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ABSTRACT 
 
Title of Dissertation:       Auditory motor adaptation in children with and without  
 developmental coordination disorder (DCD) 
  
 Renuka Roche, Doctor of Philosophy, 2013 
 
Dissertation directed by:   Jill Whitall, PhD, Professor, Department of Physical  

and Rehabilitation Science, University of Maryland, Baltimore 
 
 

Tasks, such as dancing, require coordination between the various body segments 

and synchronization of the movement to auditory stimuli.  Children with developmental 

coordination disorder (DCD), who have significant motor deficits, demonstrate 

impairments in bimanual self-paced tapping and tapping in synchrony to different 

frequencies of auditory cues. The purpose of this dissertation was to examine the ability 

of children with and without DCD to adapt to changing rhythms with constant frequency, 

under conditions where they could and could not perceive the change in the rhythm. 

 

First, we examined differences in the auditory phasing threshold, coordination and 

its stability in non-disabled children between 4 and 10 years. All children detected 

changes in rhythm however, the ability to detect more subtle changes increased with age.  

Children adapted to both perceptible and subliminal changes in rhythm and the 

developmental trajectories in both conditions were similar. However, variability in 

performance decreased across age.  

 

 We, then, investigated the ability of children with DCD to adapt to perceptible 

and subliminal change and compared their performance to age- and gender- matched 

typically developing children (TDC).  Children with DCD perceived changes in rhythm 



 

  

similar to TDC, and adapted to both perceptible and subliminal changes in rhythm but 

were more variable under all phasing conditions.  The impairments in tapping may be a 

result of motor “noise” rather than a perceptual-motor coupling process. 

 

Finally, we investigated variability using linear measures to assess the amount and 

a non-linear measure to assess the structure of temporal/spatial variability.   Children with 

DCD were more variable in their linear temporal variability compared to TDC and adults. 

Adults and TDC but not children with DCD had higher spatial variability in their non-

dominant than their dominant finger, suggesting that children with DCD are delayed in 

lateralization. Children with and without DCD had lower non-linear structural variability 

than adults. This suggests that children with DCD freeze degrees of freedom to produce 

movements; however, they are not as effective as TDC. Our results can be interpreted 

within a neuro-anatomical computational model of motor control that may delineate 

potential areas of future investigation in children with DCD. 
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CHAPTER 1 

INTRODUCTION 



 

  

2

 

 Developmental Coordination Disorder is defined as a chronic and usually 

permanent condition characterized by impairment of motor performance that is sufficient 

to produce functional motor performance deficits that are inexplicable by the child’s age 

or intellect or by other diagnosable neurological or spatiotemporal organizational 

problems (APA, 1994, 2000).  DSM IV estimates that as many as 6% (2.18 million) of 

children between ages 5-13 years have DCD. Children with DCD have significant motor 

and sensory impairments that cause deficits in motor performance, activities of daily 

living (ADLs), and participation in an active lifestyle.   These children also have deficits 

in social-emotional functioning including poor coping skills and anxiety (Lingam et al., 

2010; Lingam et al., 2012).  

 

A review of the literature suggests that the motor impairments mostly occur in 

three main areas: poor postural control, motor learning and sensorimotor coordination 

(Zwicker, Missiuna, & Boyd, 2009). Children with DCD may have hypotonia, immature 

balance reactions, and/or slow reaction and movement times (Dewey & Wilson, 2001; 

Henderson, Rose, & Henderson, 1992; Hyde & Wilson, 2011; Raynor, 1998; 

Schoemaker, Hijlkema, & Kalverboer, 1994; Zoia, Castiello, Blason, & Scabar, 2005). 

These children often have difficulty integrating sensory information including visual, 

tactile, kinesthetic, proprioceptive, and vestibular information (Coleman, Piek, & 

Livesey, 2001; Schoemaker et al., 2001; Wilson & McKenzie, 1998). They may also 

exhibit functional impairments such as poor running patterns, delayed gross motor skills 

such as jumping, and delayed fine motor skills such as handwriting (Barnhart, Davenport, 



 

  

3

 

Epps, & Nordquist, 2003; Rasmussen & Gillberg, 2000; Rosenblum & Livneh-Zirinski, 

2008; Rosenblum & Regev, 2013; Smits-Engelsman, Niemeijer, & van Galen, 2001). 

 

In addition to the motor deficits, children with DCD demonstrate poor academic 

achievement (Cantell, Smyth, & Ahonen, 1994; Rasmussen & Gillberg, 2000) and 

decreased psychosocial functioning including increased anxiety (Pratt & Hill, 2011; 

Schoemaker & Kalverboer, 1994). They are at an increased risk for depression, low self-

esteem, and of being bullied (Lingam et al., 2012; Losse et al., 1991). These children also 

tend to suffer from other long term health concerns including decreased pulmonary lung 

function (Wu, Cairney, Lin, Li, & Song, 2011) and decreased physical activity (Green et 

al., 2011). Several studies suggest that the symptoms of the DCD group with more severe 

symptoms persist into adulthood (Cantell, Smyth, & Ahonen, 1994; Cousins & Smyth, 

2003; Kirby, Edwards, & Sugden, 2011; Kirby, Sugden, Beveridge, Edwards, & 

Edwards, 2008). Zwicker, Harris and Klassen (2012) reported that children with DCD 

performed significantly lower than typically developing peers in a number of gross motor 

and fine motor skills, daily living skills, leisure, and recreational activities. Therefore, 

these children are in need of interventions that will improve their quality of life.   

 

Determining the specific mechanism of the underlying impairments in these 

children is an important first step in developing effective treatment strategies that would 

improve their quality of life. We were interested in investigating deficits in timing of 

motor performance in children with DCD partly because anecdotal evidence shows that 

these children have degradation of motor performance when a temporal constraint is 
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placed on them. Understanding this decompensation in context of a temporal constraint 

will give us greater insight into their timing deficits and may indicate possible treatment 

strategies in this population.  

  

 Specifically we, and others, have examined the sensorimotor interaction between 

auditory information and a motor response using finger tapping. Children with DCD are 

more variable in the task parameters (intertap intervals as well as bimanual relative 

phasing) during self-paced unimanual and bimanual finger tapping (Roche, Wilms-Floet, 

Clark, & Whitall, 2011; Volman & Geuze, 1998). They are also more variable when 

tapping bimanually to an external cue set at different frequencies (Whitall et al., 2008) or 

when the frequencies are scaled up during tapping (Volman & Geuze, 1998). It was also 

found that DCD children do not use visual or auditory information to stabilize their 

performance (Roche, Wilms-Floet, Clark, & Whitall, 2011). However, it is not yet known 

if children with DCD are able to adapt motorically to auditory stimuli that do not change 

in frequency but change in phasing (rhythm of the beats). It is known that inphase and 

antiphase phasing relationships during tapping are the most stable coordination modes in 

adults (Tuller & Kelso, 1989; Yamanishi, Kawato, & Suzuki, 1980).  Typically 

developing (TD) children as young as 7 years of age are able to tap inphase and antiphase 

to the metronome and with polyrhythms (e.g. 2:1 frequency ratio between the two hands) 

(Wolff, Kotwica, & Obregon, 1998). Changing the phase relationships between fingers in 

response to a sensory cue has not been investigated in children either with or without 

DCD. 
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 This change in phasing relationship could be perceptible, where the individual can 

tell that the rhythm is different. This ability to adapt to a perceptible change is thought to 

be a function of the basal ganglia (Contreras-Vidal & Buch, 2003; Venkatakrishnan, 

Banquet, Burnod, & Contreras-Vidal, 2011). An auditory stimulus can also guide motor 

performance without being consciously perceived (subliminal/ gradual changes) (Repp, 

2000, 2001). This process is thought be a function of the cerebellum (Contreras-Vidal & 

Buch, 2003). Thus, investigating these questions about adaptation may shed light on the 

underlying mechanisms that may be impaired in children with and without DCD. The 

developmental trajectory of modulation to abrupt and gradually changing auditory stimuli 

is also unknown.  

 

 We explored questions about phase modulation using a three-step strategy. First, 

we determined a developmental landscape of tapping performance in typically 

developing (TD) children. We then compared performance of children with DCD to TD 

children. Finally, based on the findings from the first two studies, we examined and 

compared the structure of the tapping variability found in children with DCD, with 

children without DCD and adults. As seen previously, an increase in variability of 

achieving any of the phasing relationships was the only difference between the children 

with and without DCD (Volman, Laroy, & Jongmans, 2006; Whitall et al., 2008). 

  

SPECIFIC AIM 1: To determine the motor performance of typically developing 

children between the ages of 4 and 10 years in modulating bilateral finger tapping in 
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response to perceptible (abrupt) and subliminal (gradual) changes in auditory 

rhythms.  

 The stability of the sensorimotor relationship is an important factor in 

understanding the extent to which sensory information and motor actions form a 

reproducible relationship. It serves as a measure of the ability to fine-tune the coupling 

between the sensory cue and the motor action (Schoner, 1990). Adults are most stable 

during inphase or antiphase movements (Tuller & Kelso, 1989; Yamanishi, Kawato, & 

Suzuki, 1980). No published studies have examined whether children show similar 

stability patterns during different coupling relationships or explored the development of 

modulation to auditory cues. It is believed that the basal ganglia is involved in abrupt 

visuomotor changes while the cerebellum is involved in gradual visuomotor changes 

(Venkatakrishnan, Banquet, Burnod, & Contreras-Vidal, 2011).  It is not established if 

there is a developmental trend in the ability to modulate to similar changes in the auditory 

stimuli. We speculated that the ability to modulate to abrupt changes in stimuli, would 

develop prior to the ability to modulate gradual changes in stimuli because the basal 

ganglia myelinates faster than the cerebellum (Bayer, Altman, Russo, & Zhang, 1993; 

Rice & Barone, 2000). 

 

Hypothesis 1.1: There will be an age-related trend for the perceptual threshold, i.e. the 

ability of children to perceive small changes in the rhythms will increase with age. 
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Hypothesis 1.2: There will be an age-related effect in the ability of children to modulate 

relative phasing of their fingers in response to both perceptible (abrupt) and subliminal 

(gradual) changes of the auditory cues.  

 

Hypothesis 1.3:  The stability of the phasing relationship during bimanual finger tapping 

will increase with age and the baseline antiphase would be the most stable. 

 

Hypothesis 1.4: Modulation to abrupt changes will develop prior to the ability to 

modulate to gradual changes in the auditory stimuli.  

 

SPECIFIC AIM 2: To determine the motor performance of children with DCD in 

modulating bilateral finger tapping in response to perceptible (abrupt) or 

subliminal (gradual) changes in auditory rhythms; and to evaluate their 

performance compared to age and gender-matched typically developing peers.  

The ability to adapt movement in response to a changing sensory cue requires 

integration between the sensory information and the motor output or performance. 

Children with DCD have demonstrated deficits of coordination and motor timing during 

auditory motor tasks. They also appear to have deficits during tasks that require 

synchronization of their movement to an external cue. These children were less accurate 

in maintaining their coordination when synchronizing to an auditory cue during a gross 

motor coordination task (Volman, Laroy, & Jongmans, 2006; Whitall et al., 2006) and a 

tapping task (Whitall et al., 2008), particularly at higher frequencies and were more 

variable than their typically developing (TD) peers. In these studies, only stable inphase 



 

  

8

 

or antiphase patterns were chosen. In addition, all these studies compared DCD with a 

cross section of age-matched TD children without analyzing their performance as a 

function of development (King, Clark, & Oliveira, 2012). In these studies, it was assumed 

that children with DCD were able to perceive the change in frequency of the auditory 

stimulus. However, it is not known if these children can perceive small changes in 

rhythm and whether this ability develops with age. Additionally, we do not know if 

children with DCD are able to adapt motorically to auditory stimuli that do not change in 

frequency but change to an uneven rhythm either abruptly or gradually.  

 

In this study, we determined the ability of children with DCD to modulate 

bimanual finger tapping in response to changing rhythms that are either perceptible or 

subliminal and compared their performance to age- and gender-matched peers.  We first 

determined the perceptual threshold of children to establish their ability to perceive the 

difference in rhythms. Secondly, we studied how well children could modulate bilateral 

finger tapping to abrupt/perceptible and to gradual/subliminal changes in rhythms. We 

also examined the ability of children with DCD to tap their fingers to a stable antiphase 

beat relative to a “developmental landscape” of TD children (King, Clark, & Oliveira, 

2012), which consisted of a cross section of TD children between ages 4-11 years.  

 

Hypothesis 2.1: Children with DCD will have a higher perceptual threshold compared to 

TD peers since they appear less able to use this information to synchronize to a beat. 
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Hypothesis 2.2:  Children with DCD will have a decreased ability to modulate bilateral 

finger tapping in response to subliminal changes in auditory rhythms compared to TD 

children because children with DCD appear to be dependent on feedback. 

 

Hypothesis 2.3: Children with DCD will exhibit greater variability in their performance 

of these tasks compared to TD children, as seen in previous tapping studies. 

 

Hypothesis 2.4: Children with DCD will be developmentally delayed rather than 

developing atypically when compared their TD peers, as suggested by previous studies of 

different motor tasks. 

 

 SPECIFIC AIM 3: To determine the structure of variability during synchronized 

antiphase bilateral finger tapping in children with DCD and to compare it to that of 

children and adults.  

Variability appears to be the hallmark of movement performance in children with 

DCD (Roche, Wilms-Floet, Clark, & Whitall, 2011; Volman, Laroy, & Jongmans, 2006; 

Whitall et al., 2008). Variability is also inherently linked to the health of biological 

systems (Goldberger et al., 2002; Goldberger, Findley, Blackburn, & Mandel, 1984).  

Goldberger et al. (1984, 2002) found that both healthy and unhealthy systems are 

variable, however, the variability patterns between the two systems were different. 

Traditional tools of dispersion, such as standard deviation (Goldberger et al., 2002) or 

coefficient of variation, provide different answers than non-linear tools in terms of 

stability and complexity (Stergiou, Buzzi, Kurz, & Heidel, 2004). Linear tools assess the 
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amount of variability while the non-linear analyses assess the structure or temporal 

organization of variability (Dingwell & Cusumano, 2000; Slifkin & Newell, 2000). 

 

In children with DCD, it is unclear whether there is an underlying pattern or 

structure to this variability, or a potential underlying cause that might contribute to it. 

From previous work with DCD from our lab, we found that adults and children with and 

without DCD exhibited a high degree of regularity in both feet and hands during 

rhythmic motor performance (King, Clark, & Oliveira, 2012; Mackenzie et al., 2008).  

Therefore, we chose to use the Lyapunov exponent (LyE) tool to examine divergences in 

trajectory despite the apparent periodicity seen in this population.  It is a measure of the 

rate which nearby trajectories in the state space diverge (Sprott & Rowlands, 1992). LyE 

represents the predictability vs. unpredictability of the unfolding trajectory of the data set 

through the state space. State space is vector space in which at any point the dynamical 

system can defined (Abarbanel, 1996). LyE works for discrete as well as continuous 

systems. LyE values closer to 0 would suggest a periodic system, values with a positive 

number would suggest a chaotic system and very large values of LyE would suggest a 

random system. Healthy systems have an optimal level of variability (Stergiou, 

Harbourne, & Cavanaugh, 2006).  Since adults and TD children are able to accurately 

perform this periodic task, we expected that they would have some divergence from an 

ideal periodic system, but their LyE values would be less than that of children with DCD. 

We specifically examined the LyE values between TD adults and children and children 

with DCD when performing a synchronized bimanual antiphase finger tapping task. We 
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examined their performance between the groups, between two trials of the same task and 

between dominant and non-dominant hands.  

Hypothesis 3.1: Children with DCD with have greater LyE values than the adults and 

TD children because children because their diverging trajectories would indicate poor 

motor control.  

Hypothesis 3.2: Children with DCD, but not TD children and adults where the dominant 

hand will be more stable, will have similar variability in both hands regardless of the 

dominance because a significant number of children with DCD are left-handed or mixed 

handed rather than being strongly right dominant.  

SCOPE OF THIS DISSERTATION 

This dissertation has six chapters. The main intention of this dissertation was to 

investigate deficits in auditory motor coordination in children with DCD. Chapter 2 is a 

detailed review of the relevant literature. In the study described in chapter 3, we 

examined the ability of typically developing children between ages 4 and 10 years to 

modulate bimanual antiphase finger tapping to perceptible or subliminal changes in 

rhythm. In the study described in chapter 4, we compared the ability of children with 

DCD to adapt synchronized antiphase bimanual finger tapping in response to perceptible 

(abrupt) or subliminal (gradual) changes in auditory rhythm to the performance of their 

TD peers. In chapter 5, the structure of the tapping phasing variability found in adults, 

TD children, and children with DCD, when performing the task described in chapter 4, is 

explored. We employed non-linear variability analysis to examine the data. Chapter 6 
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summarizes primary findings of this dissertation and a general discussion of the findings 

including presentation of a possible conceptual model. We also discuss the limitations of 

these studies and directions for future research.  
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CHAPTER 2 

REVIEW OF RELEVANT LITERATURE 
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The first section of this chapter contains a description of developmental 

coordination disorder (DCD), including addressing questions of definition, diagnosis, 

prevalence, prognosis, significance of studying this population and the DCD phenotype. 

Also, included is a review of the deficits in the timing component in this population, 

finger tapping as a method to study timing, studies that have used it in children with DCD 

and neurophysiological studies (specifically imaging) of tapping in adults and children 

with and without DCD. Finally, there is a review on variability, brief description of non-

linear tools and detailed review on the non-linear method of Lyapunov exponents. 

 

DEVELOPMENTAL COORDINATION DISORDER (DCD) 

Definition, Diagnosis, Prevalence and Prognosis: 

DCD is defined as a chronic and usually permanent condition characterized by 

impairment of motor performance that is sufficient to produce functional motor 

performance deficits that are inexplicable by the child’s age or intellect or by other 

diagnosable neurological or spatiotemporal organizational problems (APA, 1994, 2000; 

Dewey & Wilson, 2001). The term DCD was adopted at the 1994 international consensus 

conference on children and clumsiness (Barnhart, Davenport, Epps, & Nordquist, 2003; 

Dewey & Wilson, 2001). Prior to this, children with motor incoordination were said to 

have “clumsy child syndrome” (Gubbay, 1975), sensory integration dysfunction (Ayres, 

1971), and perceptual motor difficulties (Laszlo, Bairstow, Bartrip, & Rolfe, 1988). Even 

though they were described with different terminologies, it is now believed these terms 

described these children with motor difficulties, which are not attributed to any medical 

condition. 
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The DSM IV criteria for DCD include: 

A. Performance in ADL that demonstrate motor coordination substantially below 

that expected given the person’s chronological age and IQ. 

B. Disturbance in criterion A significantly interferes with academic achievement and 

activities of daily living (ADLs) 

C. There is no diagnosis of a medical condition or pervasive developmental disorders 

(PDD) 

D. If mental retardation is present, the motor difficulties are in excess of those 

associated with it. 

 

The diagnosis is usually based on a score on a standardized motor test, such as the 

Movement Assessment Battery for Children (MABC) (S. Henderson & Sugden, 1992). A 

child’s test score should be outside the normal range in order to be diagnosed with DCD. 

Currently, children that test below the fifth percentile on the MABC are characterized as 

children with DCD. However, several older publications prior to 1999 have used the 15th 

percentile as the cut-off (Schoemaker et al., 2001). If the child has a known medical or 

neurological condition, such as cerebral palsy, the diagnosis DCD is not warranted. In 

case of mental retardation, the diagnosis is made only if the test score is lower than could 

be expected on the basis of this specific condition. An additional criterion stated in DSM 

IV is that the motor difficulties should have a negative impact on academic achievement 

or daily life activities. 
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Another diagnostic system, International Classification of Diseases- 10 (ICD-10) uses 

the term “specific developmental disorder of motor function” (SDDMF). The ICD 

definition is similar to that of DSM IV criteria. However, the criteria specified in ICD 10 

do not require academic and/or daily living impairments for the diagnosis. A unique 

feature of ICD 10 is that the motor dysfunction is usually associated with some degree of 

impaired performance on visuo-spatial cognitive tasks. The definition excludes 

abnormalities of gait and mobility, isolated lack of coordination, and motor impairment 

secondary to mental retardation or to other medical and psychosocial disorders. The 

definition of DCD according to ICD-10 requires that the diagnosis is not solely 

explicable by mental retardation or any specific congenital or acquired neurological 

disorder (Blank, Smits-Engelsman, Polatajko, & Wilson, 2012). The diagnosis of 

SDDMF is made after an individually administered test of gross or fine motor 

coordination. ICD-10 recommends a norm referenced approach to the diagnosis whereas 

DSM IV uses a criterion-referenced approach. 

