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Abstract

Developmental coordination disorder is a neurodevelopmental disorder primarily characterised by 

motor  coordination significantly below that  expected for an individual’s  age,  in  the absence of 

neurological  or  intellectual  deficits  (American  Psychiatric  Association,  2013).  This  poorer 

coordination has a significant negative impact on activities of daily living and individual well-

being. While it is understood that the root cause of DCD likely lies in the development of the brain, 

there is presently no consensus into the precise nature of this neurological basis of the disorder. The 

aim of this chapter is to outline the current understanding of DCD from a developmental cognitive 

neuroscience perspective. It begins by briefly describing the presentation of DCD, before moving 

on to outline neuroscientific hypotheses and the evidence supporting them. The chapter concludes 

with an exploration of current issues in the field and potential future directions for research into the 

developmental cognitive neuroscience of DCD.

Keywords: Developmental  coordination  disorder,  EEG,  fMRI,  TMS, DTI,  motor  development, 

neurodevelopmental disorders

What is Developmental Coordination Disorder?

Developmental Coordination Disorder (DCD) is characterised by motor competence significantly 

below that expected for an individual’s age. The actual presentation of the disorder is somewhat 

heterogeneous,  with  different  individuals  presenting  different  profiles  of  impairment.  However, 
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common core  features  include:  slower and less  accurate  motor  performance,  impaired  balance, 

difficulty in motor learning, and poorer sensorimotor coordination (Geuze,  2003; Wilson  et al., 

2012). These core features result in more functional difficulties in activities of everyday living, such 

as:  writing  and drawing,  dressing,  using utensils,  catching,  and running (Summers,  Larkin  and 

Dewey, 2008). The full diagnostic criteria are presented in Table 1. All criteria should be met for a 

diagnosis of DCD.

Table 1. Diagnostic criteria for DCD – DSM-5 (American Psychiatric Association, 2013)

A Acquisition and execution of coordinated motor skills are below what would be expected at a 

given chronological age and opportunity for skill learning and use; difficulties are manifested 

as clumsiness (e.g., dropping or bumping into objects) and as slowness and inaccuracy of 

performance of motor skills (e.g., catching an object, using scissors, handwriting, riding a 

bike, or participating in sports)

B The motor skills deficit significantly or persistently interferes with activities of daily living 

appropriate  to  the  chronological  age  (e.g.,  self-care  and  self-maintenance)  and  impacts 

academic/school productivity, prevocational and vocational activities, leisure, and play.

C The onset of symptoms is in the early developmental perioda

D The  motor  skills  deficits  cannot  be  better  explained  by  intellectual  disability  or  visual 

impairment and are not attributable to a neurological condition affecting movement (e.g., 

cerebral palsy, muscular dystrophy, or a degenerative disorder)
asigns usually evident before school age

As well as these core symptoms, DCD has also been associated with negative secondary 

outcomes in a number of domains, including: cognitive (e.g. Leonard and Hill, 2015; Leonard et al., 

2015), mental and physical health (e.g. Cairney et al., 2005; Faught et al., 2005; Piek et al., 2007; 

Pratt and Hill, 2011), social/interpersonal (e.g. Skinner and Piek, 2001; Miyahara and Piek, 2006), 
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and academic domains (e.g.  Miller  et al.,  2001; Watson and Knott,  2006; Wocadlo and Rieger, 

2008).

It  is  currently  estimated  that  DCD  has  a  prevalence  in  school-aged  children  of 

approximately 5-6% (American Psychiatric Association, 2013). This prevalence is also thought to 

be consistent across races and socio-economic statuses (Blank  et al., 2012). Studies indicate that 

boys are twice as likely to show motor difficulties that can be classified as DCD (Lingam et al., 

2009). It is recognised that DCD is not just a childhood disorder, and that a large proportion of 

children  with  the  disorder  will  continue  to  experience  problems in  adolescence  and  adulthood 

(Cousins and Smyth, 2003; Kirby, Sugden and Purcell, 2014).

The developmental cognitive neuroscience of DCD

While diagnostic criterion D states that DCD is not attributable to a known neurological condition 

that affects movement, it is generally acknowledged that the root cause of the disorder lies in the 

brain. Early hypotheses posited that the cause is some form of brain damage (Gubbay et al., 1965); 

however,  the  current  understanding  is  centred  on  the  idea  that  brain  development  follows  an 

atypical trajectory (Wilson  et al., 2012). This section will provide an overview of neuroimaging 

research that has been conducted in DCD, beginning with investigations of the neural correlates of 

motor  performance  in  individuals  with  and  without  the  disorder.  Next,  we  will  cover  studies 

examining  neural  correlates  of  DCD that  were  inferred  from performance deficits  observed  in 

behavioural experiments (‘cognitive hypotheses’; Wilson et al., 2012). These hypotheses fit broadly 

into  the  following  categories:  Visual  perception,  visuospatial  attention,  executive  functioning, 

internal modelling deficits, and imitation (See Wilson et al., 2017, for a recent systematic review). 

Finally, more recent investigations of structural differences in DCD will be considered.
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Neural correlates of motor performance

Given that motor difficulties are core to the disorder, the majority of research investigating the 

neural correlates of DCD has explored some aspect of motor performance. These include: gross 

motor control, visually-guided fine motor control, motor learning, and timing.

Gross motor control

A number of different paradigms exist to directly explore aspects of gross motor control, including 

two-step  reaching and visuomotor  adaptation  tasks  (e.g.  Kagerer  et  al.,  2004,  2006;  Hyde and 

Wilson, 2013). Unsurprisingly, children with DCD show atypical performance on these tasks, with 

slower initiation of movement and more errors in the two-step reaching task (Hyde and Wilson, 

2013) and less sensitivity to smaller perturbations in the adaptation tasks (Kagerer  et al.,  2004, 

2006).

