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Abstract
Purpose of Review Developmental coordination disorder (DCD) impacts ones’ abilities to learn motor skills. Emerging evidence
suggests that training or intervention can improve motor skills and induce brain changes. We present an overview of current
knowledge and highlight the effects of Cognitive Orientation to Occupational Performance (CO-OP) intervention on brain
structure in children with DCD.
Recent Findings The frontal lobe, parietal lobe, cerebellum, basal ganglia, and the corpus callosum have been associated with
motor learning difficulties in children with DCD. We found that white matter microstructure and/or volume in the right corona
radiata, anterior thalamic radiation, and the corpus callosum improves following CO-OP intervention in children with DCD.
Summary Training-induced changes in brain structure and function can be seen following intervention in children with DCD.
The common theme between these changes is the possibility of improved access to attentional resources to compensate for motor
difficulties associated with DCD.
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Introduction

Developmental Coordination Disorder

Developmental coordination disorder (DCD) is characterized
by difficulty in learning motor skills that significantly affects
daily life and interferes with academic achievement, vocation-
al choices, and leisure pursuits [1]. Motor difficulty—
identified as low accuracy, slow, and variable motor perfor-
mance [2]—is the primary concern for children with DCD,
which limits their ability to participate in daily activities, such

as grooming, buttoning their clothes, tying their shoes, print-
ing, or participating in sports [1]. Difficulty learning motor
skills contributes to less frequent participation and less diver-
sity in activities in school and community settings for children
with DCD compared with typically developing (TD) children
[3, 4]. They are more likely to avoid environments where their
lack of competencemight be displayed and prefer to engage in
activities that can be done solo, are quieter, and are less so-
cially engaging [5, 6]. The psychosocial and physical conse-
quences of DCD can impact health-related quality of life in
various domains such as relationships with parents and peers,

This article is part of the Topical Collection on Motor Disorders

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s40474-020-00191-0) contains supplementary
material, which is available to authorized users.

* Jill G. Zwicker
jill.zwicker@ubc.ca

1 Rehabilitation Sciences, University of British Columbia,
Vancouver, British Columbia, Canada

2 Department of Occupational Science & Occupational Therapy,
University of British Columbia, Vancouver, British Columbia,
Canada

3 Brain, Behaviour, & Development, BC Children’s Hospital Research
Institute, # K3-180, 4480 Oak Street, Vancouver, BC V6H 3V4,
Canada

4 Department of Pediatrics, University of British Columbia,
Vancouver, British Columbia, Canada

5 Sunny Hill Health Centre for Children, Vancouver, British Columbia,
Canada

https://doi.org/10.1007/s40474-020-00191-0
Current Developmental Disorders Reports (2020) 7:48– 85

April 2020Published online: 21 

http://crossmark.crossref.org/dialog/?doi=10.1007/s40474-020-00191-0&domain=pdf
https://orcid.org/0000-0002-2986-6938
https://doi.org/10.1007/s40474-020-00191-0
mailto:jill.zwicker@ubc.ca


bullying, self-perception, and autonomy [7, 8]. Having a life-
long impact, between 50 and 75% of children with DCD will
continue to experience motor difficulties as adolescents and
adults that profoundly affect their participation and indepen-
dence in activities of daily living (e.g., driving) and academic
functions (e.g., handwriting) [9–12].

Brain Correlates of DCD

Behavioral and neuroimaging studies have linked DCD to
brain regions such as the cerebellum, the parietal lobe, the
frontal lobe, the basal ganglia, and the limbic system [13•,
14, 15]. Various parts of the cerebellum, such as lobule IV
[16•], lobule V [16•, 17], lobule VI [18–22], lobule IX [16•,
22], lobule X [16•], and crus I [21–23], have been implicated
in children with DCD. Decreased perfusion in the right cere-
bellar hemisphere [24] and atypical functional connectivity
between right cerebellum lobule V and left sensorimotor cor-
tex [17] and paralimbic structures [25] have also been noted.
Several studies have reported various parts of the parietal lobe
to be involved in DCD, including superior [19, 20, 26–28],
posterior [26, 28], and inferior [16•, 18, 21, 22, 26, 29–31]
areas of parietal cortex. The parietal lobes’ connection to basal
ganglia [29] and its bilateral connection through the corpus
callosum [28, 32] have also been reported to be atypical in
DCD.