 

Estimation of the prevalence of DCD is difficult because the cutoffs for decision are 

arbitrary  (Sugden & Keogh, 1990). The percentage cutoffs range from 5-15% (Gueze, 

Jongmans, Schoemaker, & Smits-Engelsman, 2001). Henderson & Sugden (1992) used 

15% as the cutoff. Research studies characteristically use the more stringent cutoff of 5%. 

Gubbay (1975) designated the bottom 6% of his sample as having clumsy child syndrome 

( DCD) because of results from a pilot study. APA estimates that 5-9% of children in the 

normal population have DCD. DSM IV estimates that as many as 6% of children between 

ages 5-11 years have DCD (Kadesjo & Gillberg, 1998). Kadesjo & Gillberg, (1999) 
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found that in a cohort of 7 year olds, severe DCD occurred in 4.9% and moderate DCD in 

another 8.6%. They additionally found that in a cohort of 7 year olds with DCD, boy-girl 

ratios ranged from 4:1 to 7:1. Taylor (1990) found the ratio to be 3:1 among the children 

referred for remediation while Missiuna (1994) found that ratio 5:1 in teacher referred 

children with movement disorder. However, certain studies showed equal distribution 

(Gubbay, 1975; Maeland, 1992). In addition, a higher incidence of DCD may be found 

among children with a history of prenatal or perinatal difficulties (Dewey & Wilson, 

2001; Holsti, Grunau, & Whitfield, 2002; Miyahara & Mobs, 1995) 

 

Historically, parents were advised that their child would “outgrow their clumsiness”. 

Cantell, Smyth and Ahonen (2003)(2003) suggest that there are two developmental paths 

in people with DCD: persistence or resolution. Based on their results, they suggested that 

people with milder difficulties (intermediate) resolved their symptoms or “caught up” 

with their typically developing peers. The symptoms of children with significant deficits 

appear to persist. Several researchers report that children do not outgrow clumsiness and 

that, without intervention, they will not improve. Losse et al.(1991) tested 17 children 

aged 6 years and retested them at age 16 years. The children with motor difficulties at 6 

years of age continued to exhibit problems at 16 years of age. In another study, 

Rassmussen & Gillberg (2000), 818 children with DCD were tested for reading 

comprehension at age 7 years and then again at age 10 years. A positive correlation in 

poor reading comprehension existed for children with DCD at 7 and 10 years of age. A 

follow-up study was conducted on 22-year-old individuals (n=55) who at age 7 years had 

either DCD or attention-deficit/hyperactivity disorder (ADHD), or both. The children 
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with DCD and those with both DCD and ADHD had poorer outcomes than their similarly 

aged peers without DCD and children with ADHD only. The children with DCD and 

those with both DCD and ADHD were found to have had more criminal offenses, greater 

incidence of substance abuse and other psychiatric disorders, and lower levels of 

schooling (Rasmussen & Gillberg, 2000). They had a tendency to stay with their parents 

longer and have significant motor and executive functioning deficits (Kirby, Sugden, 

Beveridge, Edwards, & Edwards, 2008). 

 

Summary: 

DCD is defined as a chronic and usually permanent condition characterized by 

impairment of motor performance that is sufficient to produce functional motor 

performance deficits that are inexplicable by the child’s age or intellect or by other 

diagnosable neurological or spatiotemporal organizational problems. The diagnosis is, 

usually based on a score on a standardized motor test, such as the Movement Assessment 

Battery for Children (MABC). Children that test below the fifth percentile on the MABC 

are characterized as children with DCD. Children cannot be diagnosed as DCD if they 

have a known medical or neurological condition.  Their motor difficulties have a negative 

impact on academic achievement or daily life activities. DSM IV estimates that as many 

as 6% of children between ages 5-11 years have DCD. There is a greater incidence of 

DCD among boys than girls but the actual ratios differ between studies.  They have a 

high co-morbidity with conditions such as ADHD and learning disabilities. Researchers 

have suggested that people with milder difficulties, with time, have a resolution of their 
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symptoms. The symptoms of the DCD group with more severe phenotype appear to 

persist. 

 

Significance of studying the DCD population 

Children with DCD demonstrate poor academic achievement (Cantell, Smyth, & 

Ahonen, 1994; Rasmussen & Gillberg, 2000) and decreased psychosocial functioning 

including increased anxiety (Pratt & Hill, 2011; Schoemaker & Kalverboer, 1994). 

Children with DCD at nine were more likely (43%) to have a learning difficulty in 

arithmetic than extremely low birth weight children who did not have DCD (Holsti, 2002 

#49). They continue to have difficulties with handwriting, executive functioning and 

social skills into adulthood (Kirby, Edwards, & Sugden, 2011). In addition, they are at an 

increased risk of difficulty in attention, reading skills and social skills (Lingam et al., 

2010). They are also at an increased risk for depression, low self-esteem, and of being 

bullied (Lingam et al., 2012; Losse et al., 1991) They tend to be more anxious and 

introverted than their typically developing counterparts (Schoemaker & Kalverboer, 

1994). 

 

In addition, these children tend to suffer from other long term health concerns 

including decreased pulmonary lung function (Wu, Cairney, Lin, Li, & Song, 2011) and 

decreased physical activity (Green et al., 2011). Several studies suggest that those with 

more severe symptoms in childhood tend to persist into adulthood (Cantell, Smyth, & 

Ahonen, 2003; Cousins & Smyth, 2003; Kirby, Sugden, Beveridge, Edwards, & 

Edwards, 2008; Kirby & Sugden, 2011). Several studies have shown that most children 
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identified at ages five or six years as having DCD continue to exhibit motor coordination 

issues 10 years later (Cantell, Smyth, & Ahonen, 1994, 2003; Losse et al., 1991). 

 

Summary: 

Children with DCD have significant motor and sensory impairments that cause 

secondary significant deficits in motor performance, ADLs, emotional functioning 

including poor coping skills and anxiety.  This group needs further investigation to 

facilitate development of treatment strategies as they are at risk for many adverse 

outcomes associated with their primary motor deficits that are addressed in the next 

section. 

 

The DCD phenotype 

A review of the literature suggests that individuals with DCD show deficits in 

most motor skills at different levels of the International Classification Framework (WHO, 

2006).  For example, Zwicker, Harris and Klassen (2012) reported that children with 

DCD performed significantly lower than typically developing peers in a number of gross 

motor and fine motor skills, daily living skills, leisure, and recreational activities. It has 

been suggested that the motor impairments mostly occur in 3 main areas: poor postural 

control, motor learning and sensorimotor coordination (Zwicker, Missiuna, & Boyd, 

2009). Children with DCD have been found to show abnormalities in postural control 

(Geuze, 2010; Jover, Schmitz, Centelles, Chabrol, & Assaiante, 2010; Jucaite, Fernell, 

Forssberg, & Hadders-Algra, 2003), as well as in fine motor skills (Smits-Engelsman, 
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Niemeijer, & van Galen, 2001). Further, their motor problems have been attributed to 

deficits in sensory, motor and sensorimotor integration domains. 

 

The visual problems reported are inaccuracies in estimating object size  (Hulme, 

Biggerstaff, Moran, & McKinlay, 1982; Hulme, Smart, & Moran, 1982; Hulme, Smart, 

Moran, & McKinlay, 1984; Lord & Hulme, 1988), difficulties in locating an object’s 

position in space (Schoemaker et al., 2001) , visuomotor sequence learning (Gheysen, 

Van Waelvelde, & Fias, 2011) and poor visuomotor integration (Parush, Yochman, 

Cohen, & Gershon, 1998). A decreased ability to direct visual attention is also reported 

(Wilson and Maru, 1996, 1999; Wilson, Maru, & McKenzie, 1997). . 

 

Several studies have reported proprioceptive or kinaesthetic difficulties, such as a 

decreased kinaesthetic acuity (Coleman, Piek, & Livesey, 2001; Laszlo & Bairstow, 

1988; Piek, Pitcher, & Hay, 1999; M. M. Smyth & Mason, 1998). The disorder has also 

been related to a deficit in the mapping of visual and proprioceptive information (Mon-

Williams, Wann, & Pascal, 1999). Others have found abnormalities in the execution of 

movements, in the absence of any perceptual component (Hoare, 1994; Raynor, 2001). 

 

Underlying the movement difficulties of execution are differences in muscle 

timing. Children with DCD show inconsistent timing of muscle activation sequences and 

atypical muscle activation patterns. Williams et al.(1983; 1985) found that children who 

were motorically awkward (a pre-1994 description of DCD) had muscle activation 

patterns different from their typically developing peers, a different distribution of muscle 
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activity, a greater level of muscle activity and a lack of age related decrease in activation 

levels and variability. They also found that “slowly developing children” are unable to 

organize their muscular activity in response to unexpected postural perturbations 

(Williams, Fisher, & Tritschler, 1983; Williams, McClenaghan, & Ward, 1985). Children 

with DCD also differed in delayed timing of anticipatory postural adjustments during 

lifting tasks (Jover, Schmitz, Centelles, Chabrol, & Assaiante, 2010; Jucaite, Fernell, 

Forssberg, & Hadders-Algra, 2003). In a study on 8-10 year old children with DCD 

performing a rapid goal directed reaching task, Johnston, et al. (2002), found altered 

activity in postural muscles. In particular, shoulder muscles, except for serratus anterior, 

and posterior trunk muscles demonstrated early activation, while anterior trunk muscles 

demonstrated delayed activation. Thus, they suggested that in children with DCD altered 

postural muscle activity may contribute to poor proximal stability and consequently poor 

arm movement control when performing goal-directed movement.  Huh, Williams, & 

Burke (1998) found that the prolonged burst of agonist activity and delayed onset of 

antagonist activity observed in children with DCD might contribute to their inability to 

produce fast, accurate unilateral movements, during a unilateral or a bilateral aiming task. 

 

Other timing issues are related to movement preparation.  Children with DCD 

have slower reaction times (Hyde & Wilson, 2011; Johnston, Burns, Brauer, & 

Richardson, 2002; Raynor, 1998).  These children appear to take longer time to initiate 

the movement compared to their typically developing peers (Huh, Williams, & Burke, 

1998; Hyde & Wilson, 2011; Johnston, Burns, Brauer, & Richardson, 2002). Participants 

with DCD between ages 7-13 years during the Simon task (complex or choice reaction 
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time task), responded more slowly than did the control participants, younger children 

reacted with greater delays than did the older children and incompatible trials produced 

longer reaction times (Mandich, Buckolz, & Polatajko, 2002).  The increase in reaction 

time may be due to an increase in the premotor time period rather than the muscle 

activation rise time with the greater time taken for response programming (Raynor, 1998; 

Smyth & Glencross, 1986). Others have suggested that the increased time may be 

required for response selection (Henderson, Rose, & Henderson, 1992; Van Dellen & 

Geuze, 1988). This has not been distinguished with rigorous experiments. 

 

Finally, children with DCD are also more variable than controls in the timing of 

movement during in rhythmic tasks with or without synchronization to an auditory beat  

(Roche, Wilms-Floet, Clark, & Whitall, 2011; Volman & Geuze, 1998; Volman, Laroy, 

& Jongmans, 2006; Whitall et al., 2008). 

 

Summary: 

Children with DCD have deficits in the sensory domain including visual, tactile, 

proprioceptive, and kinesthetic. The motor impairments mostly occur in three main areas: 

poor postural control, motor learning and sensorimotor coordination. There is a timing 

component to several deficits seen in this population. Investigation of the deficits in 

timing of motor performance in children with DCD may give us greater insight into the 

deficits and possible treatment strategies in this population. 
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TIMING COMPONENTS OF MOTOR PERFORMANCE IN DCD 

Muscle activity 

 At the muscle contraction level, children with DCD differ in timing of postural 

adjustments and appear less efficient than their typically developing peers (Jover, 

Schmitz, Centelles, Chabrol, & Assaiante, 2010; Jucaite, Fernell, Forssberg, & Hadders-

Algra, 2003; Kane & Barden, 2013). During lateral shifting tasks (kicking a ball, standing 

on one foot and stepping onto a step), they have decreased anticipatory activation of the 

ipsilateral tibialis anterior, ipsilateral transversus abdominis /internal oblique, and 

bilateral external oblique muscles (Kane & Barden, 2013).  They seemed to have either 

early or delayed (altered) activation of postural muscles and decreased amplitude and 

prolonged onset of postural adjustments (Jucaite, Fernell, Forssberg, & Hadders-Algra, 

2003). Consequently, they have poor postural stability during lateral shifts (Kane & 

Barden, 2012), poor arm movement control when performing goal-directed movement 

and have decreased ability to produce fast, accurate unilateral movements (Huh, 

Williams, & Burke, 1998; Johnston, Burns, Brauer, & Richardson, 2002). It has been 

suggested that there are important differences in the way the motor control systems of 

children with and without DCD organize their motor responses (Huh, Williams, & Burke, 

1998). 

 

Reaction time 

Children with DCD between ages 8-10 years took significantly longer to respond 

to visual signals during a rapid goal directed reaching task (Johnston, Burns, Brauer, & 

Richardson, 2002).  Huh, et al. (1998) showed that in a unilateral or bilateral aiming task, 
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unilateral and bilateral movement times were slower in younger than older children, and 

in children with DCD than typically developing children. Cousins and Smyth (2003) 

showed that adults with DCD had increased reaction time, but it was not significantly 

different compared to their peers. 

 

Complex or “choice reaction” time is when the individual has to choose among a 

number of responses and execute a response as fast as they can.  Van Dellen & Geuze 

(1988) studied 12 “clumsy children” and their matched controls during a four-choice 

reaction time task in two compatibility conditions and three pre-cue conditions. They 

concluded that the cognitive decision process of response selection contributed to the 

slow but not to the inaccurate performance of clumsy children. Participants with DCD 

between ages 7-13 years, responded more slowly during the Simon task than did the 

control participants, while younger children reacted with greater delays than did the older 

children, and incompatible trials produced longer RTs (Mandich, Buckolz, & Polatajko, 

2002). 

 

In some studies, it is suggested that the increase in reaction time is probably in 

part due to increase in the premotor time period. Smyth and Glencross (1986) suggested 

that the increase in premotor time was due to the greater time taken for response 

programming while Van Dellen and Geuze (1988) and Henderson et al. (1992) suggested 

that this greater time was due to greater time required for response selection.  Raynor 

(1998) fractionated the simple reaction time test (into central and peripheral time 



 

    

30

 

components). She found that reaction time, premotor time and motor time is increased in 

DCD when compared to typically developing children. 

 

Movement time (MT) 

In a rapid goal directed reaching task, 8-10 year old children with DCD took 

significantly longer to complete the goal-directed movement (Johnston, Burns, Brauer, & 

Richardson, 2002). Specifically, Henderson et al. (1992) found that MT to a small target 

was an exceptionally robust measure of impairment in children with DCD. Children with 

DCD were significantly slower than typically developing children. Similarly, Cousins 

and Smyth (2003) found that in adults with DCD (between ages of 18-65 y), measures on 

the movement time (Rosenstein, Collins, & DeLuca) task were more profoundly affected 

than those on reaction time measures.  Zoia et al. (2005) found that the movement time in 

children with DCD during reaching with full vision task was longer. This was the case, 

also during a rhythmic circle and line drawing task. Children with DCD were 150 ms 

slower than their typically developing peers when asked to draw a circle or a line to a 

metronome, regardless of whether they did it continuously or if they did it 

discontinuously adding a break between each repetition (Bo, Bastian, Kagerer, Contreras-

Vidal, & Clark, 2008). 

 

Rhythmic Coordination and Auditory-Motor Integration. 

Children with DCD have difficulties producing stable rhythmic coordination 

patterns compared to typically developing children (Volman & Geuze, 1998; Volman, 

Laroy, & Jongmans, 2006; Whitall et al., 2008; Whitall et al., 2006). They are less able to 
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organize and maintain a gross motor coordination task (marching and clapping) in time to 

an auditory cue, specifically at higher frequencies (Whitall et al., 2006). In a study where 

they were asked to perform inphase or antiphase tapping movements in three different 

interlimb coordination combinations: (1) hand-hand (homologous), (2) hand-foot same 

body side (ipsilateral), and (3) hand-foot different body side (contralateral), it was found 

that they were less in all three conditions compared to their typically developing peers. 

Children with DCD also had increased variability in movement time when they had to 

perform a circle and line drawing task using a metronome continuation paradigm, where 

they performed the drawing task to a frequency set by the metronome and then continued 

the task once the metronome was stopped (Bo, Bastian, Kagerer, Contreras-Vidal, & 

Clark, 2008). 

 

Summary: 

Children with DCD have deficits in timing. Anecdotally, it is seen that children 

with DCD have degradation of motor performance when a time constraint is placed on 

the task. They have difficulty in timing of muscle activity, postural adjustments, both 

simple and complex reaction times, and in movement time. They have difficulty in 

performing rhythmic motor tasks, changing speeds, performing a motor task at higher 

speeds and performing at the lowest frequencies. They are more variable in their 

performance compared to their peers, regardless of the task.  One area of timing that has 

not been examined so far is the ability to adapt to a change in phasing relationships at a 

given frequency.   In this thesis, we used a finger tapping task to examine timing through 
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a temporal coordination task using specific phasing constraint because with this task, we 

can assess the temporal component with decreased spatial coordination demands. 

 

FINGER-TAPPING TASK AS A METHOD TO STUDY TIMING IN DCD 

Finger tapping experiments have been conducted since the 1860s. One the earliest 

of these published  experiments was conducted by Lewis Stevens (1886) in Baltimore, 

MD at the Psychophysical Laboratory of Johns Hopkins University. In this particular 

experiment, Stevens (1886) used a compound lever, which allowed participants to 

perform unimanual tapping with minimal resistance and noiselessly. This experiment 

used a continuation paradigm where participants tapped in synchrony with a metronome, 

which was then stopped and the participant continued to tap to the target tempo and 

rhythm. He calculated the difference (error) between inter-onset intervals of the pacing 

cue and intertap intervals. He used both regular and irregular beats using a metronome. 

Since then finger tapping has been used in several variations (unimanual, bimanual, 

sequential) using index and other fingers. It has been used to study normal adult behavior 

(e.g. Fraisse, 1966), motor development (Wolff, Kotwica, & Obregon, 1998), patients 

with neurological deficits including Parkinsonism, cerebellar deficits and MS, patients 

with psychiatric conditions including schizophrenia and many other conditions. 

 

Recently, finger tapping has become the experimental paradigm of choice for 

functional magneic resonance imaging (fMRI) studies because of the ability of the 

subject to perform a motor task without causing movements in the head during scanning 

of the brain. Since it helps scientists study brain activation and understand brain function 
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during motor performance, pairing finger tapping with fMRI will be a useful future area 

of investigation of motor coordination. 

 

Finger tapping is useful as a paradigm because a) it focuses on temporal 

coordination in the form of rhythmic tasks with brisk discrete movements, where spatial 

coordination demands are minimized; b) there are models explaining tapping behavior; 

and c) it is an easy motor task that requires minimal learning. Low inertial properties of 

the fingers reduce the biomechanical influences on timing suggesting that there is a 

possible linear relationship between the conscious initiation of movement by the brain 

and the neural efferent and afferent signals that control the movement. 

 

Tapping with or without tactile feedback 

There are several variations of finger coordination / tapping tasks. Different types 

of movements (e.g. tapping on a hard surface vs. finger flexion extension without 

contact) could be used. Movements that require discrete breaks in movement, introduced 

by tactile feedback, appear to require more explicit temporal control compared to 

continuous movements (Delignieres, Lemoine, & Torre, 2004; Studenka & Zelaznik, 

2011b; Zelaznik, Spencer, & Ivry, 2002). Information pertaining to an event in movement 

production aids in detecting and correcting for errors between movement cycle 

completion and the metronome tone (Repp, 2005; Studenka & Zelaznik, 2011a, 2011b). 

In a recent study, Studenka and Zelaznik (2011b) found that during auditory 

synchronization finger tapping on a table, there was rapid and complete error correction 

however, young adults were not able to maintain synchronization during the circle 
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drawing task. In the second experiment, they had adults tap their fingers again, but this 

time there was no tactile feedback because the finger did not touch a table during the 

task. They, also, introduced a tactile feedback in the form of a Velcro strip for the circle 

drawing condition.  In the circle drawing condition, they placed their finger on the Velcro 

strip at the 12 o’clock position to coincide to the auditory tone. They found a significant 

improvement in synchronization error correction for circle drawing, and the removal of 

tactile feedback slightly reduced the error correction response of tapping. This suggests 

that a discrete perceptible sensory event (e.g. the tactile feedback from tapping on a 

surface) is required for synchronization. 