Pangelinan, Hatfield, and Clark (2013) employed a simple reaching paradigm to explore 

motor control and its neural correlates in children with DCD. The task required participants to make 

rapid movements from the centre of a graphics tablet to one of two points located diagonally. In 

order to investigate the neural correlates, electroencephalography (EEG) was recorded throughout 

the experiment, and analysed using both event-related potential (ERPs; specifically the movement-

related cortical potential, MRCP) and spectral decomposition (focussed on alpha (7-13 Hz) and beta 

(13-30 Hz) bands) approaches. Although no behavioural differences were found between groups, 

EEG analyses revealed that the DCD group showed a greater mean amplitude in the Fz and Cz 

electrodes  before  movement  onset,  after  accounting  for  age.  The  spectral  analysis  showed  no 

changes in alpha or beta activity associated with age, and no differences between groups. Given that 

there is evidence that localises the source of the MCRP component to motor areas (specifically the 

sensorimotor and supplementary motor areas), the authors suggest that the DCD group require more 

cortical resources than their typically developing peers to execute these movements.
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Motor overflow is another presentation of poor gross motor control, and is typically defined 

as “the presence of extraneous movements occurring in parts of the body not actively involved in 

the performance of a task” (Licari et al., 2015, pp. 3–4). It is fairly common in young children but 

has also been observed in older children with DCD (Licari, Larkin and Miyahara, 2006; Licari and 

Larkin, 2008). Licari and colleagues (2015) explored the neural correlates of motor overflow in 

DCD using functional magnetic resonance imaging (fMRI), recording the Blood Oxygenation Level 

Dependent  (BOLD)  signal  while  the  children  undertook  a  task.  The  BOLD  signal  represents 

changes in the blood oxygen level across the brain and is an indirect way of measuring which 

particular areas are active during tasks (for a more complete explanation see Soares  et al., 2016). 

Children with and without DCD performed two tasks with their dominant hand: a repetitive finger 

sequencing task and a repetitive hand clenching task. Overflow activity in their non-dominant hand 

was monitored using a motion-sensitive glove. Children with DCD demonstrated greater overflow 

than the control group for both tasks, particularly in the finger sequencing task. This task was also 

associated with greater activation in the left superior and left inferior frontal gyri than the DCD 

group. Furthermore, the DCD group showed increased activation in the right post-central gyrus. 

This suggests that over-activation in frontal areas and potential dysfunction in inter-hemispheric 

inhibition may play a role in motor overflow in DCD.

Visually-guided fine motor control

In addition to gross motor control, deficits in fine motor control have been identified in DCD. This 

typically manifests in activities of daily living such as poorer handwriting, which has been explored 

experimentally (e.g. Smits-Engelsman, Niemeijer and Van Galen, 2001). However, beyond these 

studies there appear to be very few purely behavioural investigations examining visually-guided 

fine motor control.

Thus far, three studies have looked at the neural correlates of visually-guided fine motor 

performance in children with DCD, employing tasks where participants used a joystick to either 
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move a cursor to keep pace with a moving target (Kashiwagi et al., 2009) or to follow a trail while 

remaining within the lines (Zwicker et al., 2010, 2011). Kashiwagi and colleagues (2009) reported 

lower BOLD activity in the left superior and inferior parietal lobes and the left post central gyrus 

for children with DCD compared to controls,  and the poorer  performance on the task in  DCD 

compared to controls also correlated with BOLD activity in the inferior parietal cortex. This led the 

authors  to  suggest  that  poorer  performance  on the  task  could  be  related  to  dysfunction  in  the 

posterior parietal cortex (PPC). While there may be an overall difference in BOLD activity between 

the two groups in this study, the reported poorer performance on the behavioural measure and the 

correlation with the BOLD response appears to be driven by a single participant in the DCD group 

with  a  particularly  poor  score.  Consequently,  the  authors’ conclusions  should  be  treated  with 

caution.

A wider  range of  atypical  functional  activity  were  reported  by  Zwicker  and  colleagues 

(2010, 2011), despite demonstrating no behavioural differences in the trail-following task between 

children with DCD and controls. Specifically, the DCD group showed greater BOLD activity than 

the control group in nine regions mostly located in the right hemisphere, including: the middle 

frontal gyrus, supramarginal gyrus, lingual gyrus, parahippocampal gyrus, posterior cingulate gyrus, 

precentral  gyrus,  superior  temporal  gyrus,  and cerebellar  lobule VI,  as  well  as the left  inferior 

parietal lobule. In contrast, the control group showed greater activation than the DCD group in five 

sites  primarily  located  in  the  left  hemisphere,  including:  the  precuneus,  superior  frontal  gyrus, 

inferior frontal gyrus, and post-central gyrus, as well as the right superior temporal gyrus (Zwicker 

et al., 2010). After practising the task for three days outside the scanner (Zwicker  et al., 2011), 

behavioural performance did not change from baseline or differ between DCD and control groups, 

but the authors reported statistically significant Group by Time interactions for a number of cortical 

areas, including: the inferior parietal lobules bilaterally, the left fusiform gyrus, the right lingual 

gyrus  and  the  right  middle  frontal  gyrus.  In  addition,  three  cerebellar  areas  also  showed  an 

interaction: The right crus I, left lobule VI, and left lobule IX. However, no main effects for time or 
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group are reported for these analyses, nor any post-hoc tests, making it difficult to interpret these 

results for the DCD group. 

Fine motor sequence learning

As well as motor control, research into DCD has investigated motor learning. The results of this 

research have been mixed, with some studies suggesting that there is a motor sequence learning 

deficit in DCD (Gheysen, Van Waelvelde and Fias, 2011) and others suggesting that this deficit is 

task-specific (Lejeune et al., 2013).

In  order  to  investigate  the  neural  correlates  of  motor  learning  in  children  with  DCD, 

Biotteau and colleagues (2017) employed a finger tapping sequence task. Two sequences were used: 

an over-learned sequence, which had been practised for fifteen days before the scanning session, 

and a novel sequence. Motor learning was assessed through accuracy on producing the over-learned 

sequence when concurrently completing a picture-naming task. Performance during the dual task 

was  poorer  than  on the  over-learned  task  alone,  suggesting  that  it  had  not  become automatic. 