Given the role of the frontal lobe in motor control and
cognitive processes, it represents a good signature of DCD
[18, 21, 27, 30, 31, 33–38]. Respectively, altered function
and structure of frontal lobe motor-related regions (i.e., prima-
ry motor cortex, premotor cortex) [30, 34, 35, 38–42] and
prefrontal cortices [22, 23, 41, 43] responsible for high-level
cognitive functions could underlie DCD. The dorsolateral pre-
frontal cortex (DLPFC) coordinates the cerebellum and the
basal ganglia during motor learning [44]. Compensatory acti-
vation in the DLPFC in children with DCD could help them
attain their behavioral performance in executive function tests
equivalent to their peers [43].

Resting state MRI studies have reported reduced functional
connectivity between the left motor cortex and regions of the
basal ganglia (i.e., the striatum, caudate, putamen, and globus
pallidus) [35] as well as lack of hemispheric dominance in the
functional connection of putamen and sensorimotor cortex
[17].Moreover, task-based functionalMRI studies show atyp-
ical activation in the caudate [16•, 36] and globus pallidus
[16•] during motor tasks, as well as a decreased path coeffi-
cient between the striatum and right parietal cortex [29].

The limbic system’s function is related to cognitive and
emotional processes [45]. Among all the limbic structures,
the role of the posterior cingulate cortex in DCD is supported
by a substantial number of neuroimaging studies [16•, 18, 33,
36, 40, 46]. The posterior cingulate cortex is well-known for
its role in coordinating various functional networks’ activation

in the brain and adjusting their activity over time [47, 48].
Dorsal regions of the posterior cingulate cortex collaborate
with the frontoparietal network to allocate attentional re-
sources for a given task [49].

The neural basis of motor difficulties in DCD can be in-
formed by neurocomputational theories of motor control.
Accordingly, to generate a goal-directed movement, (1) the
cerebellum predicts the sensory consequence ofmotor actions,
sends error signals [50, 51], and generates an internal model;
(2) the parietal lobe compares the internal model with sensory
feedback from the body and makes changes to the internal
models for action [52]; (3) the basal ganglia estimates the
“cost-to-go” during motor execution to provide optimal con-
trol over the motor task; and (4) finally, the frontal lobe motor
areas transform this information into motor output [53].
Moreover, the limbic system, known as the motivational cen-
ter, activates motor patterns through its pathways to the
brainstem [54]. Thus, the neurocomputational theories of mo-
tor learning and neuroimaging studies can offer some expla-
nation for the specific motor problems observed in children
with DCD (e.g., impaired dynamic postural control [55], mo-
tor imagery [56–59], overt [60] and covert [61] control of eye
movements, and manual control with varying complexity lev-
el [62, 63]). However, the underlying cause of these difficul-
ties and brain involvements still remains unclear.

Brain Imaging Application in Rehabilitation

Our understanding of the neural basis of DCD has grown
immensely over the last decade while knowledge of
experience-dependent neuroplasticity—brain change with
training or intervention—in children with DCD is essentially
unknown. The next critical step in the field is to determine if
we can optimize neuroplasticity and enhance motor outcomes
of children with DCD through rehabilitation, and then deter-
mine how various factors such as age, attention, medications,
duration, and intensity of training [64] regulate brain plasticity
in this population. This information can add neuroscientific
evidence to current best-practice principles for effective treat-
ment of children with DCD. In a 2019 systematic review of
rehabilitation-induced brain changes in children with
neurodevelopmental disorders, we found that various MRI
modalities were able to detect brain changes associated with
intervention [65•]. However, at the time of the review, no
studies had investigated children with DCD. In this paper,
we extend our definition of rehabilitation to include any train-
ing effects and include other modalities beyond MRI to pro-
vide an overview of the latest evidence of training-induced
neuroplasticity in children with DCD. We also highlight re-
sults of our current study investigating neuroplastic changes
associated with development and rehabilitation intervention in
children with DCD.
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Training-Induced Neuroplasticity in DCD