 

Tapping to an auditory cue vs. a visual cue 

Synchronization has been tested using either auditory or visual pacing cues. In 

non-experimental situations, people often move in synchrony with auditory rhythms (e.g., 

music), whereas synchronization of movement with purely visual rhythms is uncommon. 

Spontaneous sensorimotor synchronization with music, songs, or speech has been 

observed intermittently in infants and toddlers (Condon & Sander, 1974; Trevarthen, 

1999), and young children’s ability to synchronize deliberate actions with a musical beat 

increases rapidly with age (Drake, Jones, & Baruch, 2000; McAuley, Jones, Holub, 

Johnston, & Miller, 2006). 

 

There is considerable evidence that human sensitivity to purely temporal 

information is greater in the auditory than in the visual modality. Psychophysical 

experiments have demonstrated that temporal discrimination is poorer in vision than in 
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audition (Grondin, 1993; Grondin, Meilleur-Wells, Ouellette, & Macar, 1998; Grondin, 

Roussel, Gamache, Roy, & Ouellet, 2005; Lapid, Ulrich, & Rammsayer, 2009). Also, 

discrimination and reproduction of temporal patterns are superior in the auditory 

modality (Glenberg & Jona, 1991; Glenberg, Mann, Altman, Forman, & Procise, 1989; 

Grahn, 2012). When auditory and visual stimuli are in conflict with respect to their 

number, timing, duration, or rate, observers’ judgments are typically more strongly 

influenced by the auditory than by the visual temporal information (Fendrich & Corballis, 

2001; Morein-Zamir, Soto-Faraco, & Kingstone, 2003). 

 

This asynchrony extends to the temporal control of action. When participants are 

required to tap in synchrony with isochronous auditory or visual sequences (tones vs. 

flashes) of equal tempo, the variability of the asynchronies between taps and sequence 

events is much greater with the visual sequences (Kolers & Brewster, 1985; Repp & 

Penel, 2002). However, when participants are instructed to synchronize their taps with 

flashes that are accompanied by tones that are to be ignored, the variability of the 

asynchronies is as low as in tapping to the tones alone (Y. Chen, Repp, & Patel, 2002; 

Repp & Penel, 2002). This indicates that the motor activity is controlled by the auditory 

input, even when attention is focused on the visual modality. Repp and Penel (2002) also 

found that the automatic phase correction process triggered by phase perturbations in 

simultaneous auditory and visual sequences responds more strongly to auditory than to 

visual perturbations. The intensity of the stimuli does not really affect the 

synchronization error (Bialunska, Bella, & Jaskowski, 2011). Participants were asked to 

synchronize finger force pulses with target isochronous stimuli of various intensities. In 
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addition, participants performed a simple reaction-time task, for comparison. Higher 

intensity led to shorter reaction times. However, intensity manipulation did not increase 

synchronization. 

 

In a target-distracter paradigm, Repp and Penel (2004) showed this attraction of 

movement to auditory signals by requiring participants to tap their index finger in 

synchrony with an isochronous auditory (Morein-Zamir, Soto-Faraco, & Kingstone, 

2003) or visual (flashing light) target sequence while a distracter sequence was presented 

in the other modality. The obtained asynchronies and their variability showed that 

auditory distracters strongly attracted participants’ taps, whereas the effect of visual 

distracters was weak. When different irregular timing patterns were imposed on target 

and distracter sequences, participants’ taps tended to track the timing pattern of auditory 

distracter sequences when they were approximately in phase with visual target sequences, 

but not the reverse. Repp (2006) found that an auditory distracter does affect self-paced 

tapping; however, the auditory distracter sequence could be made more or less distracting 

by varying its relative intensity compared to the target sequence. 

 

In a recent study using the target-distracter paradigm, researchers looked at 

auditory metronome vs. a moving visual cue (a bouncing ball) (Hove, Iversen, Zhang, & 

Repp, 2012). They found that synchronization was still more stable with the auditory 

target stimuli than the visual target cues. However, they found that the moving visual 

distracter (a bouncing ball) vs. a flashing visual cue could be as effective as an auditory 

distracter, in terms of perturbing a synchronous tapping movement.   Taken together, 
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these studies suggest that rhythmic movements are typically, more strongly attracted to 

auditory than to visual rhythms and support the decision to look at auditory cueing 

(auditory-motor coordination) in the studies of this dissertation. 

 

Synchronization vs. Continuation paradigms 
 

Auditory-motor coordination studies have used either synchronization or a 

continuation paradigm. The synchronization paradigm requires the participant to tap to a 

continuously to a pacing signal. In a typical synchronization task, a participant attempts 

to terminate/initiate one movement cycle (usually a finger tap) coincident with an 

external stimulus (Repp & Su, 2013). This is a sensorimotor task. The individual has to 

extract precise timing information from the external pacer, encode it, predict the time 

interval and execute an accurate movement. The continuation paradigm, on the other 

hand, is where the tapping rate is first established using a pacing stimulus/metronome, 

following which the stimulus metronome is turned off, and the individual continues to tap 

at the established movement rate. This paradigm has been used in adults, children and 

children with DCD (Stevens, 1886; Volman & Geuze, 1998; Wing & Kristofferson, 

1973; Wolff, Kotwica, & Obregon, 1998; Yamanishi, Kawato, & Suzuki, 1980). Hence, 

these studies observe the ability to tap to a rhythm synchronized by an internal 

timekeeping mechanism (or “internal clock”).  The temporal representation of the task is 

acquired from a “pacemaker”, or endogenous oscillators (Ivry, 1996, 1997).  Thus, 

continuation paradigm studies do not look at the “auditory-motor”, but primarily the 

“motor” component, although a memory representation of the perceptual cue may be part 

of both paradigms. 
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Most functional rhythmic tasks require synchronization such as dancing to music, 

marching to a beat or playing in an orchestra.  In the synchronization paradigm, it has 

been shown that a stable phase relation between stimuli and responses is achieved within 

3–5 taps (Fraisse, 1966).  In adults, the tapping responses tend to precede the stimuli by a 

small amount of time.  Aschersleben & Prinz (1995) described a response pattern in 

which the tap precedes the auditory cue by about 30-50 msec (Aschersleben, Gehrke, & 

Prinz, 2001; Fraisse, 1980; Mates, Radil, & Poppel, 1992). They called this phenomenon 

‘negative asynchrony’ and an anticipatory tapping error. In a way, anticipatory responses 

are reactions to preceding stimuli that coincide approximately with the next target 

stimulus. (Repp & Su, 2013). 

 

One of the earlier explanations of this negative asynchrony was the Paillard-

Fraisse hypothesis. It was suggested that differences in nerve conduction times between 

finger to brain and ear to brain on their way to their central representation are responsible 

for the anticipatory error (Aschersleben & Prinz, 1995, 1997). They suggest that the 

cause of asynchrony is to be found at a peripheral level.  The idea behind the nerve-

conduction hypothesis is that the synchrony between events needs to be established at the 

subject’s central representational level for the events to be perceived as being in 

synchrony. 

 

Based on the reviewed physiological facts the tactile feedback from the tap takes 

longer to travel to the brain and to be perceived than the auditory signal. Thus, the tap 
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needs to precede the metronome click to allow synchrony between the perceived events 

at the central level of the brain. Similarly, in the clapping experiment when the claps are 

in synchrony the performer feels that he is late because the tactile feedback of the taps 

processes is slower. As it takes more time for sensory information (resulting from the 

tactile and kinesthetic feedback of the tap) to travel from the fingertip to the brain than 

from the ear to the brain, the clap has to lead the click to achieve temporal coincidence of 

the two central codes (Aschersleben & Prinz, 1995, 1997; Fraisse, 1980). The support for 

this idea came from the findings that when the subjects attempt to tap with their foot 

instead of a finger, the negative asynchrony is about 45ms larger (Aschersleben & Prinz, 

1995, 1997). 

 

Aschersleben (2002) proposed an alternative hypothesis called the sensory 

accumulator model (Diekhof, Biedermann, Ruebsamen, & Gruber, 2009).  The idea 

behind the SAM was also that the perception of synchrony is established at the central 

level. However, instead of the nerve conduction times, it stresses the importance of the 

time required to generate the central representations. A stronger signal from the physical 

world event causes the sensation to cumulate faster over a perception threshold. Most of 

human nerve cells function in this manner. The strength of excitation transfers to density 

of signals, which are integrated over a period of time. For instance, tapping with larger 

amplitudes produces significantly smaller asynchrony than tapping with small amplitudes 

(-25ms vs. -60ms) (Aschersleben, 2002). Larger amplitude increases the tactile force, and 

thus the amount of tactile stimulation, causing the sensation threshold to fill up faster. 
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Evidence in favor of the SAM comes from experiments in which the feedback 

arising from the tap was manipulated by changing the movement of the finger 

(Aschersleben, 2002). In these experiments, subjects were instructed to produce finger 

movements with either small or large amplitudes. As conditions with large finger 

amplitudes were assumed to produce enhanced somatosensory feedback, the SAM 

predicted a reduction in the amount of asynchrony under those conditions. Furthermore, 

the results are in line with experiments in which isometric force pulses were examined. 

Here, subjects had to produce either weak or strong forces and, again, the predictions of 

the SAM were confirmed. The asynchrony between tone and tap was significantly 

enlarged if subjects had to produce weak forces rather than strong forces. This theory, 

thus predicts that a block of tactile feedback (peripheral nerve block) would cause an 

increase in asynchrony. It was found that the anticipatory error is affected by the 

peripheral nerve block in the standard tapping and the isometric tapping task. In both 

tasks, local anesthesia led to an increase in asynchrony between the pacing signal and the 

tap (Aschersleben, Gehrke, & Prinz, 2001). However, a recent study (Bialunska, Bella, & 

Jaskowski, 2011) that had participants synchronize force pulses to isochronous stimuli of 

various auditory intensities did not find a decrease in this negative asynchrony. The 

results thus were inconsistent with the predictions of the SAM. 

 

Interestingly, McAuley et al. (2006), have shown (in the electronic supplementary 

data of the journal) that 4- and 5-year-olds did not synchronize finger tapping well, if at 

all, whereas 6- and 7-year-olds performed much better, almost at the adult level. Elderly 

participants retained good synchronization ability. Data from our lab (Whitall et al., 
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2008), showed that when adults, children and children with DCD were asked to tap 

bimanually to increasing frequencies, at 0.8 Hz (1250ms inter-onset interval, IOI) the 

adults were synchronized with the beat with negative asynchrony. The typically 

developing children have less tightly synchronized tapping and had positive asynchrony. 

The children with DCD tend to have increased variability and tended to either tap with a 

positive or negative asynchrony. However, at 3.2 Hz (312 ms IOI) the adults still show a 

relatively tight clustering of taps around the beat but had decreased negative asynchrony 

and many adults had positive asynchrony. The typically developing children continue to 

have positive asynchrony while the children with DCD are variable and their synchronies 

were distributed both in front and after the auditory stimulus. Therefore, it appears that 

there is an optimal frequency / inter-onset interval for tapping using negative asynchrony 

at least in adults. Fujii and Moratani (2011) found an increase in drummers’ negative 

asynchrony as the metronome IOI increased from 300 to 1,000 ms. Musicians performing 

a 1:1 tapping task also have been found to show an increase in their negative 

asynchronies as IOI duration increased from 260 to 1,560 ms (Zendel, Ross, & Fujioka, 

2011 ). It appears that the negative asynchrony, typically increases as the metronome IOI 

increases (or frequency decreases). Interestingly, in the DCD group, Whitall et al. (2008) 

found that children with DCD had difficulty matching the slowest frequency (0.8 Hz) 

compared to the faster ones.  Therefore, in this thesis we chose to use the synchronization 

paradigm with the frequency of 1.4 Hz, which was slow but not too slow for the children 

with DCD. 

 

 



 

    

42

 

Unimanual vs. Bimanual tapping: 

The two fundamental repetitive tapping protocols are unimanual and bimanual 

tapping. Two theoretical frameworks have dominated this field of repetitive movement 

control: the information-processing and dynamical systems perspective. Studies that  use 

the information-processing framework tend to study unimanual tapping. In this 

framework, bimanual tapping is considered a special case of dual-task performance that 

is faced with structural interference as a result of limitations in neural resources (Swinnen 

& Wenderoth, 2004). It generally deals with responses as discrete time series (Repp, 

2005). Studies using the dynamical systems perspective have used analysis techniques to 

study temporal parameters during coordinated bimanual action using the bimanual 

tapping. Tasks involving repetitive bimanual movements have provided the empirical 

foundation for much of the theory in the study of coordination. They have investigated 

the intrinsic dynamics of interlimb coordination and have induced spatiotemporal phase 

transitions to study emergence of self-organization patterns. (Forrester & Whitall, 2000; 

Fuchs & Kelso, 1994; Whitall, Forrester, & Song, 1999; Yamanishi, Kawato, & Suzuki, 

1980) 

 

Bimanual Coordination patterns : Inphase vs. Antiphase & Offphase modes. 

Modifying or altering movement in response to sensory cues is known as 

modulation/adaptation. Modulation (adaptation) is the ability to scale a motor response to 

a change in sensory information. This modulation requires integration of the sensory 

information and the motor performance. Modulation to perturbations in auditory stimuli 

can be studied using a bimanual finger tapping paradigm. 
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Yamanishi, Kawato and Suzuki (1980) observed the ability of adult subjects to 

finger tap bimanually with ten different visually-cued phasing relationships between the 

index fingers. They found that adults tended to gravitate towards two patterns: either 

inphase or antiphase. Those two states were considered the most stable pattern because 

subjects shifted towards these patterns when tapping to other phasing patterns and they 

were least variable at these 2 points. A bow shaped pattern emerged with the inphase and 

antiphase with the lowest variability, and this was described as the “seagull effect” 

(Schoner & Kelso, 1988). Tuller and Kelso (1989) found similar results in adults with 

visual cueing task. However, the difference between the two studies was that the 

variability in tapping with synchronization (Tuller & Kelso, 1989) was lower than with 

the continuation paradigm (Yamanishi, Kawato, & Suzuki, 1980), probably because the 

pacing cue helped the subjects maintain their response. 

 

Whitall et al. (1999) found that when participants were asked to tap bimanually in  

inphase and antiphase tapping patterns, preferred (self-selected) antiphase patterns were 

slower and more stable than inphase pattern regardless of what finger they used ( index, 

middle or a mismatched index finger of one hand and middle of the other hand). In a 

following study, Forrester et al. (2000) replicated the above findings. They, then observed 

the effect of an external auditory stimulus on the coordination patterns using the preferred 

frequencies of each subject. They found a significant reduction in variability with a 

metronome during inphase condition only and not in the antiphase condition. They also 

found that addition of the metronome did not enhance the consistency of tapping 
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(coefficient of variation of the intertap interval) in either condition. However, when they 

increased the frequency of the external stimulus, there was a decrease in stability in both 

modes but antiphase tapping broke down prior to the inphase tapping. This finding was 

consistent with Volman and Geuze (1998) in children with and without DCD. However, 

unlike the continuation paradigm of Volman and Geuze, participants in the Forrester 

study, did not transition from antiphase to inphase modes at a critical frequency. 

 

In fact, few studies have examined the performance of these bimanual modes in 

children (Volman & Geuze, 1998; Wolff, Kotwica, & Obregon, 1998). Wolff et al. 

(1998) using a continuation paradigm, found that all participants (7 to 25 years of age) 

had greater stability of their intertap interval during inphase rather than antiphase tapping. 

They found an increase in stability, in children from seven to 11 years and after that, 

there was no developmental change within in each mode. They also found improvements 

up to age 13 years during a tapping task where the participants were tapping in 2:1 

frequency ratio.  They also found that the metronome stabilizes the intertap interval in 

children between ages 7-11 years with more affect in the 2:1 tapping condition. Volman 

and Geuze (1998) found that children and children with DCD are able to produce the 

intended inphase and antiphase relations. In a self-paced preferred tapping paradigm, they 

found that antiphase tapping was more variable than inphase tapping in 7- and 12-year-

old children with and without DCD.  This is not consistent with Whitall et al., (1999) or 

Forrester & Whitall, (2000). Regardless of the coordination mode, children with DCD 

were more variable than their age-matched peers. Roche et al. (2011) found a similar 

result. 
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Tapping to perceptual vs. subliminal auditory cues 

The ability to modulate/ adapt to a change requires accurate, stable and immediate 

response. The task requires tapping one’s finger(s) in time with a sequence of rhythmic 

beats or sounds.  The synchronization error or phase error–the asynchrony between the 

time of a tap and the onset of a sound, as registered by the perceptual-motor system, 

provides information that influences the timing of the next tap. This compensatory 

process is known as phase error correction (Repp, 2001). Researchers in this area have 

suggested that phase error correction is limited by the perceptual threshold for the 

temporal order of the two relevant events, the auditory stimulus and a tap (Mates, 1994a, 

1994b; Vorberg & Wing, 1996). Therefore, it is assumed that the ability to tap 

synchronously to a beat requires a conscious perception of the change in beats. However, 

there is growing evidence that sensory information such as the auditory stimulus can 

guide motor performance without being consciously perceived although this was only 

tested in unilateral tapping and in adult musicians (Repp, 2000, 2001, 2011).  Recently 

our lab has shown that non-musician adults are able to tap bimanually to subliminal 

changes in phasing as low as 5° (or 38.88 ms) (Kagerer, Viswanathan, Contreras-Vidal, 

& Whitall, 2012). 

 

Finger tapping in children with and without DCD 

Several studies have used finger tapping to study timing in children with DCD 

using a variety of paradigms. 
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Geuze and Kalvaboer (1987) studied a form of a finger tapping task, where 

children with and without DCD had to tap their fingers between 2 targets 24cm apart. 

They had to do it in a self-paced frequency and a paced frequency. They also had to scale 

frequencies in both conditions. In the self-paced condition, the speeds were normal, faster 

and slower and; in the paced condition, it was 64, 84 and 104 taps per minute. They 

found that children with DCD had greater difficulty in changing speeds and were slower 

in the fastest speed. Seven to eight-year-old children had similar presentation compared 

to the older children. They also were more variable than controls in time intervals of 

cycle time, time on target and movement time. 

 

Volman and Geuze (1998) used unimanual tapping with both hands, bimanual 

inphase and antiphase tapping . In the first component, they used self-paced tapping. 

They found that children with DCD were more variable than their age-matched peers, 

regardless of the task. They found inphase coordination was more stable than antiphase 

tapping. They also used a synchronization task, where the children synchronized 

antiphase tapping to a scaling frequency. In 76% of trials in both groups of the children, a 

transition from antiphase to inphase coordination was observed. This transition was not 

seen in adults (Forrester & Whitall, 2000) possibly because the scaling was done 

differently between the two studies. 

 

Whitall et al., (2008) had adults, children with and without DCD tap in antiphase 

using index finger of one hand and middle finger of the other hand to different 

frequencies (0.8, 1.6, 2.4, 3.2 Hz per finger). They found that children with DCD were 
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more variable than their peers who in turn were more variable than adults. They also 

found children with DCD had difficulty with performing at the lowest frequency (0.8 

Hz). In addition, children with DCD tapped inconsistently either in front or behind the 

stimulus, whereas, children tapped behind the beat. Adults, as seen in other studies, had 

negative asynchrony and tapped ahead of the stimulus. 

 

In my previous study (Roche, Wilms-Floet, Clark, & Whitall, 2011), we 

examined the effect vision and audition on self-paced bimanual tapping. Participants 

tapped their fingers in antiphase at a self-selected speed under four different sensory 

conditions: (1) with vision and audition, (2) with vision but no audition, (3) with audition 

but no vision, and (4) without vision and audition. We found that different sensory 

conditions did not affect performance in any of the groups. Regardless of the condition, 

children with DCD adopted a similar mean frequency of tapping, but were less accurate 

and more variable than the other groups. 

