
al
tim

or
e,

U
SA

D
C
D
=
14

T
D
=
20

A
ge
:6

–1
2
ye
ar
s

M
A
B
C
-2
≤9

th
pe
rc
en
til
e,

pa
re
nt

pe
di
at
ri
c
he
al
th

qu
es
tio

nn
ai
re
,

an
d
D
C
D

m
et
D
S
M
-I
V
cr
ite
ri
a

E
E
G
us
in
g
vi
su
om

ot
or

dr
aw

in
g

ta
sk

D
C
D
si
m
ila
r
pe
rf
or
m
an
ce

to
T
D
,

co
rt
ic
al
ac
tiv

at
io
n
di
ff
er
ed

in
D
C
D

co
m
pa
re
d
to

T
D
(y
ou
ng
er

D
C
D

ch
ild

re
n
le
ss

ac
tiv

at
io
n
–
ol
de
r

D
C
D
ch
ild

re
n
m
or
e
ac
tiv

at
io
n

co
m
pa
re
d
to

T
D
pe
er
s)

Q
ue
rn
e
L
,

B
ra
in

R
es
,

20
08

A
m
ie
ns
,

Fr
an
ce

D
C
D
=
9

T
D
=
10

A
ge
:8

–1
3
ye
ar
s

D
SM

-I
V
D
C
D
cr
ite
ri
a,

se
m
i-
st
ru
ct
ur
ed

in
te
rv
ie
w
w
ith

pa
re
nt
s,

ne
ur
ol
og
ic
al

ex
am

,W
IS
C
-3
,K

A
B
C
,N

E
PS

Y
,R

ey
co
m
pl
ex

Fi
gu
re
,a
nd

St
ro
op

te
st

fM
R
I
bl
oc
k
go
-n
o-
go

de
si
gn
,

th
at
ta
ps

in
to

m
ot
or

in
hi
bi
tio
n

L
ef
ta
nd

ri
gh
tb

ra
in

re
gi
on
s

=
in
fe
ri
or

pa
ri
et
al
co
rt
ex
,

m
id
dl
e
fr
on
ta
lc
or
te
x,

an
te
ri
or

ci
ng
ul
at
e
co
rt
ex
,

st
ri
at
um

al
li
m
pl
ic
at
ed

in
at
te
nt
io
na
ln

et
w
or
k

co
nn
ec
tiv

ity

In
ch
ild
re
n
w
ith

D
C
D
=
le
ft

he
m
is
ph
er
e
m
id
dl
e
fr
on
ta
lc
or
te
x

to
an
te
ri
or

ci
ng
ul
at
e
co
rt
ex

to
in
fe
ri
or

pa
ri
et
al
co
rt
ex

in
cr
ea
se
d;

ri
gh
th
em

is
ph
er
e
st
ri
at
um

to
pa
ri
et
al

co
rt
ex

de
cr
ea
se
d.

Su
gg
es
ts
th
at
ch
ild

re
n
w
ith

D
C
D
ar
e

le
ss

ab
le
to

sw
itc
h
be
tw
ee
n
go

an
d

no
go

m
ot
or

re
sp
on
se
s.
C
hi
ld
re
n

w
ith

D
C
D
co
m
pe
ns
at
e
by

en
ga
gi
ng

A
C
C
to
in
hi
bi
tr
es
po
ns
es
.

Ts
ai
C
L
,D

ev
M
ed
&

C
hi
ld

N
eu
ro
,2
01
2

Ta
in
an
,

Ta
iw
an

D
C
D
=
12

T
D
=
30

A
ge
:m

ea
n

11
.5

ye
ar
s

M
A
B
C
-2
<
5t
h
pe
rc
en
til
e;
IQ

as
se
ss
ed

us
in
g
W
IS
C
-R
,E

di
nb
ur
gh

In
ve
nt
or
y;