To date, only a handful of studies have reported training-
induced neuroplasticity in children with DCD. These studies
have used functional neuroimaging techniques such as MRI
[16•, 22], EEG [38], and event-related potentials (ERP) [66,
67] to investigate how various training approaches change the
brain in children with DCD. Zwicker and colleagues were the
first to look at the neural underpinnings of motor learning in a
5-day practice trial of a trail-tracing visuomotor task in chil-
dren with DCD [22]. The task included use of a joystick to
trace between two lines in the shape of a flower. fMRI was
conducted before and after 3 days of practice. Children with
DCD showed no improvement in the task, compared to a
reduction in errors (d = − 0.31) by TD children with equiva-
lent practice. Relative to TD peers, children with DCD dem-
onstrated under-activation of DLPFC, inferior parietal lobe,
and posterior lobe of the cerebellum [22]. These regions are
functionally connected [68] and have been associated with
both motor learning and higher cognitive functioning [69–72].

Using ERP, Tsai and colleagues captured changes in
the electrophysiological properties of the brain after
16 weeks of intensive endurance training [66] and
10 weeks of intensive soccer training [67]. These two
studies included behavioral measures of motor ability
[66, 67], attention [67], working memory, and oxygen
consumption [66]. The endurance training focused on
the application of exercises such as running and aerobic
activities (e.g., cycling, rope jumping, and obstacle
course) in order to improve visuospatial working memory
and motor performance [66]. The intensive soccer training
was specifically designed to improve attention and motor
performance and had some components of motor imagery
and social engagement (soccer match) embedded in the
later stages of the training [67]. Tsai and colleagues re-
ported improvements in attention and inhibitory control
[67], working memory during the encoding and retrieval
phases [66], and general motor ability [66, 67]. Both in-
terventions led to changes in electrophysiological proper-
ties of P3 wave (amplitude [66] and latency [67]), speci-
fying the role of frontal lobe in allocating attentional re-
sources [67] and the posterior parietal lobe in working
memory during encoding and retrieval [66]. The posterior
parietal cortex is specifically involved in motor cognitive
actions and integrating sensorimotor information neces-
sary for motor planning and linking action to perception
[73]. Consistent with the findings of Zwicker and col-
leagues, Tsai et al. concluded that executive function im-
provements through ventral and dorsal attention/
frontoparietal networks were responsible for training-
induced behavioral changes in children with DCD [66,
67]. Given that the interventions in Tsai et al.’s studies
had multiple elements, it is difficult to determine the

active ingredient(s) that account for changes observed in
these studies [66, 67].

Research also supports the role of inter-hemispheric dis-
connection in motor learning challenges of children with
DCD [38]. In a study by Blais and colleagues, children with
DCD and TD children learned three bimanual coordination
patterns: in phase, anti-phase, and new. Behavioral and EEG
results showed that both groups were able to learn these pat-
terns and increase their fronto-central intra-hemispheric coher-
ence; however, the DCD group was less stable with higher
numbers of non-voluntary mirror movements in the non-
practicing hand, which was associated with lower fronto-
central inter-hemispheric coherence and less corpus callosum
involvement [38]. Based on this study, motor challenges in
children with DCD may be associated with altered inhibitory
control during motor learning [38].