 

Summary: 

Finger tapping experiments have been conducted since the 1860s and many 

paradigms and models / explanations have been proposed.  This review  provides a 

rationale for decisions regarding the experimental paradigm:  We used finger-tapping of 

index finger on a surface because movements that require discrete breaks in movements, 

introduced by tactile feedback, appear to require more explicit temporal control compared 

to continuous movements. Rhythmic movements are, typically, more strongly attracted to 

auditory than to visual rhythms. Thus, in this study we use auditory cues.  
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Synchronization paradigm is a sensorimotor task. Since we were interested in studying 

sensorimotor coordination in children with DCD, we chose the synchronization 

paradigm.  We chose to use the synchronization paradigm with the optimal frequency of 

1.4 Hz, which was slow but not too slow for the children with DCD.  Since we were 

primarily interested in coordination in this group, we chose to use a bimanual tapping 

paradigm. The ability to tap synchronously to a beat requires a conscious perception of 

the change in beats. However, there is growing evidence that sensory information such as 

the auditory stimulus can guide motor performance without being consciously perceived, 

at least in adults. We, therefore, had these children tap to phasing changes that they could 

and could not perceive.  Inphase and antiphase tapping are the most stable coordination 

patterns.  Antiphase tapping is inherently less stable in the cued tapping mode, and hence 

we used antiphase tapping.  As outlined in the following section, different neural 

networks are activated in antiphase tapping compared to inphase tapping. 

 

NEUROPHYSIOLOGY 

Finger Tapping 

The neural networks involved in paced finger tapping (PFT) have been studied 

using functional magnetic resonance imaging (fMRI) in normal adults. The distribution 

and extent of the adult’s fMRI activation map has been linked to the complexity of the 

finger-movement task (Gorres, Mader, & Proske, 1998; Rao et al., 1993; Ullen, 

Forssberg, & Ehrsson, 2003). The cortical domains found to be active in adult 

performance of PFT include primary sensorimotor cortex, medial prefrontal cortex, 
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cerebellum, and regions of subcortical gray matter (Gorres, Mader, & Proske, 1998; Rao 

et al., 1993). 

 

Ullen, Forssberg & Ehrsson (2003) demonstrated different patterns of brain 

activity during inphase and antiphase coordination. They used a continuation paradigm. 

Inphase coordination was characterized by activation of the right anterior cerebellum and 

cingulate motor area (CMA). When antiphase was contrasted with in phase tapping there 

were extensive fronto-parieto-temporal activations, including the supplementary motor 

area, the preSMA, and the bilateral inferior parietal gyri, premotor cortex, and superior 

temporal gyri. The antiphase tapping also included activity in the cerebellum and CMA. 

When contrasted with polyrhythmic tapping with inphase tapping, activity was seen in 

the same set of brain regions as antiphase tapping, and in the posterior cerebellum and the 

CMA. Antiphase and polyrhythmic coordination may thus to a large extent use common 

neural control circuitry. 

 

Rivkin et al. (2003)studied bilateral alternate finger tapping children between ages 

of 7.9-11.3 years. In the first part, paced finger tapping was conducted to external 3-Hz 

pacing provided by a metronome. In the second, the metronome was turned off and finger 

tapping continued while each child tried to maintain the 3-Hz rhythm by self-pacing 

(Synchronization and Continuation paradigms). Synchronized (metronome) tapping 

produced activation of the posterior regions of bilateral superior temporal gyri, primary 

sensorimotor cortices, anterodorsomedial cerebellum and supplementary motor area. 

Self-tapping resulted in recruitment of pre-SMA and cerebellum in addition to bilateral 
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supplementary motor area and primary sensorimotor cortical activation. Bimanual 

alternating paced finger tapping performed by children activates a neural network 

involving primary motor cortex, supplementary motor area, and cerebellum. Posterior 

superior temporal gyrus may be important for encoding auditory information, and pre-

supplementary motor area and midline cerebellum play an important role in self-paced 

finger tapping. 

 

Interestingly in a group of trained musicians, Lang et al. (1990), using EEG, 

found that when they had to tap their index fingers in synchrony (in phase tapping), the 

DC-potential shifts and maps of radial current densities across the scalp indicated 

activations of the two primary motor cortices. However, when they had to tap using 

different rhythms in each hand (polyrhythm, 2:3), they found additional activation of the 

SMA (in the mesial central cortex). It is suggested that this cortical area, which mainly 

contains the supplementary motor area, has the function of controlling the initiations of 

movements in the difficult sequence, which have to fit into a very precise timing plan. 

Also, activation of the mesial, central cortex preceded the actual performance of the 

polyhythms by about 4 s. This finding indicates that the preparatory set differs between 

the two tasks. 

 

Summary: 

The cortical domains found to be active in adult and children’s performance of 

synchronized finger tapping include primary sensorimotor cortex, medial prefrontal 

cortex, cerebellum, and regions of subcortical gray matter. In addition to these areas, 
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during antiphase tapping, it is found that there is extensive fronto-parieto-temporal 

activations, including the supplementary motor area, the preSMA, and the bilateral 

inferior parietal gyri, premotor cortex, and superior temporal gyri. The antiphase tapping 

also included activity in the CMA. Inphase tapping involves CMA and the anterior 

cerebellum in addition to the primary motor cortex. No studies have investigated areas 

involved in modulating motor performance. Currently, most inferences are from 

circumstantial evidence. 

 

Perception of Rhythm and the effect of different sensory cues 

Since our studies require that we test auditory perception, we also report on 

perceptual processing.  Recent imaging studies have shown that participants’ motor 

systems are activated when they listen to auditory rhythms without executing any motor 

task (Bengtsson et al., 2009; Chapin et al., 2010; Chen, Penhune, & Zatorre, 2008, 2009). 

It has been suggested that basal ganglia, cerebellum, supplementary Motor Area (SMA), 

pre-SMA, and Pre-Motor Cortex may be involved in this process. The ability to perceive 

the underlying structure of a rhythm, such as a regular beat, requires intact basal ganglia 

(Grahn & Brett, 2009). Specifically, basal ganglia are associated with endogenous 

generation and prediction of the beat in response to an auditory rhythm (Grahn & Rowe, 

2013). When the beat is less distinct (such as in syncopated rhythms), the basal ganglia 

activations depend on the deployment of attention as well as the time needed for an 

individual to establish a stable pulse/beat percept (Chapin et al., 2010). The extent to 

which cortical or subcortical motor activations are coupled with the activation in the 

auditory cortex (superior temporal gyrus, STG) also depends on the salience of the beat 
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and on musical training (Chen, Penhune, & Zatorre, 2009; Grahn & Rowe, 2009). 

Specifically, musicians, as compared to nonmusicians, show a higher internal coupling 

between auditory (STG) and motor areas (PMC and SMA) when listening to or playing a 

melody (Bangert et al., 2006), or when perceptually processing the beat of an auditory 

rhythm (Grahn & Rowe, 2009). 

 

A modality difference has also been observed in beat perception tasks, with 

greater basal ganglia activation for auditory rhythms than for visual rhythms presented as 

discrete, repetitive flashes (Grahn, Henry, & McAuley, 2011). However, Hove et al., 

(2013), found similar basal ganglia activations when the visual rhythms consisted of 

periodic movement. Besides, activation in putamen increased when visual rhythms were 

preceded by similar auditory ones, but not with the reverse presentation order. Grahn et 

al. (2011) argued that the preceding auditory rhythm activated a strong beat 

representation that was re-activated during the following visual rhythm.  To our 

knowledge, there are no imaging studies on beat perception in children either with or 

without DCD. 

 

Summary: 

Motor systems are activated when they listen to auditory rhythms without 

executing any motor task. Basal ganglia, cerebellum, supplementary motor area (SMA), 

pre-SMA, and pre-motor cortex may be involved in this process. The ability to perceive 

the underlying structure of a rhythm, such as a regular beat, requires intact basal ganglia. 
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Imaging in children with DCD 

There are no reported functional magnetic resonance imaging (fMRI) studies of 

children with DCD performing finger tapping in response to an auditory cue.  Debrabant 

et al. (2013) investigated the correlates of motor timing in children with and without 

DCD using fMRI. The task involved pressing a button in response to visual pacing task 

with predictive or unpredictive interstimulus intervals (ISIs) and, self-paced pressing of 

the button. DCD children responded with a smaller reaction time (RT) advantage to 

predictive ISIs compared to typically developing children. Typically developing children 

exhibited higher activation in the right dorsolateral prefrontal cortex (DLPFC) and right 

inferior frontal gyrus (IFG) for responses at unpredictive as opposed to predictive ISIs, 

whereas activations in DCD children could not be differentiated. Moreover, DCD 

children showed less activation than typically developing children in the right DLPFC, 

the left posterior cerebellum (crus I) and the right temporo-parietal junction (TPJ) for this 

contrast. In addition, activation in the right temporo-parietal junction (TPJ) positively 

correlated with RT as an indicator of processing load in both groups. 

 

Zwicker et al (2010), examined brain activation patterns of children with and 

without DCD during a fine motor trail-tracing task using fMRI. The group with DCD 

showed significantly more activation than control subjects in left inferior parietal lobule, 

right middle frontal gyrus, right supramarginal gyrus, right lingual gyrus, right 

parahippocampal gyrus, right posterior cingulate gyrus, right precentral gyrus, right 

superior temporal gyrus, and right cerebellar lobule VI. These results suggest that the 
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group with DCD relied on visuospatial processing to complete the task. The TD group 

demonstrated significantly more activation than the group with DCD in left precuneus, 

left superior frontal gyrus, right superior temporal gyrus/insula, left inferior frontal gyrus, 

and left postcentral gyrus; these regions have been associated with spatial processing, 

motor control and learning, and error processing. Thus, children with DCD activate a 

different brain network compared to typically developing children despite similar motor 

performances. 

 

Brain activation patterns during motor retention were examined for the same trail 

tracing task using fMRI (Zwicker, Missiuna, Harris, & Boyd, 2011). Children with DCD 

had decreased activation of network of brain regions associated with skilled motor 

practice: bilateral inferior parietal lobules (Brodmann Area (BA) 40), right lingual gyrus 

(BA 18), right middle frontal gyrus (BA 9), left fusiform gyrus (BA 37), right cerebellar 

crus I, left cerebellar lobule VI, and left cerebellar lobule IX (Zwicker, Missiuna, Harris, 

& Boyd, 2011). They suggested that children with DCD demonstrate under-activation in 

cerebellar-parietal and cerebellar-prefrontal networks and in brain regions associated with 

visual-spatial learning. Behaviorally, they found that children with DCD had poorer 

tracing accuracy than their typically developing peers (only in terms of effect size). 

 

Summary: 

Functional MRI studies of DCD children showed less activation than typically 

developing children in the right dorsolateral prefrontal cortex, the left posterior 

cerebellum (crus I) and the right temporo-parietal junction (TPJ) during pressing a button 
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to unpredictive as opposed to predictive inter stimulus intervals.  During a tracing task, 

children with DCD activate a different brain network compared to typically developing 

children despite similar motor performances. However, when performing a motor 

learning task, children with DCD demonstrate under-activation in cerebellar-parietal and 

cerebellar-prefrontal networks and in brain regions associated with visual-spatial 

learning. 

 

The review, thus far focused on literature that guided the first two aims of this 

dissertation. The following review focuses on variability in human movement and use of 

a non-linear tool for its analysis since we are interested in exploring the variability seen 

in children with DCD. 

 

VARIABILITY IN DCD 

This final section addresses the issue of variability of response since this appears 

to be a hallmark of DCD regardless of the motor task. This provides background for the 

third specific aim. 

 

Understanding Variability 

Variability is inherent within all biological systems and occurs in motor 

performance when the task is repeated multiple times (Stergiou, Buzzi, Kurz, & Heidel, 

2004).  Movement variability is viewed either as detrimental or beneficial depending on 

the theoretical framework. In the information processing theory, within subject variability 

is considered to be system noise. Noise is random fluctations of the system behavior 
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(Newell & Corcos, 1993). In this theory, it is suggested that input and output are related 

linearly and deterministically. Thus, variability is considered a problem of system control 

(Slifkin & Newell, 1998). The signal-to-noise ratio determines the variability and 

therefore quality of movement. Noise is thought to be Gaussian white noise, which can be 

added to the ‘signal’ and causes interference.  Researchers assumed that variability 

reflected noise but did not empirically validate whether the structure of variability 

resembled the white noise. Noise was used to explain the longer amplitudes and time 

required for a movement because the theory suggested it took longer for the system to 

decipher the signal. Thus, noise is considered to be a nuisance and should be eliminated 

as much as possible as from the system. Variation in a given movement pattern can be 

considered the result of errors in the ability to predict the necessary parameters for 

employing the underlying motor program. With task-specific practice, prediction errors 

are gradually eliminated, thereby optimizing the accuracy and efficiency of the 

movement pattern (Stergiou, Harbourne, & Cavanaugh, 2006). Hence, the magnitude of 

the variability has been viewed as an important aspect of the quality of movement. 

 

Variability in the dynamic systems perspective is seen as one measure of stability 

of a particular movement. In this theory, the need to explicitly control for the number of 

biomechanical degrees of freedom of the motor system is dramatically reduced through 

the development of coordinative structures or temporary assemblages of muscle/joint 

complexes (Turvey, 1990). The reduced dimensionality/complexity of the motor system 

encourages the development of functionally preferred, and more stable, coordination or 

"attractor" states to support goal-directed actions. Within each attractor region (the 
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“neighborhood” of an attractor) system dynamics are highly ordered and stable, leading 

to consistent movement patterns for specific tasks. Variation between multiple attractor 

regions, however, permits flexible and adaptive motor system behavior, encouraging free 

exploration of performance contexts by each individual. The paradoxical relationship 

between stability and variability explains why skilled athletes are capable of both 

persistence and change in motor output during sport performance. Indeed, variability in 

movement behavior permits performers to explore task and environmental constraints in 

order to acquire stable motor solutions over time and enhance skilled performance 

through motor learning. 

 

There are three key features of self-ordering systems. First, a complex system 

shifts continuously between states of order and disorder or stability and instability. In this 

frame of reference, instability is not a marker of regression or impairment but rather is a 

nidus for change and reorganization; at these moments of instability the boundaries of the 

system are fuzzy. Second, the change in level of organization of a system is not linear. It 

is not possible to predict from an earlier level of organization the shape and stability of 

the system at a later point in time. Similarly not predictable is the amount of change or 

disorder an intervention/environment will introduce into the system. Thirdly, complex 

systems are sensitive to small perturbations that shift the system between different states 

of organization. Small differences in the behavior of any component of a system or in the 

conditions surrounding a system can make a tremendous difference in system 

organization. 

 



 

    

58

 

An increasing number of studies suggest that variability, previously thought to be 

“white noise”, is deterministic in origin and is a result of nonlinear interactions (Stergiou, 

Buzzi, Kurz, & Heidel, 2004). In general, biological systems tend to be complex with 

nonlinear variability structures (Walleczek, 2000). It has also been suggested that 

variability patterns could help distinguish between healthy and patient populations 

(Pincus, 1991, 1995). Nonlinear theories suggest that disequilibrium is healthy. It implies 

that a healthy system is always in slight disequilibrium, and this constant fluctuation 

allows the system to adapt. Goldberger (2008) described complete equilibrium as 

equivalent to death of the organism because it implies a static, non-dynamic state. 

However, while variability is essential, too much variability is detrimental to the system 

as well. Optimal variability is a central feature of normal movement (Harbourne & 

Stergiou, 2009; Stergiou, Harbourne, & Cavanaugh, 2006). 

 

Measures of Variability: linear vs. nonlinear 

Linear tools measure variability in terms of the magnitude of the signal but do not 

give information about the time-evolving nature of the signal (Harbourne & Stergiou, 

2009). Linear tools (including standard deviation, coefficient, and range) measure the 

magnitude of variability (Smith, Stergiou, & Ulrich, 2010). However, linear or traditional 

variability measures, such as standard deviation, mask the structure of variability. Linear 

tools that measure variability rely on averaging techniques that cause a loss of the 

variability pattern.  
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The following arguments highlight the distinction between linear and nonlinear 

measures of variability and provide a rationale for applying these nonlinear variability 

measures to human movement:(Stergiou, Buzzi, Kurz, & Heidel, 2004; Stergiou & 

Decker, 2011) 

1. Typically, in human movement research, kinematic (and/or kinetic) data from 

several trials are averaged to generate a ‘mean’ picture of the subject’s 

performance or movement pattern. In this averaging procedure, which is 

frequently accompanied by normalization, the temporal organization of the 

pattern is lost (Harbourne & Stergiou, 2009; Stergiou, Buzzi, Kurz, & Heidel, 

2004; Stergiou, Harbourne, & Cavanaugh, 2006) 

2. From a statistical standpoint, the valid usage of traditional linear measures to 

study variability assumes that variations between repetitions of a task are random 

and independent (from past and future repetitions). However, recent studies have 

shown that such variations are distinguishable from noise and have a deterministic 

origin (Harbourne & Stergiou, 2003; Slifkin & Newell, 2000; Vaillancourt, 

Slifkin, & Newell, 2001, 2002). Thus, they are neither random nor independent. 

3. Traditional linear measures provide different answers when compared with 

nonlinear measures regarding stability and complexity of a movement pattern. 

Linear measures assess the amount of variability while the non-linear analyses 

assess the structure or temporal organization of variability (Dingwell & 

Cusumano, 2000; Slifkin & Newell, 2000) 

4. The repetitions of human movement patterns and the multitude of motor control 

feedback loops make movement similar in many respects to other physiological 
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life rhythms (e.g., heart beat), for which variability has been described as 

exhibiting deterministic dynamics (Goldberger et al., 2002).  

Establishing the structure of the variability may thus give insight into the behavioral 

heterogeneity seen in children with DCD (Buzzi, Stergiou, Kurz, Hageman, & Heidel, 

2003). 

 

There are several nonlinear techniques to study this variability including 

Lyapunov Exponent (LyE), Approximate Entropy (ApEN), among others.  The LyE 

represents the predictability vs. unpredictability of the unfolding trajectory of the 

system’s behavior through the state space. An optimal amount of divergence is associated 

with a flexible and adaptive motor system. Stergiou, Harbourne and Cavanaugh (2006) 

have suggested that a decrease in this optimal amount of variability would make the 

biological system more rigid. Increase beyond optimal variability will make the system 

more noisy and unstable (Stergiou & Decker, 2011; Stergiou, Harbourne, & Cavanaugh, 

2006; Wurdeman, Myers, & Stergiou, 2011). ApEn is another non-linear method used to 

determine the complexity of the dynamical system that can quantify regularity of a time 

series (Pincus, 1991, 1995).  From previous work with DCD from our lab, we are aware 

that adults and children with and without DCD exhibited a high degree of regularity in 

both feet and hands during rhythmic motor performance (King, Clark, & Oliveira, 2012; 

Mackenzie et al., 2008).  Therefore, we decide to use the LyE tool to examine 

divergences in trajectory in the state space despite the apparent periodicity seen in this 

population. 
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Lyapunov Exponent (LyE) 
 

This is a measure of the rate by which nearby trajectories in phase space diverge 

(Sprott & Rowlands, 1992). It measures the divergence of movement trajectories. 

(Harbough and Stergiou, 2009). It is calculated as the slope of average logarithmic 

divergence of neighboring trajectories in the state space (Abarbanel, 1996) (Abarbanel, 

1996; Wolf, Swift, Swinney, & Vastano, 1985) 

 

Lyapunov exponent (LyE) "λ" is useful for distinguishing among the various 

types of orbits. LyE represents the predictability vs. unpredictability of the unfolding 

trajectory of the data set through the phase space. Calculation of LyE is based on taking 

pairs of appropriate data points and examining the extent to which subsequent data points 

lie on linear and converging versus chaotic and diverging trajectories in phase space. This 

measure is a conceptual cousin to measures of entropy, which measure the uncertainty of 

random variable. Other entropy measures such as approximate entropy assess the 

predictability of the rhythm. From previous work with DCD, we are aware that adults and 

children with and without DCD exhibited a high degree of regularity in both feet and 

hands during rhythmic motor performance (Mackenzie et al., 2008). However, we do not 

know the predictability of their trajectory. LyE works for discrete as well as continuous 

systems. 

 

The maximal Lyapunov exponent can be defined as follows: 

 

……………… (1) 
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Two close points at step n, xn and xn+dxn in a trajectory will diverge to xn+1 and 

xn+1+dxn+1. It is this average rate of divergence (or convergence) that the Lyapunov 

exponent calculates (Bourke, 2001). 

 

 

 

Figure 2.1: Calculation of the Lyapunov exponent 

 

Cases when λ < 0 

The orbit attracts to a stable fixed point or stable periodic orbit. Negative LyE are 

characteristic of dissipative or non-conservative systems (the damped harmonic oscillator 

for instance). Such systems exhibit asymptotic stability; the more negative the exponent, 

the greater the stability. Superstable fixed points and superstable periodic points have a 
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LyE of λ = −∞. This is something akin to a critically damped oscillator in that the system 

heads towards its equilibrium point as quickly as possible. 