D
C
D
co
nf
ir
m
ed

if
D
SM

-I
V
cr
ite
ri
a
m
et

E
E
G
us
in
g
vi
su
os
pa
tia
lw

or
ki
ng

m
em

or
y
pa
ra
di
gm

C
hi
ld
re
n
w
ith

D
C
D
ex
hi
bi
te
d
de
fi
ci
ts

of
vi
su
os
pa
tia
lw

or
ki
ng

m
em

or
y

re
fl
ec
te
d
by

le
ss

ac
tiv

at
io
n
in

co
rt
ic
al
re
gi
on
s
du
ri
ng

sp
at
ia
l

lo
ca
tio

n
ta
sk
,r
es
po
ns
e
se
le
ct
io
n

an
d
re
tr
ie
va
lp

ro
ce
ss

ph
as
e

Ts
ai
C
L
,B

ra
in

&
C
og
ni
tio

n,
20
09

Ta
in
an
,

Ta
iw
an

D
C
D
=
28

T
D
=
26

A
ge
:9

–1
0
ye
ar
s

D
C
D
co
nf
ir
m
ed

us
in
g
M
A
B
C
-2
<
5t
h

pe
rc
en
til
e
an
d
B
O
T-
2
≤1

0t
h
pe
rc
en
til
e;

IQ
as
se
ss
ed

us
in
g
W
IS
C
-R

E
E
G
us
in
g
vi
su
os
pa
tia
la
tte
nt
io
n

sh
if
tin

g
pa
ra
di
gm

ca
lle
d

en
do
ge
no
us

Po
sn
er

pa
ra
di
gm

C
hi
ld
re
n
w
ith

D
C
D
sh
ow

ed
sl
ow

er
ta
rg
et
id
en
tif
ic
at
io
n,
sl
ow

er
sp
ee
d

in
in
te
r-
he
m
is
ph
er
ic
an
d
co
gn
iti
ve

m
ot
or

tra
ns
fe
r,
le
ss
m
at
ur
e

an
tic
ip
at
or
y
an
d
ex
ec
ut
io
n
pr
oc
es
se
s

Z
w
ic
ke
r
JG

,
Pe
di
at
ri
cs
,

20
10

V
an
co
uv
er
,

C
an
ad
a

D
C
D
=
7

T
D
=
7

A
ge
:8

–1
2
ye
ar
s

M
A
B
C
-2
≤1

6t
h
pe
rc
en
til
e,
D
C
D
Q
,

K
B
IT
-2
>
80
,C

A
D
S
<
70

fM
R
I
bl
oc
k
st
ud
y
de
si
gn

T
ra
il-
tr
ac
in
g
ta
sk

C
er
eb
el
lu
m

fr
on
ta
l,
pa
ri
et
al
,

an
d
te
m
po
ra
lr
eg
io
ns
,

pr
ec
un
eu
s

N
o
si
gn
if
ic
an
td

if
fe
re
nc
e
in

m
ot
or

pe
rf
or
m
an
ce

D
C
D
=
ac
tiv
at
ed

di
ff
er
en
tb

ra
in

ne
tw
or
ks

du
ri
ng

th
e
ta
sk

(i
nc
re
as
ed

B
O
L
D
in

fr
on
ta
l,

pa
ri
et
al
,a
nd

te
m
po
ra
lr
eg
io
ns
)

vs
T
D
=
in
cr
ea
se
d
B
O
L
D
in

pr
ec
un
eu
s

D
C
D
=
ac
tiv

at
ed

tw
ic
e
as

m
an
y
br
ai
n

re
gi
on
s
th
an

T
D

Z
w
ic
ke
rJ
G
,I
nt
J
of
D
ev

N
eu
ro
sc
i,
20
11

V
an
co
uv
er
,

C
an
ad
a

D
C
D
=
7

T
D
=
7

A
ge
:8

–1
2
ye
ar
s

M
A
B
C
-2
≤1

6t
h
pe
rc
en
til
e,
D
C
D
Q
,K

B
IT
-

2
>
80
,C

A
D
S
<
70

B
eh
av
io
r
(t
ra
il-
tr
ac
in
g
ta
sk
)
an
d

fM
R
I
bl
oc
k
st
ud
y
de
si
gn

B
ra
in

re
gi
on
s
in
vo
lv
ed

in
m
ot
or

co
nt
ro
la
nd

m
ot
or

le
ar
ni
ng

D
C
D
di
d
no
ts
ho
w
im

pr
ov
em

en
ti
n

3-
da
y
sk
ill
ed

pr
ac
tic
e.