Biotteau and colleagues also identified cognitive fatigue as
a potential source of motor learning difficulties in children
with DCD [16•]. They examined how children with DCD,
children with developmental dyslexia, and children with a
dual diagnosis of DCD and developmental dyslexia learn a
novel motor sequence and an over-trained motor sequence in
single- and dual-task conditions. All three clinical groups were
able to learn the sequences and reach automaticity to some
extent [16•]. However, brain activation patterns were different
for the DCD group compared to the other two groups. The
DCD group showed relatively similar brain activation patterns
during novel and over-trained motor tasks with increased ac-
tivation in the caudate observed only during the novel motor
sequence; typically, optimal learning and automatization re-
duce brain activity in specific brain regions. Children with
DCD did not show any decrease in brain activity in the cere-
bellum, cingulate cortex, and frontal regions during the
overlearned taskwhen compared to the novel task; this finding
is suggestive of inefficient brain activity. Moreover, children
with DCD, when compared to children with developmental
dyslexia with or without DCD, showed increased and exten-
sive brain activation in the inferior parietal lobe as well as the
anterior and posterior cingulate cortex [16•]. All of these re-
gions are known to be altered in children with DCD,
highlighting their need for extra effort and investing extensive
brain activation to achieve similar performance as their peers
[16•, 18].

In summary, existing literature highlights changes in the
frontal and parietal lobes, and to some extent the cerebellum,
corpus callosum, and basal ganglia, when learning a motor
task in childrenwith DCD. Typically, brain correlates of motor
learning and required attentional resources are contingent on
the stage of motor skill acquisition: early/fast learning or
late/slow learning [74, 75]. Early/fast learning refers to rapid
motor improvements in a single training session and late/slow
learning occurs over multiple practice sessions [74, 76]. In the
reviewed studies in DCD, only one study looked at early/fast
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learning [38] while all other studies assessed late/slow motor
learning over 3 days to 16 weeks of training [16•, 22, 66, 67].
During early motor sequence learning, the primary motor cor-
tex, premotor cortex, and supplementary motor area (SMA)
show an increase in inter- and intra-hemispheric interactions
[77]. Blais and colleagues showed that while intra-
hemispheric interaction improves in early stages of motor
learning in DCD, their inter-hemispheric interaction (and,
thus, inhibitory control of mirror movements) is impaired
[38]. Additionally, increased functional connectivity between
the DLPFC and areas such as premotor cortex [77] and infe-
rior parietal lobe [71] during early stages of learning suggests
that attentional demands are required at this stage [74, 75].
Zwicker and colleagues showed that decreased activation in
these regions was associated with no motor learning in chil-
dren with DCD [22], which may indicate that insufficient
attentional resources were recruited in the early stages of mo-
tor learning. Children with other neurodevelopmental disor-
ders (e.g., attention deficit hyperactivity disorder [ADHD],
autism spectrum disorder [ASD]) have also shown difficulty
regulating attentional resources during early motor learning
and control; hypofrontality or low activation of anterior and
posterior cingulate gyri—involved in motor attention and
control—inferior frontal gyrus, and caudate [78, 79] as well
as premotor and pre-SMA systems in childrenwith ADHD are
associated with poor motor control and increased motor vari-
ability. Children with ADHD rather rely on compensatory
recruitment of parts of prefrontal circuit associated with higher
cognitive control to perform motor tasks [79]. Children with
ASD show a similar pattern of brain activation to children
with DCD during early motor learning, with reduced function-
al connectivity between visual cortex and inferior, superior,
and middle frontal gyri [80] and decreased activation in the
premotor area [81].

