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Chapter 1

GENERAL INTRODUCTION

Motor performance is one of the main determinants of the degree in which a child can function 

efficiently in daily life and at school. Of all children, 5-10% have developmental motor problems 

that seriously affect their activities of daily living. These children are referred to as children with 

Developmental Coordination Disorder (DCD) (APA, 2013; Polatajko, Macnab, Anstett, Malloy-

Miller, Murphy, & Noh, 1995; Sugden & Chambers, 2005). Around sixty or seventy percent of these 

children have balance problems (Macnab, Miller, & Polatajko, 2001; Geuze, 2005). This thesis aims to 

disentangle features of dynamic balance control problems in children with DCD.

Balance is defined as “an even distribution of weight enabling someone or something to remain 

upright and steady”, according to the Oxford Dictionaries. Balance is not a skill, but a basic condition 

to control the center of mass (CoM) by keeping its projection in or returning it to the base of support 

(BoS) (Otten, 1999; Shumway-Cook & Woollacott, 2007). An equivalent for balance is equilibrium or 

postural stability. Posture is defined as “the relative position of parts of the body or of the whole 

body with respect to a reference frame” (Latash & Hadders-Algra, 2008). Posture includes aligning 

the body in an upright position, but also the orientation of the body to the environment (Shumway-

Cook & Woollacott, 2007, pp. 158). Postural control usually develops according to a predictable 

sequence of expanding abilities from early childhood to adolescence (Illingworth 1987; Hadders-

Algra, 2008). This introduction will start with a brief description of the normal development of 

balance. This will be followed by some theoretical aspects of motor learning, the role of feedback 

and feedforward control, and assumed causes of balance problems in children with DCD; it ends 

with the aims of this study. 

Balance: static and dynamic

Postural control can first be observed in the prenatal period after 32 weeks postmenstrual age with 

some antigravity postural control of the head and trunk (Prechtl, 1977). For a clear description of the 

sequential development of postural control we refer to Shumway-Cook & Woollacott 2007, chapter 

8 in: Motor Control and Hadders-Algra, chapter 3 in: Postural Control: a key issue in developmental 

disorders. During development, the CoM of the body moves upwards with each step of gaining a 

more upright posture and due to the growth of body length. 

Two types of balance are usually distinguished. Firstly, static balance which is the capacity to 

maintain the body in a stable position in which the base of support is fixed. Both the person and 

environment remain “ static “ (Sugden & Sugden, 1991; Gentile, 1987; Spaeth-Arnold, 1981). Although 

this type of balance is called static, continuous forces acting upon the body result in movement or 

sway that needs to be controlled. Quiet standing consists of a relative unstable equilibrium because 

the upright standing body behaves like an inverted pendulum – any deviance from perfect balance 

is reinforced by the force of gravity and needs to be counteracted to prevent loss of balance by 

reactive and prospective control. Secondly, dynamic balance is distinguished, which represents the 
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capacity to maintain posture whilst accommodating to a dynamic environment or a task, or both. 

It is the ability to control while i) intentionally moving in a fixed environment (walking in a room 

with furniture), but also under more challenging environmental constraints like ii) standing still in 

a changing environment (bus ride) or iii) intentionally moving through a changing environment 

(playing games in a schoolyard) (Sugden & Sugden 1991; Gentile 1987; Spaeth-Arnold, 1981). In 

these situations, one needs to maintain in upright position with dynamic environmental constraints, 

which threaten the projected Centre of Pressure (CoP) to move beyond the border of the base of 

support in antero-posterior or lateral direction. After such external perturbations, reactive postural 

adaptations will generate rapid adjustments to help stabilize the body and prevent bumping into 

something or falling down. However, when braking is more or less expected, anticipatory postural 

adjustments (APA’s) can counteract predictable forces to prevent loss of balance or prepare an 

altered posture to remain in balance during a bus ride (Geuze, 2007). 

This thesis focuses on dynamic balance tasks in action controlled Virtual Reality (VR) gaming. In 

these games, intentional weight shifts are used to steer a VR character (a so-called avatar) on a static 

base of support without losing balance. The tasks require both task control and dynamic balance 

control.  Moreover, dynamic balance control is direction specific.

To control a standing position, muscles are either tonically active, with a great propensity to 

work, while other muscles are phasically active to oppose and correct posture by fast contractions 

(Kendal & McCreary, 1983; Basmajian & Deluca, 1985). When a relatively small disturbance occurs in 

forward direction, small corrections around the ankle axis (ankle strategy) can be used to correct the 

movement of the body by a muscle synergy in opposite direction (Nashner 1977; Nashner, 1989). 

Contrary, a hip strategy is usually used after large perturbations in anterior-posterior direction, 

characterized by large and rapid corrective motion at the hip joints in the backward or forward 

direction to counteract the external forces with simultaneous compensatory motion in the ankles. 

On the other hand, in case of backward loss of balance, activity of the muscles at the frontal side 

of the body will correct the perturbation, but then needs control not to overreact. In case of loss of 

balance in forward direction, the backside of the body will initiate the body to go backwards (Horak 

& Nashner 1986). Head movements take place in the opposite direction of the movements of the 

hip and ankle (Lekhel, Marchand, Assaiante, Cremieux & Amblard, 1994). When abovementioned 

strategies are not sufficient and threaten balance, a reach or a step leads to a changed or enlarged 

base of support in order to regain control of the COM and prevent a fall (Shumway-Cook & 

Woollacott, 2007). 

When the loss of weight is in medio-lateral or sideways direction, a different strategy is seen by 

the muscles around the ankle to correct a small loss of balance, and for recovering larger balance 

disturbances upper leg and hip muscles are involved. (Maki, McIlroy, & Perry, 1994; Winter Prince, 

Steriou, & Powell, 1993; Horak, & Moore, 1989). Children at the age of 4-6 years usually present 

mature control, adaptability and APA’s in quiet, unthreatened stance (Newell, 1997; Nashner, 

Shumway-Cook, &Marin, 1983; Woollacott & Shumway-Cook, 1986). Consistent active control of 
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balance after balance perturbation is only present in children who are 7-10 years old, characterized 

by high levels of abdominal muscle activity and refined response patterns (Woollacott et al. 1998; 

Forssberg & Nashner, 1982; Shumway-Cook & Woollacott, 1985). 

Motor learning of postural control

The musculoskeletal system is redundant in its degrees of freedom. This implies that there are 

usually many solutions for a movement or control problem. Musculoskeletal components, like 

range of motion of joints and the viscoelastic properties of muscle fibers and tendons, play a role in 

holding balance. Changes in co-contraction level in muscles are an effective mechanism to prepare 

for an expected perturbation or in learning a new skill. Bernstein (1967) describes motor learning as 

controlling degrees of freedom as an essential characteristic of learning a new movement task. By 

freezing redundant degrees of freedom by co-contraction, the task becomes easier to perform. This 

stage is known as the novice stage (Vereijken, Emmerik, Whiting, & Newell, 1992). A higher level of 

performance, also called the advanced stage, is reached when more joints are allowed to participate 

in the movement while maintaining body posture. Co-contraction of agonist and antagonist muscles 

will be reduced and replaced by muscle synergies across a number of joints in order to perform a 

well-coordinated movement. The expert stage is recognized by a release of all those degrees of 

freedom that are needed in the task to execute an efficient well-coordinated movement, making 

use of mechanical and inertial characteristics of the limbs to speed up the adaptation and reduce 

energy costs (Schmidt & Lee, 2005; Vereijken et al., 1992). 

Another traditional motor learning theory of Fitts and Posner (1967) emerged in the same period. 

It describes the progress of skill through a cognitive, associative and autonomous stage. This theory 

is still the base of more current psychological skill acquisition approaches in which reflective action 

or conscious awareness of bodily movement plays a functional role and results in an effective way 

to learn at the novice level (Shusterman, 2008; Toner & Moran, 2015).  This may even help athletes 

to identify inefficient movement pattern and then help to consciously attend to alter and refine the 

proficiency towards an expert level (Toner & Moran, 2015). However, these theories concentrate on 

motor skill learning, which appear to be different from postural control in a dynamic balance task, 

but the one cannot progress without the other. 

The third contemporary theory of motor learning describes two stages of motor skill acquisition 

of which the first stage consists of an explorative understanding of the task and its dynamics 

displayed by different movement strategies (Gentile, 1987). In the second stage, the movement 

is refined, characterized by a more consistent and efficient performance. During the first stage of 

learning task, performance improves fast, while in the second stage the improvement will be more 

gradually which may continue for a long period of time (Schmidt & Lee 2005). For adequate motor 

performance, one needs besides normal maturation of the nervous system the opportunity to 

practice skills and motor learning ability. 
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Feedback and feedforward control 

The sensory information is essential for motor learning. Sensory endings in muscle spindles, tendons 

and joints inform the central nervous system on the position of the limbs and their position related 

to the trunk (Roll & Vedel 1982; Cordo, Burke, Gandevia, & Hales, 1998). The youngest children have 

the least control over their movements (Austad & van der Meer, 2007). Visual input is usually initially 

dominant when learning a new motor task or skill, while its relative importance decreases as soon 

as the task becomes more automatic and thus relies more on somatosensory input (Lee & Aronson 

1974; Lee & Lishman, 1975). The adjustment of posture during movements is not only due to the 

reactive control after perturbing forces of the motor system, but also to predictive control, which 

increases in skilled movements. Internal models for action are built using sensorimotor feedback 

loops, and appear to be stored in the cerebellum (Miall & Wolpert, 1996; Imamizu, Kuroda, Yoshioka & 

Kawato, 2004; Imamizu et al. 2000). The forward model exists of a ‘blue-print’ of the motor command 

signals, which predicts the future position of the moving parts of the body, while the inverse model 

generates the necessary motor output signals needed to execute the planned action (Wolpert, 

1997; Wolpert & Flanagan, 2001; Wilson, Ruddock, Smits-Engelsman, Polatajko, & Blank. 2013). In the 

novice or first stage of motor learning, exploration of solutions of movement challenges takes place, 

making use of online control using sensorimotor feedback. Through experience, this usually results 

in successful internal models of each task. Most motor tasks require shifts of weight of body parts 

or the complete body that are controlled by anticipation and restoring loss of posture or balance, 

which depend on efficiently coordinated visual, vestibular and proprioceptive systems (Assaiante & 

Amblard, 1995). The internal model offers the advantage of making use of faster internal feedback 

loops by comparing sensorimotor feedback directly with the predicted status. 

Statement of the problem

The reason why a considerable proportion of children with DCD show problems with postural 

control and perform worse during skills requiring high levels of balance like hopping, running or 

jumping is not fully understood. Children with DCD perform worse in these tasks and respond 

slower during variable balance challenges compared to typically developing children (Kalverboer 

1996; Geuze, Jongmans, Schoemaker, & Smits-Engelsman, 2001). Geuze and Wilson conclude that 

children with Developmental Coordination Disorder (DCD) show problems in postural control at 

both the neuromuscular level, like increased amount of co-contraction or decreased muscle tone 

and the behavioral level, like more postural sway, slower adaptation to perturbation and instability 

(Geuze & Wilson, 2008). Postural sway in stance is larger during challenging conditions such as 

standing on one leg, with eyes closed or during unexpected perturbation in children with DCD 

compared to TD children (Cherng, Hsu, Chen, & Chen, 2007; Geuze, 2003; Grove & Lazarus, 2007). 

Moreover, in dynamic balance tasks such as gait under challenging circumstances or when crossing 

obstacles, children with DCD exhibit more sway (Deconinck, De Clercq, Savelsbergh, Van Coster, 

Oostra, & Dewitte, 2006; Deconinck, Savelsbergh, Clercq, & De Lenoir, 2010). Besides differences in 
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sway, higher levels of co-activation and more variable movement patterns are found during walking 

or running (Raynor, 2001; Rosengren et al., 2009; Chia, Licari, Guelfi, & Reid, 2013). 

How can these characteristics of balance problems in children with DCD be explained? There 

are different theories, sometimes overlapping, that might explain poorer balance in children 

with DCD. Firstly, explanations have been proposed at the neuromuscular level, i.e. a ‘low muscle 

tone’ (Ball, 2002) which represents a lack of force in peak contractions and ‘pathological freezing’ 

through increased co-activation (Raynor 2001; Johnston, Burns, Brauer, & Richardson, 2002). 

Secondly, explanations have been put forward at the neural level resulting in delayed response 

times which makes posture and balance control more difficult. Control of balance requires 

cerebellar involvement. DCD characteristics such as poor coincidence timing and more variability of 

rhythmic coordination also suggest the involvement of the cerebellum (Lundy-Ekham, Ivry, Keele, & 

Woollacott, 1991; Mackenzie, Getchell, Deutsch, Wilms-Floet, Clark, & Whitall, 2008; Hadders-Algra 

2002). The cerebellum is also involved in motor learning (Biotteau, Peran, Vayssiere, Tallet, Albaret, 

& Chaix, 2016). The less efficient APA’s in children with DCD as compared to their peers (Jucaite, 

Fernell, Forssberg, & Hadders-Algra, 2003; Jover Schmitz, Centelles, Chabrol, & Assaiante, 2010), 

suggest difficulties with forward modeling of postural adjustments and implementing predictive 

models of action, also called internal model deficit (Wilson & McKenzie, 1998; Wilson & Butson, 

2007; Wilson et al. 2013). Since the internal model can only be built by learning from sensorimotor 

feedback providing internal feedback loops, a motor learning deficit would lead to poorer predictive 

functioning. Impaired visual-motor integration (Wilson & McKenzie, 1998) and reduced ability to 

automate motor skills (Nicolson, Fawcett, & Dean, 2001) may limit adequate motor learning. So far 

no studies have looked into the learning of balance tasks of children with DCD.  

Besides these theories, it is known that children with DCD dislike physical activities and their 

motivation to become more physically active is poor (Kwan, Cairney, Hay, & Faught, 2013). At school 

age, children become aware of their poor performance in sports compared to their peers (Cairney, 

Hay, Faught, Wade, Corna, & Flouris, 2005; Schoemaker & Kalverboer 1994; Cantell, Smyth, & Ahonen, 

1994), which makes them less popular and which increases withdrawal of adequate practice 

(Causgrove Dunn, & Watkinson, 2006), becoming physically unfit and experience more loneliness 

as they participate less in sports or playground games (Cairney & Veldhuizen, 2013; Schoemaker 

& Smits-Engelsman, 2015). Lack of practice limits motor learning and formation of internal models 

and increases a delay in motor performance even further. 

Based on the conclusions of the reviews of Wilson et al. (2013) and Adams et al. (2014), we 

consider the balance problems of children with DCD to originate in a deficit in predictive control 

(internal model deficit) and in learning new coordinated movement patterns. Based on these 

theories the initial levels of performance on a dynamic balance task is expected to differ between 

children with and without DCD and children with DCD are expected to progress less in training than 

TD. The present thesis will focus on differences between children with DCD and typically developing 

children in motor performance, and in motor learning, retention and transfer. Dynamic postural 
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control tasks will be used that challenge coordination and timing to study these group differences 

in performance and learning.  

Aims

The main aim of this thesis is threefold:  

• to determine which aspects of dynamic balance control differ between children with and 

without DCD

• to investigate whether motor learning through intervention differs between children with and 

without DCD in a task that requires dynamic balance control

• to determine whether children with DCD show transfer of the training to other skills. 

The groups of children were aged between 6-12 years. Children with balance problems fulfilling 

the Diagnostic Criteria for DCD (DSM-5, APA 2013)1 were compared to groups of matched control 

children, selected according to low scores on the MABC-2 test (for criteria see Table 1.1). Studies 

were conducted with a group of children with DCD and typically developing children as controls in 

the Netherlands as well as in South Africa in order to examine cultural differences. 

Dynamic balance control was studied using a Nintendo© Wii Fit system with a Wii Balance Board 

(WBB). The Wii ski-slalom game was the target game, used to measure change due to learning or 

training. Ten other Wii balance games were used for Wii Fit training (also referred to as Virtual Reality 

(VR) training or variable training schedule).  By shifting weight on the WBB, the child can control 

these games and can observe the results of these weight shifts directly on a TV screen. In part of 

the study, the WBB was put on force plate sensors to detect the players Centre of Pressure (CoP) 

displacements.  The specific game used to measure dynamic balance is the ski slalom game. This task 

requires both dynamic adaptation of posture to control the avatar and dynamic control of balance. 

Table 1.1 DSM-5* Diagnostic Criteria for Developmental Coordination Disorder (APA, 2013)

A The acquisition and execution of coordinated motor skills is substantially below that expected 
given the individual’s chronological age and opportunity for skill learning and use. Difficulties are 
manifested as clumsiness (e.g., dropping or bumping into objects) as well as slowness and inaccuracy 
of performance of motor skills (e.g., catching an object, using scissors or cutlery, handwriting, riding 
a bike, or participating in sports).

B The motor skills deficit in Criterion A significantly and persistently interferes with activities of daily 
living appropriate to chronological age (e.g., self-care and self-maintenance) and impacts academic/
school productivity, prevocational and vocational activities, leisure, and play.

C Onset of symptoms is in the early developmental period

D The motor skills deficits are not better explained by intellectual disability (intellectual developmental 
disorder) or visual impairment and are not attributable to a neurological condition affecting 
movement (e.g., cerebral palsy, muscular dystrophy, degenerative disorder).

*DSM-5: Diagnostic and Statistical Manual of Mental Disorders Fifth edition

1  Children who met the criteria for DCD were referred to as probable DCD (p-DCD) in chapter 2 and 3 and, with advancing insight as 
presented in Smits-Engelsman et al. 2015, as children with DCD in chapter 4-8.
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The control of dynamic balance was measured at different levels. Firstly, performance was 

measured as the scores (speed and accuracy) in a chosen test game (Wii ski-slalom). Secondly, we 

studied dynamic balance control at the level of shifting weight by placing the WBB on an AMTI force 

plate by calculating the trajectories of the CoP of the child during the ski slalom. Lastly, differences 

between groups and change over time were evaluated using standardized tests.

In the chapters of the thesis we address the following specific questions: 

Chapter 2: Does task performance in the dynamic balance control task differ between children 

with DCD compared to children with typical balance control (TD-group)? Does dynamic balance 

control and task efficiency improve after Wii Fit intervention such that change due to intervention is 

significantly larger than a change over a similar non-intervention period? 

Chapter 3: Do children with and without DCD differ in dynamic control of balance in anterior-

posterior (AP) and lateral directions as displayed in variability and path length of the Center of 

Pressure (CoP); and do they change control over time or after VR intervention?

Chapter 4:  Is the rate of short-term learning a dynamic balance task different between children with 

DCD and their TD peers? Does the rate of motor learning differ between children with DCD from The 

Netherlands and South Africa, the latter being novice towards motion steered computer gaming? 

What is the retention effect after a period of no intervention?

Chapter 5: Is the rate of learning over a longer period and the retention different between DCD and 

control groups? Does the rate of learning depend on the level of the game? Do the groups differ in 

transfer to other balance tasks? 

Chapter 6: Does variable training lead to better motor learning compared to repetitive training 

in children with and without DCD when exposed to active VR training? Are there differences in 

improvement during training, retention, and performance after the training and amount of transfer? 

Is the level of motor competence (children with DCD and their TD peers) a mediating factor in the 

rate of learning and the amount of transfer? 

Chapter 7: Does improvement in games score after VR training lead to transfer to other skills like 

running, jumping, stair climbing? What is the effect of type of practice (variable and repetitive)? 

Chapter 8: General discussion.  
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ABSTRACT

Aim: The aim of this study was to examine the performance of children with and without DCD 

and/or balance problems on a Wii Fit dynamic balance control task. Secondly, we tested whether 

a period of training on a Wii Fit had an effect on balance skills, as determined by different motor 

tests pre- and post-intervention. Additionally, we explored whether the children experienced the 

intervention positively. We compared the effect of intervention with changes observed during non-

intervention in a BP subgroup and in a group of typically developing children (TD group). 

Method: Twenty-eight children with (suspected of ) Developmental Coordination Disorder (DCD) 

and/or balance problems participated in the intervention study. A TD group of 15 children with 

typical motor development was matched with 15 children of the experimental group (BP) for gender 

and age for group comparison. Motor performance was assessed with the Movement Assessment 

Battery for Children- second edition (MABC2) and with three subtests of the Bruininks Oseretsky 

Test 2 (BOT2): Bilateral Coordination, Balance and Running Speed & Agility. The Wii Fit test consisted 

of 10 runs of the ski slalom descent game with number of gates missed and duration of descent as 

performance measures. The children with BP received 6 weeks of intervention playing different Wii 

Fit Balancing Games three times a week for 30 minutes. The TD children and half of the children in 

the BP group were also tested before and after a 6 weeks nonintervention period. 

Results: Our results show that children with DCD and/or balance problems are less proficient than 

TD children in playing exergames in which dynamic balance control is needed. Training with the Wii 

Fit improved their Wii Fit balance skills and also had a positive impact on balance tasks of the MABC2 

and BOT2. The improvements were not the result of spontaneous development and test-retest 

effect, since the improvement was significantly larger on MABC2 balance score and BOT2 scale score 

of running speed & agility and almost significant larger on BOT2 scale scores of balance and bilateral 

coordination, after training than after a similar period of no intervention. This was not the case for 

the Wii scores. Importantly, nearly all children enjoyed this Wii Fit intervention throughout the 

training period. Our study shows that intervention with Wii Fit games is effective and is a potential 

method to support treatment of (dynamic) balance control problems in children. 
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INTRODUCTION

Most children enjoy physical activities, such as running, walking or jumping. Physical activity 

is not only important for the development of motor skills, coordination, but also for fitness and 

overall health (Cermak & Larkin, 2002). Children with Developmental Coordination Disorder (DCD), 

a disorder affecting approximately 2–7% of all children, find many of these activities difficult 

(American Psychiatric Association, 2013; Geuze, 2010, chap. 21; Rivilis et al., 2011). Therefore they 

tend to withdraw from participating and may not develop adequate levels of motor skills and 

physical fitness. The disorder is usually not noticed until primary school, and diagnosed between 

six and twelve years of age (Geuze, Jongmans, Schoemaker, & Smits-Engelsman, 2001). In addition 

to general health issues due to sedentary life style, affected children are vulnerable to poor social 

competence (Bar-Or, 2005; Kalverboer, de Vries, & van Dellen, 1990), poor motivation, low self-

esteem (Shaw, Levine, & Belfer, 1982; Strauss, 2000), and feelings of unhappiness (Schoemaker, 

Hijlkema, & Kalverboer, 1994). It is therefore important to find ways to engage these children more 

in physical activities in a way they enjoy, both during intervention and in daily life.

One main characteristic of children with DCD is poor postural control (Geuze, 2003). These 

children are less capable of controlling their balance during variable circumstances due to the 

fact that they respond more slowly to balance disturbances compared with their peers (Geuze, 

2005; Johnston, Burns, Brauer, & Richardson, 2002). For postural control two mechanisms can be 

distinguished; feedback control to correct perturbed balance and feedforward (anticipatory) 

control. The start of well- coordinated movement is characterized by postural adaptations that 

anticipate loss of balance by the effects of the action itself. This process of feedforward control input 

prior to movement, attributed to the cerebellum, seems to be diminished in most children with 

DCD (Wilson, Ruddock, Smits-Engels- man, Polatajko, & Blanks, 2012), resulting in the more frequent 

use of feedback based strategies with longer response times, poorer timing and larger within-child 

variability over learning trials (Geuze & Wilson, 2008, chap. 11; Hadders-Algra, 2002).

In most of the current therapeutic approaches for children with DCD balance training is included 

in the treatment and has shown to be effective (Smits-Engelsman et al., 2012; Wilson, 2005). One of 

the important motor learning principles is practicing the task in variable, gradually more challenging 

circumstances (Niemeijer, Smits-Engelsman, & Schoemaker, 2007). With the development of 

interactive computer games, which require whole body movement and weight transfer to control 

the game, the so called exergames, a potential tool emerged for training dynamic balance with 

variability of practice. To play such games successfully a child needs adequate dynamic balance 

skills, which enable the child to control his or her center of gravity within the base of support while 

moving.

Interactive computer games, such as Wii Fit or Kinect seem to offer a new and joyful tool to 

encourage children to participate in physical activity that can be extended for intervention 

purposes. Exergames connect to the everyday world of the youngsters, and satisfy the internal drive 
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for motivation while playing the games (Sandlund, Waterworth, & Häger, 2011).

The games are dynamic tasks that require timing within and between limbs and programming 

weight shifts. Children can interact naturally with the game by motion that controls the virtual 

character on the screen, for example by shifting weight without losing balance to cause that character 

to pass through gates or avoid obstacles. The exergames thus provide instant visual feedback to the 

child about the unconscious regulation of her or his center of gravity. The Wii Fit games promote the 

development of sufficient postural adjustments required for controlling dynamic balance. The task 

is scaled to the child’s level of competence by a baseline measure. While playing, the children learn 

to adjust their balance in anticipation of or in reaction to visual information on the screen and may 

reach a higher level in the game. 

In the present study we investigate whether Wii Fit Plus balance board computer games 

(Nintendo®) are an effective means to improve dynamic balance in children with poor coordination 

and balance problems (BP-group). Playing the game challenges the child to gain and improve 

dynamic control largely through implicit learning. Implicit learning is defined as an unintentional, 

unconscious form of learning characterized by behavioral improvement (Gentile, 1987; Halsband & 

Lange, 2006 ). It has been suggested that children with DCD often fail to learn motor tasks implicitly 

(Schoemaker, 2008, chap. 14 ) and that children with DCD need ample practice to master a skill 

and adapt to new motor strategies. Positive reinforcement of performance by visual information 

encourages the child to persist in its efforts and lifts emotional barriers by the experience of 

success in the motor domain. Halsband and Lange (2006) states that feedback processing by use 

of proprioceptive and visual information as well as error detection and correction are the critical 

aspects of motor control coded by cerebellar structures. A study using a force plate platform 

to train children afflicted with cerebral palsy (CP) resulted in a significant improvement in the 

ability to recover stability after a perturbation in forward and backward horizontal translation, 

as demonstrated by reduced center of pressure area and time to stabilization (Shumway-Cook, 

Hutchinson, Kartin, Price, & Woollacott, 2003 ). Studies in children with DCD using exergames to 

improve balance skills are scarce. However, in several clinical populations of patients with acquired 

brain injury or children with CP, intervention with exergames was shown to improve static balance 

(Gil-Gómez, Lloréns, Alcañiz, & Colomer, 2011 ), postural control, visual-perceptual processing and 

functional mobility (Deutsch, Borbely, Filler, Huhn, & Guarrera-Bowlby, 2008 ) and balance skills 

(Jelsma, Pronk, Ferguson, & Jelsma-Smit, 2012 ).

The first aim of this study is to examine differences in dynamic balance control on a Wii Fit 

game between children with balance problems (BP-group) compared to children with adequate 

balance skills (TD-group). The second aim is to evaluate the change after aWii Fit intervention for 

the children with BP by comparing pre- and post-intervention Wii Fit scores, balance and motor 

skills as measured by different motor tests. The third aim is to examine whether this change over 

the intervention period is larger than change over a similar non-intervention period. Finally, we 

evaluate whether children enjoy the intervention during the whole period since usually children 

grow aversive to interventions that they find difficult to perform.
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METHODS

Subjects

Criteria for inclusion in the intervention group were children aged between 6 and 12 years old, a total 

test score ≤16th percentile on the Movement Assessment Battery for Children-2 (MABC2) and ≤16th 

percentile score on the component score for balance (static and dynamic balance). We refer to this 

group as children with balance problems (BP-group). Inclusion criteria for the typically developing 

group (TD group) were a total test score >16th percentile on the MABC2 and a component balance 

score >16th percentile. Excluded from both groups were children with a medical, neurological and 

mental disorder or IQ < 70.

Children suspected of poor coordination and balance problems were preselected from two 

primary schools for special education (n = 20) and through a practice for paediatric physical therapy 

(n = 11) in the Netherlands. The pre-selected children were all tested with the MABC2. Three children 

were excluded because they scored >16th percentile on the total and the balance scores of the 

MABC2, resulting in a BP group of 28 children (see Fig. 2.1). Any learning disorder when present has 

been noted for reasons of description of the subject group. From the school records it was found 

that seven children had a primary diagnosis of DCD as assessed by a physician, eight children had a 

primary diagnosis of PDD-NOS and one child of ADHD as assessed by a psychiatrist, 12 children had 

no formal diagnosis. The mean IQ of the children in the BP group was 79.4 (SD = 10.3, range 67–100). 

One child scored a total IQ of 67, but because of its score of 79 on the Verbal IQ scale the child was 

included in the clinical group.

Fig. 2.1. Flow diagram selection of subjects
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A typically developing group (TD group) of 22 children with normal motor development was 

recruited at a regular primary school (see Fig. 2.1). One child was excluded because of a percentile 

score of 16 on the MABC2 and one due to illness. Demographic characteristics are presented in Table 

2.1.

This project has been approved by the Ethics Committee of the Department of Psychology of 

the University of Groningen. Written informed consent was obtained from all parents and assent 

from each child.

INSTRUMENTS AND APPARATUS

The movement ABC2

The Movement Assessment Battery for Children-second edition (MABC2) was used to test the 

children’s motor performance. The MABC2 is a standardised and norm referenced test that is 

validated for the Dutch population of children aged 3–16 years and is divided into three age bands 

ranging from 3 to 6, 7 to 10 and 11 to 16 years (Henderson, Sugden, & Barnett, 2007; Smits-Engelsman 

2010). The test has three sections: Manual Dexterity (three items), Aiming and Catching (two items) 

and Balance (three items). The balance section has one item of static balance (standing on one leg) 

and two items of dynamic balance (walking over a line and hopping or jumping). Each raw score is 

recoded into an item standard score; per section a component standard score can be derived. The 

sum of all eight item standard scores can be recoded into a total standard score (range 1–19; mean 

score = 10; SD = 3) and percentile score. A standard score >7 is regarded average/normal motor 

performance, 6–7 is considered to be indicative of at risk for motor problems whereas a score at or 

below the 5th standard score is indicative of a serious motor problem.

The concurrent validity of the MABC2 with the Bruininks-Oseretsky test of Motor Proficiency 

(BOTM; r = 0.58, p < 0.001) (Jelsma, van Bergen-Verhoef, Niemeijer, & Smits-Engelsman, 2010) and 

with the Körper Koördinationstest für Kinder (KTK; r = 0.62, p < 0.001) (van Beek, Booij, Niemeijer, 

& Smits-Engelsman, 2010) is good. For the test–retest reliability of age band1 ICC’s were found of 

0.95–0.98 and the inter-rater reliability was 0.96 (Henderson et al., 2007; Smits-Engelsman, 2010). 

Based on the standard error of measurement (SEM) in the normative sample a smallest detectable 

difference (SDD) of 3 in the standard score of the MABC2 is required for individual interpretation of 

progress (Smits-Engelsman, 2010).

Bruininks Oseretsky test of motor proficiency 2 (BOT2) (Bruininks & Bruininks, 2005)

All children were tested with three subcomponents of the Bruininks Oseretsky test second edition. 

These three components of the test were chosen as an evaluation tool to test a broader range 

of balance tasks because of the limited number of balance items of the MABC2. The component 

bilateral coordination consists of seven tasks of bilateral assignments in standing (4) or sitting 

position (3). The component balance consists of seven static balance tasks and two dynamic balance 
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Table 2.1 Demographic and clinical characteristics of the groups of typically developing children (TD) and 
children with balance problems total group and per subgroup (BP1  and BP2 group).

Groups TD (n = 20)         BP total (n = 28)        BP1 (n = 14)                   BP2  (n = 14)

Mean age in  months  (SD) 
Range

102.5 (12.2)
77–129

98.4 (16.6)
71–136

104.8 (17)
75–136

92  (14.1)
71–114

Mean height in  cm  (SD) 
Range
Mean weight in  kg  (SD) 
Range
Sex  ratio f/m

136.2 (9.1)
114–149
32.2 (7.9)
20.8–46.1
.45

134.3 (9.4)
119–156
33.1 (11)
21.4–70.2
.36

137.9 (9.2)
124–156
38.6 (12.3)
26.9–70.2
.36

130.8 (8.6)
119–146
27.9 (6.5)
21.4–42.5
.36

Mean MABC2  (SD) 
Range
Mean MABC2  balance  (SD)

13.4 (2.7)
9–19
11.3 (2.2)

2.5  (1.3)
1–6
3.3  (1.6)

2.2  (1.1)
1–4
3.4  (1.5)

2.7  (1.5)
1–6
3.1  (1.4)

Range
Wii  Fit  experience

9–17
45%

1–7
30%

1–7
43%

1–5
14%

Outdoor ski  experience 55% 4% 7% 0%
BOT2 bilateral coordination
Range
BOT2 balance scale
Range
BOT2 running speed & agility
Range

19.4 (1.8)
14–21
20.3 (2.9)
16–24
16.4 (2.9)
11–22

10.1 (3.3)
4–16
7.6  (2.8)
4–17
8.9  (3.1)
4–15

9.2  (2.2)
6–14
7.4  (3.0)
4–17
8.3  (3.1)
4–14

10.9 (4.0)
4–16
7.9  (2.7)
4–13
9.6  (3.2)
5–15

tasks. The component running speed & agility consists of five dynamic balance tasks.

Each raw score is converted into a point score. All point scores are cumulated into a total 

point score for each subtest. Per subtest, total point scores are converted according to sex- and 

age specific norm tables into subtest scale scores. These scale scores indicate performance well 

below average (1–5), below average (6–10), average (11–20), above average (21–25) and well above 

average (26–30). Inter-rater reliability for scale scores are consistently high for subtest balance (0.99), 

bilateral coordination (0.98) and running speed & agility (0.99) (Bruininks & Bruininks, 2005). The 

standardization of the BOT2 is based upon an American norm sample. Based on the SEM of the BOT2 

subtest scale scores of the normative sample a SDD of 2 is considered the minimal required change 

for individual progress (Bruininks & Bruininks, 2005).

Wii Fit ski slalom test

The Wii is an interactive video computer system (Nintendo®) with a remote controller. The Wii Fit Plus 

includes a Balance Board (WBB) with Bluetooth wireless connection that is battery operated. The 

balance board has four force plate sensors, one in each corner, used to measure the child’s weight, 

and to calculate center of pressure (COP) and weight distribution. When the child is standing on the 

board it can steer the virtual character, called Mii, by moving the Centre of Mass sideways or forward 

and backward. The WBB software calculates the COP of these displacements, resulting directly in the 

movements of the Mii. In the Wii Fit ski slalom game, when the child shifts his or her center of mass 

forward or backward anteriorly/posteriorly) the skiing character speeds up or slows down; shifting 

the child’s center of mass to left and right (laterally) will direct the skier sideways. The sensitivity of 
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the WBB is normalized according to the child’s weight, which is a standard procedure of Nintendo 

Wii. The goal of the game is to ski through 19 gates along a ski slope without missing a gate and 

as fast as possible. Children are instructed to make the Mii pass through the gates as it descends 

the slope. The number of gates the Mii passes or misses is registered as well as the time between 

start and finish. The spatial layout of the gates on the slope is invariant. The individual gates vary in 

their lateral distance from the middle of the slope and their distance along the slope. Immediately 

after a run the Wii score of the ski slalom game is presented on the screen. The number of missed 

gates and the time needed from start to finish are noted. The validity and reliability of the Wii Fit 

Balance Board has been found good compared to a laboratory-grade force platform (FP) used as the 

gold standard by Clark et al. (2010). Their findings suggest that the WBB is a valid tool for assessing 

standing balance. 

Enjoyment scale

An enjoyment scale of 5 points with smiley faces (0 is no fun at all; 4 is super fun) has been developed 

for this study to evaluate how much the child enjoys playing a Wii game at a certain moment in time 

(see Fig. 2.2).

Design of the study

This prospective study is a combined interventional and nested case control study, in which 

comparison with case controls, intervention and time has been made. The BP group was divided 

into two subgroups consisting of 14 children each. One group (BP1) started the intervention of 6 

weeks immediately after the selection, while the other group started with a period of no intervention 

(BP2). The BP2 group then continued with 6 weeks of intervention. Table 2.2 gives an overview of the 

design of the study. Before and after the 6 week periods children were tested with the MABC2, BOT2 

and Wii Fit ski slalom test. The BP2 group thus was tested three times.