134 Curr Dev Disord Rep (2015) 2:131–140



changes in the patterns of brain activation that were associated
with skilled motor practice in children with DCD. The authors
from this study concluded that children with DCD demon-
strated a different pattern of activation from typically devel-
oping peers in the DLPFC, inferior parietal lobule, and the
cerebellum [22••]. The DLPFC is associated with the initial
stages of explicit motor learning and attentional control—the-
se findings are consistent with the study of Querne et al. in
2008. Findings from Zwicker et al. in 2011 suggest possible
inefficiencies between motor and sensory pathways, and the
areas of activation implicated in DCD suggest that cerebello-
frontal and cerebello-parietal pathways may be affected,
which is supported by years of behavioral studies (see recent
systematic review by Adams et al. [23]). This hypothesis
needs to be confirmed with functional connectivity imaging
analyses. DTI may also be helpful to determine if these spe-
cific networks are implicated in DCD.

A major limitation to interpreting these fMRI studies is that
fMRI is not a direct measure of neuronal activity; it is an
indirect measure of brain activity by detecting changes in
blood flow and metabolic demands of active neurons. Further,
fMRI studies use different tasks in the study design and that
there are also limitations to using fMRI in the pediatric popu-
lation as it requires children to keep still for long periods of
time. Despite these limitations, functional MRI is critical to
help characterize differences in patterns of brain activation in
children with DCD as compared to controls. Larger studies
that replicate these findings using the same cutoff scores to
assess DCD and that use the same motor tasks would help
build on the significance of these findings. Structural MRI will
complement the functional data by providing morphological
and connectivity differences in the brains of children with and
without DCD.

Resting-State Functional Magnetic Resonance Imaging

Resting-state fMRI is a technique that identifies localized low
frequency BOLD signals that are correlated when the brain is
at rest [24]. Brain regions that are functionally linked in
resting-state networks are anatomically connected [25].
Resting-state networks have been established in typically de-
veloping children [26, 27] and atypical patterns in
neurodevelopment disorders such as ADHD and autism spec-
trum disorder [28, 29]. McLeod et al. looked at resting-state
fMRI and reported for the first time, reductions in functional
connectivity in children with DCD and/or ADHD in a number
of brain regions involved in motor circuitry (e.g., primary
motor cortex, inferior frontal gyri, the striatum, angular gyri).
These findings suggest that overlapping patterns of brain ac-
tivity may underlie motor and attention problems [30]. More
studies are needed to investigate the functionally linked brain
regions in children with motor impairment and the relation-
ship of DCD with comorbid conditions.T
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Electroencephalography

EEG is the oldest functional neuroimaging technique and
measures electrical activity of neurons through the placement
of electrodes on the scalp. EEG measures the current flow
emitted by the synaptic interchanges produced by the den-
drites of pyramidal neurons. EEG permits the study of neuro-
nal events occurring at the millisecond level. Studies have
established that EEG can be applied to visualize electrical
activity directly in various structures of the brain and identify
impaired brain development [31]. This technique is appealing
as it is a more feasible and less invasive protocol for children
than MRI.

A handful of studies have correlated EEG patterns of cor-
tical activation with motor function in children with DCD.
Brain regions of interest were the frontal lobe, parietal regions,
and lateralization of the left and right hemispheres. In general,
these studies have reported that compared with typically de-
veloping children, children with DCD performed similarly but
exhibited different patterns of cortical activation [32, 33•, 34,
35•, 36•] and suggest that children with DCD have deficits in
visuospatial workingmemory [34, 35•]. For example, during a
visuospatial working memory task, Tsai et al. in 2012 used
EEG data to investigate cortical activity in children with and
without DCD. They reported that children with DCD exhibit-
ed a retrieval deficit for spatial information, suggesting that
children with DCD allocate fewer neural resources and less
effort to stimulus evaluation and response selection and en-
gage in less neural processing during the retrieval phase. EEG
studies can contribute to the investigation of cortical develop-
ment of DCD, and thus, more EEG studies are needed to build
on the current findings.