Reliance on cognitive functions and accessing more atten-
tional resources decrease with practice and in the later stages
of motor learning [74]. This is reflected in the brain with
decreased activation of the frontoparietal network and in-
creased activation of the default mode network [82]; however,
children with DCD demonstrate a different pattern of brain
function compared to TD children or other clinical popula-
tions. Biotteau et al. and Tsai et al. showed that children with
DCD need to use their neuronal attentional resources (e.g.,
frontoparietal network [66, 67] and posterior cingulate cortex
[16•]) to apply more cognitive control while learning a motor
skill. The posterior cingulate cortex and the frontoparietal net-
work work together to allocate attentional resources for a giv-
en task [49]. Similar to DCD, children with ASD also show
decreased activation in the posterior cingulate cortex during a
visuomotor learning task [83]. Moreover, typical automatiza-
tion results in more activation in the motor areas of the brain,
such as the primary motor cortex, SMA, and putamen, while
attentional resources such as the cerebellum become less

active [74]. However, automatization is not achieved through
a typical decrease in attention and cognitive involvement in
children with DCD [16•]; rather, automatization in children
with DCD is followed by a decrease in caudate activity, sug-
gesting that children with DCD need additional processing
efforts at the neural level to perform motor skills. A similar
pattern has been shown in children with developmental dys-
lexia [16•]. Different from children with DCD, a distinct pat-
tern of brain activation during early motor learning in children
with ASD could indicate how it impacts later stages of motor
learning. Increased putamen activation [81] and reduced cer-
ebellar activation [84] during early motor sequence learning as
well as increased premotor activation during later stages of
motor learning [81] in children with ASD reflect difficulty
shifting from effortful control of movement to automated
movement control.

Taken together, these studies suggest that children with
DCD show impairments in brain regions that provide atten-
tional resources during initial stages of learning (corpus
callosum andDLPFC) [22, 38]; during later stages of learning,
they show improved function in regions such as the
frontoparietal network and posterior cingulate cortex, neces-
sary for attention to the motor task. As Biotteau and col-
leagues suggest, this distinct pattern of experience-dependent
neuroplasticity may cause cognitive fatigue observed in chil-
dren with DCD [16•].

CO-OP-Induced Neuroplasticity in DCD

In order to enhance our understanding of training-induced
neuroplasticity, we conducted a randomized controlled trial
(ClinicalTrials.gov ID: NCT02597751) to investigate the
effect of Cognitive Orientation to Occupational Performance
(CO-OP) intervention on brain structure in children with
DCD. CO-OP—an individualized, client-centered rehabilita-
tion approach—has strong treatment effects for children with
DCD [85, 86] and is one of the recommended interventions
for these children according to the international guidelines
published in 2019 [87••]. The CO-OP approach ameliorates
both primary motor impairment of DCD (e.g., motor over-
flow) and its secondary consequences on activity and partici-
pation of children [88•]. While the CO-OP approach has been
effective in meeting motor goals of children with DCD [88•,
89–93, 94•], the underlying mechanism and the neural basis
for these improvements are unknown.

In what follows, we briefly explain CO-OP-induced
neuroplasticity in white matter structure captured by diffusion
tensor imaging (DTI) and T1-weighted imaging. This is part
of a larger randomized waitlist-controlled trial focusing on
structural and functional brain changes associated with CO-
OP in children with DCD and those with co-occurring DCD

Curr Dev Disord Rep (2020) 7:48– 85 51

http://clinicaltrials.gov


and ADHD. This paper is the first to look at structural changes
associated with training in children with DCD.

DTI is the only non-invasive tool available to measure
white matter microstructure by measuring water diffusivity
in brain tissue and the amount of restriction experienced by
water molecules moving in the brain. Water molecules are
considerably impeded in white matter, owing to factors such
as myelination, fiber diameter or density, and membrane per-
meability [95]. This impedance causes directional and aniso-
tropic water diffusivity. The most common measure of DTI is
fractional anisotropy (FA), the directionality of water diffusion
[96]. T1-weighted imaging captures brain anatomy with high
resolution and is used to distinguish gray and white matter to
measure regional brain volumes. DTI and FA values are not
able to properly estimate and regenerate white matter crossing
fibers (e.g., right-left in the corpus callosum) [97]. Therefore,
in this study, we applied a joint inference of DTI and T1-
weighted images through non-parametric combination
(NPC) methodology on a sample of 32 children with DCD,
comparing pre- and post-intervention scans. NPC over two
MRI modalities enables us to capture any changes in white
matter structure that might have not been captured if each
modality was analyzed separately [98] (for more detail
regarding study protocol, please see Supplementary Material).