Procedure

First, all children were tested on the MABC2, BOT2 subtests bilateral coordination, balance and 

running speed & agility for baseline measures. All children were tested individually in their own 

school environment. Five testers (two Paediatric Physical therapists, including the first author 

and three 4th year students of the Sports Academy, who had received additional training on the 

administration of all outcome measure prior to commencement of the study) administered all 

motor pre and posttests.

The testers were not blinded but children were randomly assigned to testers. Children whose 

MABC2 scores permitted their inclusion in the study completed the Wii Fit test in another session 1 

week later. The Wii Fit ski slalom test consists of ten repetitions of the ski slalom game. Each game 

is called a run. After the fourth run, according to protocol, each child was given instructions how to 

improve playing the game. The first author supervised the children on the Wii Fit test assisted by a 
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Fig. 2.2. Enjoyment scale

research assistant.

Table 2.2 Design of the study with T0, T1 and T2 indicating the moments when children were tested on their 
motor proficiency and Wii Fit ski slalom skills, and period 1 and 2 indicating 6 week periods without or with 
intervention.

Group Time T0 6-week period 1 Time T1  6-week period 2 Time T2

TD (n=20) MABC2, BOT2, 
Wii Fit test 

No intervention MABC2, BOT2,  
Wii Fit test 

BP1 (n=14) MABC2, BOT2,  
Wii Fit test

Wii intervention
Enjoyment scale

MABC2, BOT2,  
Wii Fit test 

BP2 (n=14) MABC2, BOT2, 
Wii Fit test 

No intervention MABC2, BOT2,  
Wii Fit test 

Wii intervention
Enjoyment scale

MABC2, BOT2,  
Wii Fit test 

TD= Typically Developing group, 
BP= group of children with balance problems

The intervention consisted of practicing the Wii Fit Plus Balancing Games 30 min at a time, three 

times a week for 6 weeks. Intervention was given by 4th year students of the Sports Academy, or 

Medical Pedagogy, under supervision of the first author. Three children participated simultaneously 

in the training on the three Wii Fit Plus systems available in a single room. They were not allowed to 

play ski slalom, since the ski slalom game was used to test Wii Fit skills. Children could choose from 

18 Wii balancing games and played each game twice, before being allowed to continue to one of 

the other games (http://www.nintendo.co.uk). This procedure ensured sufficient variety of training 

and equal time spent in training. The trainer recorded the chosen games in each child’s log, and 

motivated the children while playing. At the end of the first, third and sixth week of intervention 

the children were asked to choose a face on the Enjoyment Scale that matched their feeling of 

enjoyment during this session.

Data analysis

Demographical data were compared between groups using independent t-tests. Means over 

10 runs were calculated for Wii time (s) and the number of missed gates. To combine speed and 



30

Chapter 2

accuracy in one measure, we calculated a Wii z-score as follows. z-scores were based on the SD of 

the distribution of scores in the TD group at T0 (mean z = 0). Thus any difference in Wii Fit z-scores 

between groups or time is relative to the TD group at T0. The individual data of Wii seconds and Wii 

missed gates then were standardized into z-scores and summed into a single Wii z-score, a lower 

score implying a better Wii performance.

Given the slight differences in age and weight between the BP1 and BP2 groups, differences 

in MABC-2 total score at baseline were tested using ANOVA, showing no difference (F(1, 27) = 1.6, 

p = .22). Multivariate no differences were found either on MABC2 balance, BOT2 subtests bilateral 

coordination, balance, running speed & agility and Wii z-score (F(5, 22) = 1.1, p = .41). Univariate 

analysis supports the lack of differences (all p > .17). Data of the BP1 and the BP2 groups were 

therefore combined for the comparison with the TD group and for evaluation of the intervention 

effect.

Since previous experience with skiing might have an effect on performance this was checked. In 

the BP group only one child had ski experience but performed less proficient on the Wii compared 

to the BP group average. In the TD group no significant difference was found on any of the motor 

test scores between children with and without ski experience (all p > .266). Therefore the analyses 

are not corrected for ski experience.

For the first research question a MANCOVA was used to test for difference between TD group 

and BP group at baseline for Wii z-score, BOT2 bilateral coordination, balance and running speed 

& agility. Since previous Wii Fit experience might have an impact on the outcome of the group 

comparison, Wii Fit experience was used as a covariate. The multivariate tests indicate significance 

of common effects to which all variables in the analysis contribute. For the second research question 

a General Linear Model (GLM) multivariate repeated measures analysis examined changes over the 

intervention period (BP group between T1 and T2). First, the total test scores of MABC2 and Wii 

z-score were entered, and in a second analysis all subtests: MABC2 component balance, BOT2 scale 

score bilateral coordination, balance, running speed & agility, Wii missed gates and Wii seconds. 

Lastly, to test for task specific effect of training, the MABC2 components manual dexterity and 

aiming & catching were analyzed. All three analyses were again adjusted for Wii experience by using 

it as a covariate. Partial eta squared ηp
2was calculated to determine the effect size (interpretation: 

.01–.05 a small effect; .06–.14 a medium effect; and .14 or greater a large effect (Field, 2010)).

To analyze whether change over the intervention period is larger than change over a similar 

nonintervention period (third question), GLM multivariate repeated measures analysis was applied 

using the data of the BP2 group, adjusting for Wii experience. Firstly, dependent variables of total 

scores MABC2 and Wii z-score; secondly the subtests (MABC2 component balance, BOT2 scale 

score bilateral coordination, balance, running speed & agility, Wii missed gates, Wii seconds). A 

significance level of .01 has been adopted to compensate for multiple testing when four or more 

dependent variables are included in multivariate testing; if two dependent variables are included in 

the multivariate analysis a was set to .025.
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For child nr. 40 (BP2 group) no T2 data of the BOT2 Bilateral Coordination were available since he 

refused the retest. We decided to impute the value measured at T1 for this child implying no change 

due to intervention in this child, thereby preventing the effect of intervention to be overestimated. 

The frequencies of the enjoyment scale are reported to evaluate how the children enjoyed the 

exertraining at the first, third and final week of intervention.

RESULTS

Baseline differences between the TD and BP groups

At time of first measurement the BP group scored a mean total standard score of 2.5 (SD 1.3) on the 

MABC2 and 3.3 (SD 1.6) on the component balance, while the TD group scored respectively 13.4 (SD 

2.7) and 11.3 (SD 2.2). No significant differences were found between the BP and TD group for age, 

height and weight (all p > .359) nor gender (p = .527; TD girls 45% and BP girls 36%). The BP group 

scored a mean of 9.7 (SD 2.6) missed gates and 38.7 (SD 3.7) seconds of descent, while the TD group 

missed 5.0 (SD 2.1) gates and used a mean of 41.8 (SD 3.5) seconds from start to finish.

Multivariate analysis, corrected for Wii experience, showed that the TD group and the BP group 

differed significantly at baseline on the Wii z-scores, BOT2 scale score of bilateral coordination, 

balance and running speed and agility (multivariate (F(4, 42)=67, p < .001, ηp
2 =.86) and for all these 

variables also on the univariate test (all p < .01). Mean scores of the BP group were all significantly 

poorer than those of the TD group (see Table 2.3).

Effect of intervention

The BP group received an average of 16.6 (range 11–18) sessions of intervention with a total 

duration of eight hours and thirty minutes. On average 1.3 sessions (SD 1.6, range 0–7) were missed 

due to illness or school activities, such as visits to a museum or library. Multivariate test results show 

significant improvement for the total MABC2 test score and Wii z-score (F(2, 25) = 17.4, p < .001, 

ηp
2  =.58, time x Wii experience p= .263) and for MABC2 balance score, BOT2 subtest scores and Wii 

scores (F(6,21)=20.7, p < .001, ηp
2 =.86, time x Wii experience p = .015). No significant differences 

were found for the multivariate analysis of MABC2 components aiming and catching and manual 

dexterity (F(2,25) = .85, p = .442, ηp
2=.06, time x Wii experience p = .633). Table 2.4 lists the means and 

univariate outcomes of these tests. Only one significant interaction between Wii experience and 

intervention (time) was found for the BOT2 bilateral coordination (p = .002). Being initially equally 

proficient in bilateral coordination before treatment (means 9.9 and 9.8) the mean of test scores of 

children without Wii experience improved (mean 13.4) and those with, did not (mean 9.6). Analysis 

of the intervention effect showed a significant improvement between T1 and T2 on all variables, 

except for Wii time, MABC2 manual dexterity and aiming and catching. Partial eta squared showed 

strong effect sizes. Post-intervention the BP group missed on average 1.8 gates fewer compared to 

their pre-intervention Wii performance.
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Table 2.3 Mean scores of TD and BP group at baseline measure with univariate statistics of TD-BP group 
differences.

TD group (n =20)
mean (SD)

BP group (n = 28)
mean (SD)

F p-Value ηp
2 Group*Wii

experience
(p-Value)

Wii z-score 0 1.4 9.6 .003* .18 .242
BOT2 bilateral 
coordinationa

19.4 (1.8) 10.1 (3.3) 128.4 < .001* .74 .402

BOT2 balancea 20.3 (2.9) 7.6 (2.8) 225.6 < .001* .83 .127
BOT2 running 
speed and agilitya

16.4 (2.9) 8.9 (3.1) 73.4 < .001* .62 .192

* p-Value significant at a = .01.
a BOT2 in scale scores.

Over the intervention period the mean Wii z-score of the BP1 group changed from .98 to –.35, which 

means that after intervention they improved to a level better than the average of the TD group at T0. 

The mean Wii z -score of the BP2 group changed from 1.6 to .30 (see Table 2.5). Over the intervention 

period the total BP group improved on average by 1.26 on the Wii z -score.

Table 2.4 Mean scores of children with balance problems (n = 28) at pre and post- intervention (time), univariate 
pre-posttest outcome after controlling for the effect of Wii experience.

Test Pre 
intervention
mean (SD)

Post 
intervention
mean (SD)

F p-value ηp
2 Time x Wii 

Experience
(p-value)

MABC 2 total standard 
score (SD)

2.6 (1.6) 4.2 (3.0) 14.0     .001* .35 .313

Wii z-score 1.3(2.1 -.02 (1.5) 18.7   < .001* .42 .218

MABC2 balance 
standard score

3.3 (2.0) 6.1 (2.8) 27.8  < .001** .52 .141

BOT2 bilateral 
coordination scale

9.8 (2.8) 12.3 (4.5) 40.0  < .001** .61 .002

BOT2 balance scale 7.4 (2.9) 10.6 (4.5) 22.9  < .001** .47 .094

BOT2 running speed & 
agility scale

8.9 (3.0) 12.8 (3.8) 30.7  < .001** .54 .471

Wii # missed gates 8.8 (3.5) 7.0 (3.7) 10.0   .004** .28 .767

Wii time (s) 39.9 (4.0) 38.4 (3.4) 4.0   .056 .13 .256

MABC2 manual dexterity 4.9 (2.8) 5.3 (3.0) 1.6     .219 .06 .284

MABC2 aiming & 
catching

5.0 (2.5) 5.4 (3.3) 0.8   .376 .03 .416

* p-Value significant at a = .025; ** p-Value significant at a = .01
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Change due to intervention compared to change during non-intervention period

Table 2.6 lists the mean change of the motor and Wii scores of the BP2 group between T0 and 

T1 (non-intervention period) and between T1 and T2. Multivariate (BP2 group only), significant 

difference was found on the repeated measures in time on the total test score of the MABC2 and the 

Wii z-score (F(2, 11) = 5.3,  p = .025, ηp
2 =.49). Multivariate outcome of all subtests (MABC2 balance, 

BOT2 scale scores and Wii scores) is significantly different as well (F(6, 7) = 12.4,  p = .002, ηp
2 =.91). 

Univariate outcome shows that the change in Wii scores from T0 to T1 and from T1 to T2 is not 

significantly different, and that the change between T1 and T2 is significantly greater than between 

T0 and T1 for the MABC2 balance score and BOT2 scale scores of bilateral coordination and running 

speed & agility. The mean difference of these tests between T2 and T1 was beyond the smallest 

detectable difference and the effect sizes are large. The mean improvement over the intervention 

period (T1 and T2) compared to the change over the non-intervention period (T1 and T0) for the 

BOT2 scalescores of balance (p=.012) is close to the chosen level of significance and shows a large 

effect size (ηp
2 =.42). Between T2 and T1 this mean difference was larger than the SDD of the tests.

 

Individual change in classification

Individual improvement of motor proficiency between pre and post- intervention was defined as a 

change in score larger than the SDD of MABC2 and BOT2 normative population scores. Based on this 

definition eight children improved on the MABC2 total score. For four of these children this implied 

a change in classification from the clinical range towards the ‘at risk’ range and for one child from 

‘at risk’ to the normal range on the MABC2 total score. For the MABC2 component balance thirteen 

children improved, two of these children moved from the clinical range to the ‘at risk’ range, seven 

children moved towards the normal range and two children moved from the ‘at risk’ range towards 

the normal range. One child moved from the at risk range to the clinical range at T2.

Table 2.5 Mean Wii z-scores at T0, T1 and T2 for each group.

z-wiia T0 T1 T2

TD group 0

BP1 group .98 Intervention -.35

BP2 group 1.72 1.58 Intervention .30

aWii z-score is the sum of z-missed gates and z-seconds

The BOT2 component balance showed positive results for eighteen children; five children moved 

from well below average to below average and nine children moved up from below towards 

average or even above average and four did not change classification. Two children (child nr. 14 

& 60) showed negative change, of which one child changed from average towards below average. 

For the BOT2 component bilateral coordination sixteen children improved; eight children improved 

at T2 to average or even above average. One child (nr. 20) moved from average to below average. 
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On the component running speed & agility twenty-two children improved over the intervention 

period by at least the SDD; five children changed classification from well below average to below 

average and seven children improved to an average score; one child (nr. 23) changed negatively 

from average to below average.

Table 2.6 Mean difference scores between successive test moments of the BP2 group. No intervention between 
T0 and T1; Wii intervention between T1 and T2. Test statistics of repeated measures indicate if T2 - T1 differences 
are significantly greater than T1 - T0 differences, with effect sizes and after controlling for the effect of Wii-
experience.

Mean difference (99% CI) 
n = 14

T1 - T0 T2 -T1 F p-value ηp
2 Time x Wii

experience 
(p-value)

MABC2 totala .36 (–.26;.98) 2.1 (–.15;4.4) 7.3 .020* .38 .635
Wii z-score –.13 (–1.7;1.5) –1.3 (–2.4; –.16) 3.3 .095 .22 .227

MABC2 balancea .14 (-.88;1.2) 3.9 (1.7;6.2) 14.2 .003** .54 .926

BOT2 bilateral coordinationb -.50 (-2.4;1.4) 3.0 (.81;5.2) 10.6 .007** .47 .242

BOT2 balanceb -.43 (-2.2;1.4) 3.9 (.39;7.5) 8.8 .012 .42 .454

BOT2 running speed and 
agilityb

.07 (-1.7;1.8) 4.6 (2.2;7.1) 21.2 .001** .64 .317

Wii missed gates -1.8 (-3.9;.42) -1.7 (-4.0;.58) 0 .99 0 .867
Wii time 2.4 (-1.9;6.7) -1.7 (-5.2;1.9) 4.6 .054 .28 .196

* p-Value significant at a = .025.
** p-Value significant at a = .01.
a MABC2 in standard scores.
b BOT2 in scale scores.

 

Table 2.7 Frequency of enjoyment scale scores for the BP group during intervention

Amount of fun After 1st week After 3rd week After 6th week
Superfun (4) 24 22 20
Fun (3) 2 3 4
A bit of fun (2) 1 2 2
Boring (1) 0 0 1
No fun at all (0) 1 1 1
Total 28 28 28

Enjoyment scale

Most of the children with balance problems enjoyed the intervention during 6 weeks (Table 2.7). 

Two children were notable in their choices. One child scored a zero in the first week; after 3 weeks 

this child scored a 4 and after 6 weeks a 4 again. The other child scored a 2 after the first week, a zero 

at 3 weeks and a zero again after 6 weeks. Two more children reported a slight loss of interest, but 

still enjoyed playing the games during the intervention.
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DISCUSSION

The aims of this study were four fold. First group differences between children with and without 

balance problems (BP) on motor, balance and Wii Fit game scores were tested. Secondly, we 

examined whether a period of training on a Wii Fit had a measurable effect on balance skills, as 

determined by different motor tests. Thirdly, it was examined whether the effect of intervention 

was larger than change over a similar non-intervention period. Finally, we explored motivation to 

participate in intervention over time. The main outcomes of this study are as follows: as expected, 

children with BP had poorer performance in the Wii Fit ski slalom game compared to typically 

developing children.

The Wii intervention in the BP group, after correction for Wii experience, resulted in improved 

performance on the motor tests. When corrected for the spontaneous change seen after an equally 

long no-intervention period, this difference remained significant for the MABC2 balance test and 

the BOT2 bilateral coordination and running speed &agility scale score, and was close to significance 

for the BOT2 balance subtest. The Wii performance, corrected for Wii experience, improved over a 

non-intervention period in the BP2 group and continued improving over the intervention period. 

Only one child reported loss of motivation over the intervention period.

Group comparison revealed significant differences between groups on Wii z-scores and BOT2 

subtests on the baseline measure. On average children with BP missed 4.7 more gates and their 

mean z-score of Wii performance (sum of z-missed gates and z-seconds) was 1.35 SD below the 

average of the TD group at baseline. Based on these differences one might conclude that poor 

motor performance is associated with poor performance on the Wii Fit ski slalom game. 

When evaluating the effect of aWii Fit intervention for children with BP a consistent positive effect 

on the dynamic control and balance skills of children with probable DCD and balance problems was 

found. A significant change was seen in all variables tested but one (time needed to perform the Wii 

test). Both motor scores on the balance items of MABC2 and the BOT2 balance subscale improved 

after the intervention period. This result contradicts the general opinion that children with DCD 

often fail to learn motor tasks implicitly (Hadders-Algra & Brogren-Carlberg, 2008, chap. 1). Implicit 

learning, consisting of unintentional, unconscious learning, seems largely present in playing the 

Wii Fit balance games, since the child concentrates on how to play the game and how to improve 

by practice and trial and error. It may be questioned whether the intervention offered true implicit 

learning. The knowledge of results in terms of a Wii score and number of gates missed and the 

explicit instruction after the fourth run, during the Wii Fit test, may be interpreted as feedback used 

in explicit learning. However, the Wii Fit tasks can be considered as goal-oriented, timed, visual-

motor tasks requiring repetitive body movements while remaining within the base of support 

dependent on augmented on-line visual and proprioceptive feedback. Internal modeling seems 

to be effectively stimulated while the child receives feedback, which can be regarded as largely 

implicit learning. This idea is supported by the view of Halsband and Lange (2006) that feedback 
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given by use of proprioceptive and visual information as well as error detection and correction can 

improve motor control. Given that children with DCD have problems generating or using predictive 

adjustments of body position as a means of correcting actions in real time (Wilson et al., 2012), the 

combination of augmented feedback and repeated training in various games appears to have a 

positive impact on balance tasks.

When the effects of intervention were tested against change over a similar non-intervention 

period, consistently larger change due to intervention was found for motor test scores related to 

dynamic control of balance but not for fine motor control and ball skills, and, remarkably, not for the 

Wii scores. The improvement on the Wii Fit ski slalom test due to intervention was comparable to 

the spontaneous improvement over the previous non-intervention period. Apparently, the children 

showed similar learning effects in Wii scores over the non-intervention and the intervention periods. 

Improvement after the non-intervention period may be due to retest learning effects over the 10 

runs and/or spontaneous development of motor coordination over the 6 weeks period, processes 

that may also have been effective over the 6 weeks period of intervention. However, learning curves 

tend to level off and have their largest change early in the learning period. Our data are compatible 

with the interpretation that the intervention enhanced dynamic balance control over the second 

period of 6 weeks. However, more detailed research of the dynamics of learning phases in Wii tasks, 

and use of more rigorous design is necessary to fully understand and confirm the intervention effect 

on the Wii dynamic balance task.

Obviously, children were not allowed to train the ski slalom game, but practiced many shifts 

of weight in the other games, which might have transferred to other balance tasks. The effects 

of intervention on the balance items of the MABC2 and BOT2 are much more clear-cut. Here the 

improvement due to intervention was significantly larger than the change occurring over the non-

intervention period.

The importance of implicit learning is increasingly recognized in existing treatment methods, 

such as physical therapy, Neuromotor Task Training (NTT) or motor imagery training (Niemeijer et al., 

2007; Smits-Engelsman et al., 2012; Wilson, 2005). Exergames may have an added value for existing 

intervention programmes that strongly rely on implicit learning. We conclude that the effect of the 

intervention is generalized to other motor tasks in which anticipatory adjustment of body position 

is involved. This is evident from the significant improvement of MABC2 component balance, BOT2 

subscales bilateral coordination and running speed and agility and the trend in improvement of 

BOT2 balance. This was not the case for manual dexterity and aiming and catching. Generalization 

of the positive effect of Wii intervention thus seems limited to motor tasks that are closer to the task 

trained.

At the individual level the majority of children clearly improved in motor performance and 

for about half of them this implied a change in clinical classification. Fifteen out of 28 children 

shifted positively in clinical classification one category or even two on the component balance of 

the MABC2, after intervention. Only one child scored a lower level after training. On the level of 
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clinical classification based on the total MABC2 score five children moved up in classification. This 

change of classification on the MABC2 was confirmed by the improvement in classification of twelve 

children on the BOT2 subscale balance. Nearly all children showed improvement after an intensive 

6-weeks Wii intervention, with a large group of children improving more than the SDD of the tests. 

The children who still scored within the clinical range may be advised to continue training in their 

home environment. The Wii Fit training program provides the opportunity to extend exercising in 

home- or school settings. Future study of the learning curves of children with balance problems and 

the underlying deficits, and a follow up study may provide insight in the characteristics of effective 

training over a longer time span.

The underlying deficits causing poor motor performance in children with DCD are still poorly 

understood. Visser (2003) and Geuze et al. (2005) argued that there is indirect but converging 

evidence indicating that cerebellar dysfunction contributes to the motor problems of children with 

DCD (see also Smits-Engelsman, Van Galen, & Schoemaker, 1997). Impaired cerebellar functioning is 

manifested by poor balance control. The cerebellum can be considered a main integrator of on-line 

visual and proprioceptive feedback. Patients with cerebellar dysfunction show increased variability 

in motor timing (Claassen, Jones, & MinhongYu, 2013; Molinari et al., 2005). Consistent timing and 

anticipation are important in the exergames and fast online processing will improve the scores. 

The cerebellum has a major role in anticipating events and thus adapting movements fluently to 

their goal (Becker, Morrice, Clark, & Lee, 1991; Salman, 2002; Visser, 2003; Hardwick, Rottschy, Miall, 

and Eickhoff, 2013). It appears that regular practice on the variable repetitive Wii Fit tasks positively 

influences the ability to anticipate movements.

Finally we evaluated whether children enjoyed the intervention over the six week period of 

intervention, since children usually will be averse to games or interventions that they find difficult 

to perform and may lose interest when interventions extend over a long period of time. Our data 

show that the children enjoyed playing the Wii games and this continued over the intervention 

period, except in one case. For children who need treatment for a longer period of time, the aspect 

of enjoyment and therefore the ability to increase learning is of great importance. Practice, active 

participation and goal orientated movement are recognised as essential components of effective 

motor learning (Flynn, Palma, & Bender, 2006). We conclude that exergames like the Wii Fit may 

be considered suitable tools to extend intervention to home- or school situations and that these 

games encourage children to actively participate over a time period that is typical for intervention.

Strength and limitations of the study

This is the first study that provides evidence that an exergame as a means of intervention for 

(dynamic) balance problems improves children’s balance skills such as measured by the MABC2 and 

BOT2. We realize that a full randomized clinical trial (RCT) design is preferred over the half group 

cross-over design as used in our study. However, the partial cross over design is a valuable method for 

gathering evidence. Due to practical limitations and researchers being involved in measurements, 
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the data collection has not been blind as to group membership and time of measurement. An 

optimal design (RCT) would neutralize the above limitations. Recently, Hammond, Jones, Hill, Green, 

and Male (2013) performed a small pilot study using a 4 week Wii Fit intervention versus a school-

run Jump Ahead intervention. They used a cross-over design with a slightly different population of 

children at risk for DCD. They report a positive effect of the Wii Fit training on the performance of 

the BOT2 test (short form) and a positive change in children’s perceived performance. Together with 

the present results this strengthens our conclusion that the 6 week Wii Fit intervention is effective in 

improving motor performance in children ‘at risk for DCD’ and balance problems.

One other aspect that needs to be considered is the difference in mean IQ of both groups. In 

our BP group the mean IQ was 79 and for the TD group we assume a mean IQ of 100, since none 

of the children repeated a class; thus, the IQ of the BP group is 1.4 SD below the average IQ of the 

TD group. According to Smits-Engelsman and Hill (2012) for each SD lower IQ, a mean loss of 10 

percentile on motor performance should be taken into account. Applying the formula makes clear 

that the BP group may be expected to show a 14 percentile lower score on the MABC than the TD 

group; the group difference is however 86 percentile (TD group 13.4 standard score corresponds to 

87 percentile; BP group 2.5 standard score corresponds to 0.75 percentile), leaving a still significant 

difference in motor performance between the groups. Whether the poor motor performance can be 

explained by problems in motor learning will be the topic of a future study.

Previous Wii experience, included as covariate in the analysis, did not have a significant impact on 

differences between groups or the effect of the intervention except for BOT2 bilateral coordination. 

We think the latter may be a chance finding, because Wii experience did not have significant effects 

on any of the other variables. Further study will have to confirm this. None of the games played on 

the Wii Fit (for instance skiing or skateboarding) accurately represent sports or activities in real life. 

Still, a transfer effect seems to have taken place in the BP group towards real tasks that need a high 

level of balance control, like items such as stepping over a balance beam, shuttle run or hopping 

sideways on one leg of the BOT2 running speed & agility subtest.

As for the population of the BP group, the fact that some of these children have learning 

disorders may have reduced the intervention effects. Co-morbidity such as ADHD or PDD-NOS may 

bring a limited attention span and cause poor motor performance once the tasks become complex 

and require divided attention, indicating a lack of automatization of the primary task. In our study, 

all motor and Wii Fit ski slalom tasks were studied in a structured setting. Whether the motor tasks in 

a child’s daily life also show improvement from the intervention is an open question at this moment. 

Parent interviews and questionnaires may be considered in future studies.

Conclusion

Results of this study show that children with DCD and balance problems are less proficient in playing 

exergames in which dynamic balance control is needed, compared with children with typical 

balance skills. Training with the Wii Fit consistently improved motor balance items of the MABC2 
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and BOT2. The improvements after the intervention were significantly larger or almost significantly 

larger in motor test results, than changes due to normal development or test–retest effect. For the 

Wii Fit ski slalom scores improvement was significant and equally large over the non-intervention 

and the intervention period. Most children maintained their motivation to participate over a period 

of 6 weeks, that is typical for intervention in children with motor problems.
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ABSTRACT

Aim: The aim of this study was to examine differences in underlying adaptations of dynamic balance 

in children with and without Developmental Coordination Disorder (DCD) during a Wii Fit game and 

to measure changes over time and after intervention.  

Method: Twenty-eight children with DCD and 21 typically developing (TD) children participated in 

the study. 

Results: Analyses of force plate variables showed that the TD group initially used a longer path 

length for the ski slope descent and tended toward more variation in Center of Pressure (CoP) 

displacement in lateral direction than the children with DCD. In contrast, the TD group showed a 

trend of fewer reversals per cm in both AP and lateral direction. After the nonintervention period, 

the TD group improved performance by decreasing the path length, while the DCD group improved 

by increasing the path length and by decreasing the number of reversals. After intervention, no 

changes were found in sway characteristics. Individual analyses within the DCD group showed that 

the path length per run fell more often within the 95% confidence Interval of the faultless runs. 

Conclusion: Both TD and DCD children modify the underlying kinetics of dynamic balance control, 

but in different ways and both lead to better performance. 
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INTRODUCTION

Children with Developmental Coordination Disorder (DCD) are characterized by motor problems, 

which are not explained by medical, neurological disorders or an intellectual delay (APA 2013).  

These movement difficulties often lead to reduced participation, e.g. in playing with peers at 

schoolyards or sport clubs or even at home (Linde et al., 2015). Consequently children with DCD get 

less practice and experience to develop and improve their motor skills. Motor proficiency appears to 

be a significant determinant of the diversity in activity participation by children with DCD; the lower 

the MABC-2 percentile score, the fewer types of activities they participate in (Fong et al., 2011). This 

increases the risk of not taking part in activities that promote physical fitness (Bar-Or, 1983; Batey 

et al., 2014). 

Children with DCD demonstrate various movement difficulties, and the majority of children with 

DCD exhibit poor balance. Postural control studies have shown that both static and dynamic balance 

tasks show differences between children with and without DCD. In children with DCD, postural 

sway was larger in standing position, especially in more difficult conditions such as standing on 

one leg and in altered sensory conditions or unexpected perturbation (Cherng, Hsu, Chen & Chen, 

2007; Geuze, 2003; Grove & Lazarus 2007). Studies of sway during gait show an amplification under 

more challenging circumstances (Deconinck et al. 2006) or when crossing obstacles (Deconinck, 

Savelsbergh, Clercq & De Lenoir, 2010).  Apart from a difference in sway, children with DCD also 

show increased levels of co-activation during knee extension and flexion tasks, more variable lower 

limb control during walking, as well as decreased knee and ankle joint moments and power during 

running (Raynor, 2001; Rosengren et al., 2009; Chia, Licari, Guelfi & Reid, 2013). 

The present study aims to scrutinize the control of dynamic balance and changes over time in 

children with DCD in a task that challenges balance. Kinetic data can be used to objectify different 

ways of controlling the interactions between the center of mass (CoM) and the base of support 

under fast changing task requirements. Virtual reality (VR) games that use a balance board offer 

opportunities to study kinetic behavior of the control of dynamic balance in children with DCD, 

in tasks that challenge and motivate the child to participate repeatedly in an interactive motor 

task. The use of video games as a tool for intervention or rehabilitation incorporates fundamental 

elements of motor learning in a dynamic environment close to daily life. Indeed, a VR environment 

allows for the manipulation of the environment and this has proven to be an advantage compared 

to traditional neuropsychological assessment measures or rehabilitation (Adams, Finn, Moes, 

Flannery & Rizzo 2009), although it cannot be considered as providing a natural interface for action. 

However, in the game the child chooses its own avatar, and experiences the movement of the avatar 

as its own. Additionally, a more realistic virtual environment allows participants to forget they are 

being assessed and allows researchers to study under safe and controlled circumstances (Bioulac et 

al., 2012; Smits-Engelsman, Jelsma, Ferguson & Geuze, 2015).  

Motivation and repetition are important ingredients for positive results, and are provided abundantly 
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in these games. The VR tasks offer instruction and real- time visual and auditory feedback presented 

in a standardized manner. The use of the Wii (a VR system with movement games for children) has 

great potential for improving gross motor skills, posture and balance in children with developmental 

disabilities (Salem, Gropack, Coffin & Godwin, 2012). This is supported by several studies in which VR 

has been used as an intervention tool in order to improve motor skills, including training of balance 

or gait in different clinical groups of children and adults (Hammond, Jones, Hill, Green & Male, 2012; 

Jelsma, Pronk, Ferguson & Jelsma, 2013; Jelsma, Geuze, Mombarg & Smits-Engelsman, 2014; Lohse, 

Hilderman, Cheung, Tatla & van der Loos, 2014; Deutsch, Merians, Adamovich, Poizner & Burdea, 

2004; Dareker, McFadyen, Lamontagne & Fung, 2015). 

For the current study we selected a VR game that requires active control of the position of an 

avatar or object on the video screen by the player’s shifting bodyweight in lateral and anterior-

posterior (AP) directions, without losing balance. Improvement after intervention is likely due to 

underlying adaptations in the control of dynamic balance. These may occur at the kinetic and/or 

the muscular level. So far, it is unknown which aspects of dynamic control differ between children 

with and without DCD and which aspects change after Wii intervention. This becomes especially 

interesting since we have shown in earlier work that although children with DCD perform less well 

on the Wii-Fit ski slalom game, their learning curves over 100 trials were not different from those of 

typically developing children (Smits-Engelsman, Jelsma, Ferguson & Geuze, 2015a). The ski slalom 

game is a task we also used in the present study. The objectives of this present study were to: 1) 

analyze whether children with and without DCD displayed initial differences in dynamic control of 

balance in anterior- posterior (AP) and lateral directions; 2) compare change between the groups 

when repeating the game after a period of 6 weeks of nonintervention; 3) compare in a subgroup 

of children with DCD the changes after VR intervention with changes after a similar period of 

nonintervention. To explore the control of dynamic balance we placed the Wii balance board on a 

force plate, and analyzed the variability and path length of the center of pressure (CoP) during the 

course of each game.

METHODS

Participants

Pediatric physical therapists identified 28 children, aged 5-11 years, who were referred for treatment 

to their practice or to be treated at the school for special education they were associated with. 

Criterion B of the DSM-5 (APA, 2013) was confirmed when parents and or teacher reported motor 

coordination problems during history taking, which was documented in the file of the child. It was 

also checked in the files that no diagnosis of any significant medical condition was reported known 

to affect motor performance and the IQ was >70 (Criterion D). Further inclusion criteria were a total 

score ≤ 7th standard score on the Movement Assessment Battery for Children-2 (MABC-2) (Criterion 

A), a ≤ 7th standard score on the component Balance. These children are referred to as DCD. Twenty-
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seven children with DCD scored a total standard score within the range of 1-5, one child scored 

a standard score of 6 (at risk), and a component balance score of 5. On the component balance 

27 children scored within the range of 1-5 and one child scored a standard score of 7. For more 

demographic details of this group see Jelsma, Geuze, Mombarg & Smits-Engelsman, 2014. 

A group of 21 typically developing (TD) children was recruited from a mainstream primary 

school in the same region. Inclusion criteria were a MABC-2 score ≥ 9th standard score on both total 

(all children scored within the range of 9-19) and component balance score (all children scored 

within the range of 9-17) and normal school progress. None of the children had a diagnosis of 

medical, neurological or mental disorder. 

The Ethics Committee of the Department of Psychology of the University of Groningen approved 

the study. After the children and parents agreed to participate, parents signed the informed consent 

form and the child wrote his or her name on that form. 

Instruments

The Movement ABC2

The Dutch version of the Movement Assessment Battery for Children- second edition (MABC2) 

(Henderson, Sugden & Barnett, 2007; Smits-Engelsman, 2010) is the version of the test with Dutch 

norms for children aged 3-16 years. The total score, representing overall motor performance, is 

the sum of three component scores for: i) dexterity; ii) aiming and catching; and iii) balance. The 

European Guidelines for DCD (Blank, Smits-Engelsman, Polatajko & Wilson, 2012) recommends this 

test to discriminate among children with normal motor performance (>16th percentile), those at 

risk for motor problems (between ≥6 and ≤16th percentile) and those with motor problems (≤5th 

percentile.) 

Wii-Fit

We used a Nintendo® Wii-Fit balance board (WBB) system and its software. The WBB was placed on 

top of an AMTI force plate on the floor 2m in front of a television, which was placed on a table at 

a height of 75cm. The AMTI force plate was calibrated after the WBB was placed and centered on 

the AMTI force plate, before the child was standing on top of the WBB. Calibrated tri-axial forces 

and moments were stored as our force plate data. The study of Leach et al. (2014) showed that CoP 

signals of the WBB correlate significantly with the CoP signals of the AMTI force plate across all sway 

amplitudes and frequencies, and in both sway directions (Leach, Mancini, Peterka, Hayes & Horak, 

2014).

The AMTI force plate measured the forces in anterior-posterior (Fx), lateral (Fy) and vertical (Fz) 

directions and the corresponding moments (Mx, My and Mz) with a sample frequency of 100 Hz. The 

hardware filter was set at low pass 10 Hz.  

Our Wii-Fit test consists of a sequence of ten runs of the ski slalom game. The goal of the game 

is to ski through 19 gates along a ski slope without missing a gate and at highest speed. In the Wii-
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Fit ski slalom game lateral shifts of weight direct the skier (avatar) sideways and anterior-posterior 

(AP) shifts of weight speed or slow the avatar. The gates have an invariant spatial layout, but vary in 

lateral and down-slope distance. Passed gates and duration are recorded. 

Procedure 

For the initial setup the child stood on the balance board, feet 20 cm apart, and chose its own avatar. 