 

Cases when λ = 0 

The orbit is a neutral fixed point (or an eventually fixed point). A Lyapunov exponent of 

zero indicates that the system is in some sort of steady state mode. A physical system 

with this exponent is conservative. Such systems exhibit Lyapunov stability. Take the 

case of two identical simple harmonic oscillators with different amplitudes. Because the 

frequency is independent of the amplitude, a phase portrait of the two oscillators would 

be a pair of concentric circles. LyE of periodic systems (sinusoidal) has a value of zero 

because all trajectories overlap. An example of the orbits with their LyE is shown in 

figure 2.2 (Elert, 2007). 

 

 

 

Figure 2.2:  Examples of orbits with their LyE 
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Cases when λ > 0 

The orbit is unstable and chaotic. Nearby points, no matter how close, will diverge to any 

arbitrary separation. All neighborhoods in the state space will eventually be visited. 

These points are said to be unstable. Although the system is deterministic, there is no 

predictable order to the orbit that ensues. 

 

 

Figure 2.3: Example of a Lorenz (Chaotic) attractor λ > 0 

 

Calculation of LyE 

The first step in calculation of the LyE is to reconstruct the state space where the 

behavior of the system is embedded (Abarbanel, 1996). State space reconstruction is a 

nonlinear dynamics technique that uses a time delay (τ) to create M copies of the original 

time series, where M is the embedding dimension (Wurdeman, Myers, Jacobsen, & 

Stergiou, In Press).  The LyE is calculated using the Wolf algorithm (Wolf, Swift, 

Swinney, & Vastano, 1985) (See Appendix under Chapter 5). 
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There is an alternative algorithm suggested by Rosenstein et al. (Rosenstein, 

Collins, & DeLuca, 1993). This algorithm has been used to calculate LyE, it differs in 

that it does not provide a single value. Compared to the Wolf algorithm, it calculates 

local divergence values, plots the natural log of these values against time, and then 

requires a user selection. The slope of the range of values for the user selection is the 

estimated LyE.  Cignetti et al. (2012) have compared the Wolf and Rosenstein algorithms 

in small gait data sets and have suggested the use of the Wolf algorithm. In this 

dissertation, the data were analyzed using the Wolf Algorithm. 

 

The Chaos data analyzer (CDA) (Sprott & Rowlands, 1992) uses the Wolf 

algorithm to calculate LyE however, it does not account for the sampling frequency. In 

addition, it does not account for the time lag when reconstructing the state space and 

hence a lag of 1 is used. It generates significantly smaller LyE values. CDA is useful 

software to calculate LyE values and several studies have employed it however, 

comparison to LyE values outside CDA is not possible. Therefore, in these analyses we 

have employed a reliable custom written Matlab code utilizing the Wolf algorithm 

(Wurdeman, Myers, Jacobsen, & Stergiou, In Press; Wurdeman & Stergiou, 2012). 

 

Interpretation of LyE in human movement studies 

Gait: 

Several studies have used LyE analysis to examine local dynamic stability during 

gait in clinical populations or to apply it to clinical situations. Stergiou, Ristanis, and 

Georgoulis (2007) investigated the temporal structure of the variations present in the 
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ACL deficient knee as compared to that of a healthy control knee during walking. 

Individuals with unilateral ACL deficiency and healthy controls walked at their self-

selected speed on a treadmill. The ACL deficient knee exhibited smaller LyE values than 

a healthy control knee, indicating less divergence in the flexion-extension movement 

trajectories of the deficient knee. The results also verified the hypothesis made in the 

previous study that the intact contralateral knee is not absolutely healthy. The fact that the 

ACL deficient knee exhibited smaller LyE values than the healthy control is likely non-

desirable since it may represent a decrease or loss of the optimal state of variability 

(which is exhibited by the healthy controls) rendering the system more predictable, 

periodic and with a rigid type of motor behavior.  They suggested this kind of injury 

could be regarded as a neurophysiological dysfunction, not just a musculoskeletal injury. 

ACL deficiency can lead to altered somatosensory input, which results in decline in the 

system’s flexibility and narrowed functional responsiveness, reflected as rigidity. 

 

When subjects with peripheral arterial disease, who had no pain or claudication, 

walked on a treadmill, they had significantly higher LyE values and coefficient of 

variation values for all joints, and higher standard deviation values at the ankle and the 

hip. They were variable in both linear and non-linear measures(Myers et al., 2009). With 

a slower walking speed, the diabetic neuropathic patients were found to adopt a more 

locally stable gait pattern, despite exhibiting a greater kinematic variability than the 

healthy controls (Dingwell & Cusumano, 2000). 
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Developmentally, Smith, Stergiou and Ulrich (2011) examined patterns of gait 

variability in new walkers, preadolescents, and adults with Down’s syndrome (DS) and 

those who were typically developing (TD). They found that preadolescents with DS 

demonstrated higher LyE and ApEn values than new walkers and adults, suggesting that 

they are more adaptive in their use of variability during gait. At either end of their years 

of walking experience their patterns of variability are relatively more stable (new walkers 

and adults 35 years and above), potentially rendering their gait less adaptable to changes 

in task or environmental conditions. In their previous study (Smith, Stergiou, & Ulrich, 

2010), of toddlers’ who were new walkers, the LyE values were not different between 

groups (DS vs. TD) or with practice, and strides of both groups become more periodic 

with practice. 

 

Upper extremity rhythmic tasks: 

Few studies have examined LyE in any upper extremity task. Mitra, Riley and 

Turvey (1997) examined LyE values in right-handed subjects performing a rhythmic 

wrist movement in attempt to swing pendulums with different inertial properties. Two 

pendulum configurations were used, one 66 cm long with a 300-g weight attachment 

(large virtual limb), the other 36 cm long with no attached weight (small virtual limb). 

They found a significant difference in the LyE values between the large and small virtual 

limbs. The suggestion that voluntary limb oscillations with different-sized limbs need not 

be identical in the number of active degrees of freedom opens up possibilities for 

quantitative studies of how neuromuscular processes sculpt the dynamics of rhythmic 
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movements from the gravitational, elastic, and reactive forces particularized by the size 

and motion coordinates of participating limbs. 

 

Only one known study has used LyE in analysis of finger tapping. Christman and 

Weaver (2008) established the presence of hand differences in linear and non-linear 

temporal variability during self-paced (comfortable and speeded) finger tapping. In this 

experiment, participants tapped with their index finger unimanually on a keyboard 

without an auditory cue. Both hands were tested. They found increased standard 

deviation of the intertap interval in the self-paced condition than the speeded condition 

regardless of the hand. They also saw that the left hand was more variable regardless of 

the condition. The hand differences in LyE values were much more robust during 

speeded tapping than during self-paced tapping, suggesting that the increased motor load 

during speeded tapping accentuates non-linear differences in timing variability between 

the left and right hands. Left hand tapping displayed greater non-linear variability during 

speeded tapping at embedding dimensions of 1, 2, 3, and 4 for Lyapunov exponents. At 

lower embedding dimensions, there was a trend towards the two having negative 

correlations, meaning that increased nonlinear variability was associated with decreased 

linear variability. At higher embedding dimensions (that did not yield hand differences), 

the trend was towards positive correlations such that increased non-linear variability was 

associated with increased linear variability. This analysis is however, unusual compared 

to the other LyE analyses in that usually an embedding dimension is chosen. It is the 

number of dimensions needed to unfold the structure of the given dynamical system 
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(Stergiou, Buzzi, Kurz, & Heidel, 2004) and the comparisons are presented at that 

particular dimension. 

 

Summary: 

Typically developing children are variable in their motor performance compared 

to adults, and children with DCD are markedly more variable than typically developing 

children.  Since the first two aims of this dissertation supported these findings in the 

finger tapping tasks, we determined to explore the concept of variability in more detail in 

the third aim using a non-linear technique called Lyapunov exponent. 
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ABSTRACT 

Tasks, such as marching to a beat or dancing, require synchronization of movement to an 

auditory stimulus. Sensory motor modulation is the ability to scale a motor response to a 

change in sensory information. There is limited literature on when children are able to 

modulate to changing auditory information. In the present study, we examined the ability 

of children to modulate finger taps to auditory stimuli that changed either perceptibly or 

subliminally. Children as young as 5 years of age were able to detect changes in rhythm 

however, as age increased the ability to detect more subtle changes increased.  Variability 

in performance decreased with an increase in age. Children demonstrate that antiphase 

patterns develop into stable patterns across childhood and become adult-like after 10 

years of age. Children were able to modulate to both perceptible and subliminal changes 

in rhythm and their developmental trajectories were similar.  

 

Keywords: Auditory motor modulation; perception; developmental trajectories; 

finger tapping 
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1. INTRODUCTION 

Many tasks, such as marching to a beat or dancing to a rhythm, require not only 

coordination between the various body segments, but also synchronization of the 

movement to an auditory stimulus.  Modifying or altering movements in response to a 

change of sensory cues can be termed modulation.  This modulation requires integration 

between the sensory information and the motor output or performance. The development 

of this ability has been studied using finger tapping and auditory cues.  During unimanual 

synchronized finger tapping, typically developing (TD) 7-year-olds were able to tap 

stably at different frequencies suggesting that a plateau was achieved for this task by this 

age (Volman & Geuze, 2000; Wolff, Kotwica, & Obregon, 1998). However, during 

bimanual finger tapping, 7-year olds were able to match the beat consistently to 

increasing frequencies but became less synchronized at higher frequencies (3.2 Hz) 

(Whitall et al., 2008).  If the tapping is unimanual and out-of-phase (syncopation) in 

relation to pacing cues, adult-like levels are not achieved until 11 years of age (Volman & 

Geuze, 2000). Wolff et al. (1998) found that the stability of the inter-response interval for 

all bimanual tapping (inphase, antiphase, and asymmetric 2:1 frequency ratio tapping) 

improved between 7 and 11 years and reached a plateau by that age. It is unknown how 

younger children modulate to changing auditory signals and specifically whether they can 

modulate to anything other than in- or out-of-phase signals.  In this study, we focused on 

the ability of children to modulate bimanual finger tapping in response to changes in the 

phasing of rhythmic auditory cues that are both perceptible and subliminal (below 

perceptual threshold).   
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It is assumed that the ability to tap synchronously to a changing beat requires a 

conscious perception of the change in beats. However, there is also evidence that the 

auditory stimulus can guide motor performance without being consciously perceived 

(Repp, 2000, 2001). Since these were studies investigating adults, it is not clear whether 

the ability to use subliminal information changes developmentally and if it develops at 

the same time as the ability to use the perceived information. The ability to modulate to a 

change in rhythm that is perceivable or subliminal is guided by two distinct processes that 

are mediated by different pathways. The modulation to an abrupt change in (perceptible) 

stimuli is thought to be mediated by the basal ganglia while the adaptation to the gradual 

change (subliminal) is thought to be mediated by the cerebellum (Contreras-Vidal & 

Buch, 2003). Since the two brain structures are known to myelinate at different rates 

(Bayer, Altman, Russo, & Zhang, 1993; Rice & Barone Jr., 2000), it could be speculated 

that the ability to modulate to stimuli that are perceivable should develop at a faster rate 

than when modulating to subliminal auditory stimulus. 

 

In this study, we focus on the ability of children to modulate bimanual finger 

tapping in response to changing rhythms that are both perceptible and subliminal, and 

explore the age-related changes in this ability.  First, the perceptual threshold of children 

was determined to establish whether a cue was perceptible or subliminal. We predicted 

that there would be an age-related trend for the perceptual threshold, in other words, in 

the ability of children to perceive small changes in the rhythms. We investigated how 

well children could modulate bilateral finger tapping to the abrupt, perceptible and 

gradual, subliminal changes in rhythms.  We hypothesized that there would be an age-
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related effect in the ability of children to modulate their finger movement to both 

perceptible (abrupt) and subliminal (gradual) changes of the auditory cues. We speculated 

that the stability of the performance would increase with age and the baseline antiphase 

would be the most stable. We also hypothesized that there would be an age-related 

differential trajectory in the ability to modulate to the perceptible change, which is 

mediated by basal ganglia and the ability to modulate each type of change in auditory 

stimulus, based on the differing myelination rates of the proposed brain areas.  

 

2. METHODS 

2.1 Subjects 

Thirty-five typically developing children between ages of 4-10 years were the 

final participants in this study. The children were divided into 3 groups with mean age + 

SD in years: 5.05 + 0.5 (n = 11), 7.33 + 0.67 (n = 11) and 9.67 + 0.88 (n = 13).   The 

subject characteristics are described in Table 3.1.   

Table 3.1: Subject characteristics of typically developing children who participated 
in the study 
 

 

Trained testers assessed the children with the Movement Assessment Battery for 

Children (MABC;(Henderson & Sugden, 1992) to rule out the presence of movement 

difficulties. Children who scored less than 20th percentile were excluded from this study. 

Mean age  
(in years) 

SD Sample size 
(n) 

Gender ratio 
(Female: Male) 

5.05 + 0.5 11 6: 5 

7.33 + 0.67 11 7: 4 

9.67 + 0.88 13 4: 9 
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Of the 56 participants initially tested, three children were excluded since they fell below 

the 20th percentile.  Eleven children were excluded because their auditory threshold was 

less than 20º of phasing difference between the two auditory signals(see below). 

Participants were also excluded if their auditory threshold could not be established (n = 

5). Two children were not able to finish the tapping experiment secondary to attentional / 

tolerance issues. Children were also screened for neurological, attentional or reading 

issues as reported by their parents. None of the children in this sample had the above 

issues. Hand dominance was established using the Annett handedness questionnaire 

(Annett, 1991). The Institutional Review Board of the University of Maryland approved 

this study. Informed consent was obtained from the parents or legal guardians of the 

children, and the children provided their assent to participate. 

 

2.2 Apparatus and Procedure 

2.2.1 Establishing an auditory threshold 

In order to conduct an experiment with subliminal and perceivable changes in the 

phasing relationship between the two auditory stimuli, it was imperative to first establish 

a child’s auditory perceptual threshold of the phasing difference. The auditory perception 

threshold is the lowest phasing difference between the two auditory signals that a child 

can perceive consistently. A modified psychophysical staircase method was used 

(Cornsweet, 1962; Treutwein, 1995). In this method, the tester starts with a stimulus 

intensity considerably above threshold, in this case a phasing difference easily perceived 

(70°), and gradually decreases the stimulus until it is not perceived.  
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  The child was seated in a quiet area and fitted with a set of headphones. The 

auditory stimuli with frequency of 1.4 Hz (0.7 Hz per ear) were generated by a 

customized waveform generator. Subjects received two successive sets of auditory 

stimuli, each 10 seconds in duration. The first set of stimuli was always evenly spaced 

and remained at a constant phasing of 180º. The second set of stimuli was unevenly 

spaced and was the set that was always changed. For every child, the second set of 

auditory stimuli started off with a large phasing difference (70°) and the phasing 

difference was reduced in steps of 5º. After the second set of stimuli was given, subjects 

were asked if the rhythms of the 2 sets of stimuli were “same” or “different”. If the 

participant was unsure, a forced choice paradigm was used, where the participant was 

asked to make the best possible guess and choose between “same” and “different”. The 

experimenter then recorded whether the response was “correct” or “incorrect”. If it was 

correct, then the phasing difference was reduced by 5º; if it was incorrect then the 

phasing difference was increased by 5º. If the phasing difference was increased and the 

response was correct, then the child was tested at the same phasing difference once more 

to confirm that he/she was able to perceive the difference at that level. The experiment 

concluded when the subject could not identify the difference between the two sets of 

rhythms, three consecutive times. The threshold was determined as the lowest phasing 

difference between the 2 sets of beats that the participant could perceive consistently.  

“Catch” trials were given where the second beat was the same as the first to ensure that 

the child’s attention was maintained. 
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2.2.2 Tapping Experiment  

The participants were seated with their forearms resting on plexiglass armrests 

(Figure 3.1). The hands were strapped snuggly to the armrest at the forearm and along the 

metacarpals to reduce associated movements. Sensors were attached on the fingernails of 

the index finger bilaterally. A cotton ear swab was taped to the finger to restrict 

movement at the metacarpophalangeal joint. The positional data of the sensors were 

captured by a 3D magnetic tracking system (MinibirdsTM, Ascension system, Burlington, 

VT) at the sampling rate of 100 Hz. The participant wore headphones attached to the 

custom-made waveform generator. The frequency of the auditory stimuli was kept 

constant at 1.4Hz. The stimuli presented on the non-dominant side remained constant 

while the stimuli presented on the dominant side changed according to the set phasing 

difference.  

 
Figure 3.1   Experimental set-up and apparatus.  
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The participants were asked to tap their index fingers alternately in time to the 

auditory signals presented via headphones. They were also instructed to lift their fingers 

to about 1 inch above the surface. The experiment was videotaped for subsequent 

verification that the participant performed the task as instructed. The participants were 

tested under two conditions: gradual/subliminal and abrupt/perceptible. In the 

gradual/subliminal condition, the auditory stimuli were gradually ramped up in steps of 5º 

(1.39% change) from 180º out-of -phase up to 200º (5.56% change from baseline) out-of-

phase with each other while in the abrupt/perceptible condition the auditory stimuli was 

abruptly ramped 45º (12.5% change) from 180º (baseline) to 225º. The stimulus phasing 

change of 45º was chosen because preliminary work had established that most children 

could perceive this difference. In order to maintain homogeneity of the group, children 

who could detect phasing differences of 20º or below were excluded. This was done 

because these children could perceive the phasing difference in some trials of the gradual 

/ subliminal condition. This constraint enabled comparison of age groups at an equal 

perceptual level. The children who were excluded were in the older age groups. 

 

The testing session consisted of 2 blocks of 12 trials each. Each trial was 30 

seconds with the first 5 seconds removed from the analysis to avoid start-up effects. The 

trial was limited to 30 seconds to minimize loss of attention or fatigue. In both blocks, the 

first and last two trials had auditory signals with alternate beats that were 180o out-of-

phase (baseline) with each other. In the abrupt/perceptible condition the middle eight 

trials had auditory signals that were 225o out-of-phase. In the gradual/subliminal 

adaptation block, the middle eight trials had two trials each that had a phasing 
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relationship of 185o, 190o, 195o and 200o (with a phasing change from the baseline in 

percentage of 1.39%, 2.78%, 4.15% and 5.56% respectively).  In order to eliminate carry 

over effects, subjects with even identification numbers were presented with the 

abrupt/perceptible condition followed by the gradual/subliminal while subjects with odd 

identification numbers were presented in the reverse order. The two sets were separated 

by a 5-minute break.  Rewards (such as stickers) were given intermittently in order to 

sustain motivation. Prizes and a small financial compensation were given at the 

completion of the study.  

 

3. DATA ANALYSIS 

3.1 Data processing and reduction: 

The data were filtered using a recursive low pass 4th order Butterworth filter with 

a cut off frequency of 10 Hz and then processed using a customized Matlab™ program. 

The dependent measures were the mean relative phasing difference between the two 

fingers (RP) and the standard deviation of the mean relative phase between the two 

fingers (SDrp). Relative phase between the two fingers was taken as the ratio of the time 

between the left finger’s touchdown and the touch down of the right finger to the total 

time between the first and second touchdown’s of the left finger. If the participant taps in 

perfect antiphase then the right finger touchdown would occur when the left side is at 

180º (or 50%) of its cycle. The phasing relationship was expressed as a percentage of the 

absolute deviation from baseline (180˚). Therefore each increment of 5˚ would have a 

phasing change of 1.39%. The SD is the standard deviation of the mean relative phasing 

within a trial. SD is a method of expressing the variability (and therefore the stability) of 
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coupling between the fingers (Tuller & Kelso, 1989; Yamanishi, Kawato, & Suzuki, 

1980).  

 

3.2 Statistical Analysis 

Prior to statistical analyses, the two trials with same auditory signal were 

averaged to improve stability of the values. Therefore, the data analysis was carried out 

on 6 trial blocks rather than 12 trials. Two-way repeated measures analyses of variance 

(ANOVA) were used to compare the dependent variable across the different trial blocks 

(6 levels) for each age group (3 levels) with the trial blocks being the repeated measure. 

Separate analyses were carried out for the abrupt/perceptible and gradual/subliminal 

conditions. Goodness-of-fit statistics ((Akaike’s Information Criterion Correction 

(AICC), Akaike’s Information Criterion (AIC)  and Bayesian Information Criterion 

(BIC)) were recorded from different covariance structures to find the best-fitting 

variance-covariance structure. Post hoc analysis (Tukey’s test) was carried out when 

main or interaction effects were found. The overall alpha level was set at 0.05.  