Imaging  revealed  that  there  was  higher  activity  in  the  right  caudate  and  right  insula  during 

performance of the novel sequence. The authors note that this difference is not surprising given 

evidence suggesting recruitment of this area during the early stages of motor learning. However, the 

lack of a typically developing reference group makes it impossible to determine whether the profiles 

of activity presented are actually atypical.

Timing

Timing is an essential component of efficacious movement control. Individuals with DCD have 

been reported to have poorer timing ability compared to age-matched controls (Rosenblum and 

Regev, 2013) but, like most aspects of motor performance in DCD, the neural cause is not clear.  

Nonetheless, two studies have suggested that frontal areas involved in accurate timing may have 

reduced activity and connectivity in children with DCD compared to controls. 
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In the first of these studies, children responded to a visual stimulus that was presented at 

high or low frequency by either tapping in synchrony or in syncopation with it (de Castelnau et al., 

2008). Coherence in alpha and beta frequency band EEG activity between specific frontal, central, 

and parietal electrodes was recorded during the task. The DCD group showed more performance 

variability  than  the  TD  group,  particularly  in  the  high  presentation  frequency  condition.  The 

younger children with DCD displayed less frontal-central coherence than their TD counterparts; 

however,  this  difference diminished with age: the older children demonstrated similar  levels of 

alpha and beta activity compared to age-matched controls.

In  the  second  study,  children  responded  to  a  stimulus  presented  on  screen  with  either 

predictable  or  unpredictable  inter-stimulus  intervals  (Debrabant  et  al.,  2013).  Reaction  times 

decreased and the proportion of anticipatory responses increased in the predictable compared to the 

unpredictable timing conditions for controls, and greater activation was recorded in the right middle 

and  inferior  frontal  gyri  for  the  unpredictable  timing  condition  over  the  predictable  timing 

condition.  In  contrast,  the  DCD  group  demonstrated  no  differences  in  either  behavioural 

performance or BOLD activity between the two conditions. When the two groups were compared 

on activity differences between the two conditions, greater activation of the middle frontal gyrus, 

temporal-parietal junction (TPJ) and Crus I of the cerebellum was revealed in the control group 

compared to the DCD group during the unpredictable timing condition. These findings suggest that 

the reported difficulties in timing in DCD may be due to under-activation in frontal, parietal and 

cerebellar areas.

Summary

While each of the six fMRI studies outlined report disparate findings in BOLD responses between 

children with and without DCD while they undertook motor tasks, there do appear to be some 

commonalities.  Nevertheless,  interpretation  of  these  commonalities  is  problematic  due  to  the 

difficulties  of  disentangling  task-related  activity  from broader  differences  between  groups,  and 
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because of the small sample sizes in each of the studies. In order to address these issues, Fuelscher 

and colleagues (2018) used a meta-analytic technique called activation likelihood estimation (ALE) 

to  compare  and  summarise  the  overall  activation  patterns  within  each  of  these  studies.  This 

technique enables the authors to statistically establish which areas are reliably different between 

groups and across tasks. The authors found that the middle frontal gyrus, superior frontal gyrus, 

supramarginal gyrus, inferior parietal lobule, and parts of the cerebellum showed consistently lower 

activity in the DCD group when compared to  controls.  They also showed increased activity in 

thalamic areas in the DCD group. Aside from the cerebellum, none of the areas displaying reduced 

activity  are  directly  involved  in  control  of  movement.  They  are,  however,  involved  in  higher 

functions related to planning and attention that do indirectly play a role in movement control. By 

combining the effects of multiple small studies to effectively boost the sample size to approximately 

80 participants per group, this study provides the best evidence for the potential neural correlates of 

motor performance in DCD. However, while these findings are undoubtedly more robust than the 

findings of the individual studies included in the analysis, they should still be treated cautiously as 

they are likely to be affected by low power within the individual studies (Button et al., 2013; Nord 

et al.,  2017) and publication bias (Jennings and Van Horn, 2012). Thus,  rather than conclusive 

evidence for involvement of the aforementioned areas,  this  study should be treated as a  robust 

starting point for future studies of neural correlates of motor performance in DCD.

All of the studies discussed used standardised tests to establish that their DCD groups have a 

degree  of  motor  difficulty  appropriate  for  the  diagnosis.  However,  some found  no  differences 

between groups on their experimental tasks (Zwicker  et al., 2010, 2011; Pangelinan, Hatfield and 

Clark, 2013). There are a number of explanations why no differences on these tasks were found, the 

most notable being: task difficulty, coping strategies, and individual differences in motor ability 

(Cantin, Ryan and Polatajko, 2014). While this presents some difficulty in interpreting the results of 

these studies,  it  does not entirely remove their  value as evidence.  Specifically,  the inclusion of 

techniques to record neural activity allow for the identification of atypical patterns of processing 
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during these tasks  that  may be associated with the features  of  DCD, even without  behavioural 

differences (e.g. increased or decreased allocation of attentional resources). Nonetheless, until these 

studies have been replicated their findings should be interpreted cautiously.

It is important to note that, while the characteristic features of DCD are primarily motor-

based, there have been a number of suggestions that problems either stem from, or are exacerbated 

by, cognitive difficulties. The next section examines the neuroscientific evidence available for these 

cognitive hypotheses. 

Cognitive hypotheses

Visual perception

Based on evidence collected from behavioural tests, visual perception was an early factor thought to 

underlie the difficulties in DCD (Hulme, Smart and Moran, 1982; Lord and Hulme, 1987, 1988). 

Mon-Williams and colleagues  (1996) addressed this  hypothesis  by examining the EEG activity 

elicited by the presentation of visual stimuli  (also known as visually evoked potentials;  VEPs). 