The balance board calibrated for the individual height and weight. Next, the Wii software coached 

the children through the basic balance test, such that they became acquainted with the Wii balance 

board (WBB) system in a standardized way. 

Both groups started with the Wii test, consisting of ten runs of the slalom game, to determine a 

baseline (T0) performance. Six weeks later (T1) half of the DCD group (referred to as DCDB) and the 

TD group minus one child who fell ill, repeated the test. This was followed by 6 weeks of intervention 

in the DCDB group, concluded (T2) with a third Wii-Fit test for this subgroup (Figure 3.1). 

Fig. 3.1. Procedure of allocation of participants 
*Note: the other 14 children enrolled into intervention immediately after T0 according to protocol
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The intervention (Jelsma, Geuze, Mombarg & Smits-Engelsman, 2014) took place in half-hour 

sessions, three times a week for 6 weeks. During these sessions the children played each of the 

available Wii-Fit balance games, except for the ski slalom game, twice before moving on to the 

next game. The first author coordinated and supervised the intervention, which was performed by 

specially trained PE, PT and education students. 

Analyses 

The standard deviations of the signals were calculated over the period of 2s before passage 

of the first gate until 1s after passage of the last gate. The position of the center of pressure (CoP) 

relative to the origin of the force plate, corrected for the thickness of the Wii board (5cm), was 

calculated by the formulas (Michalski et al., 2012):                                                

CoPx = – (My+Fx*0.05)/Fz and                                                                                

CoPy = (Mx-Fy*0.05)/Fz

 SDCoPx represents variation of displacement in anterior-posterior (AP) direction, used for speed 

control, and SDCoPy indicates variation of displacement in lateral direction, used for directional 

control in the ski slalom game. The total trajectory of the child’s CoP during the game, referred to 

as path length, was calculated as √((CoPx)2+(CoPy)2) in cm. Figure 3.2 shows CoP signals for a single 

run  by a child with DCD.  

The basic swing of the task, passing 19 gates in about 38 s, is about 0.5 Hz; the median frequency 

in static balance in children ranges from 0.8 to 1.3 Hz (Cherng, Lee & Su, 2003). CoP values were 

smoothed (half width 24 points) to suppress the higher frequency corrections related to balance 

control, thereby placing more emphasis in the analysis on the control of the avatar. Active control 

Fig. 3.2. Left: Typical recording of postural sway in anterior-posterior (CoPx, speed control) and lateral (CoPy, directional 
control) directions of a child with p-DCD. Only 5 gates were passed correctly (green block signal) and 14 missed (--- red 
block signal). It shows that gates can be missed by too much or too little lateral sway. Right: displacement of Center 
of Pressure in lateral (vertical) and anterior-posterior (horizontal) direction. Total length of the trajectory of the line in 
this graph equals the path length. 
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was qualified as directional reversals in the smoothed CoPx and CoPy signals. The total number of 

reversals divided by the path length led to the number of reversals per cm. 

We used a linear mixed model analysis on each of the five dependent variables: the SD of 

lateral (SDCoPy) and AP (SDCoPx) displacements, path length and numbers of reversals per cm in 

both lateral and AP directions. We sought to detect the essential differences in kinetics between 

DCD and control children that were independent of the performance level of the child.  Therefore 

we corrected the model for the level of performance (number of passed gates). Furthermore we 

corrected for age since the range was large (5-11 years).

First, differences between groups were tested (TD, DCD) at baseline (T0). Second, we tested 

differences in changes after six weeks of nonintervention (T1) between the TD group and the DCDB 

group (Time x Group effect). Third, it was tested within the DCDB group if the effect of intervention 

was larger than the change after the period of nonintervention. Fourth, to support interpretation, 

we tested the relation between number of passed gates and path length with Pearson correlation. 

Finally, perfect runs were selected of TD children at T1- defined as runs in which a child passed 

all gates and finished within 40 seconds - for which we calculated SDCoPx, SDCoPy, mean path 

length and mean number of reversals per cm in AP and lateral directions as a ‘golden standard’. 

Based on the perfect runs a 95% confidence interval (CI) was calculated for the path length. This 

CI was compared to the outcomes of the TD and DCD groups: the number of runs that fell outside 

the 95% CI of the golden standard was counted in the TD group and the DCDB group after six 

weeks of nonintervention and for the latter also after intervention. Finally, we ranked the individual 

changes in lateral sway for T1-T0 and T2-T1 as follows: a difference of lateral displacement (SDCoPy) 

of each run at T1-T0 or T2-T1 of >.10 cm as increase, between .10 and -.10 cm as no change and 

<-.10 cm as decrease per child. We classified a pattern as i) increase if the number of increases of the 

ten consecutive changes per child exceeded twice or more compared to no change or minus the 

number of decreases; ii) decrease if the number of decreases exceeded twice or more compared to 

no change or minus the number of increases. The proportion of the children showing the described 

patterns was reported.  

RESULTS 

Group differences at baseline

The performance of the TD group (mean number of gates passed=13.9 (3.4)) was superior to that 

of the DCD (9.3 (3.7)) (see Jelsma, Geuze, Mombarg & Smits-Engelsman, 2014). Table 3.1 reveals 

the difference in kinetic variables at baseline measurement between the DCD group and TD group 

after correction for age and number of passed gates. The DCD group had less variation in lateral 

displacement, a shorter path length, but more reversals per cm in both AP and lateral directions. 

However, only the path length differed significantly (b=-12.2, p=0.004). The covariates age and 

passed gates had no significant influence on the outcome of path length and number of reversals per 
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cm. However, older children showed more variation in lateral displacement (b=0.002, p=0.04); and 

number of passed gates was related to the displacements, with more passed gates corresponding 

with a decrease in displacements in AP (b=–0.002) and lateral (b=–0.003) directions.

Changes after six weeks of nonintervention 

The mean number of gates passed improved after the nonintervention period from 13.9 to 15.5 in 

the TD group and from 8.5 to 10.2 in the DCDB group (Jelsma, Geuze, Mombarg & Smits-Engelsman, 

2014). Table 3.2 shows the group means of the five force plate variables at the two time points. 

Table 3.1 Differences in kinetic measures between groups at baseline: mean values (SD) of the variation of AP 
and lateral displacement, path length and number of reversals per cm in AP and lateral directions; and the results 
of the linear mixed model analysis.

TD (n=21) DCD (n=28) Group 
difference           
b, (p) and CIa

 Co-variate
 age b, (p) and CI

Co-variate 
passed gates b, 
(p) and CI

SD CoPx 0.16 (0.05) 0.16 (0.06) –0.014 (0.31)
–0.04; 0.01

0.0005 (0.196)
–0.0003; 0.001

–0.002 (0.0001)
–0.003; –0.001

SD CoPy 0.35 (0.09) 0.30 (0.10) –0.05 (0.06)
–0.10; 0.003

0.002 (0.04)
0.00004; .003

–0.003 (0.0003)
–0.005; –0.002

Path length 
cm

50.7 (17.3) 37.0 (15.3) –12.2 (0.004)
  –20.1;–4.22

0.11 (0.39)
–0.14; 0.35

–0.07 (0.67)
–0.40; 0.26

Nr. of reversals 
in AP direction

0.86 (0.26) 1.02 (0.45)   0.16 (0.09)
–0.02; 0.34

–0.004 (0.17)
–0.01; 0.002

0.005 (0.21)
–0.003; 0.014

Nr. of reversals 
in lateral 
direction

0.70 (0.22) 0.90 (0.46)   0.14 (0.09)
–0.02; 0.30

–0.003 (0.24)
–0.008; 0.002

0.004 (0.41)
–0.005; 0.012

Bold values represent significance <.05
a Corrected for age and missed gates

Table 3.2 Differences in kinetic measures between the TD group and the DCDB group at baseline and six weeks 
later: mean values (SD) of the variation of AP and lateral displacement, path length (cm) and number of reversals 
per cm in AP and lateral direction at first measurement and six weeks later of the TD and DCDB group and the 
results of the linear mixed model analysis corrected for age and number of passed gates.

TD  
(n=21) 

T0 

TD 
(n=20) 

T1

DCDB 
(n=14) T0

DCDB 
(n=14) 

T1

Group difference           
(p) and CIa

T0 vs T1 
difference 
(p) and CIa

Group x Time           
(p) and CIa 

SD CoPx  0.16 
(0.05)

0.17 
(0.05)

0.15 
(0.06)

0.15 
(0.04)

–0.02 (0.11)
–0.05; 0.006

0.006 (0.20)
–0.004; 0.016

.002 (.83)
–.01; .017

SD CoPy 0.35 
(0.09)

0.33 
(0.07)

0.28 
(0.11)

0.32 
(0.11)

–0.06 (0.04)
–0.11; –0.003

0.006 (0.53)
–0.013;0.025

.019 (.20)
–.01;.05

Path length cm 50.7 
(17.3)

46.0 
(14.7)

35.8  
(16.0)

40.0 
(13.9)

–14.9 (0.002)
–23.9;-5.82

–2.5 (0.14)
–5.8;0.81

6.00(.02)
.84;11.2

Nr. of reversals in AP 
direction 

0.86 
(0.26)

0.85 
(0.21)

1.1 (0.53) 0.92 
(0.38)

.016 (0.12)
–0.04;0.37

–0.02 (0.58)
–0.10;0.06

–.05 (.44)
–.17;.07

Nr. of reversals in lateral 
direction 

0.70 
(0.22)

0.71 
(0.19)

0.98 
(0.53)

0.81 
(0.40)

0.07 (0.46)
–0.12;0.26

0.01 (0.75)
–0.07;0.09

.01 (.83)
–.11;.14

Bold values represent significance <.05
a Corrected for age and missed gates
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Significant group differences were found for variation of lateral displacement and path length. The 

group by time interaction for path length (Figure 3.3) indicates that whereas in the TD group the 

path length decreased, in the DCDB group the path length increased over time. 

Age was related to the variation in AP direction: older children used more variation in speed 

control (b=0.001, p=0.05).

The number of passed gates was associated with variation in AP (b=–0.003, p=0.0001) and lateral 

(b=–0.004, p=0.0001) directions; more passed gates corresponded with less variance.

Changes within the DCDB group 

After six weeks of nonintervention within the DCD group lateral displacement and path length 

increased and the number of reversals decreased significantly (Table 3.3). Intervention did not lead 

to further significant change in the force plate variables. The change in these variables after the 

intervention period (T2-T1) was not significant, and compared to the first change (T1-T0) significantly 

smaller (even negative for the variation in AP and lateral displacement and path length) (Table 

3.3).  Apart from the force plate variables, the number of passed gates improved non-significantly 

between T0 and T1 and between T1 and T2 (respectively 8.5, 10.2, 11.9 as reported in Jelsma, Geuze, 

Mombarg & Smits-Engelsman, 2014). 

Age had no influence on the force plate variables. The covariate passed gates was associated 

with variation in AP (b=–0.002, p=0.0004) and lateral (b=–0.003, p=0.018) displacement; more 

passed gates corresponded with less variance.

Relation between path length and passed gates

The factor passed gates explained, as reported in all three analyses, a significant amount of variance. 

An increase of this factor was significantly associated with a decrease in displacement in both AP 

and lateral directions. Within the TD group, a negative correlation was found between the number 

Figure 3.3. Differential change of path length over six weeks of nonintervention of the TD group and the DCDB group
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of passed gates and the path length at both T0 and T1 (respectively rp=-.17, p=.01; rp=-.23, p=.001). 

In the DCDB group a positive correlation was found at T0 (rp=.20, p=.02), whereas after six weeks of 

nonintervention a longer path length corresponded with fewer passed gates (rp=-.18, p=.04), and 

after intervention no relation was found. 

Performance in faultless runs

Seven children (33%) in the TD group produced 12 faultless runs at T1 in a perfect controlled way 

with all gates passed within 40 seconds (‘golden standard’), whereas none of the DCDB children did. 

After the intervention four children in the DCDB group produced eight faultless runs (5.7%). The 

force plate variables of these faultless runs are presented in Table 3.4. 

Table 3.3 Differences in force plate variables of the DCDB group after 6 weeks of nonintervention and after 6 
weeks intervention: mean values (SD) of the variation of AP (SDCoPx) and lateral displacements (SDCoPy), path 
length and numbers of reversals per cm in AP and lateral directions; and the results of the linear mixed model 
analysis, corrected for age and number of passed gates.

DCDB
(n=14);

 T0

DCDB
(n=14); 

T1

DCDB 
(n=14); 

T2

Difference T1 
vs T0         
b, (p) and CIa

Difference T2 
vs T1
b, (p) and CIa

Difference T2-
T1 vs T1-T0  
 b, (p)  and CIa

SD CoPx 0.15 
(0.06)

0.15 
(0.04)

0.15 
(0.04)

0.01 (0.008) 
0.003;0.02

0.003 (0.46)
-0.006;0.01

-0.02 (0.04)
-0.03;-.0005

SD CoPy 0.28 
(0.11)

0.32 
(0.11)

0.33 
(0.09)

0.05 (0.0001) 
0.03;0.07

0.01 (0.28)
-0.01;0.03

-0.04(0.007)
-0.07;-0.01

Path length in 
cm

35.8 
(16.0)

40.0 
(13.9)

38.6 
(10.9)

3.74 (0.01)
0.84;6.64

-1.88 (0.20)
-4.73; 0.97

-5.62 (0.02)
-10.44;-0.80

Nr. of reversals in 
AP direction

1.1 
(.53)

0.92 
(.38)

0.86 
(0.23)

-0.18 (0.0001)
-0.26;-0.10

-0.06 (0.12)
-0.14;0.02

0.12 (0.09)
-0.02;0.25

Nr. of reversals in 
lateral direction

0.98 
(0.53)

0.81 
(0.40)

0.75 
(0.28)

-0.16 (0.0002)    
-0.25;-0.08

-0.06 (0.19)
-0.14;0.03

0.11 (0.14)
-0.04;0.25

Bold values represent significance <.05; a corrected for age and missed gates

Table 3.4 The mean force plate variables of the ‘golden standard’ of controlled successful games compared to 
the faultless runs of the DCDB group after intervention.

Force plate variables Golden standard of 7 TD 
children at T1 with all 
gates passed in 12 runs

Mean values of 4 children of the 
DCDB group in 8 runs with all gates 
passed

Variance in speed (SD) 0.18 (0.05) 0.12 (0.04)
Variance in lateral trajectory 
(SD)

0.29 (0.04) 0.28 (0.03)

Path length (SD) 36.5 (8.8) 38.4 (8.7)
Nr. of reversals in AP direction 
per cm (SD)

0.94 (0.31) 0.92  (0.15)

Nr. of reversals in lateral 
direction per cm (SD)

0.74 (0.13) 0.81 (0.20)
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Individual differences

The path length of each run (T0, T1, T2) was classified as shorter, within or longer than the CI of the 

golden standard. At T0 the TD group had no runs with a path length shorter than the CI, and 43% of 

the runs had a longer path length, exceeding the CI. When the TD children performed the ten runs 

for the second time after six weeks 78.9% of the runs had a path length within the CI of the golden 

standard. 

At T0 in the DCD group 63.2% of the runs had path lengths that fell within the CI, 18.4% of runs 

fell below and 18.4% above the CI. After six weeks of nonintervention 75% of the runs of the children 

with DCD had a path length within the CI of the golden standard, fewer runs were below (6.4%) the 

CI and a similar frequency above the CI (18.6%). After intervention a further decrease was seen in 

the number of runs with a shorter (5%) and longer path length (8.6%) than the CI. With regard to 

success, it was clear that in the TD group runs with a path length within the CI were on average more 

successful than runs with a path length outside the CI both at T0 (14.3 versus 13.5 gates passed) and 

T1 (15.8 versus 14.4 gates passed). In the DCDB group the runs with a path length within the CI were 

more successful only at T1 (Table 3.5).

In the TD group 20% of the children showed a pattern of decreased lateral sway and only 10% 

a pattern of increased lateral sway between T1 and T0. This pattern was different within the DCD 

group, in which 29% of the children showed a pattern of increased lateral sway between T1 and T0, 

while after intervention most of the children showed no further change in lateral sway (93%). 

Table 3.5 Percentage of runs (mean number of successfully passed gates) that had a path length in- or outside 
the Confidence Interval of the ‘golden standard’ of the TD group (T0, T1) and DCDB group (T0, T1 and T2). 

Groups Pathlength T0 T1 T2

TD group < CI 0 0 no data
within CI 57.0 (14.3) 78.9 (15.8)
> CI 43.0 (13.5) 21.1 (14.4)

DCDB group < CI 18.4 (6.4) 6.4 (7.9) 5.0 (11.7)
within CI 63.2 (8.9) 75.0 (11.1) 86.4 (11.8)
> CI 18.4 (8.8) 18.6 (7.3) 8.6 (12.8)

DISCUSSION

This is the first study that gives insight into the kinetics of active dynamic balance control by 

children with and without balance problems during gaming. We found clear differences in force 

plate variables between DCD and TD children: the TD group initially used a longer path length 

for the ski slope descent and showed a trend toward more CoP displacements in lateral direction 

and a trend toward fewer reversals in both AP and lateral directions as compared to the children 

with DCD. These differences are genuine group differences in force plate variables independent 

of the level of performance of the child, which obviously was significantly worse in the children 

with DCD (Jelsma, Geuze, Mombarg & Smits-Engelsman, 2014). After six weeks of nonintervention 
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period both groups improved when doing the 10 runs of the Wii test again. Improvement in 

performance corresponded with a difference in change of kinetic features in opposite direction: 

the improvement in performance in the TD group was associated with a decrease in path length 

and a slight decrease of the CoP displacements in lateral direction, whereas the improvement in 

the DCD group was associated with an increase in path length and greater displacement in lateral 

direction. Additionally, a decrease in the number of reversals in AP and lateral directions was found 

in the DCD group, a sign of better control. Remarkably, after intervention the expected change in 

force plate variables was absent, even though the performance improved. Over time in both groups 

the path length of the individual runs fell more often within the CI range of the faultless runs. This 

indicates that both groups of children modified their force plate variables in the direction of optimal 

trajectory, facilitating conditions for better performance.

Difference in force plate variables between groups at baseline

At baseline measurement the groups clearly differed. As a general feature it was found that older 

children showed larger lateral displacement, indicating more exploration of the base of support 

during the weight shifts from one side to the other. Irrespective of level of performance or age 

the larger path length and lateral sway and the better performance in the TD group imply a more 

appropriate lateral displacement with better timing in this group. These results are not attributable 

to age, since we corrected for this. The shorter path length and smaller lateral displacement of the 

DCD group seem at odds with studies that found larger sway during standing in children with 

DCD (Cherng, Hsu, Chen & Chen, 2007; Geuze, 2003; Grove & Lazarus 2007) and during complex 

gait conditions or obstacle crossing (DeConinck et al., 2006; DeConinck, Savelsbergh, Clercq & 

Lenoir, 2010). However, our task is different because of the specific task constraints: it requires goal 

directed lateral displacement to pass the gates. The present findings point to less efficient lateral 

displacement in the DCD group that falls short in amplitude, resulting in poorer performance. The 

ski slalom game requires both controlling body balance within the base of support and controlling 

the avatar in goal- directed weight shifts. Obviously, anticipating the moments of weight shift is an 

important factor to be successful in this game. The poorer dynamic balance control of the children 

with DCD thus may result from difficulties in keeping their balance within the base of support and/

or inaccuracy in weight shifting that directs the avatar to ski in the direction of the next gate within 

the available time frame. 

One explanation for the shorter path length might be that children with DCD avoid the 

boundaries of the base of support (BoS). It is known that for unexpected loss of balance the effective 

BoS is considerably smaller than the area between the feet, because of the delay time of detection 

between loss of balance and reactive forces generated (Hof & Curtze, 2016). With this in mind and 

the fact that children with DCD are slow in responding with reactive postural muscle contraction 

(Geuze & Wilson, 2008) and have poorer visual and vestibular sensory organization (Fong, Ng & Yiu, 

2013), a plausible explanation for the initial shorter path length is that the children use a safety 
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strategy to avoid the boundaries of their BoS, causing more gates being missed. 

Other explanations suggest a delay in anticipatory or predictive control (for example see 

Hyde and Wilson, 2011a), or in processing of visual (Hyde & Wilson 2011b) or proprioceptive 

input needed for rapid online control (Desmurget & Grafton, 2003). Obviously, playing the Wii ski 

slalom game requires lateral displacement by weight shift adapted to the varied distances of the 

gates from the midline. Playing the game successfully requires control not only with spatial but 

also temporal accuracy; the avatar needs to be on the right spot at the right time within a limited 

amount of time. This requires forward estimate of weight shifts that need to be corrected by an 

intact internal feedback loop in case of movement errors, integrating efferent and afferent signals 

(Miall & King, 2008; Wilson, Ruddock, Smits-Engelsman, Polatajko & Blank, 2013). The less efficient 

lateral displacement in the DCD group may be caused by a delayed preparation of the movement, 

in agreement with the fact that anticipatory postural adjustments in children with DCD have later 

onsets in abdominal and distal muscles (Kane & Barden 2012). These problems with rapid online 

corrections may be caused by the lower sensitivity in children with DCD to pick up from the display 

those visual cues that can be used to correct ongoing control. 

Interestingly, in contrast to the smaller amplitudes of displacements, the opposite phenomenon 

was shown in the number of reversals in AP and lateral directions during the game. The children with 

DCD had a tendency to make more reversals during the game compared to the TD group, which 

suggests poorer goal-directed control. The increased number of reversals in our study did not lead 

to a longer path length, but rather to erratic weight shifts that were ineffective for successful passage 

of the gate. “Inconsistency is a general characteristic of children with DCD” (Sugden, Chambers & 

Utley, 2006, p12). This characteristic is also supported by studies of a fine motor task (drawing a line 

between targets), during which children with DCD made more spatial errors, especially in a cyclic 

task, and were more erratic in pen pressure: all attributed to problems in anticipatory adjustments 

towards the target (Smits-Engelsman, Wilson, Westenberg & Duysens, 2003; Smits-Engelsman, 

Bloem-van der Wel & Duysens, 2006; Ruddock et al., 2015). It seems as though children with DCD 

have inconsistent predictive control that leads to high demands for error correction as reflected in 

more frequent reversals. 

One may distinguish between forward and inverse models, both of which are used to control 

the movement. The inverse model transforms the desired sensory states into a motor command. The 

forward model predicts the sensory outcome based on an efferent copy of a motor command. The 

output of this forward model can then be used in the online control of movement by anticipating the 

errors (Geuze & Wilson 2008; Johnston, Burns, Brauer & Richardson, 2002; Jucaite, Fernell, Forssberg 

& Hadders-Algra, 2003). In our study it seems that children with DCD need more corrections, which 

due to the timing problems may be too late or too large, resulting in more corrections depicted 

in erratic reversals. This phenomenon corresponds with the cerebellar hypothesis. The cerebellar 

hypothesis states that motor difficulties in DCD are due to dysfunction of the cerebellum, resulting 

in delayed response times, poor coincidence timing, poor anticipation of forthcoming disturbances, 
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dysmetria, mirror movements and large within-child variability over learning trials (Jucaite, Fernell, 

Forssberg & Hadders-Algra, 2003; Kandell, Schwarz & Jessell, 2000; Visser, 2003). For the predictive, 

feedforward part of the movement the cerebellar adaptive mechanism is important. It is known 

that patients with cerebellar damage have difficulty to adapt to and anticipate new circumstances 

(Bastian, 2006) and so far, there is indirect evidence from behavioral studies that a dysfunction of 

the cerebellum might play a role in the difficulties that children with DCD show in motor adaptation 

(Hyde & Wilson 2011b; Cantin, Polatajko, Thach & Jaglal, 2007; Wilmut, Wann & Brown, 2006). More 

direct evidence shows that this may be due to underactivation of cerebellar-parietal and cerebellar-

frontal networks as found in a small fMRI study of Zwicker et al. (2011) in children with DCD 

performing a trail-tracing task. 

Changes after six weeks 

After the six weeks of nonintervention we found significant change in all five forceplate variables 

and a significant interaction of group and time for path length. As the number of passed gates 

increased after the nonintervention period by just playing the game ten times at two occasions 

(Jelsma, Geuze, Mombarg & Smits-Engelsman, 2014), this result reveals that children with DCD, like 

the TD children, do have potential for spontaneous learning at the level of kinetic control to reach 

a higher level of accuracy. Remarkably, the groups changed the path length in opposite direction. 

The TD group seems to have shifted their weight more efficiently leading to a decrease of path 

length by staying closer to the gates and improvement on the Wii Fit test score. In the DCD group 

an increase of path length was seen. Initially, children can be considered novices in learning the 

ski slalom game and it is known that inexperienced performers initially reduce the skill complexity 

by restraining degrees of freedom (Anderson & Sidaway, 1994; Stergiou & Decker, 2011). When the 

task becomes more familiar gradually more degrees of freedom are explored (unfreezing) to find 

alternative solutions for mastering the task (Gentile, 2000; Newell, Deutsch, Sosnoff & Mayor-Kress, 

2006). Apparently, the inefficient timing and persistent coactivation fitting with novel actions that 

initially led to freezing, moves to a next stage allowing more degrees of freedom and providing 

more adapted coordination. The increase of the lateral displacement and path length also points 

to improvement of lateral amplitude that initially fell short to pass the gates. Additionally the DCD 

group, but not the TD group, decreased the number of reversals when playing the game ten times 

at the second occasion. This points to greater accuracy of the goal- directed weight shifts in the DCD 

group. However, the children in the DCD group did not reach the level of accuracy of the TD group. 

The TD group may have reached a mean optimal level of number of reversals in the first ten runs.

The effect of intervention 

As reported in Jelsma et al. (2014) Wii Fit intervention consistently improved motor performance 

on tests related to dynamic control of balance, compared to change after a similar nonintervention 

period. However, the improvement in Wii game scores due to intervention was comparable to the 
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spontaneous improvement after the nonintervention period. Likewise, in this study at the level 

of kinetic behavior no improvement was found that exceeded the change after the period of 

nonintervention if corrected for game performance. In fact, none of the five kinetic variables were 

affected by the intervention during which the ski game was not played. Given the lack of change 

the intervention may not have lead to transfer in a game not played. Apparently, the intervention 

consisting of many different Wii Fit games challenging balance control, did not meet the task 

specificity criteria needed for changes in force plate variables in the ski slalom game. 

After the nonintervention period both groups adapted their kinetic behavior during the second 

series of ten runs with more runs approaching the CI of the golden standard. After intervention, a 

further increase in the number of runs that fell within the CI of the golden standard was seen. The 

slightly longer path length after intervention and fewer reversals may have facilitated this, offering 

better opportunity for and actually resulting in passing more gates. However, it is unclear whether 

the conditions for better performance matched with a better timing, necessary to pass the gates 

successfully.

Performance was related to the variation of displacement since the passed gates corresponded 

with a decreased variation of displacement in AP (more consistent speed) and lateral direction. 

Within the groups the correlation between numbers of passed gates and path length was 

consistently negative in the TD group (shorter trajectory; more passed gates), whereas the DCDB 

group was less consistent in this relation. 

The Wii Fit test consisted of a repetition of ten runs of the ski slalom game, which gives 

opportunity to learn within the ten runs. Given that the children with DCD show poorer performance 

and different kinetics an interesting question is whether they can reach the level of TD children by 

learning (Jelsma, Ferguson, Smits-Engelsman & Geuze, 2015a; Smits-Engelsman, Jelsma, Ferguson 

& Geuze, 2015). For this, task-specific training and experience over a longer period seems essential, 

to analyze whether level of performance and kinetics can converge those of TD children through 

more practice.

Strengths and limitations of the study

A strength of the present study is that we used a force plate to study the underlying kinetics of 

dynamic balance control during a ski slalom game – a virtual reality game which is attractive to 

children and which has potential as a tool for intervention. However, it is hard to disentangle 

control of balance within the limits of stability from goal-directed control of the avatar through 

dynamic balance. The force plate data on their own do not differentiate between these efficient 

and inefficient solutions for controlling balance and the avatar. We have used a low pass filter that 

partly suppresses the frequencies used for standing balance control (Cherng, Lee & Su, 2003). With 

19 gates spread alternatingly left and right over the ski slope and an average duration of the run 

of 38s the optimal frequency for task control would be about 0.5 Hz. For the number of reversals 

we have used a low pass filter that partly suppresses the higher frequencies used for standing 
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balance control. Thus the emphasis of the reversals analysis is more on goal directed control than 

on standing balance control. Future studies might try to find optimal separation of the two types 

of control at the individual rather than the group level, and/or by additional measurement of sway 

characteristics in a static balance task and use these as covariates in the analysis of the dynamic 

balance task. Even manipulating the task by light touch or full support compared to no support 

may clarify the impact of goal directed control without standing balance control and the corrective 

sways.

Since the size of the group was limited and the range of age was large (5-11 years), we corrected 

for age. To gain more insight into the changes between younger and older children with (and 

without) DCD the best design would be a longitudinal follow up study. Given the difficulties doing 

that kind of study, comparison of several cross sectional groups with sufficient sample sizes would 

be a good start to test the changes in dynamic balance in these or comparable tasks, to see how the 

patterns of adjustments of CoP change over the full age range.

It is also important to consider that children may use ineffective strategies that are not detected 

by force plate measurements, such as simultaneous opposite lateral displacements of their lower 

and upper body, or head and arms. Video observation and scoring of the various strategies of 

control may offer additional insights, both to researchers and clinicians. 

CONCLUSION

Children with DCD differed from TD children at the level of displacement of the center of pressure in 

the Wii Fit ski slalom game, a task that requires dynamic control of the avatar and their own balance. 

This study shows that both TD and DCD children change the underlying CoP variables of their 

dynamic balance control, but in different ways that both lead to better performance. This change 

seems more driven by a task-specific learning process than by transfer from the different tasks used 

in the intervention.  
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ABSTRACT 

Aim: To explore the differences in learning a dynamic balance task between children with and without 

probable Developmental Coordination Disorder (p-DCD) from different cultural backgrounds.

Methods: Twenty-eight Dutch children with DCD (p-DCD-NL), a similar group of 17 South African 

children (p-DCD-SA) and 21 Dutch typically developing children (TD-NL) participated in the study 

All children performed the Wii Fit protocol. The slope of the learning curve was used to estimate 

motor learning for each group. The protocol was repeated after six weeks. Level of motor skill was 

assessed with the Movement ABC-2.

Results: No significant difference in motor learning rate was found between p-DCD-NL and p-DCD-

SA, but the learning rate of children with p-DCD was slower than the learning rate of TD children. 

Speed–accuracy trade off, as a way to improve performance by slowing down in the beginning 

was only seen in the TD children, indicating that TD children and p-DCD children used different 

strategies. Retention of the level of learned control of the game after six weeks was found in all 

three groups after six weeks. The learning slope was associated with the level of balance skill for all 

children. 

Conclusion: This study provides evidence that children with p-DCD have limitations in motor 

learning on a complex balance task. In addition, the data do not support the contention that 

learning in DCD differs depending on cultural background.
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INTRODUCTION

Children with motor coordination problems, such as Developmental Coordination Disorder (DCD), 

frequently experience challenges in performing motor activities in which balance is required. 

Evidence suggests that the poor motor performance seen in these children may be partially explained 

by deficits in postural control (Geuze, 2005; Johnston, Burns, Brauer, Richardson, 2002). Children 

with DCD also appear to learn differently compared to typically developing (TD) children, which 

affects their acquisition of balance-related motor skills (American Psychiatric Association, 2013). In 

particular, these children seem to be delayed in reaching the level of automaticity (Visser, 2003). 

Consequently, children with DCD need more time, to reach an appropriate level of performance in 

motor tasks compared to their TD peers (Kirby, Sugden, & Edwards, 2010). There are, however, only 

a few studies that directly tested skill acquisition in children with DCD (Gheysen, Waelvelde, & Van 

Fias, 2011; Lejeune, Catale, Willems, & Meulemans, 2013; Marchiori, Wall, & Bedingfield, 1987); and of 

these only one multiple case study used a skill that required whole body postural control (Marchiori 

et al., 1987).

Postural control is a prerequisite for skilled motor performance. It is referred to as an active 

process of control of the body in static or dynamic situations. Postural control manifests in four 

ways: (i) awareness of the orientation of body segments in relation to the environment or task; (ii) 

controlling the center of mass within the base of support, also referred to as balance; (iii) preparing 

for a movement or action by anticipatory postural adjustments; (iv) reacting to an internal or external 

perturbation of posture also known as reactive postural adjustments (Dusing & Harbourne, 2010; 

Goldfield, 1995). Poor postural control, including inadequate dynamic balance strategies, delayed 

anticipatory and slow reactive postural adjustments are commonly seen among children with DCD 

(Geuze & Wilson, 2008; Johnston et al., 2002).

Studies investigating how children with DCD control the perturbations that arise during goal-

directed movements (i.e. dynamic balance) have typically examined performance within tasks such 

as gait (Rosengren et al., 2009) and obstacle crossing (Deconinck, Savelsbergh, Clercq, & De Lenoir, 

2010). Deconinck et al. (2006a) reported that children with DCD make adaptations to their gait 

pattern on a treadmill. Rosengren et al. (2009) reported more variability, complexity and asymmetry 

in the movement pattern of gait in children with DCD. However, dynamic balance seems specifically 

compromised when balance demands increase. Characteristic difficulties that show up are slowing 

down of gait with increase of the medio-lateral sway, both in the dark (Deconinck et al., 2006b) and 

during obstacle crossing (Deconinck et al., 2010). Children with DCD seem to rely more on sensory 

and visual information compared to their peers (Bair, Barela, Whitall, Jeka, & Clark, 2011; Cherng, 

Hsu, Chen, & Chen, 2007).

Adequate postural control is achieved by ‘an active process that exploits the reactive forces 

from the environment by generating appropriate muscle activations’ (Geuze & Wilson, 2008, p. 

229). This active process of motor control includes the use of a combination of both feed-forward 
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and feedback control strategies (Miall & Wolpert, 1996). Anticipatory postural adjustments (APAs) 

that accompany goal-directed active movements and are based on feed-forward motor control 

or internal forward modeling (Wing, Flanagan, & Richardson, 1997). Feed-forward motor control is 

defined as the ability to estimate the temporal and spatial requirements of a motor task and predict 

the sensory consequences of the impending action (Miall & Wolpert, 1996). If necessary, rapid online 

corrections (ROC) in real time can be used if the movement does not match the predicted outcome. 

The feedback system is reliant on adequate sensory information, error detection and integration 

(Scott, 2012) and if working well, it will drive reactive postural adjustments (RPAs). RPAs are usually 

rapid adjustments induced by external perturbations to help re-stabilize the body (Nashner, 1980; 

Shumway-Cook & Woollacott, 2007). RPAs are reliant on the ability to use sensory information (e.g. 

visual, tactile, and vestibular) to calculate an adjustment to disturbances.

Wilson, Ruddock, Smits-Engelsman, Polatajko, and Blanks (2013) conclude that children with 

DCD have a deficit in the forward modeling of movement, referred to as the internal modeling 

deficit (IMD). Specifically, predictions, based on efferent information and visual feedback, seem 

unreliable and ROCs are inadequate among children with DCD (Hyde & Wilson, 2011a, 2011b). 

Whether the postural control problems are caused by deficits in processing sensory information, 

lack of experience or deficits in motor learning is not known.

Although DCD is a disorder characterized by delayed acquisition of skilled motor actions 

or deficits in motor learning, remarkably little research focused on how children with DCD learn 

new motor skills. The few studies that have attempted to study questions relating to deficient or 

inefficient learning in children with DCD are inconsistent in outcome. For example, Missiuna (1994) 

examined the impact of explicit instruction on a simple aiming task using a Fitts paradigm (Fitts, 

1954). Children were required to move a mouse pointer from a central point on the screen toward a 

target in response to a visual stimulus. Children with DCD were found to perform more poorly than 

their peers on measures of motor skill. Interestingly, groups did not differ in their rate of learning, 

or in the extent to which they were able to generalize the learned skills to other tasks. Lejeune 

et al. (2013) used adapted touch screen technology as a modification of the keyboard tasks used 

by Wilson, Maruff, & Lum (2003) and Gheysen et al. (2011). Children were required to respond as 

quickly and accurately as possible to stimuli appearing at different locations on a computer screen 

by pressing corresponding keys on the keyboard or the touch screen; participants were not told 

that the stream of stimuli corresponds to a repeating sequence. Learning of the sequence was 

demonstrated by improvement in the speed of response across trials and, more specifically, by 

the difference in response latency between a random block of stimuli and the repeating sequence 

block, indicating clearly that skill learning was sequence-specific. Their findings revealed no group 

differences, although Gheysen et al. (2011) found a lack of adaptation to a different sequence in 

children with DCD. In contrast, when training a more complex skill, Marchiori et al. (1987) found that 

after extensive training of two boys with poor motor skills on hockey slap shots for six weeks, the 

performance remained extremely variable in phasing and timing compared to the performance of 
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two age matched boys. Thus, the question whether children with DCD have problems with motor 

learning remains a complex question, and the problems seem to depend on task and condition.