Our results showed that 10 weeks of CO-OP is effective in
improving motor performance, satisfaction, and quality of
movement in children with DCD. Our imaging results cap-
tured these improvements in the white matter structure (vol-
ume and/or FA) in the right superior and posterior corona
radiata, the right anterior thalamic radiation, and the body
and splenium of the corpus callosum (Fig. 1). Partial tests

showed that our results are mostly driven by an increase in
white matter volume of these regions after CO-OP. We also
conducted the same analysis looking at the maturation effect
over 3 months in a sub-sample of 12 children with DCD, who
had not undergone training at the time; no developmental
brain changes were found. This provides encouraging evi-
dence that the observed CO-OP effect in our pre-post analysis
is not due to natural development or maturation; however, it
should be noted that the small sample size may have reduced
the power to capture developmental changes. In what follows,
we discuss the results of this study in more detail.

Attention Regulation

The corona radiata is a main white matter structure related to
the default mode network, which regulates attentional de-
mands during motor or cogntive task performance [82]. FA
in both the right superior and posterior corona radiata is asso-
ciated with different dimensions of attention, including fo-
cused attention, sustained attention, and shifting attention
[99]. These results suggest that CO-OP intervention may im-
prove children’s ability to pay attention to salient features of
the motor task, which may improve their ability to learn motor
skills.

The posterior corona radiata also contains axonal fibers of
corticospinal tract (CST), the main voluntary motor pathway
in the brain [100, 101]. The CST originates from various cor-
tical areas in the frontal (e.g., primary motor cortex, premotor
cortex, SMA, and cingulate motor areas) and parietal lobes
(posterior parietal cortex) [101]. The CST passes through the
posterior corona radiata and posterior limb of internal capsule,

Fig. 1 Regions with increased white matter volume and/or fractional anisotropy (FA) after CO-OP intervention. Regions are reported in MNI
coordinates. CC corpus callosum
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decends in the cerebellar peduncles, and crosses at the pons to
the other side [102, 103]. Improved microstructure of this tract
could facilitate motor information flow from the cortex to the
cerebellum and the spine, which is necessary for generating an
internal model of movement [51, 104, 105]. We have previ-
ously shown that axial diffusivity—water diffusion along the
length of axons—in the posterior and superior corona radiata
is significantly lower in children with DCDwhen compared to
peers and is correlated with their level of motor skill [32].

Inter-hemispheric Interaction

We also found a significant increase in the white matter vol-
ume and/or FA in the body and splenium of the corpus
callosum after CO-OP intervention. In line with our findings,
evidence suggests that motor training could influence inter-
hemispheric interactions through the corpus callosum, espe-
cially during bimanual motor tasks. Two different mecha-
nisms involving the corpus callosum are suggested—
inhibitory and excitatory. Inhibitory mechanisms avoid the
mirror activities of the non-task hand during unilateral tasks
by inhibiting the non-active motor cortex, whereas the excit-
atory mechanisms facilitate interaction of the right and left
primary and premotor cortex and subsequently coordinate
the onset of bilateral movements [106]. In our study, every
participant had at least one bimanual motor goal, such as tying
shoelaces, printing, cutting with a knife, or using scissors.
This suggests that CO-OP may have altered the structure of
the corpus callosum by improving bilateral coordination and
the ability to coordinate both limbs. As we did not assess the
amount of mirror movements before and after CO-OP, it is not
clear whether this improved inter-hemispheric interaction de-
creased mirror movements. Contrary to our results, Blais and
colleagues found that learning a bimanual motor task did not
change inter-hemispheric connections in children with DCD,
as measured by EEG.