Diffusion Tensor Imaging

DTI provides exquisite details about brain white matter tissue
architecture in both normal and impaired states that one can-
not see using conventional MRI. Currently, DTI is the only
approach available to track brain white matter fibers noninva-
sively. Using DTI, diffusion data provide information on mat-
uration and pruning of white matter fibers [37]. DTI measures
the amount of water molecule displacement (mean diffusivity)
and relative direction (fractional anisotropy or FA) of water
diffusion in axons. Mean diffusivity decreases and FA in-
creases with white matter maturation and greater microstruc-
tural integrity. Other diffusion parameters include axial diffu-
sivity (water diffusion along the length of axons) and radial
diffusivity (water diffusion perpendicular to axons). DTI-
derived measures are influenced by factors such as the amount
of myelin and coherence in the organization of axonal tracts
[38]. Increases in these measures reflect better white matter
structural support for efficient and rapid transmission of infor-
mation among different brain regions, supporting the

development of well-functioning and synchronized neural
pathways.

The importance of studying white matter architecture in
children with DCD is crucial to understand impaired
neurodevelopment and motor outcome, with DTI now an
emerging field. In a pilot study, Zwicker in 2012 was the first
to show that lower axial diffusivity of the corticospinal tract
and the posterior thalamic radiations were highly correlated
with motor outcomes in children with DCD compared to typ-
ically developing children; higher axial diffusivity was signif-
icantly correlated with higher motor scores [39••]. Further,
Langevine et al. in 2014 found reduced FA in regions of the
corpus callosum underlying the parietal cortex as well as the
left superior longitudinal fasciculus. They also reported abnor-
malities in the parietal regions of the corpus callosum that
form connections to both primary and somatosensory motor
areas [40••]. Their findings also suggest that DCD and ADHD
share overlapping etiology.

The issue of comorbidities is important because it can im-
pact the research findings and interpretability. It is common
knowledge that DCD can co-occur with other developmental
disorders [6]. Due to the overlapping nature of developmental
disorders, behavioral researchers have suggested that DCD
may reflect a general developmental disorder of brain func-
tion, so called atypical brain development [41–43]. Children
with DCDmay have one or more disorders (e.g., ADHD), and
depending on the extent of disruption to brain development,
DCD may result from different neural mechanisms [44].
Therefore, it is important to recognize and perhaps differenti-
ate DCD from other comorbidities when studying its neural
correlates as this may help identify particular subtypes, based
on different constellations of brain dysfunction.

Structural Magnetic Resonance Imaging

Whole brain analyses that use methods such as voxel-based
morphometry derive gray matter volume, density, and thick-
ness measurements, which reflect changes in the number of
neuronal cell bodies, dendrites, and synaptic density [44]. A
study by Langevin and colleagues looked at cortical thickness
in a large sample of children with combined motor and atten-
tional deficits [45••] and reported cortical thinning in the fron-
tal, parietal, and temporal lobes; these metrics were also cor-
related with aspects of motor and attentional functioning.
There was distinct global pattern of cortical thickness decrease
in children with DCD and comorbid ADHD. More studies are
needed to investigate the neural indices of the structural brain
of children with DCD.

Single-Photon Emission Computed Tomography

One case study using SPECT byMariën et al. in 2010 reported
a disruption of the cerebello-cerebral network that is involved
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in executing planned actions, visuospatial cognition, and af-
fective regulation [46]. These findings build on earlier behav-
ioral studies [5•, 23] and suggest that the cerebellum is impli-
cated in the pathophysiological mechanisms of DCD and cor-
roborate Zwicker’s fMRI results [22••].

Discussion

This review of literature suggests that children with DCD
show different patterns of neural activation during motor tasks
compared to typically developing children. Further, DTI stud-
ies report preliminary evidence to suggest that the white mat-
ter architecture differs in children with DCD compared to
typically developing children. These findings support the hy-
pothesis that DCD is the result of atypical brain development
and show unequivocally that children with DCD are
neurobiologically different than their typically developing
peers, lending credence to the legitimacy of DCD as a
neurodevelopmental disorder. Findings from these and future
brain imaging studies can inform our understanding of DCD
in three important ways: (1) increasing our theoretical under-
standing of the disorder; (2) examining predictors of DCD,
which may inform prevention strategies; and (3) investigating
effectiveness and neuroplastic change associated with rehabil-
itation interventions for children with DCD.