Based on the knowledge that the majority of children with DCD do experience balance 

problems, and the fact that no studies thus far have examined the rate at which children acquire 

balance skills, the aim of this study is to examine the rate of learning a dynamic balance task. 

Specifically, to examine the progress of learning of a dynamic balance task in typically developing 

children and in children with balance problems and probable DCD (p-DCD) from the Netherlands 

(p-DCD-NL) and South Africa (p-DCD-SA). Since the latter group (p-DCD-SA) had no earlier exposure 

to computer games, we hypothesized that being novice to a task, would influence the amount and 

rate of learning. Similarly, we hypothesized that children, who were accustomed to playing motion 

steered computer games, would be faster learners on a Wii Fit system. Further objectives of this 

study were to examine the retention effect of motor learning after six weeks and to analyze whether 

the rate of motor learning was related to performance of more general balance skills.

METHODS

Participants

Dutch children between the ages of 5 and 11 years with probable DCD (p-DCD) were selected from 

referrals through a practice of pediatric physical therapy and through teachers of two primary 

schools for special education in Groningen, the Netherlands. South African children between the 

ages of 6 and 10 years were recruited from a primary school located in a low-income community 

in Cape Town, South Africa. All children were tested using the Movement Assessment Battery for 

Children-2 (MABC-2) (Henderson, Sugden, & Barnett, 2007). Children were included if their total test 

score and the Balance component score was ≤16th (≤7th standard score). All included children were 

reported by their parents and/or teachers as experiencing motor problems in daily life. However, 

many of them did not have a confirmed medical diagnosis of DCD, therefore the group is referred 

to as probable DCD (p-DCD). Children with typical motor development were recruited in the 

Netherlands from a mainstream primary school and also tested on the MABC-2. They were included 

in the typically developing group (TD group) if their total test score and their Balance component 

score was >16th percentile (>7th standard score). Children diagnosed with a medical, neurological 

and mental disorder or IQ < 70 were excluded. Demographic characteristics of all three groups are 

presented in Table 4.1.

The study was approved by the Ethics Committee of the Department of Psychology, of the 

University of Groningen and the Faculty of Health Sciences Human Research Ethics committee of 

the University of Cape Town (HREC 218/2012) and permission to conduct the study was granted 

by the designated educational authorities. All parents and children gave their informed consent or 

assent.
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Instruments

The Movement ABC-2

The Movement Assessment Battery for Children – second edition (MABC-2) (Henderson et al., 2007) 

was used to test motor performance. The test consists of three sections: Manual Dexterity (three 

items), Aiming and Catching (two items) and Balance (three items). The raw scores on each item 

can be recoded into an item standard score and summed into a total standard score (range 1–19; 

mean score = 10; SD = 3) and percentile score. Component standard scores can also be derived 

for each section. Standard scores >7 are regarded as average/normal motor performance, children 

who achieve scores 6–7 are considered to be at risk for motor problems and scores ≤5 indicate a 

significant motor problem.

Wii Fit training protocol

The Wii Fit training protocol was developed specifically for this study (Jelsma, Geuze, Mombarg, & 

Smits-Engelsman, 2014). The Wii is an interactive video computer system (Nintendo®) that uses a Wii 

balance board (WBB) as a remote controller. A child standing on the balance board can interact with 

the video game by shifting weight. The WBB software calculates the center of pressure (COP) from 

the displacements of the child, which causes the virtual character (Mii) to move on the display. The 

sensitivity of the WBB is normalized according to the child’s weight, which is a standard procedure 

of Nintendo Wii. The WBB has been found to be a valid tool to measure balance compared to a 

laboratory-grade force platform (Clark et al., 2010).

The Wii Fit training protocol consists of ten repeated runs of the ski slalom game. The goal of the 

game is to ski through 19 gates along a ski slope without missing a gate and as fast as possible. In 

the Wii Fit ski slalom game the Mii speeds up or slows down when the child shifts his or her center 

of mass respectively forward or backward (anterior/posterior), while shifting the center of mass to 

the left and right (lateral) directs the skier sideways. The spatial layout of the gates on the slope is 

Table 4.1 Demographic characteristics and motor test outcome measures at baseline of all three groups; typically 
developing children (TD), children with p-DCD from the Netherlands (p-DCD-NL) and South Africa (p-DCD-SA).

Groups TD (n = 21) p DCD-NL (n = 28) p-DCD-SA (n = 17)

Mean age in year; months (SD) 8; 8 (1; 3) 8; 2 (1; 4) 7; 8 (1; 0)
Range 6;4–11;5 5;9 –11;3 6;2–9;77
Sex ratio f/m .48 .36 .59
Mean MABC-2 total standard score (SD) 13.2 (2.8)**,^^ 2.5 (1.4)** 2.8(1.5)^^

Range standard score 9–19 1–6 1–5
    Mean MABC-2 balance standard score (SD) 11.4 (2.1)**,^^ 3.3 (1.6)**,# 4.3(1.7)^^,#

Range standard score 9–17 1–7 1–7

#  p-DCD-NL vs p-DCD-SA p < .05.
** p-DCD-NL vs TD p <. 01
^^ p-DCD-SA vs TD p < .01.
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invariant. The individual gates vary in their distance from the middle of the slope and in distance 

between consecutive gates along the slope.

Before starting, all children are instructed to pass through as many gates as possible, but speed 

is not emphasized. The protocol starts when the assessor is sure the child understands the game. No 

practice trials were included because we wanted to study the learning process from the first trial. 

Two children of the p-DCD-NL group were excluded from the study because over the first 5 runs 

they did not seem to understand how to control the Mii, leaving n = 28 in this group for the analyses.

During the game, immediate feedback (audio and visual signal of success or failure) is provided as 

the child passes through the gates. Immediately after a run, the Wii score is presented on the screen. 

The children were able to see this feedback and were encouraged to do improve the successive 

attempts. In the first four trials the children have the opportunity to discover the response of the Mii 

by changing their COP in a playful setting. Additional instructions and demonstrations were given 

between the fourth and fifth run, according to protocol. Demonstration was used in order to show 

the children what to do, or how to improve control over shifting weight to enhance the chance to 

pass through the gates. The assessor demonstrated the lower limb balance strategy (Michalski et 

al., 2012), that is, the way to shift weight in a controlled manner by using leg and hip movements 

while the child observed. The assessor then asked the child to try the movement. When the child 

could not demonstrate the movement, the weight shift was induced by placing hands on the child’s 

pelvis, giving tactile feedback so that the child could feel the movement. After this the child was free 

to explore further strategies in the next six trials and find the best way to get a good result.

Procedure

A self-developed questionnaire was administered to record demographic variables and children 

were asked whether (yes/no) the child had ever played Nintendo Wii Fit games. All children were 

tested on the MABC-2 in their own school environment by special trained assessors. Children with 

p-DCD or TD were selected based on the MABC-2 scores and three groups were established: (1) 

TD group, (2) p-DCD-NL group for Dutch children and (3) p-DCD-SA for South African children. All 

children were instructed on the Wii Fit ski slalom game, according to the standardized protocol by 

two different assessors. The change over the ten runs on the Wii Fit protocol was used to determine 

short-term motor learning. A second series of runs was recorded six weeks later. All children and 

parents were instructed and agreed that children would not play on any Wii Fit balance game during 

this period.

Data analysis

To compare groups for age and weight analysis of variance was used with post hoc Bonferroni tests. 

Chi2 was used to test for gender differences. The p-DCD-NL group and p-DCD-SA group were tested 

for differences on MABC-2 Total Score (TS) and balance component at baseline using t-tests (see 

Table 4.1). The effect of Wii experience was tested within the TD group and within the p-DCD-NL 
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group to determine whether a correction for Wii experience was needed.

Short-term motor learning was estimated from a growth curve model of change in the Wii 

outcomes over ten runs. Wii outcomes were number of gates missed, the duration of the descent 

and the Wii score. The Wii software derives a Wii score from the following equation: Wii Score = T + (# 

× 7 s), where T is the time taken to reach the end of the slope, # is the number of missed gates and 7 

s is the penalty in seconds for each gate missed. 

The Wii data of 10 runs was fitted by the growth curve yn = a – (a – b)/(1 – 1/n) in an iterative 

procedure using the least sum of squares (with 1 ≤ n ≤ 10). The curve has a start value (a) at the 

first run, and would have an end value (b) after endless runs (b is the limit value); (a – b) is the 

learning potential. For an example of these curves see Fig. 4.1. The least sum of squares represents 

the variability between the runs relative to the learning curve. The learning slope over 10 runs was 

determined from the estimated curve as (Y1–Y10)/mean Y1–10.

For the first research question MANOVA’s were used to compare differences in the slope of the 

learning curve and the least squared fit of (i) missed gates, (ii) duration of the descent and (iii) Wii 

scores of the repetitive task between groups.

Similarly, the retention effect was tested using GLM repeated measures by comparing the mean 

missed gates score of run 9 and 10 of the first test with run 1 and 2 of the second test after six weeks. 

For this analysis the TD group had 19 children as two TD children were lost to follow up due to 

illness on the days of testing, and the p-DCD-NL group had 14 children because the other 14 started 

Fig. 4.1. Model of the learning curves of the 3 groups over 10 runs for: (A) the number of missed gates; (B) the duration 
of descent; and (C) the combined Wii score.
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intervention immediately after the first assessment. The p-DCD-SA group remained at n = 17. Partial 

eta squared (ηp
2) was calculated for effect size (interpretation: 0.01–0.05 a small effect; 0.06–0.14 a 

medium effect; and 0.14 or greater a large effect (Field, 2010)). If appropriate, post hoc Bonferroni 

tests were applied.

Linear regression analysis was used to test whether the learning slope of the missed gates or the 

learning slope of the Wii scores was a predictor for motor test outcomes over all groups.

RESULTS

Group differences in demographic data, MABC-2 performance and Wii-experience

Groups were comparable in age and weight (F(2,63) = 3.0, p = .056; and F(2,63) = .55, p = .579). 

Gender was similarly distributed in the groups (Chi2 < 2.3, p > .131).

The MABC-2 total score at baseline were not different between p-DCD-NL and p-DCD-SA (t(43) 

= –.70, p = .49). However, the South African group was more proficient on the MABC-2 balance 

component score than the Dutch group (t(43) = –2.12, p = .04) (see Table 4.1).

Nine TD children (43%) and eight children of the DCD-NL group (29%) had previous Wii Fit 

experience. None of the SA children had any experience with the Wii. To check if Wii experience 

had an impact on Wii outcomes we tested if children with and without Wii experience within 

the TD group, scored differently on Wii duration and Wii missed gates. No difference was found 

(multivariate (F(2,18) = .24, p = .789; univariate all p > .624)). Also within the p-DCD-NL group no 

differences were found for Wii experience both multivariate (F(2,25) = .91, p = .416) nor univariate 

(all p > .357). Therefore, and given the fact that none of the children in the p-DCD-SA group had any 

Wii experience at all, Wii experience was not included as covariate in further analyses.

Short-term motor learning

Over a total of ten runs the TD group missed a mean of 5.1 gates per run (SD 2.6; 26.8% miss), the 

p-DCD-NL group 9.7 (SD 2.6; 51.1%) and the p-DCD-SA group 10.6 (SD 2.1; 55.8%) gates. Fig. 4.1A 

shows the learning curves of performance of the variable ‘‘missed gates’’ of all three groups.

The groups differed significantly on the multivariate (F(4,126) = 7.8, p = < .001, ηp
2 = .20) and 

univariate test both in slope (F(2,63) = 11.3, p = < .001, ηp
2 = .26) and least squared fit (F(2,63) = 4.9, 

p = .01, ηp
2 = .13) based on missed gates. Post hoc tests showed a significant difference in motor 

learning slope between the TD group and the p-DCD-NL group (p = <.001) and the TD group and 

the p-DCD-SA group (p = <.001). No difference was found in motor learning between both p-DCD 

groups (p = .48).

Regarding the least squared fit, post hoc tests only revealed a difference between both p-DCD 

groups (p = .02) with a better least-squared fit of the learning curve in the p-DCD-SA group compared 

to the p-DCD-NL group (see Table 4.2).

It took the TD group a mean of 41.3 (SD 3.8) seconds, the p-DCD-NL group 38.7 (SD 3.7) seconds 
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and the p-DCD-SA group 39.4 (SD 4.9) seconds to complete a run. Fig. 4.1B shows the learning 

curves based on the duration to finish the runs. It seems in Fig. 4.1B that the TD group was slower 

than the p-DCD groups.

The groups did not differ in duration on the multivariate (F(4,126) = 1.6, p = .18, ηp
2 = .05) test. 

For the univariate test there was a trend to differ for slope (F(2,63) = 2.6, p = .08, ηp
2 = .08) but not 

for least squared fit (F(2,63) = .7, p = .51, ηp
2 = .02) between the groups (see Table 4.2). Pairwise 

comparison (without Bonferroni correction) showed near significant differences between the TD 

and the p-DCD groups (p = .051 and p = .053 for p-DCD-NL and p-DCD-SA groups respectively).

The Wii score that takes into account the speed–accuracy trade off, showed a mean score for the 

TD group of 77 s (18.4 SD), the p-DCD-NL group 106 (17.9 SD) and the p-DCD-SA group 113 s (12.6 

SD). Fig. 4.1C shows the learning curves based on the Wii score. Because the TD group slowed down 

slightly during their repetitive runs while the DCD groups speeded up, this integrated value was 

analyzed. The curve shows a comparable pattern as the missed gates curve in Fig. 4.1A, even though 

it is corrected for the difference in time it took the children to complete the runs.

The groups differed significantly multivariate (F(4,126) = 3.0, p = .022, ηp
2 = .09) and univariate 

only in motor learning slope of Wii score (F(2,63) = 4.0, p = .02, ηp
2 = .11) and not in least squared 

fit (F(2,63) = 2.0, p = .145) (see Table 4.2). Post hoc tests showed a significant difference in motor 

learning slope of Wii score between the TD group and p-DCD-SA (p = .03). No differences were found 

in motor learning curve variables based on Wii scores between the TD group and p-DCD-NL group 

(p = .12), nor between both p-DCD groups (p = 1).

Retention effect

There was no difference between the mean number of missing gates of run 9 and 10 of the first 

measurement compared to the mean of run 1 and 2 after six weeks. An interaction effect of time x 

group was found (F(2,47) = 3.5, p = .039) caused by the small loss in performance in the TD group 

(F(1,18) = 6.1, p = .024) (see Table 4.3).

Moreover, for duration the time x group interaction was marginally non-significant (F(2,47) = 

3.0, p = .06) with a faster performance after 6 weeks in the TD group but not in the p-DCD groups 

(p = .037).

On the Wii score no effect of time was found (p = .58) indicating that the performance did not 

deteriorate over 6 weeks (no time by group interaction; p = .089). Within the TD group the loss of 

retention was marginally non-significant (p = .053).

Table 4.2 Slope of motor learning and least squared fit (LSF) per group over ten runs.

Slope missed
gates

LSF missed
gates

Slope
duration

LSF
duration

Slope Wii
Score

LSF Wii
Score

TD group (n = 21) .94 41.0 –.03 10.8 .34 204.3
p-DCD-NL group (n = 28) .28 56.8 .06 13.7 .17 245.5
p-DCD-SA group (n = 17) .15 35.4 .07 10.0 .10 175.4
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Within the p-DCD groups there was full retention over 6 weeks over all three measures (all p > 

.16).

In summary, over the retention period the different Wii outcomes showed that the p-DCD 

groups kept their performance at the same level, while the TD group showed a strategy of slightly 

faster runs while missing more gates compared to their last performance at T0. This did not lead to 

a significant poorer performance on the Wii score.

Table 4.3
Retention of performance level after 6 weeks on mean missed gates, duration and Wii score of run 9&10 of the 
first measurement and of run 1&2 after six weeks second measurement.

TD group (n = 19) p-DCD-NL (n = 14) p-DCD-SA (n = 17)

Missed gates (SD)
T0 run 9&10 3.4 (2.2)* 10.4 (4.0) 10.3 (2.9)
T1 run 1&2 4.9 (2.6) 9.0 (4.0) 10.9 (3.3)

Duration (SD)
T0 run 9&10 41.3 (4.3)* 38.0 (5.1) 39.2 (4.7)
T1 run 1&2 39.0 (3.7) 39.7 (5.5) 39.5 (5.1)

Wii-score (SD)
T0 run 9&10 64.9 (15.5) 110.8 (25.2) 111.2 (18.1)
T1 run 1&2 73.2 (18.7) 102.9 (29.1) 115.7 (21.7)

* Difference run 9&10 and 1&2 p < .05.

Relationship between motor learning and motor performance at baseline

Linear regression analysis over all children (n = 66) showed that the learning slope of the missed 

gates is a good predictor of the MABC-2 component balance (B = 3.4, CI 2.1; 4.7, rp = .55, p < .001). 

Similarly, the learning slope of the Wii score was also a predictive value for the MABC-2 component 

balance (B = 5.3, CI 2.0; 8.7, rp = .37, p = .002), with a moderate relation. The results indicate that the 

rate of learning accuracy of the timing to get through the gates was highly related to the level of 

balance measured by the MABC-2 balance items.

DISCUSSION

In this study we examined short-term motor learning using a dynamic balance task in children with 

probable DCD and those who are typically developing. The main findings are that (i) short-term 

motor learning rate and performance level on the ski slalom game is less in children with p-DCD 

in comparison with typically developing children; (ii) no differences in performance and learning 

were found between the Dutch and South African children with p-DCD and balance problems; (iii) 

retention was comparable across the three groups on the Wii score.
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The present study shows that short-term motor learning of typically developing children is 

faster than the learning of children with p-DCD. By fitting a learning curve to ten repeated trials, two 

main learning parameters were derived; the slope of the curve, representing the rate of learning, 

and the least squared fit, representing the variability between the runs relative to the learning curve. 

The magnitude of the learning effect (number of missed gates) was significantly larger in the TD 

group compared to both p-DCD groups (see Table 4.2).

The Wii-score is derived from the number of missed gates and the duration of the run. When 

we look in more detail at these constituent measures, over the first 10 runs the TD group slows 

down about 2 s while reducing the number of missed gates by 4. In this task there are two sources 

of knowledge of results (KR) which drives the learning, (i) a high or low tone at each gate passed or 

failed; (ii) the Wii-score, the number of missed gates and the duration of the run presented at the 

end of the run. A reduction of missed gates leads to a greater improvement of the Wii-score than a 

faster descent because the computation of the Wii-score uses a penalty of 7 s for each missed gate. 

Therefore, the speed–accuracy trade-off of the TD group seems an efficient strategy. No speed–

accuracy trade-off was seen in the p-DCD groups. Rather, the p-DCD groups seem to persist more in 

their less efficient strategy. The group difference is unlikely to be caused by a group bias as all groups 

received the same instructions and feedback. They improved both on missed gates and speed, with 

less steep learning curves for Wii-score and missed gates as a consequence. Future studies might 

investigate whether in the long run p-DCD children will adapt to the strategy of the TD children, or 

continue to use their initial strategy.

In sequence learning tasks it has been shown that children with DCD have comparable 

performance to matched controls (Wilson et al., 2003; Lejeune et al., 2013). These results contrast 

with our findings and may be due to the differences in tasks used. The former studies evaluated 

the change in reaction time during simple movement tasks involving a series of key presses (serial 

reaction time tasks) with low spatial accuracy and timing demands. The current study evaluated 

learning a computer-based balance task requiring complex whole-body movements, anticipatory 

postural control and temporal accuracy. Evidently, tasks requiring a series of key presses are 

different from dynamic balance tasks in which postural control and weight shift based on visual 

input is involved.

Interestingly, the rate of motor learning between p-DCD groups (SA and NL) was not significantly 

different despite differences in backgrounds and movement experience. All children in the SA group 

confirmed not to be familiar at all with any motion steered computer game. We hypothesized that 

being novice to a task, may influence the amount and rate of learning. On the one hand children, 

who are accustomed to playing motion steered computer games for example, may therefore be 

faster learners on a Wii Fit system. On the other hand, children without experience may start the 

learning process on a different level and may have more learning potential available to use. Despite 

the fact that the SA group was novice to computer games, it appeared that Dutch and South African 

children with p-DCD learned at a comparable rate. Apparently, motion steered computer gaming 
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is easily understood by children from multi-cultural backgrounds, which makes it suitable for 

examining learning or training balance. We conclude that slower motor learning rate in children 

with DCD appears to be independent of the cultural background of the children and of their level 

of experience with the Wii.

While the two p-DCD groups did not differ on learning slope, they did show a difference in 

variability between the runs relative to the learning curve when it was based on missing gates. 

However, this difference was not seen on the variability of the learning curve of the Wii score, when 

the slope was corrected for the time it took the children to finish the task. The lower fit in the Dutch 

group may represent the exploration of different strategies (shifting weight sideways farther or 

faster) in order to find ways to improve their score, but may also indicate more variable kinetics and 

kinematics. This result is consistent with the view of Hadders-Algra (2002) and O’Hare and Khalid 

(2002), who reported that children with DCD show large variability over learning trials and have 

greater difficulty producing consistent movement patterns (Rosengren et al., 2009). However, one 

would expect a similar degree of variability in the South African group of children and this was not 

the case. We assume this may be the result of being novice toward the Wii Fit, resulting in a lack of 

exploring all the possibilities of the balance board and how the game can be played. It would be of 

interest to determine if the exploratory behavior would change during a longer period of training. 

We would expect the variance to decrease in the Dutch group when optimal strategies have been 

discovered resulting in a more coordinated and consistent execution of the task (Bernstein, 1967). 

For the SA group we expect an increase of variance due to more exploratory behavior at first, once 

the children feel more secure with the ways the game can be controlled, later to be followed by 

a reduction again when they have found more optimal control strategies (Herzfeld & Shadmehr, 

2014).

Remarkably, there was no regression in the level of Wii performance after six weeks in both 

p-DCD groups. The level of control of the game remained the same, which is promising for 

interventions aimed at children with p-DCD. Our findings suggest that children with p-DCD show 

evidence of learning and retention, although performance and learning is on a different level than 

TD children and more practice is needed to reach a satisfactory performance level. A small loss in 

performance was found in the TD group after 6 weeks not playing with the Wii, but they were still 

much better than the p-DCD groups. It would be of interest to evaluate the learning curve and Wii 

scores after a longer period of training balance games of the Wii Fit, to determine whether children 

with p-DCD would reach the same level as children with TD. Marchiori et al. (1987) established that 

children with DCD had great difficulty performing a skilled hockey slap shot, even after explicit 

instructions and intensive training. Recent studies of Hammond, Jones, Hill, Green, & Male (2014), 

Jelsma et al. (2014) and Mombarg, Jelsma, & Hartman (2013) showed that children with DCD seem 

to increase their balance performance through intensive practice on the Wii Fit balance board, as 

shown by a transfer effect on motor test outcomes of dynamic balance tasks. We suggest this type of 

training may influence anticipatory or reactive postural adjustments. Therefore, practicing with Wii 
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Fit balance games or other motion steered computer games may support intervention of children 

with DCD.

An important finding of our study is the fact that the learning slopes of both the missed gates 

and the Wii score, when duration was included, were associated with the level of motor balance 

performance of the children. The more learning (the steeper slope of the curve), the higher scores 

were on the MABC-2 balance component. While acknowledging that an association does not allow 

causal reasoning, there may be two interpretations of this association. One is that the restricted 

learning rate results in poor performance levels of balance tasks. The other is that poor balance with 

inconsistent outcomes hampers skill learning. Longitudinal research of development and learning 

along with experimental work that manipulates the learning process may shed light on which is the 

better explanation.

Strengths, limitations and recommendations

In this study, we explored short-term learning in a complex motor task. The task requires anticipatory 

planning of timed weight shifts in order to pass through the gates of the ski slalom game. The game 

is challenging, as the fast changing circumstances require the player to make quick adaptations to 

postural balance. As such, it links to natural activities of children in daily life.

A limitation is the relatively small sample size. The design of the study would have been 

stronger, if a group of TD children from South Africa had been included in the study to control for 

differences in more general level of motor proficiency and exposure in the population that may 

exist between SA and NL. Lastly, motor learning may involve both a change in performance within 

the same strategy as well as a change for a more efficient strategy. To fully understand learning 

of motor skills in children (with DCD) both improvement in performance and change of strategy 

should be studied. The current study was not designed to study the effect of previous exergame 

experience. It would be interesting to investigate the relationship between different aspects of 

previous movement experience and rate of learning of new motor tasks.

Finally, we recommend further research of the effect of a much more extensive training in 

children with p-DCD to find out whether the children will reach the level of performance of TD 

children. We also recognize that the underlying processes that facilitate learning should be subject 

to further research.

Conclusion

Children with p-DCD learn at a lesser rate than TD on a Wii Fit ski slalom game in which anticipatory 

planning of timed weight shifts is needed. This result adds to evidence that poor acquisition of motor 

skills is a core feature of DCD. Speed– accuracy trade off was only seen in the TD children, indicating 

that TD children and p-DCD children used different strategies. Taking a positive perspective, it is 

evident that children with p-DCD are able to learn, albeit at a different rate and the learned level of 

performance can be retained over six weeks. Cultural background and experience did not influence 

the rate of learning.
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ABSTRACT 

Aim: Although Developmental Coordination Disorder (DCD) is often characterized as a skill 

acquisition deficit disorder, few studies have addressed the process of motor learning. This study 

examined learning of a novel motor task; the Wii Fit ski slalom game. The main objectives were to 

determine: 1) whether learning occurs over 100 trial runs of the game, 2) if the learning curve is 

different between children with and without DCD, 3) if learning is different in an easier or harder 

version of the task, 4) if learning transfers to other balance tasks.

Method: 17 children with DCD (6-10 years) and a matched control group of 17 typically developing 

(TD) children engaged in 20 minutes of gaming, twice a week for five weeks. Each training session 

comprised of alternating trial runs, with five runs at an easy level and five runs at a difficult level. Wii 

scores, which combine speed and accuracy per run, were recorded. Standardized balance tasks were 

used to measure transfer.

Results: Significant differences in initial performance were found between groups on the Wii 

score and balance tasks. Both groups improved their Wii score over the five weeks. Improvement 

in the easy and in the hard task did not differ between groups. Retention in the time between 

training sessions was not different between TD and DCD groups either. The DCD group improved 

significantly on all balance tasks. 

Conclusions: The findings in this study give a fairly coherent picture of the learning process over 

a medium time scale (5 weeks) in children novice to active computer games; they learn, retain and 

there is evidence of transfer to other balance tasks. The rate of motor learning is similar for those 

with and without DCD. Our results raise a number of questions about motor learning that need to 

be addressed in future research.
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INTRODUCTION

Coordination problems in children with Developmental Coordination Disorder (DCD) are 

characterized by slow and inaccurate performance of motor skills, including activities of daily life, 

sports, and leisure activities (Smits-Engelsman, Schoemaker, Delabastita, Hoskens, & Geuze, 2015). 

The most viable hypothesis to explain impaired motor control in children with DCD, as discussed 

in the recent literature, is the internal modeling deficit (IMD) hypothesis (Wilson, & Butson, 2007). 

According to the IMD hypothesis, children with DCD have a reduced ability to use predictive motor 

control caused by the lack of a good forward model (Wilson, Ruddock, Smits-Engelsman, Polatajko, 

& Blank, 2013). An alternative explanation for their poor motor skills could be lack of experience 

(or practice), since motor performance and activity are reciprocally related (Cairney & Veldhuizen, 

2013). A proportion of children with DCD might not get a chance to experience new motor skills or 

become proficient through practice due to loss of motivation or lack of opportunity. 

The Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) published 

in 2000, stated that the performance of children with DCD in daily activities that require motor 

coordination, is substantially below that expected given the child’s chronological age and measured 

intelligence (APA, 2000). An important new addition to the criteria for diagnosing DCD is included 

in the DSM-5 (APA, 2013), which states that, in children with DCD, the acquisition and execution of 

coordinated motor skills are substantially below that expected given the individual’s chronological 

age and opportunity for skill learning and use (see Table 5.1). The recent European Academy of 

Childhood Disabilities (EACD) guidelines for diagnosing DCD (Blank, Smits-Engelsman, Polatajko, 

& Wilson, 2012) also include a similar statement to the DSM-5 regarding acquisition of skill (APA, 

2013). This change in wording acknowledges that deficits in motor learning should be taken into 

consideration when evaluating performance and that contextual factors play a large role in the 

delayed acquisition of skilled motor behavior.

Given this fact, remarkably little research is available that has focused on how children with 

DCD learn new motor skills, especially when compared with the extensive research examining 

the underlying deficits (Wilson et al., 2013; Smits-Engels et al., 2013). The few studies that have 

attempted to study learning in children with DCD are inconsistent in outcome concerning the 

presence and extent of motor learning problems in this group (Bo, & Lee, 2013; Candler, & Meeuwsen, 

2002; Gheysen, Van Waelvelde, & Fias, 2011; Lejeune, Catale, Willems, & Meulemans, 2013; Jelsma, 

Ferguson, Smits-Engelsman, & Geuze, 2015). 

To date, no studies have been conducted to determine whether children with DCD only need 

more time and opportunity to practice in order to reach an appropriate level of performance 

compared to their peers without DCD or whether specific interventions are necessary (Tsai, Pan, 

Cherng, & Wu, 2009). If impaired performance in children with DCD is caused by limited experience, 

then providing the child with more time to practice and increasing the affordances within their 

home and school environment should suffice to resolve inaccurate or incomplete internal models 



86

Chapter 5

of movements. 

Although one of the DSM-5 criteria states that the motor skill deficits seen in children with DCD 

are not attributed to a neurological condition affecting movements, recently published reports 

indicate deviant brain activation in DCD (Smits-Engelsman et al., 2015; Hackman, Farah, & Meaney, 

2010; Zwicker, Missiuna, Harris, & Boyd, 2010). Three brain regions have been proposed as possible 

foci for the aetiology of DCD: (1) cerebellum (Debrabant, Gheysen, Caeyenberghs, Van Waelvelde, 

& Vingerhoets, 2013; O’Hare, & Khalid, 2002; Waelvelde, van Weerdt, de Cock, de Janssens, Feys, 

& Smits-Engelsman, 2006), (2) parietal cortex (Kashiwagi, Iwaki, Narumi, Tamai, & Suzuki, 2009; 

Zwicker, Missiuna, Harris, & Boyd, 2011) and (3) basal ganglia networks (Groenewegen, 2003).  

Different patterns of activation in these brain areas have been linked to poor performance across a 

range of functional activities. 

The cerebellum, known to be important in (implicit) motor learning, has been suggested as a 

primary site of dysfunction in DCD. This has been confirmed in fMRI studies where children with 

DCD demonstrated less activation in various cerebellar regions compared to typically developing 

(TD) children during a fine-motor task (Zwicker et al., 2010). Another area of the brain known to 

be an important site for processing sensorimotor transformations, building of internal models and 

motor learning, the parietal cortex, has also been noted as impaired in DCD and is associated with 

the IMD (Zwicker et al., 2011). Studies showing poor sequence learning (Gheysen et al., 2011) and 

impaired force control in DCD (Smits-Engelsman, Westenberg, & Duysens, 2008) suggest basal 

ganglia to be involved in the motor dysfunction in children with DCD, however these findings 

have not yet been replicated in fMRI studies. Importantly, given the heterogeneity of individuals 

with DCD, multiple brain regions should be considered to contribute to the motor coordination 

problems seen in children with DCD. 

Table 5.1 DSM-5 Diagnostic Criteria for Developmental Coordination Disorder (APA, 2013)

A The acquisition and execution of coordinated motor skills is substantially below that expected given the 
individual’s chronological age and opportunity for skill learning and use. Difficulties are manifested as 
clumsiness (e.g., dropping or bumping into objects) as well as slowness and inaccuracy of performance of 
motor skills (e.g., catching an object, using scissors or cutlery, handwriting, riding a bike, or participating 
in sports).                                     

B The motor skills deficit in Criterion A significantly and persistently interferes with activities of daily living 
appropriate to chronological age (e.g., self-care and self-maintenance) and impacts academic/school 
productivity, prevocational and vocational activities, leisure, and play.

C  Onset of symptoms is in the early developmental period.

D  The motor skills deficits are not better explained by intellectual disability (intellectual developmental 
disorder) or visual impairment and are not attributable to a neurological condition affecting movement 
(e.g., cerebral palsy, muscular dystrophy, degenerative disorder).

DSM-5: Diagnostic and Statistical Manual of Mental Disorders Fifth edition
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Although a few studies have attempted to study motor learning in children with DCD over a brief 

time period and a limited amount of trials (Gheysen et al., 2011; Lejeune et al., 2013), there is a lack 

of research relating to the acquisition of motor skills by extensive repetition. Thus far, the positive 

effects of intervention indicate that new motor skills may be learned or existing motor skills refined 

over a longer time period if children are given adequate opportunity for skill use. For example, task-

specific cognitive and functional motor skill intervention approaches like the Cognitive Orientation 

to daily Occupational Performance and Neuromotor Task Training, appear to be effective in children 

with DCD and recipients of these interventions report that they enjoy these forms of therapy 

(Zwicker et al., 2015; Ferguson, Jelsma, Jelsma, & Smits-Engelsman, 2013). However, details about 

how the motor skills acquired using these approaches evolve over time, are missing.

Only one study with a very small sample (i.e. two children with probable DCD) examined the 

rate and process of motor learning over a long time scale of weeks (Marchiori, Wall & Bedingfield, 

1987). In this study, learning was examined by observing the change in proficiency after repetitive 

practice of a hockey slap shot using 1200 trials (Marchiori et al., 1987). The two children with 

probable DCD (p-DCD) did not improve the kinematics of the movement nor the speed of the 

hockey slap-shot compared to initial performance of two matched TD children, one with and the 

other without experience.  The children with p-DCD remained extremely variable in timing. Based 

on these findings, there is a clear need for sound studies using different motor learning paradigms, 

from simply giving enough opportunity and creating environmental affordances to tailor-made 

interventions. 

The use of computer games has steadily grown as a highly popular form of entertainment. 

Researchers have progressively explored the application of motion-steered digital games for 

learning or training purposes in a wide variety of areas (e.g. stroke, obesity, cerebral palsy, DCD). In 

many countries it is hard to find children that are totally novice to these motion-steered computer 

games. However, in one of our earlier studies, we observed that many children living in low-income 

neighborhoods in South Africa have no experience with these kinds of games (Ferguson et al., 

2013). This presented a unique opportunity to evaluate motor learning with two novice groups of 

learners with different motor performance levels, without the bias of confounding factors related to 

differences in prior exposure.   

The most common and oldest approach to learn a motor task is by repetition. This ‘Practice 

makes perfect’ approach proposes that learners improve a skill by consistently rehearsing it. In the 

early learning stage, acquiring the topology of the movement is important and at a later stage, the 

dynamic control of joint coordination gradually emerges while practicing the task (Hung, Kaminski, 

Fineman, Monroe, & Gentile, 2008). Thus, repeating the same task in a controlled way using a 

standardized game is a good way to examine motor learning. 

Successful motor learning should result in three outcomes: i) improved performance in the 

trained task; ii) retention of skill over longer time periods; and iii) transfer of the learned skill to a 

different task with comparable elements. The current study was set up to test each of these three 
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components of learning and whether they would be different between groups of children with and 

without DCD. 

We used performance on a motion steered computer game, the Nintendo® Wii Fit ski-slalom 

game, to assess motor learning. The children performed the game 50 times in an easy and 50 times 

in a harder condition, over a period of five weeks. The main measure of performance was the Wii 

score, which is calculated using the number of gates missed in the slalom and the duration of the 

run down the ski slope. 