Behavioral [107] and neuroimaging [28, 32, 38] studies in
DCD have reported an inter-hemispheric interaction deficit
and alteration in the corpus callosum regions connecting the
frontal and parietal cortices. In addition, the splenium of the
corpus callosum is slower to develop compared to other areas
in TD children [108]. The body of the corpus callosum pro-
jects fibers to both the frontal and parietal lobes and the
splenium projects to the posterior parietal lobe [109]. This
delay in development may be exacerbated in children with
DCD, causing bimanual motor difficulties in task such as
tying shoes, peeling fruits, and typing. Our results suggest that
successful motor training through CO-OP intervention could
improve inter-hemispheric communication by altering the
structure of the corpus callosum.

Corpus callosum involvement in the CO-OP intervention
program could be discussed from an alternative hypothesis—
attentional resource allocation. Accordingly, each brain

hemisphere has a limited and distinct performance capacity
and attentional resource; inter-hemispheric interactions
through the corpus callosum allow parallel processing in both
hemispheres, leading to performance advantage when the task
is attentionally demanding [110]. CO-OP might help children
use both their hemispheres’ attentional resources for process-
ing sensory and motor information, movement planning and
preparation, and subsequently improve their motor perfor-
mance. In other words, CO-OP could help children with
DCD allocate more attentional resources to their motor tasks
through parallel processing and regulate the two hemispheres’
connections during unilateral or bilateral movement.

Emotion Regulation

Changes in the anterior thalamic radiation after CO-OP inter-
vention are an intriguing finding in our study. The anterior
thalamic radiation is part of the anterior limb of internal cap-
sule and may be related to happiness; low FA in this white
matter structure is associated with sadness, negative feelings,
and mood change, and is consistently reported in depression
and bipolar disorder literature [111–113]. To our knowledge,
unlike posterior thalamic radiation [19, 114, 115], there are no
reports of impairments in the anterior thalamic radiation in
DCD literature; improvement in this white matter structure
after CO-OP intervention could reflect the sense of satisfac-
tion and happiness that children experience after achieving
their motor goals. While speculative, our results suggest that
CO-OP intervention improves both motor performance and
satisfaction at behavioral level, and perhaps the neural level
as well.

Hemispheric Asymmetry

It is well-established that the left hemisphere is the dominant
hemisphere for motor performance [116]. Therefore, we
would expect to see brain changes associated with improved
motor performance in the left hemisphere. However, all the
observed changes in our study were located on the right hemi-
sphere. This is consistent with results of the EEG study that
suggested improved intra-hemispheric coherence in the right
hemisphere after bimanual motor learning and low inter-
hemispheric coherence in children with DCD [38]. Blais and
colleagues indicate that findings in the right hemisphere de-
pend on its role in feedback processing and other processes,
such as inhibition and attention required for their specific task;
the right hemisphere is likely involved in the early stages of
motor learning while the left hemisphere becomes involved in
the later stages [38]. As such, our right-sided findings imme-
diately after CO-OP intervention are likely reflective of the
attentional demands required for the learning of novel motor
tasks. We hypothesize that as learning progresses and actions
become more automated [117, 118], the role of the left
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hemisphere is likely to increase. Results of our 3-month fol-
low-up may be able to confirm this hypothesis.