Although VEP amplitudes of early components for wider stimuli differed between DCD and control 

groups, the authors suggested that these differences were likely due to the presence of more noise in 

the recordings from the DCD group (due to inattention and movement). They concluded that low-

level visual perception does not appear to play a role in the movement difficulties of DCD. These 

conclusions have been supported by other  work investigating visual  perception in  DCD (Mon-

Williams, Pascal and Wann, 1994), and the ERP results have been replicated a number of times in 

subsequent  EEG  studies  (e.g.  Tsai  et  al.,  2009).  As  noted  by  Mon-Williams  and  colleagues, 

however, these results only demonstrate that there are no deficits in low-level visual processing, and 

it may be that higher levels are affected.
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Visuospatial Attention

One suggestion for a higher level visual process that may be affected is visuospatial attention. That 

is,  individuals  with  DCD display  difficulties  in  visuospatial  attention  that  may either  cause  or 

exacerbate the motor difficulties they experience (Wilson, Maruff and McKenzie, 1997; Wilson and 

McKenzie, 1998). Tsai and colleagues have conducted a number of EEG studies to explore the 

neural basis of these reported attention deficits in DCD (Tsai  et al., 2009, 2010; Tsai, Wang and 

Tseng,  2012).  All  of  these  studies  have  examined  ERPs  associated  with  performance  of  a 

visuospatial cuing task. During this task a certain proportion of cues correctly indicate the position 

of a subsequent target (valid), a proportion incorrectly indicate the position of a subsequent target 

(invalid), and the rest have no cue. Valid cues reduce the time taken for participants to respond to 

the target, while there is no difference between target response times for invalid cue and no cue 

trials. In all of these studies the behavioural effects of cueing have been stable in both the TD and 

DCD groups, that is: the DCD group responded slower in all conditions and both groups benefited 

from the valid cues, but the benefit was smaller for the DCD group. 

Tsai and colleagues have examined the mean amplitude and latency of ERP components 

across all of these studies, namely: N1, N2 and P3 following the target. N1 is an alternate name 

given  to  the  previously  described  VEPs,  and  represents  early  visual  processing.  N2  and  P3 

components recorded from these areas are thought to represent higher visual attention/processing 

and response selection respectively. Across studies, the latency of the P3 component was longer in 

the invalid condition and the DCD group displayed smaller amplitude and later P3 components, 

regardless of condition. N2 latency was also longer in the DCD group for two of the studies (Tsai et  

al.,  2009,  2010).  After  participating in  a  10-week exercise programme (Tsai,  Wang and Tseng, 

2012),  children  with  DCD demonstrated  improvements  in  both  motor  performance  and on the 

visuospatial attention task, there also appeared to be associated changes in P3 amplitude. However, 

analysis of post-intervention P3 amplitude revealed no differences between the intervention and two 
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control  groups.  The  authors  did  not  report  any  further  post-hoc  tests,  including  comparisons 

between pre- and post- intervention P3 amplitude, making interpreting the effects of the training 

intervention on neural signatures of attention difficult.

This  research  group  have  also  recently  looked  at  oscillatory  activity  associated  with 

attentional  orienting  (Wang  et  al.,  2015).  The  gaze  cueing  task  used  in  previous  studies  was 

repeated, and the behavioural results were largely the same (i.e., both groups benefited from valid 

cues but the control group benefited more). Theta-band (4 -7 Hz) EEG activity in frontal electrodes 

was analysed, given the evidence that activity in this band is associated with spatial orienting. The 

TD group showed increased power in the theta band for the cued conditions, regardless of cue, 

compared to the non-cued condition. The DCD group did not show any difference in theta band 

power for any of the three conditions, suggesting that the source of the theta-band activity produced 

during  spatial  orienting  may  be  dysfunctional  in  DCD.  The  authors  also  reported  negative 

correlations between theta power and reaction times; however, these were not corrected for multiple 

comparisons and should be interpreted cautiously.

Executive function

Recent  evidence  has  suggested  that  individuals  with  DCD  may  have  deficits  in  executive 

functioning,  which  are  higher-order  cognitive  abilities  used  to  regulate  and  control  behaviour 

(Diamond, 2013; see Leonard and Hill, 2014, for a review). Several studies have used neuroimaging 

to investigate the neural underpinning of this potential executive dysfunction, focusing specifically 

on visuospatial working memory (VSWM) and inhibitory control.

Two studies have used EEG to assess VSWM in DCD. Both studies used an experimental 

paradigm where children were asked to compare the positions of stimuli within a grey box (Tsai et  

al., 2012; Wang  et al., 2017). Stimuli were either presented together or after a delay. In the first 

study, Tsai and colleagues examined the amplitude and latency of the P3 and the positive slow wave 

(pSW; a component associated with information retrieval and response selection) components. The 
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P3 amplitude in the response phase was smaller in the DCD group than in controls regardless of the 

condition, mirroring previously discussed results. Furthermore, the P3 amplitude was larger in the 

delay conditions than in the immediate condition for all groups, reflecting the reduced accuracy and 

longer response times after a delay. Finally, there was a significant interaction between group and 

condition for P3 amplitude, with the DCD group showing significantly smaller amplitudes in the 

delayed conditions  than  in  the  immediate  condition,  which  related  to  less  accurate  and longer 

response times after a delay. The pSW amplitude was also significantly smaller in the DCD group, 

and in the immediate condition. The authors suggest that these results indicate that the DCD group 

allocated fewer neural resources during the stimulus evaluation and response selection phase, as 

indicated by the differences in P3 amplitude. In addition, the group differences in pSW illustrate a 

more general difficulty in the retrieval process phase for those with DCD.

In  the  second study,  frontal  theta  band and parietal  alpha  band activity  associated  with 

VSWM was recorded in children with and without DCD (Wang  et al., 2017). Frontal theta band 

activity  showed a significant  increase in  the period  directly  after  stimulus  presentation in  both 

conditions. While there were no group differences in the non-delayed condition, the DCD group 

displayed lower activity in the delayed condition, reduced alpha suppression in the posterior region 

immediately prior to recall, and reduced frontal theta activity for a brief period after recall. These 

findings provide some support for the previous study, with the DCD children showing atypical 

activity during the retrieval stage. They also provide some more insight into differences in VSWM 

processing in DCD, with diminished activity during the encoding and maintenance phases.