 

4. RESULTS 

4.1 Perceptual threshold (PT) 

In order to capture the full developmental landscape, the auditory perceptual 

threshold analysis included those children whose perceptual threshold was less than 20º 

(n= 11) making a total sample size of 46. We had one outlier in the 9-year-old group who 

had a PT of 55°.  A one-way ANOVA showed no statistical difference between the 

different groups when this outlier was included.  However, when the analysis was run 
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without the outlier, we found a significant difference between the 5 and the 9-year-olds 

(F (2, 43) = 4.2, p = 0.02). An examination of means suggested a decrease in perceptual 

threshold as age increased (See Table 3.2).  

Table 3.2: The mean perceptual threshold values for each age groups 

Age  (in years) Sample 
size 

Mean PT 

(deg) 
SD Mean PT (%) SD 

5 14 36.8 9.1           10.2 2.5 

7 15 33.0 11.1 9.16 3.1 

9* 17 26.4 9.8 7.3 2.7 

* The 9-year-old group had an outlier with a PT of 55. With that outlier, the mean PT increased to 

28.05° + 11.6°.  

 

 

4.2 Mean phase relationship between the two index fingers (RP)  

4.2.1 Abrupt / Perceptible condition: 

The two-way ANOVA showed an age effect (F (2, 32) = 5.16, p = 0.011) and a 

trial effect (F (5, 32) = 299.7, p < 0.001), but no interaction. Post hoc analyses (p < 0.001) 

revealed that the baseline trial blocks (trial blocks 1, 6) of each age group were lower 

than test trials, indicating a change of phasing during the test trials. The mean RP of 5-

year-olds was higher than both the 7- (p = 0.013) and 9-year-olds (p = 0.045), however 

there was no difference between the 7- and 9-year-olds (Figure 3.2).  

 
 
 
 
 
 



 

    

93

 

 
Figure 3.2   The mean relative phasing change (in percentage) between the fingers in  
                     the abrupt condition across age. 
 

 

 

4.2.2 Gradual / Subliminal condition:  

The two-way ANOVA found a trial effect (F (5, 32) =95.11, p < 0.001) but no 

age effect or interaction.  Post hoc analysis revealed that trial block 1 was different from 

2 (p = 0.002), 3, 4, and 5 (p < 0.01). Moreover, baseline trial block 6 was different from 

only 3, 4, 5 (p < 0.01) but not trial block 2. Within the test trials: trial block 2 was 

different from 3 (p = 0.006), 4 and 5 (p < 0.001); trial block 3 was different from 4 and 5 

(p < 0.001); trial block 4 was also different from 5 (p < 0.001) (Figure 3.3).  
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Figure 3.3   The mean relative phasing change (in percentage) between the fingers in  
                    the gradual condition across trial blocks. Please note, each test trial   
                    block is also significantly different from the other test trials. 
 

 

 

 

4.3 Standard deviation of relative phasing (SDrp) within a trial 

4.3.1 Abrupt/perceptible condition: 

A two-way ANOVA of the SDrp during the abrupt/perceptible condition showed 

both age effect (F (2, 32) = 51.752, p < 0.001) and trial effect (F (5, 32) = 4.341, p < 

0.001).  Post hoc analyses showed that 5-year-olds were more variable than both the 7-

year-olds (p < 0.001) and the 9-year-olds (p = 0.008). Seven-year-olds were more 

variable than the 9-year-olds (p < 0.001) (Figure 3.4).  Only trial block 3 seemed more 

variable than baseline trial blocks 1 and 6 (p < 0.001), but not significantly different from 

the other test trials.  
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Figure 3.4   The standard deviation (SD) of between finger phasing within a trial in  
                     the abrupt condition, across all age groups. 
 
 

 

 

4.3.2 Gradual/subliminal condition: 

A two-way ANOVA of SDrp during the gradual/subliminal group showed a 

significant age effect (F (2, 32) = 19.19, p < 0.001) and no trial effect.  Post hoc analysis 

revealed that 5-year-olds were more variable than the 7- and 9-year-olds (p < 0.001). 

However, there were no differences between the two older groups (Figure 3.5).  
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Figure 3.5   The standard deviation (SD) of between finger phasing within a trial in  

        the gradual condition, across all age groups.   
 
 

 

5. DISCUSSION 

The ability to perceptually detect and to motorically respond to a phasing change 

in auditory rhythms was measured in children between ages 4 to 10 years. The perceptual 

threshold (PT) decreases slightly with increasing age. All children were all able to 

immediately modulate to the change in rhythm that they could consciously perceive 

(abrupt/perceptible conditions). During a gradual change of the phasing relation, children 

were able to modulate even to a small change in the phasing difference (5° or a lag of 

37.8 ms between the 2 signals) although they could not perceive these differences.  

During both the abrupt and gradual conditions, the 5-year-olds were more variable than 
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both 7- and 9-year-olds. During the abrupt phase, test trial block 3 was the only trial more 

variable compared to the baseline trials.  However, such a difference is not seen during 

the gradual phase and they have similar values of standard deviation of the relative 

phasing (SDrp) across all trial blocks.  

 

5.1 Young children can detect changes in rhythm 

We hypothesized that there would be an age-related trend in the ability to detect a 

change in rhythm. We found that 5-year-olds had a higher perceptual threshold than 7- 

and 9-year-olds. However, after 7 years of age the decrease in perceptual threshold 

appears to plateau. The ability to perceive changes in rhythms appears to develop early in 

life and is probably dependent on other factors in addition to age.  Most children could 

only detect a phasing difference greater than 20 degrees (or 155.54 ms). However, there 

was a large range seen within each of the age groups. In a similar study with non-

musician adults, we found that adults were also surprisingly variable (Kargerer, 

Viswanathan, Contreras-Vidal, & Whitall, 2012). For example, some adults were able to 

perceive phasing changes as low as 38.88 ms (a 2.7% change; lowest in the study). The 

perceptual thresholds for the adults ranged from a change of 2.7 % to 25%.  Repp (1998) 

in his study with musicians found that they could detect 40 ms increments about 70% of 

the time, while 20 ms increments were detected only  40% of the time.  Repp (2000) 

found that changes of 20-25 ms were required for 50% correct detection using a yes-no 

paradigm.  In our study using the staircase forced choice paradigm, most 4-6 year olds 

could not perceive phasing changes below 155.5 ms from baseline, but a few 7-9-year-

olds could perceive the change at that level. This would suggest that around 7 years of 
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age, the number of children who can consciously perceive very subtle changes in rhythm, 

increases towards adult-like values. 

 

Some researchers have suggested that the ability to perceive rhythms develops 

early in infants (Hannon & Trehub, 2005; Trehub & Hannon, 2006). They report that 

infants as young as 6-7 months demonstrated increased attention and listening time for 

rhythms that were slightly altered (“structured-disrupted”). This is consistent with 

infants’ typical preference for novel stimuli and suggests that they are able to discern 

between the 2 rhythms.  Zentner and Eerola (2010) have reported that infants and 

toddlers (5-24 months) spontaneously display rhythmic motion of their bodies to music, 

rhythmical patterns with a regular beat, and isochronous drumbeats. In contrast, infants 

move rhythmically in response to adult and infant directed speech.  Since we found a 

huge variability in the perceptual threshold in all age groups including children and adults 

(Kargerer, Viswanathan, Contreras-Vidal, & Whitall, 2012), we speculate that the ability 

to detect a gross change of rhythm develops early but the ability to consciously detect 

finer differences increases because of experience with tasks that involve auditory stimuli.  

This would imply that the ability to perceive subtle changes in rhythms is not strongly 

age dependent. Although we did not assess this possibility, it could be argued that 

children who had more experience with auditory rhythmic tasks would plausibly have 

lower thresholds than their peers. This, of course, awaits further investigation, and the 

results for the expert musicians would support this idea.  
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5.2 Volitional modulation occurs early, however the ability to produce a stable 

performance is age-related 

It has been suggested that children develop their perceptual-motor skills early on 

in infancy (Hannon & Trehub, 2005; Slater & Kirby, 1998). Hence, as hypothesized, 

children are able to modulate their motor performance in response to a perceivable 

stimulus. Accuracy of the motor response increases and variability decreases over time. 

We hypothesized that the baseline trials would be more stable (less variable) than the test 

trials. Unexpectedly, we found that there was no difference in SD values (variability) 

across the trial blocks in any age group with the exception of one test trial block 

compared to the baseline. This suggests that there was no apparent difference in the 

stability between the baseline antiphase (180°) finger tapping and tapping to the test 

(225°) condition. This finding contradicts the findings in adults where it has been 

consistently shown that variability during the antiphase (and inphase) condition is lower 

that of any other phasing relation (Tuller & Kelso, 1989; Yamanishi, Kawato, & Suzuki, 

1980; Zanone & Kelso, 1992). We found the pattern of increased variability in the test 

conditions compared to the antiphase baseline in an adult population with our paradigm 

(Kagerer et al., 2012). Therefore, our results are not a function of the paradigm. Instead, 

they demonstrate that antiphase (and presumably inphase) patterns develop into stable 

patterns across childhood and become adult-like after 10 years of age. Previous studies of 

bilateral tapping in children have indicated that children 10 years or older are able to 

produce adult-like tapping behavior (Volman, 1997; Volman & Geuze, 2000; Wolff, 

Kotwica, & Obregon, 1998).  
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It is possible to explain this finding from a neurodevelopmental perspective. The 

supplementary motor area of each hemisphere, which is known to play a key role in 

bimanual coordination, is connected to each other by dense callosal connections. 

(Rouiller et al., 1994). The lesions of corpus callosum cause diminished temporal 

(Kennerley, Diedrichsen, Hazeltine, Semjen, & Ivry, 2002; Preilowski, 1972) and spatial 

(Degos et al., 1987; Eliassen, Baynes, & Gazzaniga, 1999; Zaidel & Sperry, 1977) 

coordination of bimanual movements. Patients with lesions to the corpus callosum 

(specifically split brain) can coordinate inphase tapping but have difficulty with antiphase 

tapping (Kennerley, Diedrichsen, Hazeltine, Semjen, & Ivry, 2002; Tuller & Kelso, 

1989)  The corpus callosum in children is not completely mature until the end of the first 

decade of life (Yakovlev & Lecours, 1967), while certain other studies have shown that 

the callosal maturation continues into early adulthood (Giedd et al., 1996; Keshavan et 

al., 2002; Pujol, Vendrell, Junque, Marti-Vilalta, & Capdevila, 1993). Muetzel et al. 

(2008) have shown negative correlation between alternate bimanual finger tapping speeds 

and the increasing myelination of the corpus callosum. Their study suggests that 

increasing myelination of the corpus callosum facilitates efficient neuronal transmission, 

which correlates with decreasing bimanual finger tapping speeds.  Thus, it is plausible 

that the motor performance during bilateral finger tapping is variable because of the 

immature corpus callosum despite the ability to perceive the stimulus.  

 

5.3 Children modulate to subliminal changes in rhythm 

Unilateral and bilateral tapping studies have demonstrated that adults are able to 

modulate to subliminal auditory stimuli (Kargerer, Viswanathan, Contreras-Vidal, & 
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Whitall, 2012; Repp, 2000; Thaut & Kenyon, 2003; Thaut, Miller, & Schauer, 1998). In 

our study, this phenomenon was found in children as young as 5 years. However, we 

found that there was no difference in stability between baseline trials and test trials. 

These data suggest that the baseline 180° was not a strong attractive pattern for younger 

children. Interspersing the baseline with new phasing relationships results in a longer 

return to baseline bolstering the argument made earlier that 180° is not a stable pattern in 

children and is not as strongly attractive as in the adults (Kelso, 1984; Zanone & Kelso, 

1992). This could be because 180° finger tapping is not an essential phylogenetic motor 

task such as walking(Clark, Whitall, & Phillips, 1988) and is a culturally/experientially 

learned task.  

 

However, variability for the older children approached the level of the adults 

suggesting that with brain maturation and greater experience individuals learn to match 

their intrinsic dynamics with the specific demands of the tapping task. Specific practice 

would facilitate the process. This was suggested because musicians tend to have lower 

variability than non-musicians (Yamanishi, Kawato, & Suzuki, 1980). 

 

5.4 Developmental trajectories are similar for modulation to abrupt / perceptible 

and gradual / subliminal stimulus 

Previous research has suggested that the basal ganglia mediate perceptible abrupt 

movements while the change to subliminal stimulus was mediated by the cerebellum 

(Contreras-Vidal & Buch, 2003). We hypothesized that the ability to modulate to stimuli 

that are perceivable should develop at a faster rate than when modulating to subliminal 
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auditory stimulus since the basal ganglia and cerebellum myelinate at different rates. This 

hypothesis was not supported by our study. Ullen, Forssberg and Ehrsson (2003) 

suggested that the basal ganglia may mediate features of the temporal motor coordination 

that are common to both conditions such as shaping of the motor response or 

maintenance of a regular pulse. Thus, it is possible that modulation to both conditions 

may be dependent both on the basal ganglia as well as the cerebellum. This would 

explain the lack of a differential timeline in the development of modulation in the two 

conditions. 

 

In conclusion, we found that young children are able to perceive changes in 

rhythm. Children were able to rapidly modulate to perceivable changes and subliminal 

changes in rhythms. The accuracy of the phasing relationship when compared to the 

stimuli, increased with age, with the mean RP of the older children approaching the value 

of the adults.  As expected, there was an age-related increase in performance stability in 

both the perceptible (abrupt) and subliminal (gradual) conditions. Markedly different 

from the adults, however, was the lack of differential variability across trial blocks for 

either condition in any age group. This suggests that the pattern of antiphase tapping 

demonstrated in adults is developed across age and experience and is not an innate 

feature of upper extremity interlimb coordination. 
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ABSTRACT 
 

Children with developmental coordination disorder (DCD) demonstrate 

impairments in bimanual finger tapping during self-paced tapping and tapping in 

synchrony to different frequencies. As an extension of this work, we investigated the 

ability of children with DCD to adapt motorically to perceptible or subliminal changes of 

the synchronizing auditory stimuli without a change in frequency, and compared their 

performance to age- and gender- matched typically developing (TD) children.  We 

examined both perceptual awareness of the rhythm change and the motor response to this 

change.  Nineteen children with DCD between ages 6-11 years (mean age + SD = 114 + 

21 months) and 17 age- and gender-matched typically developing controls (TD) (mean 

age + SD = 113 + 21 months) participated in this study. Auditory perceptual threshold 

was established. In the first condition (perceptible), children initially tapped bimanually 

to an antiphase beat and then to a perceptible change in rhythm brought about by 45 

phase shift between the auditory signals.  In the second condition (subliminal), they had 

to transition from baseline to a gradual change in rhythm where the phase shift between 

the auditory signals was always subliminal. Children with DCD were able to perceive 

changes in rhythm similar to TD children.  They were also able to adapt to both 

perceptible and subliminal changes in rhythms similar to their age- and gender- matched 

TD counterparts. However, these children were significantly more variable compared to 

TD children in all phasing conditions.  The results suggest that the performance 

impairments in tapping may be a result of motor “noise” rather than a perceptual-motor 

coupling process.  KEYWORDS: Developmental Coordination Disorder; Bimanual 

tapping; Timing; Auditory perceptual threshold; Motor skills; Motor Adaptation;  
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1. INTRODUCTION 

Individuals with developmental coordination disorder (DCD) have impairment of 

motor coordination and performance severe enough to affect activities of daily living and 

their academic performance, which is not explicable by their age, IQ or any neurological 

condition (2000). DSM IV estimates that as many as 6% of children between ages 5-13 

years have DCD.  The motor difficulties often result in depression (Lingam et al., 2012), 

social isolation (Schoemaker & Kalverboer, 1994) and long-term health consequences 

from an inactive life (Green et al., 2011). These children have gross motor deficits 

including balance deficits, awkward running patterns, and difficulty in catching and 

throwing, (Blank, Smits-Engelsman, Polatajko, & Wilson, 2011; Geuze, 2005; Zwicker, 

Harris, & Klassen, 2012) as well as  fine motor deficits including poor handwriting and 

shoelace tying (Smits-Engelsman, Niemeijer, & van Galen, 2001).  In previous studies, 

we and others have shown deficits of coordination, motor timing and auditory motor 

coordination, in this population (Roche, Wilms-Floet, Clark, & Whitall, 2011; Volman & 

Geuze, 1998; Volman, Laroy, & Jongmans, 2006; Whitall et al., 2008; Whitall et al., 

2006).  Here we extend this work by investigating sensorimotor adaptation of rhythmic 

change.  

 

The ability to adapt motorically in response to a changing sensory cue requires 

integration between the sensory information and the motor output or performance.  

Children with DCD are less accurate in maintaining coordination between limbs when 

synchronizing to an auditory cue during a gross motor coordination task (Volman, Laroy, 

& Jongmans, 2006; Whitall et al., 2006) or a tapping task (Whitall et al., 2008).  In these 
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studies, only the stable inphase (0° or limbs move together) or antiphase (180° or limbs 

alternating) patterns of coordination were investigated.  Patterns of coordination that are 

known to be less stable in adults (i.e., those between inphase and antiphase) (Tuller & 

Kelso, 1989; Yamanishi, Kawato, & Suzuki, 1980), have not been investigated.  It is not 

known, for example, if children with DCD perceive change in rhythms and if that ability 

develops with age. Additionally, we do not know if children with DCD who perceive 

uneven rhythm changes can adapt motorically to the auditory stimuli. 

 

In adults, an auditory stimulus can guide motor performance without being 

consciously perceived (subliminal, gradual changes) (Repp, 2000, 2001a, 2001b). It has 

been suggested that the cerebellum mediates this adaptation to small subliminal changes 

(Kagerer, Contreras-Vidal, & Stelmach, 1997; Robertson & Miall, 1999; Shadmehr, 

Smith, & Krakauer, 2010). Wu, et al. (2011) have proposed that adaptation without 

awareness is mediated by the olivocerebellar system.  On the other hand, it has been 

suggested that adaptation to a large perceptible change in sensory stimuli is mediated by 

the basal ganglia (Contreras-Vidal & Buch, 2003; Harrington, Haaland, & Knight, 1998; 

Venkatakrishnan, Banquet, Burnod, & Contreras-Vidal, 2011).  Since many have 

speculated that DCD is a result of cerebellar dysfunction (Cantin, Polatajko, Thach, & 

Jaglal, 2007; Ivry, 2003; Zwicker, Missiuna, & Boyd, 2009) we hypothesized that 

children with DCD would show a differential tendency to adapt better to perceptible 

changes than to subliminal changes in stimuli.    
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In this study, we determined the ability of children with DCD to modulate 

bimanual finger tapping in response to changing rhythms that are either perceptible or 

subliminal and compared their performance to age- and gender-matched peers.  The 

perceptual threshold of children was first established to determine their ability to perceive 

the rhythm differences. We hypothesized that children with DCD would have higher 

perceptual thresholds compared to their TD peers since they appeared less able to use this 

information to synchronize to a beat. Secondly, we studied how well children could 

modulate bilateral finger tapping to abrupt/perceptible and to gradual/subliminal changes 

in rhythms. We hypothesized that children with DCD would have a decreased ability to 

modulate bilateral finger tapping in response to subliminal changes in auditory rhythms 

compared to TD children because children with DCD appear to be dependent on 

feedback (Bair, Kiemel, Jeka, & Clark, 2012; Kagerer, Contreras-Vidal, Bo, & Clark, 

2006; King, Kagerer, Harring, Contreras-Vidal, & Clark, 2011; Wilson et al., 2004) . 

This differential performance to perceptible and subliminal changes in rhythm would 

support a role of the cerebellum in the symptomatology of the condition.  Third, as seen 

in previous tapping studies (Roche, Wilms-Floet, Clark, & Whitall, 2011; Volman & 

Geuze, 1998; Whitall et al., 2008), we expected that children with DCD would exhibit 

increased variability in their performance of these tasks compared to TD children.  

Finally, we examined the ability of children with DCD to tap their fingers to a stable 

antiphase beat relative to a “developmental landscape” of TD children (King, Clark, & 

Oliveira, 2012) which consisted of a cross section of TD children between ages 4-11 

years. This approach is useful in establishing age-related differences in performance. We 

hypothesized that children with DCD have delayed rather than atypical development 
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when compared their TD peers, as suggested by previous studies (King, Clark, & 

Oliveira, 2012; Smits-Engelsman, Westenberg, & Duysens, 2008).  