Brain Imaging Can Inform Our Theoretical
Understanding of DCD

The cerebellum has long been hypothesized to be involved in
DCD [6, 47]. It is especially vulnerable in developmental
disorders because it develops relatively later and slower than
most other brain regions [15]. In addition, there are two pos-
sible mechanisms that suggest that the cerebellum is involved
in DCD, the automatization deficit hypothesis [48, 49], and
the internal modeling deficit hypothesis [6, 23, 50–52]. The
automatization deficit hypothesis suggests that children with
DCD, like those with dyslexia, may have difficulty making
motor skills automatic. Further neuroimaging studies compar-
ing single-task versus a dual-task performance are needed to
confirm this hypothesis. The internal modeling deficit hypoth-
esis suggests that successful motor control is thought to result
from an internal model involving the cerebellum that accurate-
ly predicts the sensory consequences of motor command [50].

Recent neuroimaging studies support the hypothesis from
behavioral studies that the cerebellum and/or its networks are
involved in DCD [6]. For example, a couple of studies report-
ed that children with DCD exhibited lower activation in the
DLPFC and the left posterior cerebellum [30, 53]. Zwicker
et al. measured brain activation while children with and with-
out DCD performed a trail-tracing task [22••]. Behaviorally,
both groups performed similarly; however, BOLD analysis

revealed that children with DCD had less activation in the
right cerebellar crus I, left cerebellar lobule IVand IX, bilateral
inferior parietal lobules, and right middle frontal gyrus com-
pared to typically developing children. Despite the small sam-
ple size, this is the first study to support the possible relation-
ship between cerebellar under-recruitment and poor motor
performance in children with DCD. Further, in a single case
study, structural MRI confirmed the cerebellar involvement in
a 19 year-old with DCD, indicating functional disruption of
the cerebellum [46]. Future brain imaging studies using motor
learning tasks will be crucial to further our understanding of
the role of the cerebellum in DCD.

The frontal-parietal connections are involved in serial pro-
cessing of sensory motor networks (such as the visuospatial
processes) and theories of motor skill learning. Results of a
meta-analysis of the information processing deficits associat-
ed with DCD showed that children with DCD have signifi-
cantly poorer visual spatial processing than healthy controls
[43]. This suggests that the parietal region may be implicated
in DCD given its role in processing visual spatial information
[6, 51, 52, 54–56]. To investigate parietal dysfunction in
DCD, Zwicker et al. reported under-activation in the frontal-
parietal and frontal cerebellar networks when children with
and without DCD performed a trail-tracing task [22••]. In
another study using joystick tracing, Kashiwagi et al. reported
lower brain activation in the left posterior parietal cortex and
postcentral gyrus [20]. Abnormal functional connectivity was
also reported in the parietal-related networks in DCD [18••,
19, 45••]. These studies suggest that the suboptimal parietal
function may be another neural correlate of DCD.

Brain Imaging May Inform Ways to Prevent DCD
in High-Risk Populations

In a systematic review, Edwards et al. in 2011 reported that
children born very preterm are at much higher risk compared
to children born full-term to develop DCD [57]. The authors
further highlighted the value in determining the mechanisms
underlying DCD in the preterm population as this would help
inform early identification and intervention. In particular,
white matter injury has been hypothesized to account for mo-
tor impairment in children born preterm [58•]. More specifi-
cally, impaired maturation of the oligodendrocyte lineage and/
or myelination in white matter tracts associated with motor
development, such as the hippocampus [59], corticospinal
tract [6], cerebellum [60], and corpus callosum [61] have been
implicated in motor impairments consistent with DCD. Fur-
ther, reduced FA values have been reported to be strongly
associated with motor impairment and DCD in very preterm
children at school age [62•, 63].