Two studies have also used fMRI to investigate inhibitory control in children with DCD 

(Querne  et  al.,  2008;  Thornton  et  al.,  2018).  Both  studies  used  a  Go-NoGo  task  to  measure 

inhibition, in which participants must respond by pressing a button when they see one stimulus, and 

withhold this response when they see another stimulus. The number of errors differed between DCD 

and control children in both studies, although this was only the case for those with an additional 

diagnosis  of  attention  deficit-hyperactivity  disorder  (ADHD)  in  the  Thornton  et  al.  study  (co-
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occurring diagnoses were not controlled in the other study). Furthermore, Querne and colleagues 

reported significantly stronger connectivity between the inferior parietal cortex and both the middle 

frontal cortex and the anterior cingulate cortex in DCD compared to controls, which was bilateral 

but more pronounced in the left hemisphere, and decreased connectivity between the right striatum 

and  parietal  cortex  in  children  with  DCD.  However,  Thornton  and  colleagues  reported  no 

significant differences between DCD and control groups in BOLD activity during the task. From 

these studies, it therefore seems important to control for co-occurring diagnoses when investigating 

DCD.

Internal modelling

One of the main hypotheses grounded in models of motor control is that of the internal modelling 

deficit. This hypothesis suggests that the motor difficulties experienced by individuals with DCD 

are due to the inability of the motor system to generate accurate predictions about the consequences 

of planned actions, which affects its ability to update actions accordingly (Adams  et al.,  2014). 

Examining the internal model directly is difficult, but one of the accepted methods is through motor  

imagery, typically using a hand rotation task. This task asks participants to determine whether the 

hand presented on screen in a variety of rotations is a right or left hand. 

Results  have  been mixed in  relation  to  studies  that  have  tried  to  investigate  the  neural 

underpinnings of this task. In terms of reaction times to respond to the stimulus, Lust and colleagues 

(2006) found no significant differences between children with and without DCD. Adult participants 

with probable DCD also demonstrated this pattern (Kashuk et al., 2017), while adults with a DCD 

diagnosis did perform worse than the control group overall (Hyde et al., 2018). These three studies 

used different techniques to assess neural activation during this task. Lust and colleagues reported 

no  significant  differences  between  groups  in  the  amplitude  or  latency  of  the  rotation-related 

negativity  ERP component  (observed  in  parietal  electrodes  300-700  ms  after  stimulus  onset), 

reflecting their behavioural results. Analysis of task-related fMRI activity by Kashuk and colleagues 
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revealed that the control group showed significantly greater activity in the middle frontal gyrus 

bilaterally, the left superior parietal lobe, and lobule VI of the cerebellum as the task increased in 

difficulty, compared to the DCD group. Finally, Hyde and colleagues, using transcranial magnetic 

stimulation (TMS), revealed differences in the motor-cortical excitability of the two groups during 

the task. Specifically, the motor-cortical excitability significantly increased for the control group, 

but there was no change for the DCD group. This suggests that the primary motor cortex may not be 

engaged during motor imagery in the DCD group, providing a potential neural correlate for the 

internal modelling deficit hypothesis. The three studies taken together also highlight the importance 

of  group  choice  (e.g.,  children  or  adults,  those  with  a  diagnosis  or  just  screened  for  motor 

difficulties), and of the neuroimaging technique used to investigate the task at hand.

Imitation and the mirror neuron system

Related to the internal modelling deficit is the mirror neuron system (MNS), a network of areas in 

the brain thought to be used when an individual observes, executes, imagines, or imitates an action 

(Aziz-Zadeh et al., 2006; Iacoboni and Dapretto, 2006). As discussed by Iacoboni and Dapretto, the 

MNS network is thought to consist  of the inferior frontal  gyrus (IFG), ventral  premotor cortex 

(vPM),  inferior  parietal  lobule  (IPL)  and  the  superior  temporal  sulcus  (STS).  Alongside  the 

behavioural evidence of motor imagery deficits in DCD, there is evidence that imitation is also 

impaired (Sinani, Sugden and Hill, 2011; Elbasan, Kayıhan and Duzgun, 2012; Reynolds, Kerrigan, 

et al., 2017).

Two studies have been conducted to test this hypothesis, both conducted by Reynolds and 

colleagues (Reynolds et al., 2015; Reynolds, Billington, et al., 2017) with children. The first study 

included three phases: action observation (viewing a finger sequencing task being executed), action 

execution (performing the task after viewing a still image of the first hand stimulus), and action 

imitation (performing the task while viewing it being executed). Comparison of whole brain activity 

between groups for each of the conditions revealed more activation in the IFG, bilateral pre-central 
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gyri, and left middle temporal gyrus in the DCD group compared to controls during the observation 

condition. There were, however, no group differences in the imitation and execution conditions. 

Region of interest analyses focussed on those areas explicitly associated with the MNS revealed 

condition-specific differences in BOLD activity, and an interaction between condition and group at 

one site: the Pars Opercularis. This area is located in the IFG and has been shown to be active 

during action observation and imitation. The control group displayed greater activation than the 

DCD group in this  area during the imitation condition,  suggesting that  it  may not  be properly 

recruited  during  action  imitation  in  DCD.  However,  these  differences  were  not  statistically 

significant  after  correction  for  multiple  comparisons,  and  it  is  difficult  to  interpret  the  results 

without the corresponding behavioural data. The authors also note that the overall lack of difference 

in activity between the imitation and execution conditions for the whole brain analysis precludes a 

clear interpretation. They speculate that this lack of difference may be due to learning effects from 

practice of the finger sequencing task and may have masked true between-group differences in 

activity.