 

2. METHODS 

2.1 Participants 

 Data from 24 children with DCD and 22 age- and gender-matched typically 

developing (TD) controls were used for the perceptual component of the study. The ages 

ranged from 6 to 11 years with the mean age + SD in years for the DCD group being 9.29 

+ 1.75 and for the control group being 9.22 + 1.79 (Table 4.1a). Data from 19 children 

with DCD and 17 age- and gender-matched TD controls were analyzed for the 

perceptual-motor component in this study. The ages ranged from 6 to 11 years of age 

with the mean age + SD in years for the DCD group being 9.53 + 1.78 and for the control 

group being 9.47 + 1.83   (Table 4.1b).  

Table 4.1a. Subject characteristics of children with DCD and typically developing    
                    children whose data were analyzed for the perceptual component 
 
Group Sample size Mean age 

(years) 
Males: 
Females 

DCD 24 9.29 + 1.75 17 : 7 

TD 22 9.22 + 1.79 17 : 5 

 

Table 4.1b. Subject characteristics of children with DCD and typically developing   
                    children whose data were analyzed for the perceptual motor component 
 
Group Sample size Mean age 

(years) 
Males: 
Females 

DCD 19 9.53 + 1.78 13 : 6 

TD 17 9.47 + 1.83 13 : 4 
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To identify children with DCD, 74 children with potential motor deficits were 

screened. They were recruited through local occupational therapy clinics, flyers in the 

community, advertisements in local newspapers, and referrals by two area pediatricians 

or by parents of children who had participated earlier in the study. TD children were 

identified from previous studies, flyers in the community and through word of mouth. 

Potential participants were screened for DCD using the following tests: a) Movement 

Assessment Battery for Children (MABC) (Henderson & Sudgen, 1992)  administered by 

trained testers to screen for motor problems; b) Physical and Neurological Examination 

of Subtle Signs (PANESS) (Denckla, 1985) and a clinical neurological exam by the study 

pediatrician; and c) the Woodcock-Johnson Psycho-Educational Battery (WJ III) 

(Woodcock, McGrew, & Mather, 2001)  administered by an education specialist.  The 

Annett handedness questionnaire (Annett, 1991) was administered to determine hand 

dominance. Inclusion criteria for the DCD group were: 1) ages between 5-11 years; 2) no 

neurological disorder present including pervasive developmental disorder; 3) an 

independent diagnosis of DCD from the study pediatrician; 4) MABC total impairment 

scores less than or equal to the 5th percentile; and, 5) no cognitive impairment as assessed 

by the WJ III. 

   

Twenty-nine participants matched all five of our inclusion criteria.  Five children 

dropped out because either they could not complete the experimental task (n = 2) or they 

did not come back for the research study after the initial screening. Twenty-four 

participants finished the research study. Data from this group were analyzed for the 

perceptual component of the study along with the data from 22 age- and gender-matched 
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TD children. Furthermore, five children with auditory threshold below the 20° were 

excluded from the perceptual-motor analysis because they could perceive the signal in the 

subliminal condition. The final data set included 19 children with DCD for the 

perceptual-motor component of the study. Seventeen age- and gender-matched typically 

TD controls were also included. Data of  TD children between the ages of  4  and 11 

years from a previous study (Roche, Viswanathan, Clark, & Whitall, 2012) were utilized 

to provide a developmental landscape analysis for the children with DCD (Kagerer, 

Contreras-Vidal, Bo, & Clark, 2006; King, Clark, & Oliveira, 2012). The baseline 

performance of children with DCD was compared to the “developmental landscape” of 

the typically developing children. The Institutional Review Board of the University of 

Maryland, Baltimore (UMB) approved this study. Parents or legal guardians of the 

children gave informed consent while the children provided their assent to participate. 

 

2.2 Apparatus and Procedure 

2.2.1 Determination of the auditory threshold 

Prior to the tapping experiment, we established a child’s auditory perceptual 

threshold. It   is the lowest phasing difference between the two auditory signals that a 

child can perceive consistently. We used a modified psychophysical staircase method 

(Cornsweet, 1962; Treutwein, 1995). In this method, the tester starts with a stimulus 

intensity considerably higher than threshold, gradually decreasing the phasing difference 

until the change is not perceived.  
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The child was fitted with a set of headphones through which auditory stimuli (1.4 

Hz (0.7 Hz in each ear)) generated using a customized waveform generator were 

provided. Participants received two successive sets of auditory stimuli, each 10 seconds 

in duration. The first set of stimuli was always evenly spaced and remained at a constant 

phasing of 180º (reference stimulus). The second set of stimuli was unevenly spaced and 

was the set that always changed (test stimulus). The test stimuli started with a large 

phasing difference (70°) and the phasing difference was reduced in steps of 5º. After the 

test stimulus was given, participants were asked if they perceived the reference and test 

stimuli to be “same” or “different.” A forced choice paradigm was used, where the 

participant was asked to make the best possible guess and choose between “same” and 

“different”. If correctly perceived then the phasing difference was reduced by 5º; if not, 

the phasing difference was increased by 5º.  At this point, the participant had to correctly 

perceive the signals at that level as being different two consecutive times before reducing 

the phasing difference. The experiment concluded when the subject could not identify the 

difference between the two sets of rhythms, three times at a particular phasing difference. 

The threshold was determined as the lowest phasing difference between the two sets of 

rhythms that the participant could perceive consistently.  “Catch” trials were given where 

the second set was the same as the first to ensure that the child’s attention was 

maintained.  

 

2.2.2 Tapping Experiment  

The participants sat with their forearms resting on the plexiglass armrests (Figure 

4.1). The hands were strapped snuggly to the armrest at the forearm and along the 
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metacarpals to reduce associated movements. Sensors were attached dorsally to the tip of 

the index finger bilaterally. An ear swab was taped laterally to the finger to restrict 

movement only to the metacarpophalangeal joint. The positional data of the sensors were 

captured by a 3D magnetic tracking system (MinibirdsTM, Ascension system, Burlington, 

VT) at the sampling rate of 100 Hz. The participant wore headphones attached to the 

custom-made waveform generator. The frequency of the auditory stimuli was kept 

constant at 1.4Hz (0.7 Hz per side). For consistency, the stimuli presented on the non-

dominant side remained constant while the stimuli presented on the dominant side 

changed according to the set phasing difference. The auditory stimulus, and therefore the 

tap, always began on the non-dominant side.  

 
Figure 4.1   Experimental set-up and apparatus 
 

 



 

    

117

 

The participants were asked to tap their index fingers alternately in time to the 

auditory signals presented via headphones. They were also instructed to lift their fingers 

to about 1 inch above the surface. The experiment was videotaped for subsequent 

verification that the participant performed the task as instructed. The participants were 

tested under two conditions: gradual/subliminal and abrupt/perceptible. In the 

gradual/subliminal condition, the auditory stimuli were gradually ramped up in steps of 

11 º (3.05 % change) from 180º out-of -phase up to 225º (12.5% change from 180º) out-

of-phase with each other while in the abrupt/perceptible condition the auditory stimuli 

were abruptly ramped 45º (12.5 % change) from 180º (baseline) to 225º. The stimulus 

phasing change of 45º was chosen, a priori, because preliminary work had established 

that most children could perceive this difference.  

The testing session consisted of two conditions of 12 trials each. Each trial was 30 

seconds long with the first 5 seconds removed from the analysis to avoid start-up effects. 

The trial was limited to 30 seconds to minimize loss of attention or fatigue. In both 

conditions, the first and last two trials had auditory signals with alternate beats that were 

180o out-of-phase (baseline) with each other. In the abrupt/perceptible condition, the 

middle eight trials had auditory signals that were 225o out-of-phase. In the 

gradual/subliminal condition, the middle eight trials had two trials each that had a 

phasing relationship of 192o, 203o, 214o and 225o (with a phasing change from the 

baseline in percentage of 3.33 %, 6.38 %, 9.44 % and 12.5 % respectively). In order to 

eliminate carry over effects, subjects with even identification numbers were presented 

with the abrupt/perceptible followed by the gradual/subliminal condition while subjects 

with odd identification numbers were presented in the reverse order. The two sets were 
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separated by a 5-minute break.  Rewards (e.g. stickers) were given intermittently in order 

to sustain motivation. Prizes and a small financial compensation were given at the 

completion of the study.  

 

3. DATA ANALYSIS 

3.1 Data processing of finger tapping: 

The data were filtered using a recursive low pass 4th order Butterworth filter with 

a cut off frequency of 10 Hz and then processed using a customized Matlab™ program. 

The dependent measures were the mean relative phasing difference between the two 

fingers (RP) and the standard deviation of the mean relative phase between the two 

fingers (SD). Relative phase between the two fingers was taken as the ratio of the time 

between the non-dominant finger’s touchdown and the touch down of the dominant 

finger to the total time between the first and second touchdowns of the left finger. The 

following formula was used to calculate the relative phase between the fingers: 

 

where tND
n indicates the times of the finger tap of non-dominant hand and tD

n indicates 

the times of the finger tap of dominant hand for the nth cycle in the time series. If the 

participant taps in perfect antiphase then the dominant finger touchdown would occur 

when the non-dominant side is at 180º (or 50%) of its cycle and vice versa. The phasing 

relationship was expressed as a percentage of the absolute deviation from baseline (180˚). 

Therefore, each increment of 11˚ would have a phasing change of 3.05%. The SD is the 

100
 tND-tND

 tD-tND

n1n

nn 


RP
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standard deviation of the mean relative phasing within a trial. SD is a method of 

expressing the variability (and therefore the linear stability) of coupling between the 

fingers (Tuller & Kelso, 1989; Yamanishi, Kawato, & Suzuki, 1980). 

 

3.2 Statistical Analysis 

Prior to statistical analyses, the two trials with same auditory signal were 

averaged to improve stability of the values. Therefore, the data analysis was carried out 

on 6 trial blocks rather than 12 trials.  Statistical analyses were performed using SAS 

(SAS Institute, Cary, NC, USA; version 9.2) and Graphpad Prism (GraphPad Prism 

version 5.04 for Windows, GraphPad Software, La Jolla California USA). Two-way 

repeated measures analyses of variance (ANOVA) were used to compare the dependent 

variables across the different trial blocks (6 levels) and between the two groups (DCD 

and TD) with the trial blocks being the repeated measure. Separate analyses were carried 

out for the abrupt/perceptible and gradual/subliminal conditions. Post hoc analysis 

(Tukey HSD adjustment) was performed when main or interaction effects were found. 

The overall alpha level was set at 0.05. Additionally, to assess the individual performance 

of children with DCD compared to a developmental landscape of TD, a regression model 

was fitted to RP and SDrp of the baseline trials of typically developing children between 

ages 4 and 11 years with age as a continuous variable. The 95% prediction interval (PI) 

was calculated. This PI would present the values of 95% of typically developing children. 

The performance values of the children with DCD were superimposed on this 

“developmental landscape” and were compared to the TD children. Individual data higher 



 

    

120

 

than the upper limits of the PI would suggest that the value of the variable was higher 

than a typical range. 

 

4. RESULTS 

4.1 Perceptual Threshold (PT) 

The perceptual threshold analysis included all children with DCD regardless of 

their perceptual threshold. A visual examination of DCD data showed two age group 

clusters: a younger group between ages 6-8 years (n= 9; mean PT + SD = 33.33 + 10.89) 

and an older group between ages 9-11 years (n= 15; mean PT + SD = 25.33 + 3.89). A 

two-way ANOVA (Group X age group) showed an age group (younger vs. older group) 

effect (F (1, 37) = 5.58, p = 0.02). Post hoc analysis found that the younger group (mean 

PT = 30.23) had a higher mean PT than the older group (mean PT = 24.67). However, no 

group or interaction effect was seen.  Therefore, as age increased the perceptual threshold 

decreased similarly in both groups. 

 

4.2 Mean phase relationship between the two index fingers (RP) 

4.2.1 Perceptible condition 

The two-way ANOVA showed a trial effect (F (5, 150) = 74.80, p < 0.0001) but 

no group or interaction effects (Figure 4.2A).  Post hoc analysis found that across groups, 

there was no difference between blocks 1 and 6 but these were different from blocks 2-5. 

Blocks 2-5 were not different from each other.  Thus, both the DCD and TD groups were 

to adapt to the abrupt change in phasing.  
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4.2.2 Subliminal condition 

The two-way ANOVA showed a trial effect (F (5, 150) =214.57, p < 0.0001) but 

no group or interaction effects (Figure 4.2B). Post hoc analysis showed that means of 

each block were different from the others (p < 0.0001) except baseline blocks 1 and 6.  

 

 

 

Figure 4.2A. The mean relative phasing change (in percentage) +  SD between the    
                       fingers in the abrupt condition of all children across trialblocks 
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Figure 4.2B. The mean relative phasing change (in percentage) +  SD between the   
                      fingers in the gradual condition of all children across trial blocks.  
                      Please note, each test trial block is also significantly different from the  
                      other test trials. 
 

 

 

4.3 Standard deviation of relative phasing (SDrp) within a trial 

4.3.1 Perceptible condition 

The two-way ANOVA showed a group effect (p = 0.02) but no trial or interaction 

effects (Fig 4.3A). The DCD group was more variable than TD.  

 

4.3.2 Subliminal condition 

The two-way ANOVA showed a group effect (F (1,150) = 11.11, p < 0.001) 

(Figure 4.3B). The DCD group was more variable than TD. There was also a trend for 

trial effect (p = 0.053). The unadjusted post hoc analysis showed that there was a 
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difference between blocks 1 and 5 and between trial blocks 5 and 6 with the SDrp in 

block 5 being higher than both baseline blocks; however, this effect was lost with the 

Tukey adjustment.  There was no interaction effect. 

Figure 4.3A. The standard deviation (SDrp) + SD of between finger phasing within a  
                       trial in the abrupt condition between DCD and TD groups.   
 

 
 
 
Figure 4.3B. The standard deviation (SDrp) ) + SD of between finger phasing within  
                      a trial in the gradual condition between DCD and TD groups.   
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4.4 Regression analyses and prediction interval to compare baseline blocks of DCD 

and a landscape of the TD group 

A second order polynomial model best fit the baseline RP values of TD group (r2 

= 0.21). Three children with DCD were out of the 95 % prediction interval and two of 

them were on the upper limit of the interval (Figure 4.4A). A second order polynomial 

model best fits the baseline SDrp values of the TD group (r2 = 0.42). Four children with 

DCD were out of the 95% prediction interval and two of them were on the upper limit of 

the interval (Figure 4.4B). 

Figure 4.4A. Second order polynomial regression for mean relative phasing (RP) of 
the very first baseline trial of the experiment.  The solid line represents the 
estimated developmental trajectory of the typically developing children, which was 
estimated from the “developmental landscape”. The dotted lines represent the 95% 
prediction interval for the predicted individual data of the typically developing 
children.  The solid triangles represent the individual data from the children with 
DCD.  
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Figure 4.4B Second order polynomial regression for standard deviation within a 
trial (SDrp) of the very first baseline trial of the experiment. The solid line 
represents the estimated developmental trajectory of the typically developing 
children, which was estimated from the “developmental landscape”. The dotted 
lines represent the 95% prediction interval for the predicted individual data of the 
typically developing children.  The solid triangles represent the individual data from 
the children with DCD.  
 

 

 

5. DISCUSSION 

In this study, we compared children with and without DCD in their ability to 

perceive and to adapt motorically to both perceptible and subliminal phasing changes in 

the auditory stimuli Most children (21 / 24) in this DCD cohort were below the first 

percentile on MABC, suggesting they had significant gross and fine motor deficits. 

Surprisingly, there was no difference in the perceptual thresholds between the children 

with and without DCD, and both groups showed a developmental trend. Both groups of 
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children were able to modulate to perceptible and subliminal changes in phasing 

difference in the rhythm of the auditory stimuli. Children with DCD had greater 

variability within trial than TD children during both conditions. In the baseline condition, 

about a quarter of the children with DCD were outside the TD range at a given age. 

 

5. 1 Children with DCD can perceive changes in rhythm and show a developmental 

trend similar to TD children  

Contrary to our hypothesis, children with DCD perceived changes in rhythm and 

showed a developmental trend similar to TD children. There was a difference in the 

perceptual thresholds (PT) of younger (6-8 years) and older (9-11 years) groups, but there 

was no difference between children with and without DCD. This was an interesting 

finding suggesting that children with DCD had no deficits is auditory perception of tone. 

O’Brien et al.,(2008) found that, during a stimulus response task, there was no difference 

between young and older children with and without DCD for a compatible stimuli when 

the stimulus was an auditory signal, despite the fact that it required a motor response. 

There was no difference in performance between children with and without DCD in a 

task that required reaching towards an auditory signal (King, Kagerer, Harring, 

Contreras-Vidal, & Clark, 2011). Most studies of perception in children make inferences 

about perceptual deficits in this population, when using perceptual motor tests that 

required a motor component rather than being a pure perceptual test. Hence, it is difficult 

to assess if children with DCD have a perceptual deficit or only a motor deficit or both a 

perceptual and a motor deficit. Our results suggest that children with DCD do not have an 

auditory perceptual deficit. To assess the motor component, we further investigated the 
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ability of children with and without DCD to motorically respond to these changing 

auditory rhythms. 

 

5.2 Children with DCD can adapt to both a perceptible and a subliminal change in 

auditory stimulus  

Children with DCD adapt to perceptible changes as well as TD children and this 

is consistent with other studies where visual sensory paradigms were used.   For example, 

Cantin et al. (2007) found that children with DCD were able to adapt during prism 

adaptation.   Others have found that they can adapt to an abrupt perturbation of angle 

during a visuo-motor distortion task (Kagerer, Contreras-Vidal, Bo, & Clark, 2006; King, 

Clark, & Oliveira, 2012). It has been suggested that children with DCD have difficulty 

creating or using predictive estimates of body positions to correct errors instantaneously 

(Bair, Kiemel, Jeka, & Clark, 2012; Wilson et al., 2004). This would imply that they 

would have difficulty with both learning new internal models (representations of the 

movement) and in learning to modulate or parameterize their internal models when 

developed. Kagerer et al. (2006) found that exposure to an abrupt visuomotor 

perturbation caused a more effective update of the internal model compared to exposure 

to a gradual visuomotor perturbation in children with DCD.  However, our results suggest 

that the majority of children with DCD are able to modulate to both perceptible abrupt 

changes in auditory stimuli as well as subliminal gradual changes. Individual data 

analysis (Figure 4A) showed only a small proportion of children with DCD who had 

significant difficulty compared to TD children in achieving stable antiphase tapping at 
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baseline (3 out of 19 children) despite the fact that they could perceive change in stimuli 

at levels similar to their TD peers.   

 

Several studies in adults have shown the presence of motor awareness without 

perceptual awareness (Goodale, Pelisson, & Prablanc, 1986; Johnson & Haggard, 2005; 

Pelisson, Prablanc, Goodale, & Jeannerod, 1986; Repp, 2000, 2001a, 2001b).  For 

example, Goodale et al. (1986) noticed successful visuomotor adjustment in adults in a 

pointing experiment in which the target occasionally jumped several degrees while the 

jump remained itself remained unnoticed by the participants.  Similarly, Repp (2000, 

2001a) found that adult musical amateurs tapping to a rhythm were able to compensate to 

subliminal changes to the inter-onset intervals of the auditory stimulus, which they could 

not explicitly detect.   To our knowledge, this ability to bypass perceptual awareness has 

not been previously demonstrated in children with or without DCD. 

 

Researchers have suggested that children with DCD are reliant on feedback rather 

than feedforward mechanisms during sensorimotor tasks (Hyde & Wilson, 2011; 

Kagerer, Contreras-Vidal, Bo, & Clark, 2006; Pereira, Landgren, Gillberg, & Forssberg, 

2001; Whitall et al., 2008). In the subliminal condition, since individuals are unable to 

perceive a gradually changing auditory stimulus, they were presumably using 

mechanisms other than conscious feedback. This suggests that there are different 

pathways involved for processing perceptible and subliminal stimuli. Bijsterbosch et al. 

(2011) found that the right cerebellar dentate and vermis are activated in regular 

synchronized finger tapping, tapping to perceptible (15% change from baseline) and 
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subliminal changes (3% change from baseline) compared with a rest condition. The left 

posterior cerebellar cortex was engaged during the tapping to perceptible phase shifts, but 

not during the subliminal condition suggesting an alternate mechanism for that process. 

Repetitive transcranial magnetic stimulation (rTMS) to the left cerebellum significantly 

affected the correction of perceptible errors, which confirmed the causal contribution of 

the left cerebellum to the perceptible error correction process but not subliminal stimuli.    