Clinical Implications

According to our systematic review of rehabilitation-induced
brain changes in children with neurodevelopmental disorders,
three principles of neuroplasticity—repetition, time, and
intensity—highlight the potential of long-term treatment to
change the brain, in particular its structure [65•]; however,
the required intervention dose could not be identified due to
the variety of intervention programs used and lack of detail on
specific methods [65•]. Intervention studies show that at least
9 weeks of practice and/or a high frequency of 4–5 times of
practice per week are required to make substantial changes in
motor performance of children with DCD [119••]. Our 2019
review confirmed these results, suggesting that to have both
behavioral and neural changes, it is necessary that motor
learning progresses slowly to its later stages with a high-
intensity and repetitive practice or over a long practice period.
More specifically, an intensive 15-consecutive-day of motor
sequence learning [16•], 10 to 16 weeks of intensive endur-
ance training [66], intensive soccer training [67], and CO-OP
could improvemotor performance in DCD through attentional
enhancement. The common component of the three long in-
tervention programs is their focus on cognitive training or use
of children’s cognitive ability to problem solve: the endurance
training focused on improving visuospatial working memory
and motor performance [66]; the intensive soccer training was
designed to improve attention and motor performance as well
as motor imagery and social engagement [67]; and CO-OP is a
cognitive-based, problem-solving approach that uses verbal
mediation and identifies cognitive strategies to influence mo-
tor skill acquisition and occupational performance. While
these interventions improved brain structure in regions
asscociated with motor and attention, CO-OP is unique in its
ability to change the anterior thalamic radiation, which is as-
sociated with happiness.

Discussion and Conclusion

In this paper, we briefly reviewed brain correlates of
DCD, namely the frontal and parietal lobes, cerebellum,
basal ganglia, and the limbic system [13•, 14, 15]. More
importantly, we showed that training and intervention can
alter the structure and function of some of these regions,
as well as their connections through the corpus callosum.
In previous work, we hypothesized and demonstrated that
DCD may be a result of altered brain development [120].
Studies of children born preterm, a group that is at high
risk of DCD [121], also provide support for this

hypothesis. Evidence suggests a reduction in total brain,
white matter, and gray matter volume with a specific in-
volvement of the cerebellum, corpus callosum, and hippo-
campus in preterm-born children can last throughout
childhood and adolescence [122]. More importantly, the
reduced size of the cerebellum [123] and the corpus
callosum [124–126] was associated with poorer motor
skills. More longitudinal research is required to under-
stand brain development and maturation in DCD and see
how prenatal and neonatal factors can predict DCD
outcomes.

Existing literature suggests that fast and slow modes of
motor learning have distinct patterns of neural activity in
DCD. According to the two studies focused on fast learning
[22, 38], children with DCD exhibit impairment in areas re-
sponsible for both attention and motor function, such as
DLPFC [22] and corpus callosum [38]. The DLPFC mediates
the cerebellum and the basal ganglia interaction during a mo-
tor learning task [44] and provides attentional resources re-
quired for motor learning [74, 75]. The corpus callosum inte-
grates the two hemispheres, connects their motor cortices [77],
and inhibits mirror movements in unilateral tasks or allocates
attentional resources from both hemispheres during bilateral
movements [106].

A common theme between the functional brain studies of
slow motor learning and our structural brain study associated
with CO-OP intervention is the possibility of improved access
to attentional resources in children with DCD to compensate
for their motor difficulties [16•, 66, 67]. Increased activation
of the regions such as the frontoparietal network [66, 67] and
the posterior cingulate cortex [16•] as well as improved struc-
ture of the corpus callosum and the corona radiata—important
white matter structures of the default mode network [82]—
facilitate access to attentional resources in order to progress
towards the later stages of motor learning and automatization.
It is likely that the necessity to access more attentional brain
resources to learn a motor task may be associated with cogni-
tive fatigue commonly seen in children with DCD [16•, 18].

The few studies that have examined training-induced
neuroplasticity in children with DCD provide promise
that we can change the brain and improve outcomes of
children with DCD. Future studies are necessary to (1)
investigate if other interventions induce positive
neuroplastic change; (2) determine the ideal dose, fre-
quency, duration, and type of treatment required to create
long-lasting effects; and (3) whether adults with DCD
demonstrate neuroplastic change and improved outcomes
with intervention. Demonstrating positive changes in
brain structure and brain function, coupled with gains
in motor function and quality of life, may provide the
necessary evidence to advocate for intervention for indi-
viduals with DCD, which is not yet standard of care in
many countries.
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