Consequently, Reynolds and colleagues conducted a follow-up study that utilised a modified 

version of a finger tapping task that has been successfully used in previous research into the MNS 

(Reynolds, Billington, et al., 2017). This simply consisted of tapping the right index finger side-to-

side in time with a stimulus, allowing little room for learning effects. As with the previous study, the 

task was divided into observation,  execution,  and imitation conditions,  but  also added a motor 

imagery condition. As before, BOLD activity was analysed across the whole brain and in specific 

regions associated with the MNS, and only found weak evidence for differences between the groups 

in  the different  conditions.  Taken together  these studies  seem to rule  out  deficits  in  the mirror 

neuron system as a potential explanation for the action imitation difficulties in DCD that have been 

reported. 
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Summary

Investigation of the neural correlates of the cognitive hypotheses has provided evidence that rules 

out the visual perception and mirror neuron hypotheses.  The remaining hypotheses have mixed 

evidence  supporting  them  at  best,  with  the  majority  requiring  more  exploration  to  resolve 

discrepancies between behavioural and neuroscientific findings.  More recent research has therefore 

turned  to  considering  structural  and  functional  connectivity  in  DCD,  which  is  outlined  further 

below.

Structural and functional connectivity in DCD

White matter structure

Diffusion tensor imaging (DTI) uses the diffusion of water molecules in neural tissue to measure the 

integrity  of  axonal  or  white-matter  tracts  in  the  brain.  A number  of  diffusion  indexes  can  be 

measured using DTI,  but  the  two most  commonly  reported are  diffusivity  and anisotropy (See 

Soares et al., 2013 for an in-depth description of DTI). Both of these measures quantify how freely 

the water  molecules in  the white-matter  tracts  can diffuse.  Diffusivity  provides a  value for  the 

magnitude of diffusion for each axis direction, although it is typically summarised by the mean 

diffusivity (MD): the mean magnitude of diffusivity across all three axes. Some studies also report 

axial (AD) and radial diffusivity (RD), which refer to the magnitude of diffusion along the tract and 

the  magnitude  of  the  diffusion  in  the  two  directions  perpendicular  to  the  tract,  respectively. 

Anisotropy,  or  more  specifically  fractional  anisotropy  (FA),  provides  a  normalised  value  for 

diffusivity across all  three axis directions. Low values indicate free movement in all  directions, 

while high values indicate that the molecules can only flow in one particular direction. 

Three studies have explored the integrity of white-matter tracts in DCD using DTI. Zwicker 

and colleagues (2012) examined the major motor, sensory, and cerebellar white-matter pathways in 
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16 children, 7 with DCD and 9 without. No significant differences in FA were reported between the 

groups for any of the tracts investigated. The DCD group did however show a lower MD than the  

control group in the corticospinal tract, seemingly driven by lower AD. Furthermore, participants’ 

scores on a standardised motor assessment showed a positive correlation with AD in the motor and 

sensory tracts. Langevin and colleagues (2014) examined different white-matter tracts, focusing on 

the major inter-hemispheric and two intra-hemispheric pathways. Of the 84 children recruited for 

this study, only 9 had DCD without any co-occurring disorders. Unlike Zwicker and colleagues, the 

authors reported no between-group differences in MD, but did note lower FA in the DCD group in 

the  posterior  portion  of  the  inter-hemispheric  tract  and  the  lateral  portion  of  one  of  the  intra-

hemispheric tracts. They also reported a significant correlation between scores on a standardised 

motor assessment and the FA of the posterior portion of the inter-hemispheric tract in the DCD 

group.

Finally, Debrabrant and colleagues (2016) examined 19 of the main white-matter tracts in 

children with and without DCD. Of these tracts only the retrolenticular limb of the internal capsule 

showed differences in the DCD group. Bilaterally, the retrolenticular limb showed greater RD in the 

DCD group,  while  the  right  retrolenticular  limb  also  showed  lower  FA.  Furthermore,  in  both 

groups, scores on a standardised test of visuomotor integration were positively correlated with FA in 

the left retrolenticular limb. Debrabrant and colleagues also constructed a structural connectivity 

network and examined differences in typical network metrics. The DCD group had lower mean 

clustering coefficients and global  efficiency,  suggesting that  individuals  with DCD have poorer 

specialisation  of  neural  areas  and  weaker  information  transfer  across  the  whole  brain.  Global 

efficiency was positively correlated with scores on the assessment of visual-motor skill, suggesting 

that the poorer information transfer across the brain may underlie the core features of DCD.

Together, these studies give some indication that differences in white matter integrity may 

relate to the core features of DCD, particularly given that all three demonstrate correlations between 

structural measures and behavioural outcomes. Nonetheless, the lack of consistency in the findings 
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of the three studies, both in terms of areas and measures affected, mean that no clear link between 

DCD symptoms and specific white-matter deficits can be drawn.

Grey matter structure

Examining grey  matter  presents  an  alternative  way to  explore  potential  structural  correlates  of 

neurodevelopmental disorders such as DCD. This measure gives an indication of the degree of 

synaptic connectivity in an area; more grey matter suggests greater connectivity, and vice versa. The 

most common way of exploring this is to examine differences in the thickness of the grey matter in 

different regions of the brain.

Thus far, two studies have used this approach to explore differences in this between DCD 

and neurotypical individuals. Of the 28 cortical areas explored by Langevin and colleagues (2015), 

the group of children with DCD only showed thinning in the right temporal pole. The authors also 

reported several correlations between thickness of grey matter in particular regions and performance 

on behavioural tasks. These include correlations between the right caudal middle frontal cortex and 

an inhibition switching task, between the left precentral cortex and a response set task, and between 

the  left  entorhinal  cortex  and  an  auditory  attention  task.  Strangely,  they  found  no  structural-

behavioural correlations for a task assessing motor performance, which would be expected for this 

group. Caeyenberghs and colleagues (2016) reported a difference between children with DCD and 

controls  in  the  clustering  coefficient  in  the  lateral  orbitofrontal  cortex,  indicating  increased 

connectivity within that region. However, as the authors make clear, these results should be treated 

with  caution  as  they  were  exploratory  and  not  corrected  for  multiple  comparisons.  Finally, 

Reynolds, Licari and colleagues (2017) measured the volume of grey matter in a particular area, 

rather  than  just  the  thickness,  thus  taking into  account  differences  in  surface  area  and cortical 

folding.  There  were  no  significant  differences  in  overall  grey  matter,  white  matter,  or  total 

intracranial volumes between groups of children with and without DCD. However, the authors did 
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report that, compared to the control group, the DCD group had smaller relative grey matter volume 

in the right superior frontal and middle frontal gyri.