The main aim of this study was to examine the rate of learning in children with DCD and an age-

matched control group using 100 trials of a motion steered computer game. We aimed to answer 

the following questions: 1) is the initial level of the game performance different between groups? 2) 

do children learn differently if the game is easy or difficult? 3), are these effects different for the two 

groups. We hypothesized that children with DCD would learn less compared to the control group 

as reflected by a steeper slope in the control group.  If children with DCD learn equally as well as 

the age matched controls, then both learning slopes would run parallel to each other. Therefore, 

we analyzed if there was a difference between groups in 4) learning rate, 5) retention and 6) if there 

was transfer to other balance tasks. We expected retention and transfer to be lower in children with 

DCD. Lastly, we explored the strategies used by the children to achieve higher scores in the game.

METHODS

Research Design 

A pre-post experimental design was used to evaluate changes in game performance during 100 

trials of the Nintendo® Wii Fit ski-slalom game in children with and without DCD at two levels of task 

difficulty.

Participants

To select participants, we used the same procedure as described in our earlier studies (Ferguson et 

al., 2013; Ferguson, Duysens, & Smits-Engelsman, 2015). Teachers were asked to assist in identifying 

children with motor coordination problems based on their observation of the children in class 

and on the playground. They highlighted the child’s name on a class list of names and returned 

this list to the researchers.  Parents were asked to complete a questionnaire about possible health 

related problems. The four DSM-5 criteria were then used to identify children with DCD (APA, 2013). 

All children, aged 6-10 years (Criterion C) who scored below the 5th percentile on the Movement 

Assessment Battery for Children 2nd edition (MABC-2) (Criterion A), who were identified as having a 

motor coordination problem by the teacher (Criterion B), whose parents reported no diagnosis of a 

significant medical condition known to affect motor performance (Criterion D), and whose teacher 

affirmed the absence of intellectual or cognitive impairment (Criterion D), appeared to fulfill the 

criteria for DCD. Through this procedure, 18 children were selected to participate in the study and 
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were age-matched with 18 TD children from the same classes. 

TD children had: 1) a score above the 16th percentile on the MABC-2, 2) no evidence of functional 

motor problems as observed by their teacher, 3) no diagnosis of a significant medical condition as 

reported by a parent and 4) absence of intellectual or cognitive impairment as reported by their 

teacher. All participating children in both groups confirmed to have no experience whatsoever with 

motion steered computer gaming when questioned by the researchers.

Instruments 

The Movement Assessment Battery for Children-2 (MABC-2)

The MABC-2 (Henderson, Sugden, & Barnett, 2007) consists of eight physical subtests used to 

assess motor coordination in children aged 3-16 years. Raw scores for each item are converted 

into standard scores (SS). The Total Standard Score (TSS) is a sum of the individual standard scores, 

converted to standard score and gives an impression of the overall motor proficiency. Component 

Standard Scores (CSS) are a reflection of abilities in the three major performance areas, viz. Manual 

Dexterity, Aiming and Catching and Balance. TSS and CSS may be expressed in percentiles. Scores 

at or below the 5th percentile (equal to 5th SS) are considered as definitive for motor coordination 

problems and scores between the 5th and 16th percentile (equal to 5 - 7 SS) are suggestive of a risk 

for motor problems (Henderson et al., 2007). The MABC-2 is considered a reliable and valid measure 

to assess motor performance (Smits-Engelsman, 2010; Wuang, Su, & Su, 2012). In children with DCD, 

internal consistency is reported to be high (alpha=0.90) and test-retest reliability for the total scores 

is regarded as excellent (ICC= 0.97) (Henderson et al., 2007; Smits-Engelsman, 2010). Since there are 

no South African norms available for the MABC-2, we used Dutch norms (Smits-Engelsman, 2010). 

To be sure that children fulfilled criterion A of the DSM-5, a more rigorous cutoff value (5th instead 

of the 15th) was applied than required by the EACD guidelines for the diagnosis of DCD (Blank et al., 

2012).

Wii Fit ski slalom game

The Nintendo® Wii Fit ski slalom game was used according to a comparable protocol developed by 

Jelsma, Geuze, Mombarg, & Smits-Engelsman, 2014. The game requires dynamic balance control 

whereby players shift their body weight from one leg to the other in a timed manner while standing 

on a Wii Balance Board (WBB) with Bluetooth wireless connection. When standing on the WBB, the 

child can steer a virtual character known as a Mii, by shifting their weight. When the child shifts his 

or her center of mass (CoM) forward or backward, the Mii speeds up or slows down; shifting the 

CoM to the left and right (laterally) directs the Mii sideways. The sensitivity of the WBB is normalized 

according to the child’s weight, which is a standard procedure of Nintendo® Wii Fit. The WBB has 

been shown to be a valid and reliable device to measure the Center of Pressure (COP) compared to 

force plate data (Goble, Cone, & Fling, 2014).

The goal of the ski-slalom game is to steer the Mii through gates along a slope without missing 
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a gate and as fast as possible. Two versions of the game were played alternately, the easy (19 gates) 

and the advanced (harder) version (27 gates). Importantly, the spatial layout of the gates on the 

slope within each version is invariant. 

From a motor learning perspective, it is important to be aware of the different sources of feedback 

available to the player during and after the game. Due to the direct coupling between weight 

transfer and movement of the Mii, the player is able to make an implicit comparison between the 

intended movement induced by the weight shift and the actual movement of the Mii (Knowledge 

of Performance).  Moreover, during the game there is immediate visual and auditory reinforcement 

to signal success or failure as the Mii passes through each of the gates. Immediately after a run, the 

number of points obtained (Knowledge of Results: the Wii score) is presented on the screen. The Wii 

software derives a Wii score from the following equation: Wii Score= T + (# x 7s), where T is the time 

taken to reach the end of the slope, # is the number of missed gates and 7s is the penalty in seconds 

for each gate missed. Thus, a higher Wii score reflects worse performance.

Procedure 

Ethics Statement

Approval for the study was granted by the University of Cape Town, Faculty of Health Sciences 

Human Research Ethics committee (UCT HREC Reference number: 556/2014), the Western Cape 

Department of Education as well as by the principal of the respective school. Written informed 

consent was obtained from all parents and each child according to the declaration of Helsinki. For 

the selection of the children, a team of qualified physiotherapists who had received additional 

training on the administration of the MABC-2 prior to commencement of the study was used. 

Training

Four television monitors and four Nintendo® Wii Fit gaming consoles, including the balance boards 

were set up in an unused room on the school premises.  Four children participated simultaneously 

on the systems, separated by large boards so they could not see the other children’s consoles, under 

the supervision and guidance of two trained student therapists. The role of the students during 

training was to instruct, encourage and motivate the children and document all the scores. Children 

engaged in 20 minutes of gaming, twice a week for a period of five weeks. The participant’s score 

on each run was recorded. If children missed a session, they were offered an opportunity to attend 

a catch-up session, preferably in the same week, if that was not possible they came for an extra 

session in the next week. All children in the study completed 100 trials.

Transfer tasks

As a generalization or transfer task, all children performed eight balance tasks: i) the five balance 

items as described in the MABC-2 , ii) one item of the component Balance of the Bruininks Oseretsky 

Test of Motor Profiency, second edition (BOT-2) (Bruininks, & Bruininks, 2005), iii) the Wii Fit Yoga 
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pose game with both legs tested. All tasks, except the Yoga pose was executed once before and 

once after the 5-week training period.

Balance items of the MABC-2

To test static and dynamic balance in a standardized way, the five items of age band 2 of the MABC-2 

(Henderson et al., 2007) were used as transfer items. The static balance items included standing on 

an unstable balance board for 30 seconds on each leg and the dynamic balance items, walking toe 

to heel forwards for 15 steps, and hopping in five squares on the left and right leg. 

Single-leg stance on balance beam

The one-leg standing position on the balance beam is an item of the BOT-2 (Bruininks & Bruininks, 

2005), in which the child is asked to stand on the beam on a preferred leg, placing their hands 

on hips. The non-preferred leg is raised with the knee flexed 90 degrees and shin parallel to the 

ground. The one-leg balance beam task was chosen as a transfer task because it does not provide 

augmented visual feedback and resembles natural circumstances that children might encounter 

during playground games. 

Yoga task

The Yoga pose is one of the Wii Fit game options. It is a one-leg standing posture on the WBB, in which 

the player uses their hands to hold their flexed knee in front of the body. An on-screen instructor 

demonstrates how to acquire this posture and the software detects the efficacy of the performance. 

The performer is required to focus on a representation of the postural sway from their COP shown 

on screen. The time held in balance recorded by the computer (maximum of 30 seconds) and the 

postural sway represented by the COP are combined to generate a point score with a maximum of 

50 points per leg. Both legs were tested. The Yoga task was chosen as a transfer task because both 

the Wii ski slalom game and the Yoga task require the performer to stand on the Wii balance board 

and watch the screen on which augmented dynamic visual feedback related to task performance 

is presented. Moreover, we chose to record this item once (for a maximum of 30 seconds per leg) 

at every training session between run 5 and 6 to follow the transfer over time from the dynamic 

training to this static item. An advantage of the way this item is recorded is that it takes postural 

sway into account. An advantage of using the Yoga pose as a transfer task is that it does not have a 

large ceiling effect, in contrast with the balance test items of the MABC-2 and BOT-2. 

Enjoyment rating scale

Because children might lose motivation over the long period of training and the large number of 

trials, we included an enjoyment rating scale to measure the level of enjoyment experienced while 

doing the game. Children chose from five different smiley faces to rate their gaming experience (0 

is “no fun at all”; 1 is “boring”, 2 is “a bit of fun”, 3 is “fun” and 4 is “super fun”), using a scale that was 
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developed for one of our earlier studies (Jelsma et al., 2014). We evaluated how much the child 

enjoyed playing a Wii game on three occasions (after the first week, after 3 weeks and after the last 

session). 

Data analysis

All data were checked for normality and equality of variances and appropriate parametric or 

non-parametric analyses were performed. Differences in demographic characteristics and motor 

tests between the groups were calculated at baseline using Pearson’s Chi squared test (sex and 

handedness) or t-tests (age, MABC-2 total and cluster scores, one-leg standing on the balance beam 

(BOT-2) and Yoga score). 

For research question 1, to test if the initial level of the game was different between groups, 

independent t-tests were performed using the data from the initial run of the easy and hard 

condition in the first training session.  

For research questions 2 (main effect of training) and 3 (main effect of task difficulty) and their 

interactions with group, Wii scores were analyzed in a repeated measure ANOVA with training 

session (10), task difficulty (2), and runs (5) as within group factors and group as the between factor.       

To estimate the relationship between repetitions and the Wii score (research question 4), a 

linear curve was fitted to the 50 data points of each individual child for the two difficulty levels. The 

steepness of the slope (β) reflects the extent to which performance improves as training progresses, 

i.e. the rate of learning. Estimates of slope (β) per child were entered into separate repeated measures 

ANOVA (task difficulty as within factor, and group as the between factor). 

To test the retention effect (research question 5), we compared the Wii-score, on the last run of 

the previous session with the first score of the following session (9 pre-post scores and two groups), 

using repeated measures ANOVA. 

To test if training transferred to other balance tasks (research question 6), we compared pre 

and post scores of the transfer items using Paired-Sample Wilcoxon Signed Rank Test.  To test the 

changes of performance on the Yoga task, repeated measures ANOVA was performed (within factor 

task with 10 repetitions, and group as the between factor). 

To examine possible differences in strategies exploited to get higher Wii scores, we used both 

the individual regression outcomes based on the number of gates missed and based on the actual 

time needed to finish each consecutive run into account. We anticipated the following strategies to 

significantly improve the score and checked if they would distinguish between groups of children: 

A) Reducing speed to such an extent that fewer gates are missed (Speed accuracy trade-off strategy); 

B) Missing fewer gates by improving accuracy without changing time (Accuracy strategy): C) Missing 

fewer gates and significantly speeding up by leaning forwards (Mastery Strategy).  Differences 

between groups in the frequencies of the strategies were tested using Pearson’s Chi squared test. 

The scores of the enjoyment rating scale were reported using descriptive statistics. 

Significance level was set at p < .05. All statistical analyses were run in Statistical Package for the 
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Social Sciences (SPSS Inc., version 22). Only significant interactions and those that involve the factor 

group were reported.

RESULTS

Group comparability 

One child from the DCD group was taken ill with meningitis at the beginning of the study and was 

subsequently withdrawn. Another child from the TD group missed several training sessions due 

to absenteeism from school and therefore failed to complete the study. The results of these two 

children have not been included in the analysis. 

Children with DCD (n=17) were not different from TD children (n=17) in terms of age (t=0.74, df 

= 32, p = 0.64; TD 7.65 (SD 1.1), DCD 7.94 (SD 1.2) and gender (χ2 = 0.11, p = 0.75; 9 boys and 8 girls 

in each group). 

All children with DCD scored below the 5th percentile on the MABC-2. As expected, the mean TSS 

was significantly lower than for the TD group (t=–11,33, df = 32, p = 0.001) (For means see Table 5.2). 

The groups also differed on the cluster score Manual Dexterity (t=–6,73, df = 32, p = 0.001), Catching 

and Aiming (t=–2.14, df = 32, p = 0.042) and on the Balance Component (t=–9.57, df = 32, p = 0.001); 

seven children scored between the 5th and 16th percentile and ten children scored at or below the 

5th percentile, whereas all TD children scored above the 16th percentile on the Balance Component. 

Lastly, the item standing on a balance beam (BOT-2), showed a trend towards differences between 

the two groups on pre-test values (t=–2.06, df = 16.59, p = 0.055, corrected for unequal variance; TD 

9.9 (0.33) DCD 8.6 (SD 2.4). 

Table 5.2 Means (SD) of the Movement ABC-2 Cluster and Total Standard Scores of both groups at the start of 
the study with differences between groups.

Group Manual Dexterity Aiming and Catching Balance Total Standard Score

DCD (n=17)  5.24** (2.6) 5.94* (3.4)      5.00** (1.7)  3.71** (1.4)

TD (n=17) 11.94** (3.2) 8.00* (2.0)    11.47** (2.2) 11.06** (2.3)

** significance p<.001, 

* significance p<.05

At the start of the training period, children with DCD scored lower on the Yoga task compared to 

TD children (Left leg: DCD 14.60 points (SD=18.91); TD 28.53 points (SD= 17.48) t=–2.22, df = 32, p = 

0.03; Right leg; DCD 17.82 points (SD=18.83); TD 32.12 points (SD=15.22) t=–2.43, df = 32, p = 0.02).

Initial performance at the first training session 

As depicted in Figure 5.1, the initial level of proficiency (first run of the easy and the hard task during 

the first training session) as determined by the Wii score was different between the DCD and TD 
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groups (easy TD 95.7 (SD 21), DCD 115.8 (SD28), t=-2.37, df = 32, p = 0.024; hard TD 150.1 (SD 26) 

DCD 178.0 (SD 26) t=-3.10, df = 32, p = 0.004). 

Motor learning

Next, we analyzed changes in the Wii-score over 50 runs per condition of task difficulty. Both groups 

of children improved their Wii-score, confirmed by a main effect of training (F(9, 24) = 20.29 , p = 

0.001, η2 = 0.88).  The task difficulty effect was very robust (F(1, 32) = 1058.79 , p = 0.0001, η2 = 0.97) 

as was the run effect (F(4, 29) = 45.20 , p = 0.001, η2 = 0.86), the latter indicating improvement in 

performance within each training session over the five repetitions of the same task.  Importantly, 

the mean difference between the two groups in the effect of training was not significant (F(1, 32) = 

2.56 , p = 0.12, η2 = 0.07) (Figure 5.2).  

The steepness of the slope (β) reflects the rate of learning, i.e. the extent to which performance 

of each individual child became better as training progressed. All TD children and all children with 

DCD, except one child, improved their Wii score significantly over the two sets of 50 trials. The mean 

steepness of slope was not different between the groups (F(1, 32) = 0.04 , p = 0.85, η2 = 0.001). The 

mean slope in the easy task was less steep (β =-0.42) than in the difficult task (β =-0.67) indicating 

that rate of learning during the easy task was lower (F(1, 32) = 73,68 , p = 0.0001, η2 = 0.70). Notably, 

the effect of task difficulty on the slope was not different for the two groups (F(1, 32) = 0.73 , p = 

0.40, η2 = 0.02).

However, the Wii-score is a composite score that takes speed and accuracy into account. Hence, 

we also plotted the individual slopes for the gates missed. All children significantly decreased the 

Figure 5.1. Initial Wii scores for the easy and hard condition (error bars represent SD). A lower score indicates better 
performance.
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number of gates they missed (p<0.05) except one (the same child with DCD that did not show 

improvements on the overall Wii score; p=0.98). If a child used more time, but less than 7 seconds, 

to finish the run and if this enabled him to miss one gate less, the overall Wii-score still improved.

 Analyzing the different strategies of improvement, it became clear that all three strategies (see 

Method-data analysis) were used. Five children (2 DCD and 3 TD) used Strategy A to achieve a better 

score by slowing down and missing less gates, in both sets of 50 trials.  Of the remaining children, 

half used Strategy B only by improving accuracy, and the other half used Strategy C, the most 

complex strategy. This last group was able to significantly increase speed and accuracy through 

extended practice. This analysis based on the individual data indicates that all options to improve 

the scores were utilized by both groups of children. Slowing down (strategy A) was clearly the least 

used. Notably, no predominant strategy was seen for children with and without DCD (χ2 = 0.63, p = 

0.73) ( 5.3). 

Retention

For this analysis we compared the Wii-score on the last run of the previous session with the first score 

of the following session (9 pre-post scores). The time between the consecutive training sessions 

ranged from two days (within the school week) to four days (over the weekend), but was similar for 

both groups. The mean score of the last run in the previous training session was significantly better 

than for the first run of the next training session (F (1, 32) = 26.43, p = 0.0001, η2 = 0.45). This decrease 

Figure 5.2. The mean Wii score of the easy and hard version of the ski slalom game of both groups over the ten 
training sessions
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in performance was not significantly different between the two groups, but there was a trend for 

the TD children to poorer retention (Fig. 5.4), (F (1, 32) = 3.76, p = 0.06, η2 = 0.11).  Moreover, the 

interaction between training session and retention score was significant (F (8, 25) = 2.81, p = 0.02, η2 

= 0.47). Further analysis showed this was a quadratic effect (p = 0.03). In the beginning (when scores 

were still poor) the differences between the last and the first score of the following session were 

small. In the middle of the training, differences became larger and by the end of the training period, 

the differences became smaller again. No interaction with group emerged (p = 0.39). 

Figure 5.3. Strategies used to miss fewer gates and improve the Wii score. 

Figure 5.4. The mean score of the last run in the previous training session and the first run of the next training session 
of both groups per task condition
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Transfer

The DCD group improved on all balance items (Table 5.3). The TD group only showed better 

performance on two items because of the ceiling effect of the other items., all TD children reached 

the maximum score on the three balance items (i.e. Walking on a line, hopping on the best leg and 

standing on a balance beam).  

Table 5.3 Mean pre- and posttest scores of the MABC-2 balance items and the BOT-2 balance item with p-values. 

Balance items DCD pretest 
(SD)

DCD posttest 
(SD)

p-value TD  pretest 
(SD)

TD posttest 
(SD)

p-value

MABC-2 Standing 
on Best Leg (sec) 

13.6 (9.3) 21.5 (10.0) .006** 22.7 (8.8) 26.9 (6.0) .05

MABC-2 Standing 
on Other Leg (sec)

9.1 (7.2) 14.9 (9.4) .023* 18.4 (9.8) 19.7 (8.6) .506

MABC-2 Walking 
over a line (#steps)

8.7 (5.2) 14.5 (2.2) .001** 13.3 (3.9) 15 (0) .042*

MABC-2 Hopping 
Best Leg (#hops)

3.9 (1.3) 4.7 (0.9) .005** 4.8 (0.4) 5 (0) .083

MABC-2 Hopping 
Other Leg (#hops)

2.4 (1.9) 4.1 (1.2) .006** 4.4 (0.9) 4.9 (0.3) .054

BOT-2 Standing on 
balance beam (sec)

8.7 (2.5) 9.9 (0.5) .042* 9.9 (0.3) 10 (0) .157

** significance p<.01, * significance p<.05

Performance on the Yoga balance task improved over the 5 week period (Left leg (F(9, 24) = 4.22 

, p = 0.02, η2 = 0.61; Right leg (F(9, 24) = 4.53 , p = 0.03, η2 = 0.49). After the training, the groups no 

longer differed on these tasks. The data depicted in Figure 5.5 shows that the DCD group caught up 

with the TD group in duration and stability of standing on one leg.

Enjoyment rating scale

After the first week, 31 children reported the training to be “super fun”, two children rated the 

training as “fun” (both TD) and one child rated the training as “a bit of fun” (DCD). After five weeks and 

playing the game a 100 times, only five children changed their opinion. Two increased their score by 

one point to “super fun” (TD) and 2 decreased their score with one point to “fun” (1TD, 1 DCD) and 

one by two points to “a bit of fun” (DCD). 
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DISCUSSION 

The DSM-5 highlights poor skill acquisition as a key feature in the description of DCD. Therefore, 

the general aim of this study was to systematically explore the acquisition of a new motor skill in 

children with and without DCD. More specifically, we examined how learning evolves over 100 

trials of a single task, performed over five weeks. The main results indicate that independent of task 

difficulty, the children with DCD 1) do not differ from TD children in their rate of learning; 2) have 

similar levels of retention; and 3) show evidence of transfer to dynamic and static balance tasks. 

In this study, children with and without DCD played 10 runs of the ski slalom game twice a 

week over a five-week time period. The experimental manipulations we introduced were effective, 

as repetitive training improved Wii-scores, both within and between sessions, and increased task 

difficulty reduced the mean Wii-scores. Remarkably, all children remained motivated throughout 

the five-week study although the same task was repeated many times. The important finding of 

this study is that both groups improved their performance comparably and used similar strategies 

to improve their scores. Children with DCD did not show a retention deficit, that is, children in both 

groups lost a comparably small percentage of their score in the two to five days between sessions. 

Based on these data, it is clear that children with DCD do not have a learning deficit in the 

first stages of learning. An important key to this finding may be the augmented feedback that is 

presented consistently and in large doses via the Nintendo® Wii Fit interface. Ten training sessions 

of 20 minutes duration provided enough practice opportunity for all children (except one) to 

significantly improve their scores; the gain in Wii-score was on average about 35%. This outcome 

Figure 5.5. Mean number of points on the yoga task per leg per training session in TD children and children with DCD



99

Motor Learning: An Analysis of 100 Trials of a Ski Slalom Game in Children with and without Developmental Coordination Disorder 

5

is in line with results of most intervention studies, which have shown that intensive, task-oriented 

therapy improves motor skills (Smits-Engelsman et al., 2013; Zwicker et al., 2015; Ferguson et al., 

2013). Another important finding is that the rate of learning does not seem to plateau after 100 runs, 

which implies that there is room for improvement.

Lack of differences between groups in the rate of learning 

The learning curves of children with DCD were similar to those of the TD children, despite having 

poor scores on the balance items and the total score of the MABC-2. So what could explain the 

often-reported motor learning deficit in children with DCD? Could it be just a matter of lack of 

practicing motor skills? For the very early stages of learning (the first 100 trials) our data suggest 

that exposure to training opportunity, and knowledge of performance and result may best explain 

the increase in level of proficiency in the game and not the overall motor proficiency. We cannot say 

if (or when) performance of the two groups will diverge at a later stage. Unfortunately, we could not 

train the children for a longer time, as training was conducted in school hours and this would have 

impacted on their classroom attendance. 

Learning the task

An active computer game was chosen for learning by repetition. The ski-slalom game also includes 

error-based and reinforcement learning since the movements of the child are projected as the 

movement of the avatar, and success and failure is seen on the screen and heard as an auditory 

feedback signal. In addition, information about the efficacy of the movements is given at the end 

of the game as a total score. The freedom to explore different movement strategies within the task, 

repeating the task at different levels with these large amounts of motivating feedback in the fast 

changing context of the game, resulted in significantly improved performance in scores for all the 

children (except one).  

A critical question that remains is whether and how much further improvement would be realized 

in each of the groups if the training program continued. Would the newly learned skill eventually 

reach the same level in both groups or would the DCD group plateau before the TD group? Our 

enjoyment rating scale indicates that children generally loved the gaming experience and were 

still motivated to play the game at the end of the training. It would therefore be possible to extend 

the number of trials and  future studies might use more repetitions to reveal if the groups reach 

different asymptotes. 

We found one study that trained two children with p-DCD on a hockey slap shot using a large 

number of repetitions (Marchiori et al., 1987). At the end of the training, the kinematics of the 

movement of the two children with p-DCD still showed a lower level of movement consistency and 

less efficacy compared to the two TD children, one with and one without hockey experience. This 

is unlike the lack of difference in our study. Obviously, a hockey slap shot is a very different whole 

body movement compared to playing a motion steered computer game in which timed weight 
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shifts are required. Moreover, we only looked at the improvements in the Wii performance and did 

not analyze the underlying kinematics in our study. 

Motor learning is a complex process. Ideally, it should have the following three effects: 1) 

improved performance on the task trained; 2) retention of skill over time; and 3) transfer of learned 

skill to a different task with comparable elements. Our study included all three aspects, which makes 

this a robust study of motor learning. Children with DCD did not differ from TD children on either 

of these aspects.

Transfer of learning

Eight transfer tasks were used in our study, 6 items taken from general motor tests and the Yoga 

tasks (performed on both legs). Children in the DCD group improved on all these balance tasks 

without being specifically trained, while for the TD children, the effect was only significant in two 

items. This lack of improvement is caused by the fact that both the items of the MABC-2 and BOT-2 

have strong ceiling effects in the balance items (see lack of variance in Table 5.3). Once a child can 

hop 5 times on one leg or stand on a balance beam for 10 seconds there is no room to measure 

improvement.  

Standing in the Yoga position on one leg was not part of the repetitive training, but the posture 

was evaluated 10 times over 5 weeks. This means that if children reached a maximum score in all 

the 10 attempts recorded, they would have practiced this task for 5 minutes per leg over the 5 

weeks of training. Both groups improved significantly on this task showing it to be the more 

sensitive task, since it takes postural sway into account. The transfer tasks taken from general motor 

tests were only measured before and after the whole training period to avoid a possible effect of 

repeating the task. Here too, the time that children held a one legged stance increased. Evidently, 

one leg stance improved in conditions with and without augmented visual feedback. This makes it 

likely that the improvements obtained during the Wii training do indeed transfer to a non-trained 

task with comparable balance elements. Previous studies on the effectiveness of exergames also 

demonstrated transfer to other related skills (Ferguson et al., 2013; Jelsma et al., 2014; Barnett, 

Hinkley, Okely, Hesketh, & Salmon, 2012). The occurrence of transfer of learning raises the question 

of what is actually learned and questions to a certain extent the notion of task specificity. The Mii is 

an indirect form of self-observation, which helps a child to learn skills, possibly through activation of 

the mirror neuron system. The predictive route planning requires frequent timed shifts of weight to 

steer the Mii whilst not losing balance, which may have lead improved dynamic and static balance 

control. Specifically, the observed dynamic visualization of the weight transfer may have assisted in 

acquiring the skills (Hammond, Jones, Hill, Green, & Male, 2014). 

Since it is has been shown that the amount of transfer or generalization is usually small 

(Hammond et al., 2014; Gog, Paas, Marcus, Ayres, & Sweller, 2009) it is important to know which tasks 

transfer to one another and when tasks do not generalize (Mombarg, Jelsma, & Hartman, 2013), 

especially if exergames are used as intervention tools. 
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Motor learning deficit in children with DCD 

Since all the children in this study were novice to exergames, they are considered to have progressed 

through the initial stages of learning during the 5 weeks of training.  According to Fitts and Posner 

(1967) and Bernstein (1967), the first phase of learning is the discovery of one or more effective 

solutions to controlling the Mii. This should converge to the selection of a task strategy that is 

effective and feasible for the child, following several trials, depending on the complexity of the task. 

During these initial stages, we found no differences between the two groups of children in their 

motor learning abilities whether the tasks were easy or difficult. In addition, no differences were 

observed between groups regarding the strategies employed to improve performance. 

Since it is commonly accepted that children with DCD have a motor learning deficit, what could 

explain this discrepancy of the present findings and the literature (Bo et al., 2013; Candler et al., 

2002; Gheysen et al., 2011; Lejeune et al., 2013; Jelsma et al., 2015)? We hypothesize that there could 

be three related possibilities: 

Our first, and most likely, hypothesis is that differences in motor learning will only emerge in the 

later phases of the learning process. It might be that lack of predictive control, as required in the 

later stages of motor learning (not reached yet in the current study), will become a problem because 

of the reported internal modeling deficit (Wilson et al., 2013; Smits-Engelsman et al., 2013; Adams, 

Lust, Wilson, & Steenbergen, 2014).  As a consequence, these children may continue to depend on 

the cognitive and attention demanding processing of feedback, which was abundantly available in 

the game. Children may fail if task constraints increase in complexity or during fast paced activities 

of daily living requiring a level of automatization. In this case, the lack of difference between groups 

could be explained by the fact that we did not study their motor learning beyond the first stages of 

learning. 

A second possibility could be a meta-cognitive one. In this explanation, the lack of difference 

between the groups might be unique to the specific task chosen for this study. It has been shown 

that children with DCD have more difficulties in planning complex skills and evaluating their 

performance (Hyland, & Polatajko, 2012). If the child is not able to implicitly or explicitly analyze 

what went wrong, it is hard to learn from mistakes. Therapy forms that deconstruct the task into 

components, clarify details (planning), train the best sequence and increase awareness of the 

differences between required and actual behaviors can improve the child’s insight into the motor 

problem (Niemeijer, Smits-Engelsman, & Schoemaker, 2007). The task chosen for this study is 

basically a context driven task, which mainly requires trajectory planning and a timed adaptation of 

direction (based on shift of weight) to accomplish the task, unlike the more complex sequence of 

planning of actions like in getting dressed or packing a bag.

The third option that may compromise the motor learning capabilities of children with DCD, 

not measured in the current experiment, is based on psychological factors. In our study all children 

started at the same level of experience in the task (novice). In daily life, learning a new skill or 

becoming more proficient at an existing skill requires practice. If you have poor motor coordination, 



102

Chapter 5

mastering a skill takes more time, more trials and more failures are inevitable. This makes learning 

or mastering a task less enjoyable and children may feel uneasy in the presence of others when 

they are unsuccessful. Feelings of failure, depression or anxiety are known amongst children with 

DCD (Missiuna, Cairney, Pollcok, Campbell, Russell, Macdonald, et al., 2014). In the present study the 

children had exactly the same amount of training (20 minutes time on the task) and augmented 

feedback, and they enjoyed the training over the 5-week period. Hence, it is important to find out 

why children with DCD develop those feelings of failure (Missiuna et al., 2014), tend to spend less 

time than others doing physical activity and seem to be easily discouraged by barriers to physical 

activity (Batey, Missiuna, Timmons, Hay, Faught & Cairney , 2014). Is it their social environment, i.e. 

negative feedback from parents, teachers and peers, or is it the extra effort they are required to 

make when learning a new task that does not seem to pay off that makes them give up? 

In daily life, children may compare themselves to other children and poor performance may easily 

lead to demotivation and result in lack of practice. In our study, children played games individually, 

not in competition. This may have been an advantage because they were less afraid of being 

embarrassed by failure during trials. Ashkenazi et al. (2013) reported that children exerted more 

effort when playing an exergame with their parents, but this was only after they had been training 

for five sessions giving them a head start without a competitive component. Thus, if we find poorer 

skills in children with DCD in situations where there is enough opportunity for skill learning, lack 

of experience by not taking part may be a more likely explanation for the differences with the TD 

children than a motor learning deficit and should be taken into account in future studies. However, 

our results do not suggest that lack of experience is a cause of poor motor functioning, nor that poor 

motor functioning is a cause of not participating. It does show that given the opportunity under 

optimal feedback and under encouraging circumstances, children with DCD would start to learn 

the skills comparably. 

Active computer games yes or no?

Research from our group (Ferguson et al., 2013; Jelsma et al., 2014) and others (Hammond et al., 

2014; Ashkenazi, Weiss, Orian, & Laufer, 2013) has indicated that the use of virtual environments can 

be beneficial to the efficiency and outcome of a rehabilitation program, not only for children with 

DCD but also for those with other medical conditions or lower level of physical fitness (Jelsma, Pronk, 

Ferguson, & Jelsma-Smit, 2013; Sween, Wallington, Sheppard, Taylor, Llanos, & Adams-Campbell, 

2014). Moreover, it has been reported in many studies that children with DCD are less inclined to 

engage in physical activities (Rivilis, Hay, Cairney, Klentrou, Liu, & Faught, 2011), so stimulating them 

through active computer games, which they enjoy, may help them develop or promote some of 

their skills. 

Whether the positive effects of exergaming generalizes to movement proficiency in the daily 

physical environment needs to be demonstrated. There is currently too little evidence regarding the 

relationship between fundamental movement skills proficiency and exergaming (Sheehan, 2011). 
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Further research should explore whether prolonged exergaming could help children learn certain 

skills and if this leads to adaption to environmental constraints in the physical world. 

Strengths and Limitations of the study

In this study, we explored motor learning over a five week period in which 100 repetitions took place, 

which was more extensive than in former publications of procedural motor learning (Lejeune et al., 

2013; Missiuna, 1994 ;Wilson, Maruff, & Lum, 2003). Despite the numerous repetitions, the children 

remained motivated to play the game repetitively, regardless of their level of motor performance. 

Importantly, we only included children who were naïve towards motion steered computer games 

in order to make a comparison of children when learning a new motor task without negative 

experience in earlier attempts to master the task.

A limitation of this study is the absence of norms of the MABC-2 for South African children. To be 

sure of their low level of motor performance, children were only included in the children with DCD 

group if teachers indicated them to have motor problems in daily life and they had a motor test score 

below the 5th percentile.  A second limitation of the study is the limited background information of 

comorbidities in both groups other than the answers to the parent and teacher questionnaires. 

A third limitation of the study is the relatively small sample size. However, we collected 100 data 

points per child for the learning curves, which makes the learning curves reliable. Similar findings in 

other groups of children are needed before one can generalize these results.

CONCLUSION 

It is frequently hypothesized that the poor motor performance of children with DCD is caused by a 

deficit in motor learning. In this study, a fairly coherent picture emerges of intact learning processes 

on a short to medium time scale (5 weeks) in children novice to active computer games; they 

learn, retain and there is transfer of learning. Of interest, is that learning curves and retention were 

comparable for novice TD children and children with DCD.

To date, there are too few studies to confirm a motor learning deficit as the main cause for poor 

motor function in children with DCD. There is a need for longitudinal studies over a longer time scale 

on a variety of tasks to see if the learning curves will differentiate, to determine when tasks become 

automated and to establish if capacity of motor planning or anticipatory control determine the final 

level of acquisition of the skill. 

Our findings suggest that the use of active video games may have the potential to be a valuable 

additional tool in intervention. In this study we focused on a game requiring balance but other 

games could be used that focus on other skills. Research addressing the additive value of training 

tasks in a virtual context to current intervention programs is needed.
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ABSTRACT

Aims: Little is known about the influence of practice schedules on motor learning and skills transfer 

in children with and without developmental coordination disorder (DCD). Understanding how 

practice schedules affect motor learning is necessary for motor skills development and rehabilitation. 

The study investigated whether active video games (exergames) training delivered under variable 

practice led to better learning and transfer than repetitive practice. 

Method: 111 children aged 6-10 years (M= 8.0, SD=1.0) with no active exergaming experience were 

randomized to receive exergames training delivered under variable (Variable Game Group (VGG), 

n=56) or repetitive practice schedule (Repetitive Game Group (RGG), n=55). Half the participants 

were identified as DCD using the DSM-5 criteria, while the rest were typically developing (TD), age-

matched children. Both groups participated in two 20 minute sessions per week for 5 weeks. 

Results: Both participant groups (TD and DCD) improved equally well on game performance. 

There was no significant difference in positive transfer to balance tasks between practice schedules 

(Repetitive and Variable) and participant groups (TD and DCD).  