Zwicker et al. has investigated the association of ante-natal,
peri-natal, and post-natal predictors of DCD on the develop-
ment of the corticospinal tract, the main voluntary motor
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pathway [64], and reported that higher illness severity in the
first days of life and use of painful procedures were associated
with slower maturation of the corticospinal tract. Interestingly,
this dysmaturation was related to lower radial diffusivity (wa-
ter diffusion perpendicular to axons), suggesting that myelin
and the cells that produce myelin are affected. In contrast,
Zwicker et al. in 2012 found that lower axial diffusivity (water
diffusion along the length of axons) was related to poorer
motor skills in a term-born cohort of children with DCD
[38]. Taken together, these studies suggest that different mech-
anisms may account for DCD in preterm compared with full-
term children, which highlights the role of early identification
and intervention in this high-risk population. To further exam-
ine predictors of DCD, Zwicker is currently determining brain
biomarkers for DCD by examining the association of neonatal
brain imaging conducted near birth and term-equivalent age to
imaging conducted at age 8 in children who were born
preterm.

Brain Imaging May Provide Evidence for Rehabilitation
Interventions

Questions about how DCD is explained by brain mechanisms
and how the child responds to motor learning and motor skill
acquisition is the next frontier in research. Based on principles
of motor learning and neuroplasticity, it is conceivable that
children with DCD can demonstrate improved motor skill
and relatively permanent change in function as a result of
motor training [65, 66]. In the case of dyslexia, for example,
increases in gray matter volume were observed in response to
reading intervention in dyslexic children after a short 8-week
training program [67]. Demonstrating neuroplasticity in re-
sponse to learning and training has only recently been applied
to children with DCD.

Zwicker et al. were the first to track motor training effects
using serial MRI scans [22••]. They reported significant dif-
ferences between groups in a broad network of regions asso-
ciated with motor learning, including bilateral inferior parietal
lobules, right dorsolateral prefrontal cortex, and the cerebel-
lum. The relative under-activation of these regions by children
with DCD may be associated with their poor motor learning
compared to typically developing peers. It is possible that
activation of this network during intervention may induce
gains in motor learning in DCD. Future work with a larger
sample size is needed to confirm these hypotheses.

Like gray matter, white matter has also been shown to
change with development and in association with training
and skill acquisition/motor learning [68, 69]. Abnormalities
in white matter measured using DTI have been reported in
children with DCD. White matter tracts in children with
DCD exhibited lower fractional anisotropy and higher diffu-
sion compared to typically developing peers. These findings
reflect maturational differences in white matter architecture.

An important next step in advancing our understanding of
DCD is to establish typical trajectory of motor pathway de-
velopment over time using serial scans to inform diagnosis
and neural responses to skill development/motor learning.
Studies to examine whether neuroplastic changes occur with
rehabilitation intervention is currently underway in a clinical
trial conducted by Zwicker in Vancouver, Canada.

Future Directions

Although neuroimaging studies have greatly informed our
understanding of DCD, most studies are limited by small sam-
ple sizes and thus need to be replicated to confirm findings. In
addition, studies have used different cutoff scores to define
DCD, but all have found significant brain differences com-
pared to typically developing children. These findings partial-
ly confirm the EACD guidelines to use a more generous cutoff
in diagnosing DCD. Neuroimaging studies with larger sample
sizes may help determine if there are brain differences in chil-
dren who score ≤5th percentile compared with children who
score ≤16th percentile on the MABC-2. Further work in de-
termining the neural correlates of DCDmay ultimately inform
diagnosis of DCD in the long term. Because most of the neu-
roimaging findings in DCD are related to differences in brain
activation or are at the microstructure level, using MRI for
diagnosis is not practical at this time; however, advances in
MR technology and increased accessibility to MRI may make
this a possibility in the future with continued efforts to deter-
mine neural correlates of DCD.

Conclusion

Advanced imaging techniques have provided a window into
the neural correlates of DCD, delivering essential information
on brain structure and function. Together, these findings in-
form the neural basis of DCD and will help to confirm or
develop interventions for children with DCD that will opti-
mize neurodevelopmental outcomes. These findings are the
tip of the iceberg, as questions remain regarding the optimal
application of this knowledge of neural correlates to diagnosis
and intervention.
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