Functional connectivity

Alongside exploring the structural correlates of DCD, it is also possible to explore the functional 

connectivity by examining neural signals when the participant is not undertaking a specific task 

(‘resting-state activity’). Resting-state activity is examined to see if fluctuations in the signal in 

different  cortical  areas  correlate  with  one  another,  indicating  the  degree  to  which  areas  are 

functionally connected with each other.

Only two studies have looked at functional connectivity in children with DCD (McLeod et  

al.,  2014, 2016).  The first  found that,  compared to controls,  the DCD group exhibited reduced 

functional connectivity between the primary motor cortex (M1) and a number of cortical areas. 

These  included:  the  right  frontal  operculum cortex,  right  supramarginal  gyrus,  bilateral  insular 

cortices, superior temporal gyri, bilateral caudate, right nucleus accumbens, pallidum, and putamen. 

The latter study examined which areas showed stronger functional connectivity in the right and left 

sensorimotor areas, respectively. The DCD group did not show the stronger functional connections 

between the right sensorimotor areas and thalamic and cerebellar areas seen in controls. Instead the 

opposite was revealed: stronger connections between the left sensorimotor areas and thalamic and 

cerebellar areas. The authors suggest that these results indicate a lack of hemispheric dominance in 

DCD, which may explain the bimanual coordination deficits seen in DCD.

Using  TMS,  He  and  colleagues  (2018)  assessed  the  intra-cortical  inhibition  and  inter-

hemispheric inhibition of M1 in young adults with and without DCD. This method provides a direct 

way of examining functional connectivity within and between the motor cortices. They found no 

difference in the intra-hemispheric measures. The DCD group did, however, have reduced inter-

hemispheric  inhibition  compared  to  controls,  and  there  was  an  association  between  inter-

hemispheric inhibition and manual dexterity in a standardised motor battery. This suggests that the 
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weaker inter-cortical inhibition observed may underlie bimanual coordination difficulties in DCD. 

However, this conclusion is tentative due to similar findings in ADHD (Richter  et al., 2007) for 

which the authors did not screen despite it commonly co-occurring alongside DCD (Kaplan et al., 

2006).

Summary 

Overall  the  studies  presented  exploring  structural  and  functional  connectivity  in  DCD  have 

provided some evidence for broader differences in the structure and connectivity of the brain in 

DCD. Nonetheless the support for any one specific cause is weak. Many of the studies presented are 

exploratory, yet they do not explicitly state if and how inflation of Type 1 errors from multiple  

comparisons was controlled. Furthermore, like much of the research outlined thus far, many of the 

studies  presented have small  sample sizes.  The issue of  small  sample sizes is  discussed in  the 

following section alongside other limitations of the current research, potential solutions, and future 

directions.

Current issues and future directions

Within the literature outlined thus far there are a number of common issues that should be addressed 

in order to strengthen research into the neural underpinnings of DCD. This section will highlight 

two of the most pressing issues, briefly discuss their ramifications, and outline some suggestions for 

solutions.

Small sample sizes

A key issue in the broader field of cognitive neuroscience that has emerged over the last decade is  

that of the small sample sizes used within imaging studies. In the literature outlined in this chapter,  
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the majority of studies do not exceed a cell size of 20 participants and none exceed 40. This only 

gives these studies the ability to detect the largest of differences and also renders many of the brain-

behaviour correlations difficult to interpret (Yarkoni, 2009).

In addition to the more general reasons for small sample sizes in cognitive neuroscience 

research (i.e. the time and resource cost of recruiting large numbers of participants), DCD-specific 

recruitment issues can also affect sample size. Despite the fact that the estimated prevalence of 

DCD in the general population makes it one of the more common developmental disorders (Bishop, 

2010)  the  disorder  itself  is  comparatively  unknown  amongst  parents  and  teachers  (Piek  and 

Edwards, 1997). Consequently, the lack of familiarity with DCD in the public makes recruitment of 

large samples difficult.  Additionally,  subclinical symptoms of other disorders, such as increased 

tactile or auditory sensitivity, or inattention/hyperactivity, can affect the amount and quality of data 

that can be recorded through neuroimaging methods with individuals with DCD, meaning that final 

sample sizes can be reduced.

Ultimately, bringing DCD closer to the fore in public and professional consciousness is the 

solution to the problem of recruiting larger sample sizes. However, this will not happen overnight 

and  so  shorter-term  solutions  are  needed.  Establishing  multi-lab  studies  is  one  such  solution, 

reducing the need for a single laboratory to recruit many participants alone by spreading the burden 

across  several  different  laboratories  and  ensuring  that  published  research  is  better  powered. 

Combining  this  approach  with  an  OpenfMRI-like  database  would  add  further  robustness  to 

investigations into the neural correlates of DCD, allowing for replication of previous findings with 

larger sample sizes and exploration of hypotheses without needing additional data collection.  

Age range of samples

Within the DCD literature discussed, the range of ages examined is relatively narrow (mainly 8-12 

years old). This is not necessarily a problem on its own: ensuring that the age range of the sample 

collected for a particular study is constrained allows for more robust conclusions to be drawn about  
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neural development within DCD at that time point, particularly with small sample sizes. However, it 

does  limit  the understanding of  the broader  trajectory of  neuromotor  development,  the atypical 

trajectory of DCD, where these trajectories begin to diverge, and what happens to these trajectories 

in adulthood. 