Conclusions: Children with and without DCD learn balance skills quite well when exposed to 

exergames. Gains in learning and transfer are similar regardless of the form of practice schedule 

employed.
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INTRODUCTION

Despite the wealth of research on differences in motor behavior and its underlying processes 

between typically developing (TD) children and those with Developmental Coordination Disorder 

(DCD), little is known about practice conditions that facilitate efficient motor skill training, and 

about factors that  influence the course of motor learning (Wilson, Ruddock, Smits-Engelsman, 

Polatajko, & Blank, 2013). There is no doubt that children with DCD are able to learn new motor 

skills or improve upon existing ones when given adequate training (Miyahara, Hillier, Pridham, 

Nakagawa, & Miyahara, 2014; Zwicker, Missiuna, Harris, & Boyd, 2012). However, investigations of 

how to effectively manipulate practice conditions to create optimal learning experience are still 

lacking.  

Motor learning refers to the processes that allow individuals to acquire new motor skills and to 

adjust their movements to changes of the physics of the body and the world (Kroemer, Burrasch, 

& Hellrung, 2016). Though there is a general consensus that motor learning leads to improvement 

in motor skills beyond baseline levels, these improvements are not seen as indication of learning 

(Shmuelof, Krakauer, & Mazzoni, 2012).  Rather, improvements observed in retention of acquired 

skills over time and transfer (ability to apply acquired skills in novel situations) are used as key 

determinants of motor learning in human subjects (Shea & Morgan, 1979).  Also, motor learning 

is described as a set of internal unobservable processes that occur with practice or experience 

resulting in permanent changes in movement capacity (Schmidt & Lee, 2011). Acquisition of skilled 

movements is influenced by various factors such as attention focus, type and frequency of feedback, 

amount of practice and practice schedules (Wulf, Shea, & Lewthwaite, 2010). 

Practice schedules refer to the ways practice and/or training sessions are designed and structured 

to optimize learning outcomes (Muratori, Lamberg, Quinn, & Duff, 2013; Vera, 2008). Generally, two 

forms of practice schedules are described in the motor learning literature:  repetitive (or constant) 

and variable practice (Shea, Kohl, & Indermill, 1990). Repetitive practice is the continuous repetition 

of one skill during an episode of training, whereas variable practice involves the execution of 

a wider variation of skills (Lage et al., 2015). It is now known that training the task to be learned 

repetitively (constant practice) leads to improved practice performance but results in poor retention 

and transfer (Battig, 1966; Shea & Morgan, 1979). The advantage of repetitive practice may be that 

performing many repetitions leads to automatization of that skill, and enables temporal and spatial 

adaptations of this specific skill (For example, the skill improves in speed, accuracy, stability and 

fluency). Nonetheless, variable practice leads to increased retention and transfers (Lee & Magill, 

1983; Muratori et al., 2013; Schmidt & Lee, 1988; Shea & Morgan, 1979) and is widely regarded as 

superior to repetitive practice in terms of enhancing skill learning. 

The idea that motor learning benefits more from practicing tasks in a variable rather than 

repetitive practice context is known as contextual interference (CI) effect (Feghhi, Abdoli, & 

Valizadeh, 2011; Magill, 2004; Shea & Kohl, 1990). From a neurocognitive perspective, sensorimotor 
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learning involves learning new mappings between motor and sensory variables. Such mappings 

are termed internal models, as they represent features of the body and the environment.When we 

learn new movements, we must be able to link them to appropriate contextual cues such as objects, 

tasks or environments (Wolpert, Diedrichsen, & Flanagan, 2011). For example, expert video game 

players develop an extraordinary ability to extract information and spread their attention over a 

wide spatial frame without any apparent decrease in atten tional performance (Green & Bavelier, 

2003). 

One of the prominent hypothesis for the poor motor control in DCD concerns deficit in the 

internal modeling of movements (Wilson et al., 2013). According to this hypothesis, children with 

DCD have significant limitations in their ability to accurately generate and utilize internal models 

of motor planning and control. Since learn ing is strongly determined by the neural representations 

and influences how learning generalizes to novel situations, deficits in internal representations will 

not only hamper skill acquisition but also transfer of motor learning. As an example; when playing 

a new or untrained computer game on a balance board, after playing many other active computer 

games during 5 weeks, the relevant inputs stay comparable (the moving and stationary images on 

the screen) and the task relevant output will be similar, namely rapid weight shifts. It is hypothesized 

that by playing many different games (variable training), the child extracts general rules for how to 

control the coveting parameters for different games (Braun, Aertsen, Wolpert, & Mehring, 2009). 

What differs between the various computer games are the param eters of inputs and outputs, such 

as the path through which the children have to steer round the obstacles that have to be avoided, 

and the amount and timing of the weight shifts. Given these comparable task constraints, we can 

expect transfer of learning, which can be evaluated by the more rapid learning of other comparable 

tasks. On the other hand, if the child plays one game over and over again, it will become better at 

that game. However this creates relatively less contextual interference during training because it 

involves executing the same motor task repeatedly. The child playing many different but comparable 

games, may also have improved performance on the games played, but will likewise have learned 

the basic structure of a balance steered computer game and transfer. By playing multiple motor 

tasks contextual interference (CI) effect is assumed to create relatively high interference throughout 

practice because of the rapid changes in task demands from game to game (Shea & Morgan, 1979). 

In short, it is expected  that high levels of CI would result in poorer performance but increased 

retention and transfer compared to low levels of CI because unlike repetitive practice, variable 

practice creates opportunities for more effortful cognitive processing during the acquisition stage 

of learning (Lin, Sullivan, Wu, Kantak, & Winstein, 2007) and structural learning (Braun et al., 2009). 

Previous motor learning research in children with DCD focused on a Serial Reaction Time 

paradigm (Gheysen, Van Waelvelde, & Fias, 2011; Lejeune, Catale, Willems, & Meulemans, 2013; 

Wilson, Maruff, & Lum, 2003). To date, no study has examined the impact of practice schedule 

manipulation on skill learning among children with DCD.  Recent studies have introduced active 

video games (exergames) in various patient groups and demonstrated its effectiveness on motor 
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performance (Bonnechère, Jansen, Omelina, & Van Sint, 2016; Deutsch, Borbely, Filler, Huhn, & 

Guarrera-Bowlby, 2008; Hammond, Jones, Hill, Green, & Male, 2014; D. Jelsma, Ferguson, Smits-

Engelsman, & Geuze, 2015; Lohse, Hilderman, Cheung, Tatla, & Van der Loos, 2014; Mendes et al., 

2012; Smits-Engelsman et al., 2013). Since studies have revealed that most children with DCD have 

balance problems (Cherng, Hsu, Chen, & Chen, 2007; Deconinck, Savelsbergh, De Clercq, & Lenoir, 

2010; Geuze, 2003; Grove & Lazarus, 2007), we investigated the influence of practice schedules on 

motor learning using selected balanced games on a commercially available active video game 

console. 

In this study, we designed an experiment to determine what practice schedule would work best 

in enhancing perceptual-motor learning in children. Specifically, we evaluated the effect of two 

practice schedules on motor learning and transfer in children with DCD and their typically developing 

peers. We hypothesized that improvement in game performance score, which encompasses speed 

and accuracy, would be less when children play 10 different games on the Wii (Variable practice 

schedule) than when they play only one game repetitively (Repetitive practice schedule).  Next, it 

was expected that the variable practice schedule would enhance learning and facilitate transfer to 

untrained comparable tasks more effectively than repetitive practice. In light of the aforementioned 

considerations, the following specific questions were addressed:

1. Are there differences in improvement and retention in game performance between repetitive 

and variable practice schedule during 5 weeks of training? 

2. Are there differences in near transfer to a comparable virtual static balance task between 

repetitive and variable practice schedule during 5 weeks of training?

3. Are there differences in performance on the Criterion test between repetitive and variable 

practice schedule after 5 weeks of training? 

4. Do children learn the criterion test faster after they have played many different Wii games for 5 

weeks (Variable practice schedule)? 

5. Is the level of motor competence (TD vs. DCD) a mediating factor in the rate of learning and the 

amount of transfer?

METHODS

Research Design

A stratified randomized pre-post single blinded design was used to evaluate changes in performance 

during and after 10 training sessions (two times per week for 5weeks) using the Nintendo® Wii Fit 

games in children with and without DCD. 

Pre- and post-test for both groups involved the same Criterion test (see Figure 6.1). In this 

experiment, the Criterion test was followed by practicing either the ski slalom game (same game 

as used in the Criterion test) repetitively, or variations of 10 other selected computer games (see 
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Appendix 1). 

In this experiment, we used a design that made it possible to measure retention and transfer 

in both the repetitive and variable practice schedule groups. To accomplish this, we employed a 

double transfer design to determine both short-term transfer (differences per practice session in 

performance on a yoga task) and long term transfer (differences between pre and posttest in the 

speed of improvement using the untrained Criterion test) among the variable practice group. 

Participants

To select participants, teachers and parents were asked to assist in identifying children between 

the ages of 6-10 years with motor coordination problems based on their observation in class and 

on the playground by highlighting the child’s name on a class roster and returning this list to the 

researchers.  The four DSM-5 criteria were used to identify children with DCD (American Psychiatric 

Association, 2013). All children who scored ≤5th percentile on the Movement Assessment Battery 

for Children 2nd edition (Criterion A), who were identified as having a motor coordination problem 

by the teacher or parent (Criterion B), whose parents reported no diagnosis of a significant medical 

condition known to affect motor performance in the parental questionnaire (Criterion C), and whose 

teacher affirmed the absence of intellectual or cognitive impairment (Criterion D) were included in 

the study.

A total of 56 children with DCD were selected to take part in the study. They were gender- and 

age-matched with 56 TD children from the same classes. Matching of children on age was done on 

half a year basis (±6 months). Typically developing (TD) children had: 1) no evidence of functional 

motor problems as observed by their teacher or parent, 2) a score above the 16th percentile on the 

MABC-2, 3) no diagnosis of a significant medical condition as indicated by a parent and 4) absence 

of intellectual or cognitive impairment as reported by their teacher.  All parents filled a pre-study 

questionnaire that sought to elicit information on medical history and physical health of their child. 

This questionnaire was designed by the authors and had been used in earlier studies (Ferguson, 

Aertssen, Rameckers, Jelsma, & Smits-Engelsman, 2014; Ferguson, Naidoo, & Smits-Engelsman, 2015). 

Fig. 6.1. Research design: Pretest (Criterion test) was conducted for all children, after randomisation they either 
followed the variable practice schedule (A) or repetitive practice schedule (B), all children underwent the same post 
test (Criterion test).
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Instruments

The Movement Assessment Battery for Children-2 (MABC-2)

The MABC-2 was used to select the children. The MABC-2(Henderson, Sugden, & Barnett, 2007) 

consists of eight physical subtests used to assess motor coordination in children aged 3-16 years. 

Raw scores for each item are converted into age appropriate standard scores. The sum of all eight 

item standard scores is recoded into a Total Standard Score (TSS) with a range of 1-19 and a mean of 

10 (SD=3) and gives an impression of the overall motor proficiency. The MABC-2 has demonstrated 

good inter-rater reliability, and criterion validity (Henderson et al., 2007; Wuang, Su, & Su, 2012).  

Wii Fit 

The Wii Fit is a video game designed by Nintendo® for the Wii console. It is an exercise game, 

featuring four main categories of games that users can choose from: Strength, Aerobics, Yoga and 

Balance. The Wii Fit Plus uses a platform called Balance Board (BB), on which the user stands during 

gameplay. The balance board has four force plate sensors, one in each corner, used to measure 

the child’s weight, and to calculate center of pressure (COP) and to estimate weight distribution. 

The BB software focuses on directly controlling the game using the player’s COP displacements via 

movements of a virtual character called the Mii. The Mii is an on-screen character through which the 

user interacts with the game interface. The BB is normalized according to the child’s weight, which 

is a standard procedure of Nintendo Wii. In comparison to a laboratory-grade force platform (FP) the 

BB has been found valid and reliable enough for assessing standing balance (Clark et al., 2010). For 

this study, we pre-selected several balance games for the variable practice schedule (see Appendix 

1), the ski-slalom game for the repetitive practice schedule group and one yoga task to evaluate 

near transfer. The choice of balance games for the study was informed by findings of previous 

research suggesting that many children with DCD have balance problems necessitating specific 

interventions targeted at addressing balance issues. Since exergaming has been shown to provide 

positive effects on balance control (Jelsma, Geuze, Mombarg, & Smits-Engelsman, 2014; Smits-

Engelsman, Jelsma, & Ferguson, 2016), we decided to use balance games to train all the children.  

Wii Test game

The Wii Fit ski slalom game was used as the Criterion test for all the children. Also, the same game 

was used as training game for Repetitive Game group. The goal of the game is to allow the Mii 

(virtual character) ski through 19 gates along a ski slope as fast as possible without missing a gate.  

The spatial layout of the gates on the slope is invariant and runs are therefore comparable over trials 

and children. The individual gates vary in their lateral distance from the middle of the slope and 

their distance along the slope. The number of gates the Mii misses results in 7 seconds penalty time 

per miss and is added up to the time between start and finish, together yielding an integrated speed 

accuracy trade off game score presented on the screen immediately after each run. In this game, 

the direction of weight shifting of the child’s center of mass controlled the movement of the Mii. For 
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instance, when the child shifts his or her center of mass forward or backward (anteriorly/posteriorly) 

the Mii speeds up or slows down; shifting the child’s center of mass to left and right (laterally) directs 

the skier sideways. The outcome of the Wii test game during pre and posttest is referred to as the 

Criterion test score, with higher scores denoting poorer performance (more time needed to finish 

the task and/or more errors made).

Near transfer task 

The standing knee pose is one of the game options in the Yoga category. This game was chosen as 

the near transfer task.  We selected this game as it is closely related to the other balance games used 

to train the children. The standing knee pose involves standing on one leg on the BB, while holding 

the other leg with flexed knee, using both hands in front of the body. An on-screen personal trainer 

demonstrates how to acquire this posture and the software detects the efficacy of the performance. 

The child is required to focus on a representation of the postural sway from their COP holding it 

as steady as possible within a yellow coloured band displayed on the screen. The time taken to 

maintain a steady balance is recorded by the computer (maximum execution time of 30 seconds). 

A maximum score of 50 points per leg can be earned. This score takes into account the number 

of seconds and the steadiness of the pose assumed. Like the other balance games, the Yoga task 

requires the child to stand on the Wii balance board and watch the screen on which augmented 

dynamic visual feedback related to task performance is presented. To monitor progress the child 

performed the Yoga task once for each leg per training session. Both legs were tested for all the 

children.

Enjoyment rating scale

As motivation might be related to the level of motor proficiency and to practice schedule, we 

included an enjoyment rating scale to measure the level of enjoyment experienced while playing 

the games. It was hypothesized that the repetitive game schedule would be experienced as less fun. 

Children chose from five different smiley faces to rate their gaming experience (0 is “no fun at all”; 1 

is “boring”, 2 is “a bit of fun”, 3 is “fun” and 4 is “awesome”), using a scale that was developed for one 

of our earlier studies (Jelsma et al., 2014). We evaluated how much the child enjoyed playing a Wii 

game on three occasions (after the first, third and fifth week of practice). 

Procedure

Approval for the study was granted by the University of Cape Town, Faculty of Health Sciences 

Human Research Ethics committee (HREC: 556/2015) and the designated educational authorities. 

Informed consent for the testing was obtained from all parents and informed assent was also given 

by each child.  Based on teacher’s judgment and responses received from parental questionnaires, 

334 children were preselected for testing by a team of qualified physiotherapists and physiotherapy 

students who had received additional training on the administration of the MABC-2. 56 children 
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with a score ≤5th percentile of the MABC-2 were selected and age-matched with 56 TD children 

(randomly selected) from the same classes.  These pairs were randomly assigned to either the variable 

or repetitive practice schedules. Pre- and post-measures of the Criterion test were conducted by two 

separate teams of assessors, who were blinded to pretest results, group membership (TD/DCD) and 

the practice schedule to which the children belonged (Fig 6.2). 

Training

Four television monitors and four off-the-shelf Nintendo Wii motion-controlled video consoles 

(Nintendo Co. Ltd., Kyoto, Japan), including the balance boards were set up in an empty classroom 

on the school premises.   Four children trained simultaneously each on their own systems under 

the supervision and guidance of two trained student therapists. The role of the supervisors was 

to ensure that Wii fit system works efficiently, to train the children with the correctly calibrated Mii 

and to instruct, encourage and motivate the children. Besides, supervisors were responsible for 

documenting the choice of games played, game scores attained and playing time for each child, 

which consisted of 20 minutes of active gaming, twice weekly for five weeks. 

Each training session comprised of a self-selected choice out of ten games (see Appendix 1) 

in the variable practice schedule (Variable Game group).  To enhance diversity within the variable 

practice schedule, children could only play the same game twice in a session if they wanted (for 

a short description of the games see Appendix 1). Also, children who underwent the repetitive 

Figure 6.2. Flow diagram of recruitment and randomization process. 
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practice schedule had no choice as they were required to play the same game throughout the entire 

training period (Repetitive Game group).  All the children in the repetitive schedule group played 

the ski-slalom game for 5 weeks. Two versions of this game were played alternately, the beginner 

version (consisting of 19 gates) and the advanced version (consisting of 27 gates).

If children missed a training session, they were offered an opportunity to attend a catch-up session, 

preferably in the same week, if that was not possible they came for an extra session the following 

week. All children completed 10 practice sessions. None of the children had prior Wii gaming 

experience. Additionally, no child played any of the Wii games outside the training context.

Data analysis

Data were checked for normality and equality of variances and appropriate analyses were selected.

Comparability of the groups at pretest

Differences in demographic characteristics between groups (TD and DCD) and the practice 

schedules were calculated at baseline using Pearson’s Chi squared test (sex and handedness) or 

t-test (age, BMI and MABC-2).

Analysis of change in performance, near transfer and enjoyment during 10 training sessions

Since the children played different games during training and earned varied scores, we needed to 

create an equivalent aggregate score to be able to test if there were differences in improvement 

and retention in game performance. Therefore, all scores were normalized as the percentage of the 

maximum (or best score possible) obtained for that game over the whole training period. This was 

designated as Normalized Game score, with higher scores representing better performance (100% 

being the maximum score). 

To estimate the relationship between repetitions and the Normalized Game score, a linear curve 

was fitted to the 10 data points (one per session) of each individual child. Regression estimates were 

used to describe the temporal pattern of performance: steepness of the slope (β) reflects the extent 

to which performance becomes better as the training progresses (rate of improvement), while linear 

fit (R2) shows the variability around this progress and reflects retention between sessions. Estimates 

of slope (β) and linear fit (R2) were entered into separate two factor ANOVA (practice schedule and 

participant group as the between factors) (Smits-Engelsman, Jelsma, Ferguson, & Geuze, 2015).  

Also the number of children in which the regression line was significantly different from zero was 

evaluated. The proportion of children with significantly changing slopes (β) in the Repetitive practice 

schedule group and in the Variable practice schedule group was compared using χ2 statistics.

For near transfer, the Yoga task scores were analyzed in a repeated measure ANOVA with Sessions 

(10) as within group factors and participant group (TD/DCD) and practice schedule (Repetitive/ 

Variable) as the between factor. We also tested using a χ2 test if the frequency of the perceived 

enjoyment expressed on enjoyment rating scale was different between practice schedules and 
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participant groups, since we expected that playing different games might be more fun and perhaps 

produce higher motivation. 

Analysis of pre and posttest performance on the Criterion test

Pretest differences on the Criterion test score were analyzed in a repeated measure ANOVA with 

Trials (10), as within group factor and participant group (TD/DCD) and practice schedule (Repetitive/

Variable) as the between factor. 

To test for changes after the 5 weeks training period, we analyzed the Criterion test score in a 

repeated measure ANOVA with Time of test (Pre/Post) and Trials (10), as within group factors and 

participant group (TD/DCD) and practice schedule (Repetitive/Variable) as the between factor. Post 

hoc paired t-tests were performed if a practice schedule or group by training interactions was found.  

To test if the Variable game group learned more after the training sessions (transfer of skills), 

the improvement during the 10 trials at pre and post-test was compared using a paired t-test. The 

total sample size (with an effect size of 0.8) required in each group was calculated. Accordingly, it 

was established that 25 participants per group were required to enter this study in order to detect 

a difference between the groups at a 0.05 significance level with a power of 0.8. Significance level 

was set at p <0.05. All statistical analyses were performed using the Statistical Package for the Social 

Sciences (SPSS Inc., version 23).

RESULTS 

Group comparability 

Parents of one TD child assigned to the Repetitive practice schedule gave permission for the pretest 

but did not consent for the training and so that child could not participate in the training. The 

Repetitive game group therefore consisted of 55 children whereas the Variable game group had 56 

children. For one child, a classification error was made (two children with the same first name got 

the same code which lead to randomization mistake) in the pre-selection process. We left this child 

with DCD, originally randomized as TD, in the practice schedule it was assigned to. Therefore the 

TD group that started intervention consisted of 54 (M=28, F=26) and the DCD group of 57(M=29, 

F=28) children.  Since groups were gender and age matched, no group differences were found 

with regards to age and gender. No difference was found for BMI between the DCD and TD group 

(p=0.34) or between the Repetitive and Variable game group (p=0.42). Because the children were 

selected based on motor performance, large differences were shown on the MABC-2 Total Standard 

Score (mean TSS: TD = 10.7 (2.13), DCD = 3.77(1.30); (t (109) =20.81, p<0.0001). 
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Changes in Performance over Training Sessions

Changes in Normalized Game scores during the 5 weeks of training

There were large changes in the Normalized Game score for the children during the 5 weeks of 

training (See Figure 6.3; Main effect of practice F (1,107) = 14.05, p <0.0001, η2 =0.56). It is shown that 

the DCD group performed worse than the TD group during the training period. Overall, the DCD 

group was poorer (Main effect of group F (1,107) = 17.44, p <0.0001, η2 =0.14) but responded in a 

similar manner to training (no practice schedule by group interaction p=0.18). 

Figure 6.3: Changes during the 10 training sessions on the Normalized Game score (% of the maximum score) for the 
2 participant groups and the 2 practice schedules.

TD Repetitive

TD Variable

DCD Variable

DCD Repetitive

When we compared the steepness of the learning curve (slope β), no significant difference between 

practice schedules (p=0.13) or groups emerged (p=0.16). 

However, as can be seen in Figure 6.3, the variability in the learning curve (R2) of the two practice 

schedules was different (F (1,107) = 83.78, p <0.0001, η2 =0.44). This larger variability in improvement 

in the variable practice group confirmed that Normalized Game scores of the children playing many 

different games were more variable (R2) than if only one type of game was played but retention 

over sessions (slope β) was not affected. Although not reaching the chosen level of significance, a 

trend in the variability for group indicated that the DCD group tended to have a larger variance (R2) 

in their learning curve when they played many different games F (1,107) = 3.73, p =0.056, η2 =0.03). 

The combination of these two variables (β + R2) indicates that even though performance between 

sessions was more variable, the improvement of the 5 weeks was comparable. 
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Table 6.1 Number of children per practice schedule who showed significant changes in their individual learning 
curves.

Group and Practice schedule Individual Improvement Total (n)

Not significant (n) Significant (n)

TD Repetitive practice schedule 2 24 26

DCD Repetitive practice schedule 7 22 29

Total Repetitive practice schedule 9 46 55

TD Variable practice schedule 20* 8 28

DCD Variable practice schedule 24* 4 28

Total Variable practice schedule 44 12 56

*1 child got significantly worse

On further exploration of the individual learning curves, differences were found between the 

numbers of children whose learning curve showed a significant improvement. As can be seen in 

Table 6.1, the learning curves had significantly more changing slopes (β) in the Repetitive group 

than in the Variable group (χ2 =43.04 p<0.001). There was also clear difference in the effect sizes for 

learning curve in the two practice schedules, which are larger in the Repetitive practice schedule 

(Table 6.2).  Large variance in the variable practice schedule decreases the effect sizes. The effect of 

practice in the individual children who could concentrate on one game was more stable than in the 

children who could choose between 10 games.

Table 6.2 Effect size per practice schedule and group in the standardized game score over 10 training sessions.

Practice schedule Eta squared

TD Repetitive practice schedule 0.912

DCD Repetitive practice schedule 0.818

TD Variable practice schedule 0.568

DCD Variable practice schedule 0.461

Changes in near transfer scores during the 5 weeks of training

The Yoga task was measured 10 times on the left and on the right leg (once per training session). The 

DCD group had a lower score on the Yoga task (See Figure 6.4; Main effect of participant group: Left 

leg F (1, 107) = 9.69 p =0.002, η2 =0.08; Right leg F(1, 107) = 13.37 p <0.0001, η2 =0.11). A large effect 

of training was found (Left leg F(9, 99) = 4.06 p <0.0001, η2 =0.27; Right leg F(9, 99) = 4.59 p <0.0001, 

η2 =0.30) indicating transfer to a task close to the game situation but requiring static balance instead 

of faster dynamic changes as practiced during the practice. No interaction with practice schedule 

was found. It can be concluded that both practice schedules lead to a transfer effect on a different 

balance task for both TD and children with DCD, though on a different level.
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Changes in Enjoyment rating scale during the 5 weeks of training

Given the results on the enjoyment scale, it is clear that the children liked to play the exergames. 

After the first week, 91% and 93% children reported the training to be “awesome”, for the repetitive 

and variable practice schedule group, respectively. After five weeks, 89% and 93 % of the children 

rated the training as “awesome” and “0” rated it “not fun” or as “boring”. Only two children rated 

their repetitive practice as “a bit of fun” in the last week of the practice. Remarkably, this shows 

that children also liked doing the same game over and over again. Frequencies of rating were not 

different for the practice schedules (χ2 =1.564, p =0.668; χ2 =2.668, p =0.263, χ2 =2.901 p =0.234, for 

the first, third and fifth week of the practice, respectively). 

Criterion Test game 

Analysis of Criterion test game at pretest 

At pretest, children assigned to Repetitive and Variable practice schedule groups did not differ 

on the score of the Criterion test game over ten runs (p =0.34). There were however differences in 

the initial levels on the score of the 10 runs between TD and DCD (F(1, 106) = 13.40, p <0.001; TD 

mean = 155.83 (39.03), DCD = 175.57 (37.29)), even though all children played the game for the first 

time. The effect size for this comparison was small-to-moderate, partial η2=0.11. 

All groups displayed an increase in Criterion test performance during 10 trials of the pretest, 

leading to a decreased score, because less time was needed and less errors were made during the 

TD Repetitive

TD Variable

DCD Variable

DCD Repetitive

Figure 6.4. TD children showed better performance on the Yoga task at the beginning and the end than the children 
with DCD but no differences were found in the rate of change between the two practice schedules.
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repetitions of the game, indicating that they learned to respond according to the game constraints 

(Main effect of Trial (F(9, 99) = 6.22, p <0.0001, η2 =0.36). The magnitude of change was not different 

between participant groups during these trials (first 10 trials) during the pretest (no significant 

Trial by Participant interaction; p=0.64, η2 =0.067). The rate of improvement during the pretest was 

comparable between the TD and DCD groups (See Figure 6.5-left side). 

Figure 6.5. Changes during the 10 trials of the pretest (left side) and the 10 trials of the posttest (right side) on the 
Criterion test for the 2 participant groups and the 2 practice schedules.

Table 6.3 Pretest and posttest comparison of Criterion test scores.

Multivariate tests of the Criterion test

Effect F df Sig η2

Time (pre/post) 279.871 1.107 0.0001 0.723

Time* Practice schedule (Repetitive/Variable) 84.526 1.107 0.0001 0.441

Time*Participant Group (TD/DCD) 1.202 1.107 0.275 0.011

Time*Practice schedule*Participant Group 0.461 1.107 0.499 0.004

Trials (10 runs of the computer game) 11.596 9.99 0.0001 0.513

Trial* Practice schedule 1.967 9.99 0.051 0.152

Trial*Participant Group 0.813 9.99 0.358 0.092

Trial*Practice schedule*Participant Group 1.117 9.99 0.358 0.092

Time*Trial 0.807 9.99 0.611 0.068

Time*Trial*Practice schedule 2.995 9.99 0.003 0.214

Time*Trial*Participant Group 0.983 9.99 0.459 0.082

Time*Trial*Practice schedule*Participant Group 1.065 9.99 0.395 0.088

TD Repetitive TD Variable

DCD VariableDCD Repetitive
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Pre-post comparison on Criterion Test game 

Table 6.3 displays the large improvement in scores on the Criterion test game after children had 

played active video games for 5 weeks (Figure 6.5; F(1, 107) = 279.871, p <0.0001,  η2 =0.72). However 

the practice effect of the two practice schedules was different (Time of test x Practice schedule; F 

(1,107) = 84.53, p <0.0001, η2 =0.44). The Criterion test score was significantly better for the children 

in the Repetitive game group after the training.  Importantly, no interaction with participant group 

was found (Time of test x Participant group, p =0.28; η2 =0.011).  Both the TD and DCD group 

responded similarly to the two-practice schedules. This also means that the differences between 

the participant groups were still there after the practice (post hoc test for group differences F (1, 

107) = 6.32, p =0.013, η2 =0.056; See Figure 6.5 right side) .  

As expected, the children who had played the Criterion test game for 5 weeks (Repetitive group) 

improved more than the variable group (Table 6.4). It is shown in Figure 6.3 that the DCD group 

performed worse than the TD group during pre and posttest. Figure 6.5 also displays the change 

during the gap between pre and posttest trials, in which the Repetitive practice schedule group, 

kept playing the Criterion test game, while the Variable practice schedule group only played other 

games. It can also been seen that the variable practice schedule group had not improved on the 

Criterion test score immediately at run 11, after 5 weeks of playing other games, but improved fast 

once they started playing the game during run 11 to 20. Figure 6.5 also shows that the children in 

the repetitive practice schedule, who played the same game for 5 weeks, no longer improved during 

the 10 trials of the posttest procedure, due to a ceiling effect. On the other hand, children who 

had not played the Criterion test game during the training (Variable game group), showed large 

improvement during the 10 trials of the posttest (Interaction Time of test x Trial x practice schedule 

F(9, 99) = 3.00, p =0.003, η2 =0.21).  As can be seen in the steepness of the lines, these improvements 

were larger in the Variable game group. 

Table 6.4 Mean and SD of the pre and posttest scores on the Criterion test.

Mean Criterion test score over 10 trials Pretest (Mean±SD) Posttest (Mean±SD) Cohen d for the change

TD Repetitive practice schedule 155.83±35.56 66.36±34.99 2.52

DCD Repetitive practice schedule 175.77±36.12 83.37±41.07 2.56

TD Variable practice schedule 142.14±41.44 121.93±42.43 0.49

DCD Variable practice schedule 175.36±39.21 142.70±38.75 0.83

*Lower scores indicate improvement; less mistakes and less time to finish a run.

Comparison on rate of change in the pre and post Criterion Test 

To answer the question if children learn the Criterion test game faster after they had played 

many different Wii games for 5 weeks, the extent of the change in the pre and post test trials was 
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compared (transfer of skills). For the children in the Variable practice schedule, the difference in the 

change in the pre and posttest showed that they improved more in the post-test trials than during 

the pretest (t (55) 2.56; p=.013). At pretest, their Criterion test game score started at 178 in the first 

run and changed to 152 points in the last run (difference between trial 1 and 10 is 25.6 points, 15% 

improvement) and this change was from 161 at pretest to 112 at the posttest (difference between 

trial 1 and 10 is 48.6 points, 30% improvement). This confirmed a higher gain in the Criterion test 

score after playing other games in the Variable game group. 

DISCUSSION

In this study, we sought to ascertain if variable or repetitive practice schedule enhances sensorimotor 

learning best. The findings were based on changes brought about by participating in a 5-week active 

video games using two-practice schedules, either playing the same game over and over again, or 

engaging in a free choice of 10 different games. The data gave the following answers to our research 

questions: 

1. There is no difference in improvement in the mean standardized game scores in Repetitive and 

Variable practice schedule during 5 weeks of training. Although variability of the individual 

learning slopes is larger in the variable practice schedule, which led to less significant changes 

in the individual game score during the variable practice (retention), this does not lead to 

differences in the transfer of learning.

2. Both practice schedules have a comparably positive effect on a near transfer task (the yoga 

task) tested during the 5 weeks of training. 

3. There were large differences in performance on the criterion test between repetitive and 

variable practice schedule after 5 weeks of training, confirming task specificity of the training 

effect. 

4. Children in the Variable practice schedule group learn the untrained criterion test faster during 

the posttest session after they have practiced other games, compared to the changes in pretest 

(transfer of learning). 

5. The level of motor performance (TD vs. DCD) was not a mediating factor in the rate of learning 

or the amount of transfer. There are no differences in improvement in the Normalized Game 

scores between children with DCD and TD children or in the transfer tasks. 

Although children improved on the trained and less trained tasks, the conclusion is that we could 

not show in the present study that playing variable games enhanced complex motor-skill learning 

more compared to the repetitive practice of playing the same game. 
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Motor learning

In this study, predictions associated with motor learning research were confirmed using active 

video games. First of all, performing a particular task over and over again makes one better at it. 

By playing games repetitively scores get better; this was the case in both TD children as well as 

in children with poor motor coordination. The specificity of learning hypothesis predicted that 

learning is most effective when practice sessions include environment and movement conditions, 

which closely resemble those required during performance of the task. In this study the replication 

of the target skill for the Repetitive practice group showed the largest effects (ES= 2.5), compared 

to the effect size (ES= 0.66) of the children who played many different games. Secondly, if you train 

longer you improve more on the skill trained as was shown in the learning curve based on the 

changes in scores of the 10 training sessions. Thirdly, after a certain time, learning levels off. No 

learning occurred within the ten runs during the post-test after 5 weeks of training in the group 

that repetitively practiced the Wii test game (Criterion test game). That does not imply that longer 

practice will not improve the skills further, it could just be that we entered the less steep part of the 

learning curve. Lastly, learning of variable games influences the rate of learning of a relatively new 

comparable game both aimed at dynamic balance. 

Active computer games and near transfer

In this study, we decided to look at two forms of near transfer: the speed of improvement in a 

different active video game and a near transfer task, while being challenged during a static balance 

task which poses different challenges than that presented by the dynamic balance games trained 

in our study. 

Transfer of learning  is the dependency of learning on practice or performance on prior 

experience. The underlying thought is that the application of skills that were learned in one 

situation will increase the speed of learning of a new skill in another situation. So one 

can consider transfer achieved when the learning of untrained related skills happens faster based 

on prior experience.  If this were true, one would predict that by training many games (Variable 

practice schedule) one would have improved their score also on Criterion test game and that they 

would learn the Criterion test game faster. The first was not the case, the children in the variable 

practice schedule group had not improved significantly on the Criterion test game at the beginning 

of the posttest compared to the last trials of the pretest (see Figure 6.5; the score on run 11 after the 

training is slightly worse than on run 10 before the training). But once the children in the variable 

practice schedule group were able to repeat the Wii test game, they seemed to catch up for a large 

part in one session while playing the game 10 times. So indeed they were learning faster, indicating 

transfer of learning. 

Improvement on the Yoga task was comparable between practice schedules. Based on motor 

training principles, performing a task twice a week for a maximum of 30 seconds per leg cannot 

be called practice as such. To explain transfer from dynamic to static balance, we argue that the 
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tasks selected must share common demands with the trained videogames, e.g., postural control 

guided by immediate visual feedback given on the screen. In contrast with our hypothesis, both 

practice schedules were equally successful, in the near transfer Yoga task. Apparently, both practice 

schedules elicited focus on the virtual character (Mii) as augmented feedback tool to control balance 

in a similar way; whether they repeated the same game or whether the child played different games. 

In short, the central finding is that near transfer is not different between the two-practice schedules.