For adult samples, the main limiting factor is the lack of reliable tools for identifying DCD 

in  adulthood.  Specifically,  none of  the  widely  used  motor  ability  assessments  are  standardised 

beyond 21 years (Hands, Licari  and Piek, 2015), making fulfilment of criterion A difficult.  For 

children under 5 years, there is variability in motor development, rate of acquisition of activities of 

daily  living,  motivation,  and  cooperation  of  children  that  makes  giving  a  formal  diagnosis 

unreliable in all but the most severe cases (Blank et al., 2012). This is compounded by the relative 

difficulty in collecting neural data from children below the age of 7 (Poldrack, Paré-Blagoev and 

Grant, 2002; Wilke et al., 2003; Yerys et al., 2009; Raschle et al., 2012).

The previous suggestions for increasing the sample sizes of DCD research would also allow 

for the broadening of age ranges included as part of that research. However, this would only extend 

the available age range to the limits of the available diagnostic tools (from 8-12 up to 7-17). Beyond 

this, either new diagnostic tools would have to be developed or existing ones would have to be 

validated  with  new  age  ranges  and,  even  then,  this  does  not  account  for  the  aforementioned 

variability in younger children.

Longitudinal approaches represent an alternative way of addressing this issue using the tools 

currently available. In the case of adults, it is possible to identify children and adolescents with 

DCD using the tools available and then follow them up when they enter adulthood. This would also 

allow exploration of neural features that may contribute to the persistence of DCD into adulthood. 

In the case of younger children, an “at-risk” longitudinal approach could be taken (e.g., identifying 

factors associated with an increased risk of developing the disorder).  Two examples specific to 

DCD include: being related to someone who already has DCD, and premature birth (Martin, Piek 

and Hay, 2006; Edwards et al., 2011). Identifying and testing infants and toddlers who are at risk of 
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DCD and following them up at  an age  when a diagnosis  could  be properly  established would 

provide a window into the early neural motor development of DCD.

However, it should be noted that these approaches are likely to require considerable time 

and resources to achieve, especially as a large initial sample will need to be recruited in order to 

account for drop-outs and resolutions.

Future directions

The  difficulty  of  collecting  usable  data  from  younger  children  with  DCD  also  needs  to  be 

addressed, and to accomplish this we have to turn to newer neuroscientific techniques. Functional 

near-infrared spectroscopy (fNIRS) presents an alternative to EEG and fMRI. This technique is able 

to  record BOLD activity  from shallow cortical  areas  without  the  need for  an MRI scanner.  In 

addition, because it consists of head mounted sensors (much like EEG), it is much less affected by 

head movements than either fMRI or EEG. Indeed, it has been successfully used in studies that look 

at the BOLD responses in infants (Nishiyori, 2016). fNIRS is not without its limitations, however,  

the most notable of which is the poorer spatial resolution compared to fMRI: it is unable to provide 

the  direct  link  between  activity  and  structure  available  from fMRI.  Despite  this,  combining  a 

technique  such  as  fNIRS  with  an  at-risk  recruitment  approach  provides  an  excellent  way  of 

examining the neural correlates of DCD in younger children.

Other  newer  neuroscientific  techniques  present  novel  opportunities  to  deepen  our 

understanding of the neural basis of DCD. The two most notable of these are: Non-invasive brain 

stimulation and magnetic resonance spectroscopic imaging (MRSI)

Brain stimulation techniques are already being used to explore the potential involvement of 

the motor cortex in DCD (e.g. He et al., 2018; Hyde et al., 2018). There is the scope, however, to 

expand into using TMS to examine the involvement of other cortical areas, especially as TMS can 

be used to establish a causal relationship between a specific behaviour and an area of the cortex 

(Walsh and Cowey, 2000). Furthermore, forms of transcranial electric stimulation have been used to 
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alter  the excitability  of areas  of  the cortex to modulate  behavioural  performance in  a range of 

experimental paradigms and with a variety of participants (Kuo and Nitsche, 2012). 

In  contrast,  MRSI  has  not  yet  been  employed  with  DCD  samples.  MRSI  extends  the 

principles of MRI to detect signals from a number of other molecules, including neurotransmitters. 

This potentially allows for a more specific understanding of the neural underpinnings of DCD; 

rather than simply concluding that a specific brain area is involved, it may be possible to implicate a 

specific  type  of  neuron  based  on  differences  in  neurotransmitter  concentrations.  An  excellent 

example of this is work conducted by Stagg and colleagues looking at the role of GABA in M1 and 

motor learning (Stagg, Bachtiar and Johansen-Berg, 2011; Stagg, 2014). However, given that this 

technique  can  detect  concentrations  of  multiple  molecules  in  a  single  scan,  it  adds  another 

dimension to already complex MRI data  sets.  Without  strong, theory-driven hypotheses for the 

involvement of a particular neurotransmitter, this increases the risk of false positives. Based on the 

findings outlined here, this theoretical basis does not yet exist for DCD.

Conclusions

While some of the studies presented in this  chapter have provided evidence to rule out certain 

hypotheses, overall there is no clear consensus about the neural underpinnings of DCD from the 

current literature.  There is,  however,  some evidence for the involvement of a number of areas, 

including:  the cerebellum, the basal  ganglia,  the parietal  lobe,  and parts  of the frontal  lobe.  In 

addition, there is speculative evidence for the involvement of white matter pathways in the disorder. 

A clearer picture of the developmental cognitive neuroscience of DCD is unlikely to emerge unless 

some of the major issues in the field are addressed by future research. Sharing data to increase the 

size of datasets, taking a developmental perspective, and making use of a range of new methods as 

part  of  a  theory-led  approach  will  be  key  to  developing  our  understanding  of  the  underlying 

mechanisms involved in DCD. Given the prevalence of the disorder and its impact on both motor 
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and non-motor domains, this could have a significant impact on the lives of those with DCD, as 

well as on the knowledge of researchers and practitioners.
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