Active computer games and learning in DCD

Does exergaming help children with DCD in the acquisition of skills? Based on our results and 

outcomes of recent studies (Ashkenazi, Weiss, Orian, & Laufer, 2013; Hammond et al., 2014; Smits-

Engelsman et al., 2015), one could state that for some skills, specifically ones that require fast postural 

adaptations, the answer is yes. However, there is a risk that exergames might give an “overdose” of 

feedback, which may make performance dependent on that feedback which is usually unavailable 

in real life situations.  Augmented feedback helps to develop a reference of correctness and to 

detect errors during motor learning. Importantly, these error signals provided by the excursion of 

the Mii act as a practice signal for refining the accuracy of predictive models; this iterative process 

is thought to be fundamental for motor learning (Davidson & Wolpert, 2005) and is hypothesized 

to be impaired in children with DCD. According to the guidance hypothesis (Schmidt, 1991), during 

acquisition, the learner’s intrinsic error detection and correction processes remain undeveloped 

due to the readily and constantly available augmented feedback. Thus, the individual’s experience 

attributes normally used to develop representations to shape the internal models are supplanted 

by the guidance properties of the feedback.   Quite a number of studies strongly suggests that 

children with DCD have a deficit in motor prediction and online control encapsulated under the 

internal modeling deficit hypothesis (Adams, Lust, Wilson, & Steenbergen, 2014; Wilson et al., 

2013). Especially in children with DCD this abundance of augmented feedback in active computer 

games might therefore be an important point for further studies. The fact that we did not find 

any differences in learning or transfer between TD and DCD does not confirm these hypotheses 

(guidance hypothesis or internal modeling deficit hypothesis) nor does it refute them. Given the 

huge amount of augmented feedback the DCD group seems to thrive and learn at a comparable 

rate. The children with DCD showed a comparable amount of transfer to a Yoga task without the 

need of anticipatory control in a simple context. Whether these skills can be applied in an everyday 

living environment without the bells and whistles provided by the computer games needs to be 

scrutinized in future learning studies. Although 89 % of the children still thought playing the same 

game was awesome by the end of the practice, versus 96% of the variable group, the supervisors 

observed discussions and excitement in the children in the variable game group on which games 

to play on subsequent sessions. However, this was not the case for the repetitive practice schedule 

group as they did not have that option. Therefore, we would recommend giving children the choice 

to select their own games depending on the goal of the practice.  
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CONCLUSION

Our findings suggest that playing active video games enhances sensorimotor learning and yields 

superior performance. Effect of active video gaming is large, whether children follow repetitive or 

variable practice schedule. There are clear indications of transfer after active computer training 

to tasks that share common elements. Variable practice schedule does not enhance the transfer 

effect. Although we are replicating previous findings that children with DCD perform poorer on 

exergames, the learning effect is comparable for children with different levels of motor proficiency. 
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Appendix 1: Description of games played by the children in the variable practice schedule group

Number
 (#)

Name of Game Brief Description Total number of 
games played over 
10 sessions (n=56)

1 Soccer heading The player is supposed to head soccer balls and 
avoid other objects by shifting body weight to the 
left and right sides. 364

2 Table tilt The player is expected to move balls into a hole by 
shifting his body weight forward, backward, left 
side and right side. 323

3 Ski jump The player skis around obstacles by stepping on and 
off the balance board and shifting his body weight 
from forward to backward and left side to right side. 639

4 Bubble Balance The player steers a water bubble throug a narrow 
water course without allowing the bubble to tocuh 
the river bed. This is achieved by carefully shifting of 
his/her body weight on the balance board. 475

5 Penguin slide The player is expected to catch fishes flying over 
iceberg by shifting his/her body weight in several 
directions (forward, backward and sideways). 280

6 Snow board The player moves through gates by shifting his/
her body weight from forward to backward on the 
balance board. 247

7 KungFu The player follows the instruction on the TV screen 
and executes the correct movement pattern 
by repeating the gestures of the Mii (an avater 
character) 405

8 Obstacle course The player runs over gaps and around obstacles 
through vertical displacement of his center of mass. 
The player is neither required to fall into a ditch nor 
be hit by the moving obstacles 482

9 Perfect 10 The player is expected to hit numbers that sum 
up to 10 by shifting his/her body weight forward, 
backward and sideways. 396

10 Skateboard Player moves over elevated obstacles by shifting 
his/her body weights in several dierctions (anterior-
posterior /sideways). 359

Total Number of Games 3970

Mean Number of games per session 7.1 (SD: 2.0) 
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ABSTRACT

Aim: Transfer of motor skills is the ultimate goal of motor training in rehabilitation practice. In 

children with Developmental Coordination Disorder (DCD), very little is known about how skills are 

transferred from training situations to real life contexts. In this study we examined the influence of 

two types of practice on transfer of motor skills acquired in a virtual reality (VR) environment. 

Method: One hundred and eleven children with DCD and their typically developing (TD) peers, 

aged 6-10 years (M= 8.0 SD=1.0) were randomly assigned to either variable (n=56) or repetitive 

practice (n=55). Participants in the repetitive practice played the same exergame (ski slalom) 

twice weekly for 20 minutes, over a period of 5 weeks, while those in the variable group played 10 

different games. Motor skills such as balance tasks (hopping), running and agility tasks, ball skills 

and functional activities were evaluated before and after 5 weeks of training. 

Results: ANOVA repeated measures indicated that both DCD and TD children demonstrated 

transfer effects to real life skills with identical and non-identical elements at exactly the same rate, 

irrespective of the type of practice they were assigned to. 

Conclusion: Based on these findings, we conclude that motor skills acquired in the VR environment, 

transfers to real world contexts in similar proportions for both TD and DCD children. The type of 

practice adopted does not seem to influence children’s ability to transfer skills acquired in an 

exergame to life situations but the number of identical elements does. 
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INTRODUCTION

Active video games, also known as exergames have recently been found to be useful tools for 

training children with and without Developmental Coordination Disorder (DCD) (Blank, Smits-

Engelsman, Polatajko, & Wilson, 2012; Jelsma, D., Geuze, R.H., Mombarg, R., Smits-Engelsman, 2014; 

Hammond, Jones, Hill, Green, & Male, 2014; Deutsch, Borbely, Filler, Huhn, & Guarrera-Bowlby, 2008; 

Sandlund, M., Waterworth, E. L., & Häger, 2011). For instance, the Nintendo Wii® has been shown 

to improve dynamic balance, aerobic capacity and agility in children with motor problems (Smits-

Engelsman, Jelsma, & Ferguson, 2016). Exergames are motion-dependent video games that use 

whole bodily movement to regulate gameplay (Di Tore, & Raiola, 2012). Exergames provide online 

feedback and motivational experiences making it conducive for children with DCD to learn new 

skills. For exergames to be relevant and effective as an intervention, it is critical to demonstrate that 

skills learned by playing active video games can transfer to motor skills used in the real world. 

Motor learning researchers have indicated that the best way to enhance transfer and retention is 

to train learners using a variable practice structure rather than repetitive practice (Breslin, G., Hodges, 

N.J., Steenson, A., Williams, 2012). Although repetitive practice leads to better performance during 

the acquisition phase of training, it often impairs learners’ ability to retain and transfer skills acquired 

in practice to other situations. Variable practice on the other hand, results in greater retention and 

transfer because it strengthens generalized motor programs and creates memory representations 

enabling individuals to achieve desired movement proficiency even in unaccustomed settings 

(Douvis, 2005). 

Transfer of learning is the ability to apply acquired motor skills to novel task variants (Seidler, & 

Noll, 2008; Smethurst, & Carson, 2001). From this definition, it is clear that the core element of transfer 

of skills is generalizability or adaptability. Generally, transfer is described in several ways including 

near vs. far transfer (Karbach, & Kray , 2009), positive and negative transfer (Schmidt, & Lee, 2005) 

and bilateral transfer, showing improvement of a task not only in the trained limb, but also in the 

non-trained hand or foot (Byrd, Gibson, & Gleason, 1986). While near transfer reflects transfer effects 

that occur between similar skills and/or tasks, far transfer is usually used to denote transfer effects 

observed between two dissimilar skills (i.e. tasks that share fewer common elements) (Schmidt, & 

Young, 1987). Critically, far transfer is the application of learned skills in unfamiliar contexts. 

Two theoretical paradigms that are commonly cited to explain the idea of skill transfer are the 

identical elements theory and the transfer appropriate processing theory (William, 2011)]. According 

to the identical elements theorists, the degree of transfer depends on the level of similarity (number 

of common elements) between two skills. Thus, the greater the number of common elements, the 

stronger the transfer effects. In contrast, proponents of transfer-appropriate processing theory 

argue that transfer effects depend on the similarity of cognitive processing features between skill 

sets and not so much on how motor elements are related (Lee, 1988).

The concept of transfer of training has been extensively explored in the motor learning 
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literature. However, most studies have almost exclusively focused on transfer effects occurring 

within natural or real-world settings in healthy individuals (Boutin, Badets, Salesse, Fries, Panzer, 

& Blandin, 2012; Vera, & Montilla, 2003). To date, the number of studies investigating transfer from 

virtual environments to the physical world is limited. Additionally, there is no evidence of how 

children with and without DCD transfer motor skills acquired from practice situations to untrained 

skills outside training contexts. It is therefore reasonable to investigate whether motor skill training 

delivered in a virtual environment would lead to improvement in skills in real world settings. Even 

though recent research has demonstrated the occurrence of skill transfer in children with DCD 

(Farhat et al., 2015), the exact nature of the transfer mechanism is not known. 

DCD is one of the most common motor disorders of childhood and is considered to be a global 

health problem among school-aged children (Smits-Engelsman et al., 2013). The prevalence of 

DCD is estimated to be between 5 to 6 % worldwide (APA, 2013), These limitations may affect their 

academic performance and social life (Cairney, Hay, Faught, & Hawes, 2005). Normally, children must 

be proficient in a wide array of motor skills to be able to function effectively and interact in their 

environment. Unfortunately, for those with DCD, time and resource constraints do not allow them 

to receive intervention for every essential motor skill. The ultimate goal for prescribing intervention 

for children with DCD is to equip them with functional skills required during daily activities, leisure 

or sports. It is therefore expedient to gain more insight into the mechanisms of skill transfer in this 

population, so clinicians could offer training programs in ways that would enhance generalizability 

of skills. 

It is now known that the most effective interventions for treating children with DCD are task-

specific approaches (Blank et al., 2012; Wilson, Ruddock, Smits-Engelsman, Polatajko, & Blank, 

2013). Commonly reported task-oriented approaches found to be effective treatment options for 

children with DCD include Cognitive Orientation to Occupational Performance Approach (CO-OP) 

(Miller, Polatajko, Missiuna, Mandich, & Macnab, 2001; Polatajko, & Mandich, 2004), Neuromotor Task 

Training (NTT) (Smits-Engelsman, & Tuijl, 1998; Niemeijer, Smits-Engelsman, & Schoemaker, 2007; 

Schoemaker, & Smits- Engelsman, 2005; Schoemaker, Niemeijer, Reynders, & Smits-Engelsman, 

2003; Ferguson, Jelsma, Jelsma, & Smits-Engelsman, 2013) and Virtual Reality gaming (Jelsma et al., 

2014; Hammond et al., 2014; Levac, D.E., & Galvin, 2013). 

It is widely reported that children experience greater gains in motor performance when 

children are active participants in therapy, with limited therapist support, rather than therapist-

directed interventions, where children are given high doses of external support (Jokic, Polatajko, & 

Whitebread, 2013). Motor learning is enhanced when children are presented with many options and 

are given opportunities to make choices (Lewthwaite, Chiviacowsky, Drews, & Wulf; Sanli, Patterson, 

Bray, & Lee, 2013). In addition, increasing the number of practice trials and time on task further 

increases the extent of motor learning (Schoemaker, & Smits-Engelsman, 2015; Smits-Engelsman, 

Schoemaker, Delabastita, Hoskens, & Geuze, 2015). Based on these considerations, we designed the 

present study to investigate the impact of type of practice (variable vs. repetitive) on a wide range 
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of transfer tasks in two groups of children who were trained to acquire dynamic balance skills using 

an active video game (Nintendo Wii). 

Previous virtual reality (VR) training using the Nintendo Wii revealed positive transfer effects on 

balance and agility tasks in children who played active video games with variable practice schedule 

(Jelsma et al., 2014; Hammond et al., 2014; Di Tore et al., 2012). Studies conducted in typically 

developing (TD) children and other clinical groups have shown that positive transfer occurs when 

trained skills are similar to the new task, so called near-transfer (Schmidt et al., 2005) as well as 

to tasks that are dissimilar (far transfer) (Bar-Haim et al., 2010; Robert, Guberek, Sveistrup, & Levin, 

2013). Yet, it is not clear whether variable practice would lead to positive far transfer in children 

with and without DCD. Therefore, the purpose of the study was to test whether VR training leads 

to improvements in every day skills requiring dynamic balance such as hopping, to tasks with 

some common motor elements, such as slalom running and sit-to-stand. Lastly, we also included 

tasks with very few identical elements to the training (ball catching, pegboard). We compared a 

VR protocol of variable practice with repetitive practice and examined the changes on transfer 

between TD and DCD children. We hypothesized that children who played active video games and 

followed the variable practice protocol would demonstrate greater gains in skill transfer than the 

repetitive practice group. 

METHODS

Research Design

A stratified randomized pre-post single blinded design was used to evaluate practice effects on 

transfer of motor skills using the Nintendo Wii program in children with and without DCD.

Participants

In this study, participants were selected using the same procedure described in earlier studies 

(Ferguson, Aertssen, Rameckers, Jelsma, & Smits-Engelsman, 2014; Ferguson, Naidoo, & Smits-

Engelsman, 2015). Teachers and parents were asked to assist in identifying children with motor 

coordination problems based on their observation of the children in class and on the playground. 

The four DSM-5 criteria were then used to identify children with DCD (APA, 2013). All children in 

the age range of 6-10 years (Criterion C), who scored below the 5th percentile on the Movement 

Assessment Battery for Children 2nd edition (Criterion A), who were identified as having a motor 

coordination problem by the teacher or parent (Criterion B), whose parents reported no diagnosis of 

a significant medical condition or co-morbidity known to affect motor performance in the parental 

questionnaire (Criterion D); and whose teacher affirmed the absence of intellectual or cognitive 

impairment (Criterion D) appeared to fulfill the criteria for DCD. Through this procedure, 57 children 

with DCD were selected to take part in the study and they were age- and gender matched with 54 

TD children from the same classes. 
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TD children recruited from the same school as the children with DCD had: 1) no evidence 

of functional motor problems as observed by their teacher or parent, 2) a score above the 15th 

percentile on the MABC-2, 3) no diagnosis of a significant medical condition as reported by a parent 

and 4) absence of intellectual or cognitive impairment as confirmed by their parent and teacher.  

None of the children that took part in the study had experience or owned commercially available 

consoles for active computer games.

Instruments

The Movement Assessment Battery for Children-2 (MABC-2)

The MABC-2 (Henderson, Sugden, & Barnett, 2007) consists of eight physical items of three subtests 

used to assess motor coordination in children aged 3-16 years. Three age bands (3-6; 7-10; 11-16 

years) offer age appropriate items. Raw scores for each item are converted into standard scores. 

The Total Standard Score (TSS) is a sum of the individual standard scores and gives an impression of 

overall motor proficiency. The MABC-2 is considered a reliable and valid measure for the assessment 

of motor performance (Henderson et al., 2007; Smits-Engelsman, 2010; Wuang, Su, & Su, 2012). In 

children with DCD, internal consistency is reported to be high (alpha=0.90) and test-retest reliability 

for the total scores is viewed as excellent (ICC= 0.97). The age appropriate MABC-2 items were used 

to confirm the motor performance of both participant groups and at post test to determine the 

change in overall motor proficiency s after playing exergames. 

It is known that the MABC-2 balance items have a ceiling effect in TD children. Since all children 

in the current study were between 7-10 years (age band 2), we also used the items of age band 3 as 

additional standardized balance items. Scores of these three items were added up and used for pre 

and post training comparison to have a broad range of balance items for evaluation of the transfer 

effect. We refer to these items in the text as Balance AB3. 

Running and Agility and Balance measures (Bruininks Oseretsky test of motor proficiency 2, BOT2) 

(Bruininks & Bruininks, 2005)

Based on earlier research (Jelsma et al., 2014; Mombarg, Jelsma, & Hartman, 2013), we expected 

the largest transfer of exergaming to activities that require static and dynamic balance, and fast 

directional changes. For that reason, we chose two subtests of the Bruininks Oseretsky test of 

Motor Proficiency, second edition (Bruininks & Bruininks, 2005) to measure balance and agility. First, 

the balance subtest which consists of seven static balance tasks and two dynamic balance tasks. 

Secondly, the running speed and agility subtest, which consists of one sprint task and four dynamic 

balance tasks. Each raw score is converted into a point score. All point scores are cumulated into a 

total point score for each subtest. Per subtest, total point scores are converted according to sex- 

and age specific norm tables into subtest scale scores, which were used for the analysis. Inter-rater 

reliability for scale scores is consistently high for subtest balance (0.99), and running speed & agility 

(0.99) (Bruininks & Bruininks, 2005). 
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Functional strength tasks 

To test if improvements in balance could be extrapolated beyond balance activities and be applied 

in standardized tasks that are closely related to every day motor skills, we chose activities from 

the Functional Strength Measure (FSM) (Smits-Engelsman, & Verhoef-Aertssen, 2012). These items 

are standardized and have age appropriate norms. For this study, the 5 items of the FSM were 

administered; the Long jump. Lateral step-up, Sit to stand, Stair climbing and Lifting a box (Smits-

Engelsman, & Verhoef-Aertssen, 2012; Aertssen, Ferguson, & Smits-Engelsman, 2016). Each test item 

was administered three times and the best raw scores were used for the analysis. Reliability of the 

FSM is reported to be good with ICC’s for the various items ranging from, 0.73 to 0.91 (Aertssen, 

Ferguson, & Smits-Engelsman, 2016).

Sprinting

A frequent playground activity commonly observed in most primary schools is playing tag games 

and for that children need to run short distances and sharply change direction. To get an impression 

of the speed at which children could run and turn over short distances we chose to administer two 

sprint tests. In the 10 x 5-meter sprint test, children have to run a distance of 5m ten times without 

stopping (Mechelen, Lier, & Hlobil, 1991; Bovend’eerdt, & Kemper, 1980). After every 5m the child 

has to turn. The time to complete the 10 laps (measured in seconds) is recorded. The test has good 

reliability in TD children (Mechelen, Lier, & Hlobil, 1991; Bovend’eerdt, Kemper, & Verschuur, 1980). 

No test retest data are available for DCD children yet. 

To increase the agility component, a new test item was developed: the 10 x 5-meter slalom test 

(Di Tore, 2012). It is similar to the 10 x 5m sprint test, except that the trajectory that the children have 

to run requires multiple directional changes to be made during the test. Children had to complete 

ten laps and the time was recorded (See figure 7.1). 

Figure 7.1. 10x5m sprint test and 10x5m slalom test

10x5 meter sprint
Track distance is 5 
meter. 
Run 10 times 5 meter 
without stopping. 
Time in milliseconds 
is measured

10x5 meter slalom 
sprint
Track distance is 5 
meter. 
Strait start to stop line 
is 4.41meter (a).
Run 10 times without 
stopping. 
Time in milliseconds is 
measured
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Training

In a special classroom at the school, a fixed arrangement of four televisions, four Nintendo© Wii Fit 

consoles and balance boards were set up and partitioned in a way that children could not see other 

screens while playing. Four children simultaneously played the game under the direct supervision 

of two trained (student) therapists, who provided instructions when needed, motivation and 

encouragement to the children. These student therapists also recorded scores obtained by each 

child at the end of each game. All children spent 20 minutes playing twice a week for a period of five 

weeks. Both groups were randomly divided in two training protocols: 

The variable practice protocol: children could play several games in random order choosing their 

preferred games out of 10 preselected Wii Fit balance games. For details about the games see 

appendix 1. They were allowed to play selected games at least once per session. 

The repetitive practice protocol: children could only play the ski slalom game in alternating series of 

beginners (19 gates) and advanced level (27 gates). 

Children were offered an opportunity to catch up if they missed a training session, preferably during 

the same or otherwise the next week. 

Procedure

Approval for the study was granted by the University of Cape Town, Faculty of Health Sciences Human 

Research Ethics committee (HREC: 556/2015) and the designated educational authorities.  Written 

informed consent for the testing was obtained from all parents and written informed assent was 

also given by each child. 

Children with DCD were tested by a team of qualified physiotherapists and physiotherapy 

students who had received prior training on the administration of all outcome measures before 

commencement of the study. To ensure that the protocols both contained approximately equal 

numbers of children with DCD and TD, all participants were stratified by participant group (TD/DCD) 

before being randomly assigned to either protocol.

Children were tested on the FSM items and BOT-2 by the same assessors on one day and on 10 

x 5 meter sprint tests on a separate day. Training commenced one week later and continued for five 

weeks. All pre- and post-measures were conducted by two separate team of assessors, who were 

blinded to pretest results and the protocol the children were assigned to.

Data analysis

All data were checked for normality and equality of variances and appropriate analyses are reported. 

Differences in demographic characteristics between the groups were calculated at baseline using 

Pearson’s Chi squared test (gender and handedness) and t-test for age, height, weight, and BMI, and 

pretest values of the tests (motor performance, balance, agility and strength). 

Next we tested if motor performance, balance, agility and the functional strength tasks changed 

with training and if this effect was different between the protocols and participant groups, by using 
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a repeated measure ANOVA with pre and post score as within, and protocol (repetitive/variable) and 

participant group (TD/DCD) as between factors. 

Lastly, post hoc paired t-tests were done to compare pre-and post values for the TD and DCD 

group separately.

Effect sizes were reported so the magnitude of the effects is easily understood regardless of the 

scale that was used to measure the dependent variable. This would also allow for comparison to be 

made between the results of the current study and those that have been reported in the literature. 

The size of the between group effects was determined by Cohen’s d effect size and classified as: >.20 

small, >.50 moderate and >.80 large effect size (Cohen, 1988). For the ANOVA, the estimates of effect 

size were calculated as partial eta square. Partial eta squared is to be interpreted as the proportion of 

the total variability in the outcome variable that is accounted for by the variation in the independent 

or manipulated variable (in our case intervention and protocol). Small, medium, and large effects 

correspond to values of η2 of 0.01–0.05, 0.06–0.14 and >0.14 (Field, 2010).

Significance level was set at p < .05. All statistical analyses were run in Statistical Package for the 

Social Sciences (SPSS Inc., version 23).

The total sample size required in each group was calculated based on previous data (Ferguson et 

al., 2013). Accordingly, it was established that 26 participants per group were required to be able to 

detect a difference between the groups at a 0.05 significance level with a power of 0.8.

RESULTS

Group differences pre-training

Since groups were gender and age matched, no group differences were found with regard to age, 

gender or hand preference (Table 7.1). Also no differences between groups on weight, height or BMI 

were found (p = 0.35, 0.95, 0.40, respectively).

Group differences pre-training on standardized tests

Since the children were selected based on their MABC-2 scores, large differences were shown for 

the MABC-2 Total Standard Score (mean TSS: TD 10.7 (2.1), DCD 3.77(1.3); (t (109) =20.8, p<.0001). 

For means on pretests for all standardized tests see Table 7.2. Children with DCD scored worse on 

the sprint tests, running and agility, and balance. Additionally they performed worse on most of the 

functional strength tasks. No group differences emerged on the ‘lifting a box’ item. 
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Table 7.2 Means (SD) for the TD (n=54) and DCD (n=57) group and statistics of the independent t-test for the 
comparison at baseline. 

Variables Mean (SD) TD Mean (SD) DCD t(df=109) P-value Cohen’s d

MABC-2 Total score 10.7 (2.1) 3.8 (1.3) 20.8 0.0001 4.06

MABC-2 Subscore Manual 
dexterity

10.9 (3.1) 5.8 (2.1) 15.5 0.0001 1.96

MABC-2 Subscore Aiming & 
Catching

9.8 (1.9) 6.0 (2.8) 8.3 0.0001 2.0

MABC-2 Subscore Balance 10.5. (2.65) 4.7 (2.0) 13.2 0.0001 2.51

MABC-2 Balance AB3 22.9 (6.7) 15.18 (7.8) 5.2 0.0001 1.06

Long jump (cm) 108 (21.0) 86.1 (19.9) 5.8 0.0001 1.07

Mean Lat step (#) 35.5 (5.8) 32.8 (6.9) 2.1 0.034 0.4

Sit to stand (#) 25.4 (6.3) 24.2 (7.3) 0.9 0.035 0.2

Stairs (#) 68.4 (11.5) 58.4 (10.5) 4.8 0.0001 0.9

Lifting a box(#) 17.2 (4.2) 15.8 (3.6) 1.9 0.48 0.4

Sprint strait (s) 23.8 (2.5) 25.9 (3.8) -3.5 0.0001 0.7

Sprint slalom (s) 29.5 (4.3) 32.5 (7.3) -2.6 0.0001 0.5

BOT balance (Scale) 17.7 (3.6) 13.9 (3.3) 5.7 0.0001 1.1

BOT agility (Scale) 20.1 (2.8) 16.6 (3.2) 5.8 0.0001 1.2

Table 7.1 Baseline characteristics of the participant groups 

Variables TD 
Mean (SD) or n (%)

 DCD 
 Mean (SD) or n (%)

Age (years) 7.56 (1.02) 7.67 (1.02)

Gender    

Male 28 (51.9) 29 (50.9)

Female 26 (48.1) 28 (49.1)

Hand Preference    

Right 52 (96.3) 53 (93.0)

Left 2 (3.7) 4 (7.0)

Body composition

Height (m) 1.24 (0.05) 1.21 (0.05)

Weight (kg) 26.9 (5.7) 28.3 (9.4)

BMI (kg/m2) 16.8 (3.1) 16.0 (2.7)
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Effects of training

The effect of training is summarized in Table 7.3. Overall, it can be seen that after the training 

children scored better on all activities tested, although the degree of improvement varied. It is also 

clear from the statistics that there was no main effect of protocol. Outcome of the paired sample 

t-test comparing pre and post measures for the DCD and TD group separately, is presented in Table 

7.4. Results will be discussed in detail below.

Table 7.3 Repeated measure ANOVA Statistics (F, p and eta –values) for the main effects for the 3 factors (Group: 
TD/DCD; Training: pre- post and Protocol: Repetitive/Variable)

 Group   Training Protocol

  F P η2 F P η2 F P η2

MABC-2 Total 
score a

220.67 0.0001 0.673 116.25 0.0001 0.601 0.027 0.871 0.0001

MABC-2 
Manual 
dexterity

41.894 0.001 0.281 16.276 0.0001 0.132 0.060 0.808 0.001

MABC-2 
Aiming & 
Catching b

12.53 0.001 0.105 66.76 0.0001 0.384 0.317 0.575 0.003

MABC-2 
Balance a

64.228 0.0001 0.375 91.827 0.0001 0.462 0.001 0.977 0.0001

MABC-2 
Balance AB3

28.99 0.0001 0.21 25.74 0.0001 0.194 0.329 0.33 0.009

Long jump 
(cm) a

26.72 0.0001 0.203 35.632 0.0001 0.253 1.994 0.161 0.019

Mean Lat step 
(#)

     4.45 0.037 0.041 85.811 0.0001 0.45 0.219 0.641 0.002

Sit to stand (#) 4.37 0.039 0.040 91.021 0.0001 0.464 1.370 0.245 0.013

Stairs (#) 13.70 0.0001 0.115 52.586 0.0001 0.334 0.130 0.911 0.000

Lifting a box(#) 6.85 0.01 0.061 119.366 0.0001 0.532 0.107 0.745 0.001

Sprint strait (s) 19.52 0.0001 0.157 10.149 0.002 0.088 0.056 0.813 0.001

Sprint slalom 
(s)

18.18 0.0001 0.148 67.221 0.0001 0.39 0.198 0.657 0.002

BOT balance 
(Scale) b

33.90 0.0001 0.241 41.171 0.0001 0.278 0.306 0.581 0.003

BOT agility 
(Scale)

38.13 0.0001 0.265 35.35 0.0001 0.25 1.137 0.289 0.011

a Interaction Participant group by Training 
b Interaction Participant group by Training x Protocol. 
Interaction effects are not shown in the tables but described in the text or shown in graphs.
# number
s seconds
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MABC-2

Results revealed a large effect of training (F (1,107)  =  116.250, p  <0.0001, η2=0.52) on the TSS. 

Against our hypothesis, the transfer of the active computer training to total MABC-2 scores was not 

influenced by the protocol (p=0.87, η2<0.0001). However change on the MABC-2 total score was 

related to participant group (Interaction Training x Participant group F (1,107) = 35.49 p <0.0001, 

η2=0.249). The DCD groups improved more than the TD groups, both on total score and cluster 

balance. Nevertheless the change in both groups was significant on the TSS, with very large effect 

size for the DCD group (TD F (1,52)  =  9.04 p  <0.004, η2=0.148; DCD F(1,55)  =  190.73 p  <0.0001, 

η2=0.776) (Figure 7.2).

Since the games played during training were predominately focused on balance and agility we 

included different test items to test transfer. 

On the cluster of the MABC-2 balance items, large effect of training was found (F(1,107) = 48.12, 

p <0.0001, η2=0.31) but no interaction with protocol was revealed. An interaction with participant 

group was found (Interaction Training x Participant group F(1,107) = 18.71 p <0.0001, η2=0.149). On 

the balance cluster the improvement was only significant in the DCD groups and not for TD (Cluster 

Table 7.4 Means (SD) and p-values of the paired sample t-test for the pre and post intervention outcomes for 
the TD and DCD group separately

  TD pre TD post p DCD pre DCD post p

MABC-2 Total score 
(SS)

10.7 (2.1) 12.1 (3.1) 0.004 3.8 (1.3) 8.6 (2.7) 0.0001

MABC-2 Manual 
dexterity (SS)

10.9 (3.1) 11.6 (3.2) 0.15 5.8 (2.1) 8.8 (2.3) 0.0001

MABC-2 Aiming and 
Catching (SS)

9.8 (1.9) 11.1 (2.8) 0.001 6.0 (2.8) 9.1 (3.2) 0.0001

MABC-2 Subscore 
Balance (SS)

10.5 (2.6) 11.5 (3.7) 0.094 4.7 (2,0) 8.8(3.5) 0.0001

MABC-2 Balance 
AB3 (Sum score)

22.9 (6.7) 26.0 (7.7) 0.001 15.18 (7.8) 19.25 (8.9) 0.001

Long jump (cm) 108 (21.0) 116.2 (25.3) 0.002 86.1 (19.9) 100.9 (19.1) 0.0001

Lateral step (#) 35.5 (5.8) 43.6 (7.4) 0.0001 32.8 (6.9) 42.5 (7.2) 0.0001

Sit to stand (#) 25.4 (6.3) 34.9 (7.6) 0.0001 24.2 (7.3) 32.3 (5.5) 0.0001

Stairs (#) 68.4 (11.5) 75.5 (16.5) 0.0001 58.4 (10.5) 69.4 (12.6) 0.0001

Lifting a box (#) 17.2 (4.2) 23.7 (6.4) 0.0001 15.8 (3.6) 20.8 (5.7) 0.0001

Sprint strait (s) 23.8 (2.5) 22.6 (2.2) 0.002 25.9 (3.8) 25.1 (3.1) 0.075

Sprint slalom (s) 29.5 (4.3) 24.0 (3.3) 0.0001 32.5 (7.3) 26.4 (3.6) 0.0001

BOT balance (Scale) 17.7 (3.6) 19.6 (3.4) 0.0001 13.9 (3.3) 16.7 (4.1) 0.0001

BOT agility (Scale) 20.1 (28) 21.8 (3.7) 0.0001 16.6 (3.2) 18.18 (4.2) 0.0001

SS; standard score
#; number
 s; seconds
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Balance: TD F(1,52) = 2.88 p <0.094, η2=0.053; DCD F(1,55) = 73.95 p <0.0001, η2 =0.573).

When we analyzed the MABC-2 balance tasks of the items of age band 3 again an effect of 

the training was shown (Balance AB3 F(1,107) = 28.62 p <0.0011, η2=)0.21 and no interaction with 

protocol emerged (p=0.27) nor with participant group (p=0.88). Post hoc analysis showed that both 

groups improved significantly on the more difficult items of the Balance items of the higher age 

band (Balance AB3: TD F(1,53) = 14.88 p <0.0001, η2=0.22; DCD F(1,55) = 13.75 p <0.0001, η2=0.20). 

This is a clear indication that the interaction found on the balance tasks of the appropriate age band 

Fig. 7.2. Depicting MABC TSS scores pre and post training for participant groups and protocol

Fig. 7.3. MABC aiming and catching pre and post
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was due to a ceiling effect for the TD group. 

Next, the component scores aiming and catching and manual dexterity of the MABC-2, with less 

common motor elements to the exergames were examined. For aiming and catching, main effects 

were significant (Training F(1,107)=67.27 p =0.0001, η2=0.39; Participant group F(1,107) = 42.55 p = 

0.0001, η2=0.29) and the interaction of training by Participant Group (F (1,107) = 12.83 p = 0.001, 

η2=0.11) was significant and also Training by Group by Protocol (F (1,107) = 5.73 p = 0.018, η2=0.05). 

(Figure 7.3) 

Post hoc showed no difference between participant groups in the repetitive protocol (p=0.47), 

they both improved (TD t(25) =-3.32, p<.003, DCD t(28) =-3.66, p<.001), while in the variable protocol 

there was a difference in the effect of protocol (F(1,54) = 22.39 p =0.0001, η2=0.29). The TD group did 

not improve in the variable training (p=0.12) and the DCD group did (t(27) =- 8.15, p<.0001).

Although no tasks requiring individual finger movements were trained, the children improved 

on the cluster score manual dexterity (F (1,107)  =  41.97 p  = 0.0001, η2=0.28). No main effect of 

protocol was found nor a training by protocol interaction. The main effect for participant group 

was significant (F(1,107) = 89.047 p =0.0001, η2=0.45) as was the interaction training by participant 

group (F (1,107) = 16.36 p = 0.0001, η2=0.13). Post hoc showed that the TD group did not improve in 

manual dexterity while the DCD group did (TD t (53) =-1,456, p=0.15; DCD (t (56) =-8.706, p<.0001). 

BOT-2 component Balance and Running Speed & Agility

A comparable interaction pattern emerged when analyzing the Balance subscore of the BOT-2. A 

main effect of training was found (F (1,107) = 41, 17 p <0.0001, η2=0.278). Here also an interaction 

with participant group and protocol was found (Interaction Training x Participant group X Protocol 

F (1,107) = 7.25 p <0.008, η2=0.063) (Figure 7.4).

On the balance cluster the change was significant in both protocols in the DCD groups but for the TD 

there was an interaction with protocol (F(1,52) = 4.28 p <0.044, η2=0.078). The TD group improved 

on the BOT-Balance after the repetitive training (t(25) =- 4.00, p<.0001) but not after variable training 

(p= 0.28). 

A main effect of training (F (1,107) = 1,23 p = 0.27, η2=0.011) was found on the Running and Agility 

subscore of the BOT-2 but no interactions (Interaction Training x Participant group X Protocol F (1, 

107) = 3,39 p 0.068, η2=0.031). 

FSM

Based on earlier research (Jelsma et al., 2014) we also included assessment of daily activities that 

require functional strength (Long jump, Lateral step up, Sit to stand, Running stairs, Lifting a box). 

Training had a significant effect on all 5 functional strength test items (see Table 7.3). Importantly 

no interaction with protocol was found for any of these variables. For long jump an interaction of 

training with participant group was found (F (1,105) = 4.21 p = 0.043, η2=0.039) indicating that the 

DCD group improved more than the TD children. For the other FSM activities, no interactions with 
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participant group emerged.

Sprinting (5x10 meter straight and slalom tests)

For the anaerobic sprint tests a main effect for training was found (Table 7.3). The effect sizes for the 

slalom were larger (η2 =0.389) than for the strait sprint (η2=0.088), which fits with our prediction that 

agility can be improved by playing active computer games and not so much anaerobic fitness. No 

significant interactions with participant group or protocol were found. 

To summarize, it can be concluded that both protocols lead to training effects on activities that 

require functional strength and tasks that require agility for both TD children and children with DCD. 

TD children are gaining less on the long jump or far transfer tasks like manual dexterity and aiming 

and catching.  

DISCUSSION

To promote active computer games for skill learning in children with DCD, it must enable the child to 

transfer learning from the virtual environment to his or her real world environment. In this study, we 

tried to answer three questions about transfer of motor skills in a population of children with DCD 

and their typically developing peers. First, we tested if participating in 5-week exergaming training 

leads to improvements in every day motor skills. Second, we tested if variable practice would yield 

greater improvements in motor skills with common elements and less common elements than 

repetitive practice. Thirdly, we sought to establish if improvements observed would differ between 

TD and DCD children. 

In the present study, we used the Nintendo® Wii Fit, an active motion steered computer system, 

Fig. 7.4. Depicting BOT-2 Balance scale scores pre post training for participant groups and protocol.
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which highly motivates children (Jelsma et al., 2014; Hammond et al., 2014; Deutsch et al., 2008; 

Jelsma, Pronk, Ferguson, & Jelsma-Smit, 2013), offers a high degree of time on task and gives 

augmented feedback during and after each task. Although the games were selected on the presence 

of whole body movements, half of the children had, to a certain extent, some control over their 

training sessions, depending on which group they were in. In this study, we have demonstrated that 

playing active video games provides positive transfer effects on balance tasks (hopping), running 

and agility tasks and functional activities such as long jump, sit-to-stand, and stair climbing. Similarly, 

we have shown when dynamic balance tasks are trained with exergames, it also leads to some 

improvements in ball skills. Importantly, we showed that transfer was not better for participants 

in the variable practice schedule compared to participants in the repetitive protocols. Although 

our findings were unexpected, we are not the only ones who found that variable practice does 

not always lead to better transfer. In a 2002 review, Wulf and Shea questioned the generalizability 

of results from studies using simple laboratory tasks to the learning of complex motor skills, 

especially in relatively young children. In cases of high attention, memory and motor demands, 

they argued that indiscriminate training may overload the system and thus disrupt the potential 

benefits of random practice. Blocked or repetitive training might be more effective, especially early 

in the learning process. Obviously, the novelty factor reduces faster during the repetitive protocol 

compared to the variable protocol, but the similar transfer and scores on enjoyment suggests that 

there was no effect (yet) after five weeks. A certain level of experience may be required for variable 

training to become more effective than blocked or repetitive training.  Also the rules for transfer of 

learning may be different between children and adults, or for experts and novices in more complex 

tasks (Wulf, G., & Shea, 2002; Farrow, & Maschette, 1997; Pinto-Zipp, G., & Gentile, 1995; Al-Mustafa, 

1989; Jarus, & Goverover, 1999). 

Type of Practice and Transfer to Skills with Identical Elements 

The VR environment provides an enabling environment for training motor skills in healthy subjects 

and those with conditions affecting motor function. This is because it provides frequent augmented 

feedback in the form of visual and auditory signals. Augmented visual feedback helps children to 

refine movement patterns to produce coordinated movements (Swinnen, Lee, Verschueren, Serrien, 

& Bogaerds, 1997). In our study, we found that both TD and DCD children improved in balance skills 

as well as in tasks such as slalom running, sit-to stand and lifting a box. This transfer effect was 

similar regardless of training protocol. This finding contradicts what has been previously reported in 

the literature (Magill, R. A., & Hall, 1990). It has been suggested that variable practice offers greater 

transfer benefits in children and adults. In practice variability studies that have been conducted with 

the Nintendo Wii, participants showed great gains in transfer when tested on agility drills (Jelsma et 

al., 2014; Hammond et al., 2014). However, in the present study, both variable and repetitive practice 

yielded similar transfer effects in DCD and TD children. This suggests that amount of transfer of skills 

from exergaming to the physical world is not dependent on the type of practice structure.  
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According to Schmidt and Young (1987), a well-learned skill is adaptable and could easily transfer 

to novel contexts. This observation could be explained by the identical elements theory (William, 

2011). Participants played games that required weight shifting, anticipatory control, reactive control, 

trunk and lower extremity control. The movement patterns that children employed in these game 

situations were similar to the majority of the real life skills such as sprinting and avoiding other 

children while running on a playground during a game of tag or climbing a flight of stairs. Due to 

the increased number of common elements between trained skills and those evaluated on motor 

tests, children found it effortless to generalize balance skills they acquired in game settings to their 

natural environment.

Type of Practice and Transfer to Skills with less Identical Elements 

From the findings presented in this paper, it is clear that children in the TD and DCD group also 

increased performance in skills that were not specifically trained. This result indicates that playing 

exergames could lead to motor skills transfer from practiced skills (balance and agility) to unpracticed 

skills (object control). Although the effect size of the change in aiming and catching (0.38) is smaller 

than for balance (0.46), this seems partly at odds with the theories of training specificity and identical 

elements. While the MABC-2 items aiming, and catching are very static, anticipation to moving 

objects and postural adjustments to fast moving body parts were trained in both training protocols. 

The indissoluble relation between balance and postural control may have led to improvements 

in fast postural changes and response time, which are key requirements for aiming and catching. 

Moreover, an enhanced ability to extract goal-relevant task characteristics would allow players to 

better predict upcoming events and to allocate perceptual and cognitive resources in a manner to 

take advantage of those predictions. To a certain extent, it is possible that the children improved 

in anticipatory control, sensory information processing capacities (both visual and auditory), and 

attention focus resulting in transfer effect even across untrained skills. The visual pursuit of the 

avatar during the games, which also requires sustained visual attention, could have led to small 

beneficial effects on manual dexterity tasks in children with DCD. This interpretation is supported by 

the transfer-appropriate processing theory (Lee, 1988), which explains that, regardless of the type 

of practice or group allocation, participants showed positive far transfer albeit to a lesser extent to 

dissimilar skills (Effect size 0.46 for Balance, 0.13 for Manual Dexterity). 

Differences in Transfer between participant Groups

Contrary to our expectations, we observed no differences in skill transfer between the DCD and 

TD children. This means that motor coordination deficits have little or no influence on transfer of 

the skills tested. Given that transfer effects did not differ significantly between groups, it can be 

argued that the mechanisms underlying this process in a VR environment is similar in children 

with and without DCD. This suggests that an active video game does not only allow children with 

DCD to learn new skills but also promotes skill transfer to both trained and untrained tasks. This 
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is an important finding given that these children struggle to transfer skills acquired in traditional 

rehabilitation clinic to real world contexts. 

The three two-way interactions (Training by Group) found in our study, are clearly the result of 

ceiling effects of the measures in the TD children (both BOT and MABC balance items, and Ball skills 

subtests of the MABC had maximum scores for most of the TD children). The fact that TD children did 

not improve on the BOT balance items and on the component balance of the MABC-2 when tested 

on the appropriate age band, but did improve when tested on more difficult items of the higher age 

band of the MABC, stresses that intervention research needs to include tasks that have sufficient 

room for improvement given the level of proficiency. 

This ceiling effect is probably also the reason of the 2 three-way interactions found (Training by 

Group by Protocol). The most likely explanation is, the slightly (non-significant) lower initial level 

of the MABC-2 aiming and catching and BOT balance of the repetitive Typically Developing group, 

leaving a little space for improvement in that group, while maximum scores were already reached 

for the Variable group at pretest. (Figure 7.1-7.3). 

Strengths and Limitations

One could argue that although children assigned to repetitive practice played only one game, the 

structure was not really repetitive practice. Critically, it is evident that each trial of the ski slalom 

game presented slightly different challenge to the player. For example, in the course of the game, 

the children were bombarded with multiple forms of sensory information that was meant to assist 

them become better players on subsequent trials. Although the ski game has a fixed layout and 

does not vary its spatial configuration, the amplitude and the temporal aspects of the movement 

made by the child varied over training session as children improved. This might have introduced 

some form of variability in the game itself. The child will implicitly learn to minimize the motion 

for maximum results (earning more points) and do so in a more anticipatory way, optimizing the 

trajectory if they play the game for a prolonged period of time. 

Another limitation is the duration of the study (5 weeks). As reported earlier, the outcome 

may have been different if we doubled the duration of the training. Not only would the repetitive 

protocol become boring leading to a probable difference in degree of fun, it would be interesting 

to see whether learning levels would be still different in the TD compared to the DCD group. It 

also would be interesting to study whether children would still benefit from improved skills after a 

longer period of time and a follow-up study is recommended. 

Strength of the study is that we had large groups (>25) that were randomly assigned to the 

conditions. All children had the same time on task and the evaluators were blinded to the pretests 

results, thus a design that excluded many possible biases. Lastly, we used a large range of transfer 

tasks to be able to conclude that skill transfer from virtual environment to real world context 

occurred. 
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Conclusions

Exergaming leads to improvements in every day skills. The skills acquired in a VR environment 

can transfer to real life contexts, which makes exergames effective training tools for children with 

fewer opportunities to play (e.g. no safe play areas, constrained to in-door activities) and with 

neurodevelopmental disorders like DCD. The two protocols used in this study yielded comparable 

effects, with larger effect sizes in motor skills with common elements than in skills with less common 

elements. Improvements in motor skills did not differ between children with DCD and their typically 

developing peers, albeit on a different level. Importantly, the degree of skill transfer was not 

influenced by the amount of variation in the games played during a 5 weeks training period. 
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INTRODUCTION

The main aim of this thesis was i) to determine which aspects of dynamic balance control differ 

between children with and without DCD, ii) to investigate whether motor learning differs between 

children with and without DCD in a task that requires dynamic balance control and iii) to determine 

whether children with DCD show transfer of the training to other skills. In all our studies, the Wii 

Fit ski slalom test (criterion test) was used as a dynamic balance task to study performance and 

change of performance. Intervention consisted of variable practice of Wii Fit balance games or 

repetitive practice of the ski slalom game. Performance was tested at baseline (T0), after six weeks 

(T1) and after intervention (T2) or at baseline (T1) and after intervention (T2).  In this final chapter, 

the main findings of this thesis are summarized and discussed. Additionally, study limitations and 

implications for further research and clinical implications are presented.

Main findings per research question

1. What are the differences in dynamic balance control in a Wii Fit ski slalom test between children 

with and without DCD?

Dynamic balance control was studied using a virtual reality (VR) task (ski slalom) of the Wii Fit 

system in which children controlled an avatar by shifting their weight on a balance board. We 

have investigated the performance of children with and without DCD in this VR task. We compared 

the groups on accuracy achieved and time needed, to study the differences in dynamic balance 

control in the means of 10 repetitions. The validity of the task was confirmed by the relatively high 

correlation between the rate of learning (accuracy) over the initial ten repeated trials and the MABC2 

component balance (chapter 4) (r =0.55).

The main finding reported in chapter 2 and 3 is that initial motor performance in this task is less 

accurate in children with DCD compared to their peers according to the outcome measures of the 

Wii Fit. Moreover, from the kinetics of the shifts of weight (chapter 3) it appears that children with 

DCD and TD children also show differences in the way they manoeuver the avatar through the gates. 

The TD group initially used a longer trajectory to navigate through the gates and a trend of more 

variation of CoP displacements in lateral direction and trends towards fewer reversals in antero-

posterior (AP) and lateral directions. These data suggest that a shorter path length of the CoP and 

more erratic weight shifts of children with DCD underlie the lower task performance as compared 

to their TD peers.  

Differences between TD children and children with DCD were also found in the South African 

study, indicating that the initial poorer motor performance of the dynamic balance task can be 

attributed to a distinct motor coordination deficit independent of culture and previous play-, sports- 

and gaming-experience (chapter 4, 5, 6 and 7). Children with DCD anticipated less and responded 

slower to correct, confirming the findings of other studies (Gomez et al., 2015; Wilmut et al., 2006; 

De Oliveira & Wann, 2010; Hyde & Wilson 2011; Jover et al., 2010; Jucaite et al., 2013). Based on these 
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results, it can be concluded that children with DCD have more difficulties in tasks requiring dynamic 

balance control.

2. Is motor learning different between children with and without DCD? 

The process of direct motor learning was studied in different ways and tested by changes in the 

performance on the criterion test, which gave us the opportunity to study short-term motor 

learning (chapter 4). For intervention, we used different practice schedules. In chapter 2 and 3, we 

used a variable practice schedule in which participants practiced balance games other than the ski 

slalom game (Table A1, chapter 6). In chapter 5, we used a task-specific repetitive schedule, in which 

only an easy and advanced version of the ski slalom game were practiced. In chapter 6 and 7, we 

studied motor learning by comparing the variable and repetitive practice schedules directly.   

The short-term motor learning rate (changes during the first 10 repetitions in one session) was 

less steep in children with DCD compared to their peers, but showed good retention over a 6 weeks 

period (chapter 4). When learning was measured over a longer period of training, the rate of change 

in performance was similar between the groups (TD versus DCD), and again the learned skills were 

retained over several days. The groups did, however, perform on a different level (chapter 5, 6 and 

7). Different practice schedules -repetitive and variable practice- led to similar improvement in the 

mean standardized game scores on the games played during the training period and retention over 

sessions was comparable. These results imply that children with DCD may initially need more time 

to acquire motor skills, but during a longer period of training they show a similar rate of motor 

learning as TD children with retention of the learned level over time. 

The results of motor learning showed to be task specific. In our first study (chapter 2), children 

with DCD improved their performance both on accuracy and speed after variable practice, but 

when this effect was compared to the effect of spontaneous learning, only speed was approaching 

significance, while accuracy was not. The results in chapter 6 show that learning curves during the 

training sessions were independent of type of practice schedule between DCD and TD groups. 

There were, however, specific differences in effect of the two training schedules. After the repetitive 

schedule both TD and DCD groups scored more accurately and seemed to have reached their ceiling 

in contrast with the groups that followed the variable practice schedule. After variable training, 

the rate of learning was larger at posttest than pretest in both children with DCD and TD children. 

These results suggest that children with and without DCD are sensitive towards task specificity and 

repetition.

Six weeks of variable practice had minor impact on kinetic measures in children with DCD since 

no distinct differences in trajectory of the CoP or the amplitude of the lateral weight shift were found 

after training (chapter 3). Only a decrease in the number of reversals in AP and lateral directions was 

found, a sign of better control, which was already initiated in the second criterion test that followed 

after a period of no training. Apparently, change in kinetics does not synchronize with change in 

performance. 
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In sum, children with DCD showed no learning deficit but acquired skills and retained the 

learned, which was independent of practice schedule. 

3. Does training with Wii Fit balance games show transfer to other skills? 

Improving motor skills in children with DCD through training or intervention should result in 

transfer to tasks other than the ones trained, in order to meet the complete definition of motor 

learning (Magill, 2011; Sattelmayer, Elsig, Hilfiker & Baer, 2016). To show that active motion gaming 

can support clinical intervention in children with DCD, it is essential to know if improvements in 

performance on game scores translate into skills needed in daily life. Our studies proved with strong 

effect sizes that Wii Fit training has an impact on motor tasks that require dynamic balance control 

as used in daily life of children, such as standing on one leg, balancing on a beam, agility tasks 

like hopping or jumping sideways and slalom running. Based on these results, the Wii Fit training 

schedules fulfilled the criteria of motor learning with the extension of transfer to tasks that require 

different movements or adapting behavior. Both variable and repetitive training protocols yielded 

positive transfer effects to tasks that require balance skills with similar movement elements like the 

static yoga balance task, but also with less common movement elements like hopping or slalom 

running. This outcome was equally strong and independent of the social and cultural backgrounds 

of the children with DCD from the Netherlands and South Africa (chapter 2, 5, 6 and 7). To tasks with 

fewer common elements such as manual dexterity, the intervention in the Dutch sample described 

in chapter 2 showed no transfer, while the South African sample of children with and without DCD 

did (chapter 5, 6 and 7). Concluding, children with and without DCD showed positive transfer effects 

after either variable or repetitive training protocols to tasks that required balance skills. 

Discussion of the main findings

The ski slalom game requires task-related lateral shifting of weight to control the avatar on the 

screen, while keeping postural balance. The combination of these two aspects – online control 

of the avatar and balance control of the standing body - is called dynamic balance control in this 

thesis. Balance control is the basis for all voluntary motor skills.  It provides stability of the body 

during motor tasks by control of body posture against gravity in static or dynamic conditions and 

by adapting to destabilizing forces that may act upon the body (Huxham, Goldie & Patla, 2001; 

Shumway-Cook & Woollacott, 2014). The present study offers no possibilities to disentangle control 

of the avatar and balance control during the motor tasks. In our studies, we found a consistent lower 

performance in VR gaming in children with DCD compared to their typically developing peers. This 

finding points at either a deficit or a developmental motor delay. In the following we will discuss our 

findings in order to find explanations in the light of current theories for DCD.

A deficit in the internal model or a developmental delay

The ski slalom game requires dynamic interaction between the child and the avatar on the screen 
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using on-line visual and auditory feedback. In order to present a smooth control of action, the 

nervous system should realize rapid shifts of weight resulting in changes in trajectory tuned to the 

change of the virtual environment and correcting for error in trajectory. This mechanism can only 

be used if the nervous system identifies the current and can predict the future location of the body 

or of body parts, the so-called forward internal model (Desmurget & Grafton, 2003; Wolpert, 1997). 

A deficit in the predictive part of the internal model is associated with inadequate motor planning 

resulting in inaccuracies in shifting body weight to control the position of the avatar position 

over time, thus missing gates. Such a deficit in children with DCD is supported by other studies 

(Jover et al., 2010; Jucaite et al., 2013). The ski slalom game challenges the link between action and 

perception. Poor anticipatory postural adjustments (APA’s), or difficulties with forward modeling 

of postural adjustments point to a dysfunction of cerebellum or posterior parietal cortex (Massion, 

1992; Kawato, 1999). However, this is a theoretical interpretation, as we did not directly manipulate 

or study the internal model or the neural networks that might dysfunction. A deficit of predictive 

control in the children with DCD would explain the slower and different postural corrections in VR 

gaming. 

Predictive control uses visual perception, tactile perception and proprioception in order to plan 

and adapt goal directed movements (Royeen & Lane, 1991). The study of Hyde & Wilson (2011) 

showed impairments of the early online correction of trajectory, when the arm movement had to 

switch to a sudden different location. This early online correction relies on the internal feedback 

signals (Archambault, Caminiti & Battaglia-Mayer, 2009; Shadmehr & Krakauer, 2008). Comparison 

of the planned and the actual movement yield an error signal that is used to elicit corrective motor 

commands to the moving limbs. It is known that the time between visual detection of error and the 

correction is longer in children with DCD (Dubrowski, Bock, Carnahan & Jüngling, 2002; van Braeckel 

et al., 2007) and combined with poor forward modeling will result in delay and thus less proficient 

performance in VR gaming. The study of Schoemaker et al. (2001) points at a deficit in visual-

proprioceptive perception in goal-directed or fast motor tasks in children with DCD. However the 

motor and not the perceptual component seemed to contribute most to poor performance in that 

study. Differences between TD and DCD might also be explained by a lack of sensitivity in detecting 

proprioceptive input, as is known in young children below the age of three years (Foudriat, Di Fabio 

& Anderson, 1993; Forssberg & Nasner, 1982) and older people (Benjuya et al. 2004). Information 

from proprioceptors supplies position sense which needs to match with visual information of the 

position of the body. In a standing task with eyes closed, young adults increase postural sway to 

generate more proprioceptive input from the lower limb muscles, whereas older people do not use 

this strategy because of fear of falling (Benjuya et al., 2004). Likewise, fear of losing balance might 

restrict children with DCD in amplitude of shifting weight to increase their sensory input. In sum, in 

children with DCD reduced sensitivity to visual and sensory input and fear of falling restricting the 

proprioceptive input may explain lesser adaptations to the task demands and result in poor task 

performance.
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Besides input deficits, also prolonged movement time is associated with DCD due to alteration 

of antagonist timing, opposing the aimed movement (Johnston et al. 2002). The initially more 

rigid strategy of children with DCD described in chapter 3 resembles movement strategies seen in 

older people, who show reduced amplitude of CoP excursions during quiet stance (Horak, Nutt & 

Nashner, 1992) and more rigid co-activation strategies between ankle, trunk and head movements 

in voluntary movement and compensatory postural responses (Tucker et al. 2008). These muscle 

co-contractions are considered to impede adaptive responses, altering the response time during 

rapid changes in direction and limit the degrees of freedom available, all considered risk factors for 

falling (Ho & Bendrups, 2002; Allum, Carpenter, Honegger, Adkin, & Bloem, 2002). Smaller lateral 

displacements of the CoP of the children with DCD may be the result of a higher level of muscle co-

activation that is usually associated with the early acquisition phase (Bernstein, 1967).

Inefficient timing may result in more reversals (chapter 3). In the children with DCD repetition, of 

the task resulted in a more steady movement pattern in the goal-directed weight shifts with fewer 

reversals. This suggests that children with DCD are better able to predict the consequences of lateral 

shifts related to the position of the CoP and the location of avatar relative to the gates.

It has been common opinion that children with DCD will grow out of their motor problems, but 

this opinion has changed. If children really grow out of their age related problems, this can only 

be studied by longitudinal research, which is scarce.  The longitudinal study of Visser et al. (1998) 

in boys during puberty showed that performance on the MABC improves spontaneously during 

puberty in about half of the children. This was interpreted as evidence that the hormonal changes 

induced a speeding up of the maturation/myelination of the CNS, reducing structural constraints 

on motor skill development. Follow-up studies (Losse et al., 1993; Geuze & Börger, 1994; Cantell et 

al, 2003) showed that DCD is persistent and extends into puberty in a considerable proportion of 

children. In a considerable percentage of children diagnosed with DCD symptoms continue into 

adulthood presenting complications in various (new) areas of functioning and participation, such 

as driving, writing, tidying desks or folding clothes (Kirby et al. 2011; Gagnon-Roy et al 2016). There 

is evidence that this has a negative impact on quality of life and level of participation compared to 

peers (Hill et al. 2011; Tal-Saban et al. 2014). Intervention aimed at improving motor proficiency, 

thereby enhancing movement experience and motivation which will improve participation and by 

this help to avoid the persistence of negative experiences in adolescence. 

Studies are needed to understand whether type of training or the severity of the deficit influences 

the point where improvements level off. It is known that children with DCD form a heterogeneous 

group and individual differences in skill acquisition will be present. The fact that after extensive 

training, only a few children were able to play the ski slalom game as successful as their TD peers 

does not refute or support the internal model deficit or developmental delay hypothesis as an 

explanation for the poor performance of the children with DCD. Given this heterogeneity, it may be 

that some of the children have a deficit, whereas others have a developmental delay. The present 

study did not aim to differentiate this. In short, there is a need for investigating how the changes 
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in motor performance relate to type of intervention and support of environment. Studies that 

monitor performance over a longer period of time are needed in order to gain better insight into 

the predictors of the (catching up) potential of children with DCD.  

Motor learning in children with DCD 

Motor learning is only established after a multilevel improvement is observed (Biotteau, Peran, 

Vayssiere, Tallet, Albaret & Chaix, 2016), which was the case in both children with and without DCD 

in our studies. Consistent improvements over the training period were found in Wii performance, i.e. 

speed and accuracy, with retention being present over time and transfer to both similar tasks and 

ecologically more valid tasks. A large part of the children showed better dynamic balance control 

as they hopped faster, and walked more accurately over a line after training on the Wii Fit. Bernstein 

(1967) theorized that the body could only solve the problem of controlling the degrees of freedom 

when muscles work together in synergies. The finding that after intervention the CoP trajectory 

approaches the optimal trajectory more often may reflect this. An important question is, however, 

why children with DCD showed normal motor learning during the practice schedules we offered, 

but insufficient acquisition during their earlier development. Longitudinal studies are needed to 

address this important question. 

Proficiency of typical motor performance depends on motor learning, amount of experience 

and social contextual factors. Difference in amount of experience was controlled by exposing the 

TD and DCD groups to similar intensity of training and by studying cultural differences. The rate of 

learning during the same amount of training (100 trials) in repetitive and variable conditions for 

both TD and DCD children was not different between groups. So for this stage of learning, despite 

the poorer coordination pattern, no deficit in motor learning in this context was found in children 

with DCD.

Our studies showed that children with DCD were able to learn as well as TD children, but remained 

performing at a poorer level. It is likely that with more or longer training the performance differences 

will persist. The performance differences were not explained by environment or cultural context. 

The initial performance of the Wii score was different between Dutch TD children and children with 

DCD. Even though the specific task used was novel, Dutch children have been previously exposed 

to computer games which are part of their daily life. Importantly, the children with DCD from South 

Africa were similarly different from their TD peers, although neither of them had any previous 

experience with computer games. These results imply that lack of practice opportunity alone does 

not explain the poor performance of children with DCD compared to TD children in these tasks.

Does that mean that psychological factors play an additional role? Low motor competence 

reduces motivation to participate in physical activity. This may lead to reduced contact with peers, 

less amount of time practicing motor skills and not keeping up a reasonable level of physical fitness 

(Causgrove, Dunn & Watkinson, 1994; Bouffard, Watkinson, Thompson, Causgrove, Dun & Romanov, 

1996; Fitzpatrick & Watkinson, 2003; Kirby, Davies & Poynor, 2005; Cantell & Kooistra 2002; Cairney et 
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al. 2005; Hands, 2008; Cantell, Crawford & Doyle-Baker, 2008). In our study it was remarkable that all 

children were enthusiastic about the task and remained motivated over the five or six week period 

of intervention and in the task with 100 repetitions.  We can only speculate which game factors keep 

the motivation and fun factor so high in active computer games and why this is perceived differently 

in recreational and sport activity in children with DCD.  It is important that children with DCD are 

offered enjoyable and efficient training and therefore parents and teachers should be advised on 

how to support children with DCD to prevent multiple negative experiences and physical activity 

avoidance. 

 

The role of instruction, feedback and knowledge of results 

The ski slalom task is largely an implicit learning task. The only explicit instruction is given when 

the task is first introduced to the child: the computer console presents a standardized instruction 

how to shift the body weight sideways by an avatar moving the upper body to the right and left 

side. Additional explicit instructions were given between the fourth and fifth run during which a 

demonstration was given of the lower limb balance strategy described by Michalski et al. (2012). The 

learning curves of chapter 3 showed no additional effect of the explicit instruction.  

It is known that the type of feedback during motor learning can play a distinct role in its effect. 

During active video gaming on-line, visual information is available as knowledge of performance 

during the task and passing or failing a gate is signaled auditory. Knowledge of results is presented 

after completion of each run.  Apparently, the children benefited from the augmented implicit 

feedback of the VR game to improve their dynamic balance control. The immediate reaction of the 

avatar responding to each weight shift of the child is also a form of feedback, specific to these kinds 

of computer games. This could have been a stronger mediator in learning, and seemed to work 

better than observing and imitating peers, or learning from their own mistakes, which has been 

reported to be deficient in children with DCD (Goodgold-Edwards & Cermak, 1990). This implies 

that changes in direction by the avatar on the screen in immediate response to movements by the 

child on the balance board has had a positive effect on motor learning in children with DCD, most 

probably through strengthening action-perception coupling. 

Transfer of motor learning to real life dynamic balance tasks 

Transfer from acquired motor skills to another or a new task usually occurs when the skills or 

underlying abilities required to perform the tasks are similar in some way (Seidler & Noll, 2008; 

Smethurst & Carson, 2001). Having already mastered one of the skills makes learning the second skill 

easier. This positive transfer occurs when the modifications of the action based on the procedural 

knowledge can generalize to other related movements (Maxwell, Masters & Eves 2003; Kelso, 

1995). To study transfer, we used standardized motor test items that approach daily life activities 

of children, specifically the Movement ABC, 2nd edition (MABC-2) and subtests of the Bruininks 

Oseretsky Test, 2nd edition (BOT-2) Balance, Running Speed & Agility and Bilateral Coordination. 
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After transfer effects of motor skills to these tasks became apparent, we decided to include also 

motor tasks that tap strength and endurance which may be considered factors that underlie many 

of the common daily life activities of children. We included functional strength of lower extremities 

of the FSM and the sprint tests (see Fig 8.1). It is a remarkable finding that children improve in 

strength items and anaerobic fitness after Wii Fit training. The children with DCD even approached 

or reached the pretest scores of the TD children for the subtest Balance (BOT2), the lateral step-up, 

sit to stand, stairs and the sprint slalom. The question arises whether this improvement is caused by 

common elements needed in the trained dynamic balance and in running up and down the stairs or 

sprinting with many turns, or whether the children become generally more active by participating 

in the study and thereby increasing fitness. The latter seems less likely. 

Fig 8.1. The four items challenging daily life activities of the FSM and the two sprint tests developed for this project. 

Besides tasks with common motor elements, our results showed improvement in aiming and 

catching but for manual skills the results differed between the Dutch and the South African samples. 

As discussed in chapter 7, improved postural control, faster postural changes and shorter response 

time may have helped improving the aiming and catching tasks. It is harder to give an explanation for 

the improvement of the manual skills. It is known that in implicit learning as a relative subconscious 

process, the dorsolateral prefrontal cortex is involved which is also related with working memory 

processes, selective attention and visuo-spatial and visuo-motor processing (Bo, Jennet & Seidler, 
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2011; Abe & Hanakawa, 2009). Both the manual skills and our games require visuo-spatial and 

visuo-motor processing and selective attention. Together with the implicit training of extracting 

goal relevant information, we can only cautiously suggest that this might have resulted in small 

improvements in non-practiced fine motor skills.  

Clinical implications

The fact that children with DCD perform at a lower level while showing motor learning at an 

equal rate, retention of the acquired skills and similar transfer compared to TD children implies 

that intervention is likely to be successful. Our studies legitimize the use of variable or repetitive 

training protocols for intervention in children with DCD. Given the positive effects of the Wii-Fit 

training on motivation and fitness, therapists, when planning intervention programs for children 

with DCD, should consider including active video gaming as an important additional and enjoyable 

tool to support the regular dynamic balance intervention. It is preferable to offer the VR training in 

a structured manner, according to protocol and time on task. As a training protocol, we used ten 

games, or twenty minutes play time, twice or three times a week for at least five weeks. This schedule 

was effective but may be further optimized. The sessions were supervised, which is apparently a 

positive factor since lack of structure, guidance and supervision in home based programs failed to 

establish improved motor skills or physical activity (Howie et al., 2017). Training in small groups as 

in our studies, and participation of parents as tested by others (Ashkenazi et al., 2013) proved to be 

manageable and successful. 

Many physiotherapists aim their intervention to improve the smoothness and coordination of 

the motion, but our results indicate that the kinetic adaptations are not necessarily linearly related 

to improved proficiency. It therefore seems more important that children with DCD get plenty of 

practice in motion games than that their movements are corrected. It may be the case that children 

with DCD need more time to explore and find their optimal strategy for performing the task. It could 

also be that they keep using a less optimal strategy but still get better outcomes over time. 

Strengths and limitations and recommendations for future studies

This project used VR active video gaming to study dynamic balance control and motor learning. So 

far, most studies concentrated on static balance posture and in the case of motor learning on serial 

reaction time tasks. The inclusion of a replication study in this series of learning studies, finding 

similar results in a different population of children, makes the evidence that children with DCD 

do not have a motor learning deficit even stronger. The design of our first study would have been 

stronger if it had been a cross-over design, but we compensated for this by testing the change over 

time without intervention against change due to intervention.  

Another limitation of this study is our focus on the short term to medium term learning phase. 

Although transfer was established, the full automatization phase of the learning stages was not 

reached yet (Fitts & Posner, 1967; Bernstein, 1967) and requires further study. We observed learning 
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taking place from the first fast learning phase, in which the learning curve of the children with DCD 

was less steep, towards the second slower phase, in which the learning curve was not different 

between groups, leading to consolidating and automating the performance, in which transfer of the 

skill to a new task was possible (Seidler, 2010; Fitts, 1954; Doyon & Benali, 2005). To study the process 

of automatization, we recommend a study on children with DCD, in which the length of training 

period extends until the learning curve levels off to an insignificant amount of change. The amount 

of automatization may also be studied by combining the task with another task, and even continue 

the training until no interference of the dual task occurs. 

Neuroimaging studies of changes in connectivity in the brain through motor learning in VR tasks 

will give more insight in the amount of functional and structural connections that are influenced by 

dynamic balance training in both children with and without DCD.  Moreover, it would show how 

these training induced changes are related to performance.  

Conclusion

The studies presented in this thesis show that a distinct dynamic balance control deficit is present 

in children with DCD, as they anticipate less and respond slower to correct in a dynamic balance 

task. Importantly, the rate of motor learning on a short to medium time scale of children with DCD 

is similar to that of TD children. We therefore may conclude that children with DCD do not have a 

motor learning deficit in the tasks and conditions studied. Moreover, the skills acquired through 

VR training showed positive transfer effects to ecologically valid motor tasks in children with and 

without DCD. The improvements seen after Wii Fit training shows the potential benefit of virtual 

reality based motor training and augmented feedback in children with DCD. 
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Nederlandse samenvatting

Dynamische balans controle bij kinderen met en zonder Developmental Coordination Disorder 

(DCD) - een motorische ontwikkelingsachterstand - werd onderzocht met behulp van een 

actiegericht computerspel. Doel was om te onderzoeken i) welke aspecten van de dynamische 

balans controle verschilden bij kinderen met en zonder DCD, ii) of het motorisch leren van een taak 

verschilde tussen kinderen en iii) of er transfer van training plaats zou vinden naar niet getrainde 

motorische vaardigheden. Het Nintendo Wii Fit ski slalom spel is gebruikt als dynamische balans 

taak om de vooruitgang tijdens en na het oefenen te bestuderen. Virtual reality spelen bieden 

voortdurende (on-line) visuele en auditieve informatie over de bewegingen waarmee het kind het 

spel controleert. Motorisch leren werd onderzocht met trainingsprogramma’s. Deze bestonden uit  

variabele oefeningen (interventies) met de Wii FIT balance games of herhaalde oefeningen van het 

ski slalom spel. 

De initiële motorische vaardigheid om een avatar door slalompoortjes te sturen was minder 

accuraat bij kinderen met DCD, beschreven in hoofdstuk 2 en 3. De gewichtsverplaatsing binnen het 

steunvlak was aanvankelijk minder groot en liet meer omkeringen in voor-achterwaartse en laterale 

richting zien. Deze data suggereren dat korte en meer onregelmatige gewichtsverplaatsingen 

kenmerkend zijn voor de gebrekkige controle, waardoor het sturen van een avatar door poortjes 

minder behendig en succesvol is vergeleken met leeftijdsgenoten. 

Verschillen in vaardigheid werden ook gevonden in de studie in Zuid Afrika tussen kinderen met 

en zonder DCD. Dit bevestigt dat het verschil in vaardigheid kan worden toegeschreven aan een 

coördinatie probleem, onafhankelijk van culturele verschillen of eerder opgedane ervaringen met 

spel, sport en gaming (hoofdstuk 4,5,6 en 7). Kinderen met DCD anticiperen minder en reageren 

langzamer om bewegingen te corrigeren en hebben meer problemen met het uitvoeren van taken 

waarvoor dynamische balans controle een vereiste is.

Het motorisch leren door herhaling van Wii balance games van kinderen met en zonder 

DCD is onderzocht op de korte en langere termijn. Op de hele korte termijn leren kinderen met 

DCD trager (hoofdstuk 4), maar over een langere periode laten ze een gelijke leercurve zien als 

hun leeftijdsgenoten. En opvallend is dat ze een goede retentie laten zien van het geleerde. Het 

motorisch leren was onafhankelijk van het training protocol, zowel een variabele training als 

een herhaalde training van dezelfde game gaf evenveel verbetering in de spelvaardigheid. Het 

motorisch leren bij kinderen blijkt echter wel taak-specifiek te zijn. De kinderen die herhaaldelijk 

het zelfde spel speelden, bereikten een hoger niveau dan de kinderen die variabel hadden getraind. 

Echter, deze laatste groep kinderen lieten na de variabele training een steilere leercurve zien dan 

voor de training. Op het krachtenplatform lieten de kinderen met DCD weinig meetbaar verschil 

in gewichtsverplaatsingen zien, er was een trend naar grotere gewichtsverplaatsingen en minder 

wisselingen van richting. Kortom, kinderen met DCD lieten geen motorische leerstoornis zien, maar 

verbeterden hun vaardigheid en behielden dat niveau van presteren.  



173

Dutch Summary

9

 Motorisch leren wordt pas echt leren genoemd als het ook verbetering geeft in andere 

soortgelijke vaardigheden dan de vaardigheden die zijn getraind. Zowel het volgen van het 

variabele als het repetitieve trainingsschema bleek vaardigheden uit het dagelijks leven van een 

kind, zoals hinkelen, springen en slalom rennen, positief te beïnvloeden. Dit transfer effect was 

zowel bij de kinderen in Nederland als in Zuid Afrika significant aanwezig.  

Geconcludeerd kan worden dat kinderen met DCD een duidelijk probleem hebben met 

hun dynamische balans controle, doordat ze minder anticiperen en trager reageren tijdens een 

dynamische balans taak. Echter, de snelheid van motorisch leren over een periode van weken is 

gelijk aan dat van hun leeftijdsgenoten in de door ons bestudeerde Wii Fit taken. Bovendien zetten 

de geleerde vaardigheden, waarvan anticiperen en reageren een belangrijk onderdeel zijn, zich om 

in meer dagelijkse vaardigheden van een kind. De verbeteringen die we hebben waargenomen na 

virtual reality training laten de mogelijke voordelen zien van een virtueel motorisch trainingsprotocol 

met on-line feedback. 
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