 

5.3 Role of basal ganglia versus the cerebellum in DCD in relation to abrupt and 

gradual change of stimulus 

Other researchers have suggested that adaptation to gradual / subliminal changes 

is mediated by the cerebellum (Kagerer, Contreras-Vidal, & Stelmach, 1997; Robertson 

& Miall, 1999; Shadmehr, Smith, & Krakauer, 2010). It is also suggested that adaptation 

to abrupt, perceptible changes, in which correct responses are self-selected through trial-

and-error based on feedback, are mediated by the basal ganglia (Contreras-Vidal & Buch, 

2003; Harrington, Haaland, & Knight, 1998; Venkatakrishnan, Banquet, Burnod, & 

Contreras-Vidal, 2011).  Kagerer et al. (2006) found that children with DCD were able to 

adapt to abrupt but not gradual changes of visual stimuli implicating the cerebellum. 

Schlerf et al. (2012) found, in non-disabled individuals that there is an increase in 

cerebellar excitability (or decrease in cerebellar inhibition) in the early stages of abrupt 

visuomotor adaptation however this tapered off towards the end of the trial. They did not 

find any change in the cerebellar modulation when the person had to adapt to gradual 

changes. As mentioned in the previous section, Bijsterbosch et al., (2011) specifically 

found left posterior cerebellum activation during finger tapping to a perceptible phase 
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shifts in the auditory cue but if the phase shift was subliminal. However, individuals with 

cerebellar ataxia showed similar performance deficits during both gradual and abrupt 

adaptations (Schlerf, Xu, Klemfuss, Griffiths, & Ivry, 2013). 

 

We found that children with DCD are able to modulate to both abrupt and gradual 

changes in auditory stimuli. This difference could be caused because the cerebellum may 

differentially process visual and auditory stimuli. Jancke et al. (2000)  found that there 

was stronger activation of inferior cerebellum during finger tapping to an auditory pacing 

stimuli compared to the stronger activation of the superior cerebellum and the vermis 

during tapping to a visual pacing stimulus.  Exactly, how the different areas of the 

cerebellum are related to sensorimotor adaptation, especially gradual changes, is only 

beginning to be understood and should be further explored along with a developmental 

trajectory. 

 

The basal ganglia may mediate features of the temporal motor coordination that 

are common to both perceptible and subliminal conditions such as shaping of the motor 

response or maintenance of a regular beat (Jahanshahi et al., 2010; Ullen, Forssberg, & 

Ehrsson, 2003).  Thus, modulation to both perceptible and subliminal conditions may be 

dependent on the basal ganglia as well as the cerebellum.  On the other hand, Claasen et 

al. (2012) have shown that during a synchronized-continuation tapping task, patients with 

cerebellar deficits show increased variability while patients with Parkinson’s disease have 

decreased variability.  From this perspective, our study did show significantly increased 
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variability in tapping for both conditions, lending weight to the argument for cerebellar 

involvement in children with DCD. 

 

5.4 Children with DCD are more variable in motor coordination than TD children, 

regardless of whether change in the auditory stimulus was perceptible or gradual. 

As predicted, children with DCD were more variable compared to their TD 

counterparts in both conditions. They also showed large variability in their performance 

between individuals. This is consistent with previous studies of tapping coordination in 

children with DCD (Roche, Wilms-Floet, Clark, & Whitall, 2011; Volman & Geuze, 

1998; Volman, Laroy, & Jongmans, 2006; Whitall et al., 2008). The increase in 

variability of relative phase during the abrupt/perceptible condition suggests that these 

children are able to broadly tune into the required parameter but have difficulty fine-

tuning their response. Indeed, variability of response appears to be a hallmark of DCD 

regardless of the motor task (Bo, Bastian, Kagerer, Contreras-Vidal, & Clark, 2008; 

King, Clark, & Oliveira, 2012; Sekaran, Reid, Chin, Ndiaye, & Licari, 2012; Smits-

Engelsman, Westenberg, & Duysens, 2008).  

 

Several research groups have suggested that movement timing variability could be 

related to deficits in the cerebellum (Bo, Block, Clark, & Bastian, 2008; Ivry, Keele, & 

Diener, 1988; Schlerf, Spencer, Zelaznik, & Ivry, 2007). Theoret et al. (2001) found 

increased variability in humans during paced finger tapping following repetitive 

transmagnetic stimulation of the cerebellum. Several researchers also have suggested that 

cerebellum or corticocerebellar pathways may be affected in children with DCD (Cantin, 
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Polatajko, Thach, & Jaglal, 2007; Wilson, Ruddock, Smits-Engelsman, Polatajko, & 

Blank, 2012; Zwicker, Missiuna, Harris, & Boyd, 2010, 2011). Zwicker et al. (2011) 

found that during a trail tracing task, children with DCD showed decreased brain 

activation compared to their TD peers not only in areas involved visuo-spatial learning 

but also in the cerebellar-prefrontal and cerebellar-parietal networks.  Given that children 

with DCD are more variable in most motor tasks, this neuroanatomical evidence further 

supports the behavioral data that children with DCD may have cerebellar dysfunction. 

 

5.5 Children with significant gross and fine motor deficits are able to perform the 

perceptual and perceptual-motor tasks 

 Finally, in this study, we note the use of a more stringent research cut-off 

(children below 5th percentile on the MABC) for inclusion into the study (Geuze, 

Jongmans, Schoemaker, & Smits-Engelsman, 2001) instead of the clinical cut-off (15th 

percentile).  Indeed, all but three of the cohort fell below the first percentile. They had the 

maximum scores in each subgroup, suggesting that they had significant deficits in fine 

motor, gross motor and balance tasks. All of these children had a normal IQ as seen from 

the results of the Woodcock-Johnson Psycho-Educational Battery (WJ III) (Woodcock, 

McGrew, & Mather, 2001). This cohort, thus, represents a cohort with more affected 

children with DCD than is generally studied (Gueze, Jongmans, Schoemaker, & Smits-

Engelsman, 2001; Wilson, Ruddock, Smits-Engelsman, Polatajko, & Blank, 2012). 

Nevertheless, these children with large deficits of fine and gross motor function were able 

to perceive changing rhythms comparable to their age- and gender- matched TD peers. 
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They were also able to maintain the relative phasing during the abrupt as well as the 

gradual phase, but were more variable compared to TD children.  

 

In conclusion, this cohort of children with DCD had significant gross and fine 

motor deficits, but they were able to perceive changes in rhythm and show a 

developmental trend comparable to TD children. They were also able to modulate their 

finger tapping to both perceivable abrupt and subliminal gradual changes in stimuli.  In 

agreement with other studies of different sensori-motor paradigms, children with DCD 

were more variable in their motor performance than their typically developing peers and 

exhibited large variations in performance within the DCD group. These results suggest 

that the performance impairments in tapping may be a result of motor “noise” rather than 

a perceptual-motor coupling process.   
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ABSTRACT 
 

Variability is a hallmark of motor performance in children with developmental 

coordination disorder (DCD). In this retrospective study, we used both linear (intertap 

interval (ITI), coefficient of variation of ITI (CVITI) and the coefficient of variation of 

the kinematic data (CVP)) and non-linear measures (Lyapunov exponent (LyE)) of 

variability. We used linear tools to assess the amount of variability and non-linear 

analyses to assess the local dynamic stability [or local divergence] of individuals’ 

movement trajectories. Participants included children with DCD (n = 24; mean age + SD 

9.29 + 1.75  years), 22 age- and gender-matched typically developing (TD) children 

(mean age in years 9.22 + 1.79) and 18 adults (mean age + SD 24.46 ± 2.75 years).  The 

motor task was a bimanual antiphase tapping task synchronized to an auditory cue set at 

1.4Hz. Children with and without DCD had increased local dynamic stability (i.e. lower 

LyE values) than adults (p < 0.001). However, children with DCD had greater CVITI 

compared to TD children (p < 0.001) and adults (p < 0.001) and TD children were more 

variable than the adults (p < 0.001). Adults (p = 0.016) and TD children (p = 0.042) but 

not children with DCD had higher CVP in their non-dominant finger than their dominant 

finger. These results suggest that the variability of children with DCD is limited to the 

temporal goal of the task and not to the whole trajectory of the movement where they use 

a similar control strategy as TD children, i.e. freezing degrees of freedom. 

 

KEYWORDS: Developmental Coordination Disorder; Bimanual tapping; 

Lyapunov exponent; Non-linear analysis; Variability 
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INTRODUCTION 

Developmental coordination disorder (DCD) is defined as a chronic and usually 

permanent condition characterized by impairment of motor performance that is sufficient 

to produce functional motor performance deficits that are inexplicable by the child’s age 

or intellect or by other diagnosable neurological or spatiotemporal organizational 

problems (APA, 1994, 2000). DSM IV estimates that as many as 6% (2.18 million) of 

children between ages 5-13 years have Developmental Coordination Disorder (DCD). 

Increased variability in movement performance in children with DCD is a common 

finding reported in several motor tasks such as continuous drawing task (Bo, Bastian, 

Contreras-Vidal, Kagerer, & Clark, 2008), two-handed catching (Sekaran, Reid, Chin, 

Ndiaye, & Licari, 2012), and isometric force production, (Smits-Engelsman, Westenberg, 

& Duysens, 2008).  We, and others, have also found variability to be the most common 

differential feature during discrete rhythmic tasks such as self-paced finger tapping 

(Roche, Wilms-Floet, Clark, & Whitall, 2011; Volman & Geuze, 1998), tapping to 

different frequencies (Geuze & Kalverboer, 1987; Whitall et al., 2008) and tapping to 

changes in phasing (Roche, Viswanathan, Clark, & Whitall, 2013).  With increased 

variability being such a hallmark of DCD, further investigation of this phenomenon is 

warranted.    

 

Most the studies on children with and without DCD have used the traditional 

linear measures of dispersion such as standard deviation and coefficient of variation to 

report movement variability. Linear measures provide different answers when compared 

with non-linear measures regarding stability and complexity of a movement pattern. 
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Linear measures calculate the magnitude of variability and therefore, the amount of noise 

in the system.  However, noise is now thought to have structure, which linear measures 

cannot estimate (Deutsch & Newell, 2004).  They do not give information about the time-

evolving nature of the signal (Harbourne & Stergiou, 2009).  That is, linear tools assess 

the amount of variability while non-linear analyses assess the structure or temporal 

organization of variability (Dingwell & Cusumano, 2000; Slifkin & Newell, 2000). In 

children with DCD, it is unclear whether there is an underlying pattern or structure to the 

observed variability.  Establishing the structure of the variability may give us insight into 

the behavioral heterogeneity seen in children with DCD.  

 

 To further explore this variability, we conducted a retrospective study on data 

recorded during a synchronized bimanual finger-tapping task, which focused on the time 

domain of movement. There are several nonlinear techniques to study variability in the 

time domain including Approximate Entropy (ApEn) and Lyapunov Exponent (LyE). 

ApEn is a non-linear tool used to determine the complexity that can quantify regularity of 

a time series (Pincus, 1991, 1995).  From previous work with DCD, we are aware that 

adults and children with and without DCD exhibited a high degree of regularity in both 

feet and hands during rhythmic motor performance (King, Clark, & Oliveira, 2012; 

Mackenzie et al., 2008).  Therefore, we decided to use the LyE tool to examine 

divergences in trajectory that will that will quantify the local dynamic stability of 

rhythmic upper extremity movements of children with DCD.  
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LyE is a measure of the rate at which nearby trajectories in phase space diverge 

(Wolf, Swift, Swinney, & Vastano, 1985) and is dependent on the initial conditions in the 

system. It measures the divergence of state space trajectories as they evolve over multiple 

cycles of movement. Lyapunov exponent (LyE) "λ" is useful for distinguishing among 

the various types of state space orbits. LyE represents the predictability vs. 

unpredictability of the unfolding trajectory of the data set through the state space, which 

is the vector space where the dynamical system can be defined at any point in time 

(Abarbanel, 1996). It has been proposed that there is an optimal amount of divergence, 

which is associated with a flexible and adaptive motor system (Stergiou & Decker, 2011; 

Stergiou, Harbourne, & Cavanaugh, 2006). Researchers suggested that a decrease in this 

optimal amount of variability would make the biological system’s behavior more rigid, 

while an increase beyond optimal variability will make the system more noisy and 

unstable (Stergiou & Decker, 2011; Stergiou, Harbourne, & Cavanaugh, 2006; 

Wurdeman, Myers, & Stergiou, 2011). LyE values closer to 0 would suggest a periodic 

system, values with a positive number would suggest a chaotic system and very large 

values of LyE would suggest a random system. It has been suggested that LyE calculated 

for movement data are not “true” exponents because by the nature of the coupled system, 

the system cannot be truly random. LyE is a measure of “sensory dependence on initial 

conditions” or the butterfly effect which quantifies the exponential rates at which 

neighboring orbits on an attractor diverge (or converge) as the system evolves in time 

(Dingwell, 2006). Thus, we can determine the stability of the movement trajectories of 

children with DCD compared with other populations.   
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In this retrospective study, we compared the local dynamic stability of young 

adults and children with and without DCD when performing a synchronized bimanual 

antiphase task. We calculated the intertap interval (ITI), coefficient of variation of ITI 

(CVITI) and the coefficient of variation of the kinematic data of finger position (CVP). 

We compared performances across the groups, between dominant and non-dominant 

hands  and between two trials of the same task. We hypothesized that children with DCD 

would have greater instability (i.e. greater LyE values) than the adults and TD children 

because their diverging trajectories would indicate poor motor control. We also 

hypothesized that adults and TD children, but not children with DCD, will have a 

dominant hand that is more stable (i.e. smaller LyE values and smaller CVP values) 

because children with DCD tend to be left handed or mixed handed rather than being 

strongly right dominant (Cairney et al., 2008; Goez & Zelnik, 2008).  

 

METHODS 
 
Participants 
 

Cohorts of children from a previous study (Roche, Viswanathan, Clark, & 

Whitall, 2013) served as participants for this analysis.  There were 24 children with DCD 

and 22 age- and gender-matched TD children. The ages ranged from 6 to 11 years and the 

mean age + SD in years for the DCD group was 9.29 + 1.75 (males: female ratio 17 : 7)  

and that of the control group was 9.22 + 1.79 (Males: female ratio 17 : 5). Data for 18 

adults (age range 18-30 years, Mean age (years) + SD 24.46 ± 2.75 years; males: female 

ratio 9 : 9)  were obtained from a previous study (Kagerer, Viswanathan, Contreras-

Vidal, & Whitall, in revision).  
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Participants in the study were recruited through local occupational therapy clinics, 

flyers in the community and around the university, advertisements in the local 

newspapers, and referrals by two area pediatricians or by parents of children who had 

participated in the study. Children likely to have DCD were screened using the following 

tests: a) Movement Assessment Battery for Children (MABC) (Henderson & Sudgen, 

1992), administered by trained testers to screen for motor problems; b) Physical and 

Neurological Examination of Subtle Signs (PANESS) (Denckla, 1985) and a clinical 

neurological exam by a pediatrician; and c) the Woodcock-Johnson Psycho-Educational 

Battery (WJ III) (Woodcock, McGrew, & Mather, 2001) administered by an education 

specialist.  The inclusion criteria for the DCD group were: 1) age between 5-11 years; 2) 

no neurological disorder present including pervasive developmental disorder; 3) an 

independent diagnosis of DCD from the pediatrician; 4) MABC total impairment scores 

less than or equal to the 5th percentile; and, 5) no cognitive impairment as assessed by the 

WJ III.  Hand dominance was assessed using the Annett handedness questionnaire 

(Annett, 1991). 

 

The Institutional Review Board of the University of Maryland, Baltimore (UMB) 

approved these studies. Consent was obtained from parents or legal guardians of the 

children while the children provided their assent to participate. Adult participants also 

gave their consent prior to participation.  
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Experiment 

The participants sat with their forearms resting on the plexiglass armrests. The 

hands were strapped snuggly to the armrest at the forearm and along the metacarpals to 

reduce associated movements. Sensors were attached dorsally to the tip of the index 

finger bilaterally. The positional data of the sensors were captured by a 3D magnetic 

tracking system (MinibirdsTM, Ascension system, Burlington, VT) at the sampling rate of 

100 Hz. The participant wore headphones attached to the custom-made waveform 

generator. The frequency of the auditory stimuli was 1.4Hz for both ears (0.7 Hz per ear). 

The participants tapped their index fingers of each hand alternately (bimanual antiphase 

coordination mode) in time to the auditory signals presented via headphones. The 

auditory stimulus and the finger tap were always initiated on the non-dominant side. The 

trial was 30 seconds long but the first 5 seconds was removed from the analysis to avoid 

start-up effects.  The first two trials were used for analysis in this study.  Since there was 

no statistical difference between the two trials, data were collapsed across the two 

baseline trials. We had previously established that all participants knew how to tap and 

understood the task.   

 

DATA ANALYSIS 

Linear and Non-Linear analysis 

The dependent variables of interest were the intertap interval (ITI) of each hand, 

linear measures of variability including coefficient of variation of the ITI (CVITI) and 

coefficient of variation of finger position (CVP) and, the non-linear measure of 

variability including Lyapunov Exponent (LyE). These were calculated for both the 
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dominant and non-dominant hands. The data were filtered using a recursive low pass 4th 

order Butterworth filter with a cut off frequency of 10 Hz and then processed using a 

custom-written Matlab™ program. The program derived the following variables: mean 

intertap interval (ITI) and coefficient of variation of the intertap interval (CVITI). The ITI 

was defined as the onset-to-onset times of the tap on each side. CVITI was defined as the 

standard deviation of ITI divided by the mean ITI.   

 

For the other two variables (CVP and LyE), unfiltered data were analyzed to get a 

more accurate representation of the variability within the system (Mees & Judd, 1993). 

The filtering of the data could eliminate important information and provide a skewed 

view of the system’s inherent variability. Since all the subjects were tested on the same 

system, we expected that the level of measurement noise was consistent for all subjects 

and that any differences could be attributed to changes within the biological system itself 

(Kaplan & Glass, 1995). To quantify overall variability of participants’ movement, we 

calculated the coefficient of variation of the kinematic data of finger position (CVP) for 

each trial and each hand.  These continuous data denote dispersion of the vertical distance 

traversed by the finger (i.e. height of the finger’s off-key reversal between consecutive 

taps). 

 

  The LyE measures the exponential divergence of the movement trajectories 

within the reconstructed state space (Abarbanel, 1996; Wolf, Swift, Swinney, & Vastano, 

1985). For the LyE calculations, the number of input data points varies from 1,000 to 

10,000. In this study, each trial had 2500 data points, which encompassed approximately 
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18 movement cycles per trial. This number is considered adequate for the analysis 

performed (Grassberger & Procaccia, 1983; Pincus et al., 1991; Sprott & Rowlands, 

1992). 

 

The first step in this analysis was to reconstruct the state space describing 

participant movement. Delayed reconstruction of the state space is a nonlinear dynamics 

technique that uses a time delay (τ) to create M copies of the original time series, where 

M is the embedding dimension (Wurdeman, Myers, Jacobsen, & Stergiou, In Press; 

Wurdeman, Myers, & Stergiou, 2013; Wurdeman & Stergiou, 2012).  The state space 

was reconstructed using the following equation: 

 

y(t) = [ x(t), x(t + τ), x(t + 2τ), ……., x (t +( M -1) τ)]                   (1) 

 

 where x was the original time series. To reconstruct the state space (y), two parameters 

were needed: time delay (τ) and the embedding dimension (M). The time delay (τ) was 

calculated from the first local minimum of the average mutual information algorithm 

(AMI) (Abarbanel, 1996) and the appropriate embedding dimension was determined 

through the global false nearest neighbors algorithm (Dingwell & Cusumano, 2000; 

Kennel, Brown, & Abarbanel, 1992). We found that for this data set, we needed an 

embedding dimension of 7 for all three groups.  

 

 From the reconstructed state space, the LyE is acquired as a measure of the 

average divergence of neighboring trajectories. The Euclidean distance (dt) between the 
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reference point and nearest neighbor is calculated. Then the two points are evolved 

through their specific trajectories a certain amount of predetermined time, at which point 

the evolved distance (dt') between the points is calculated.  The local 

expansion/contraction rate at that instant is calculated as:  

 

λ1= log2 (dt'/dt)                                            (2) 

 

λ1 is then normalized to time by dividing the time between data points (1/100 seconds) 

multiplied by the number of points that were propagated through the trajectory. 

Subsequently, the long time average of the running sum of the normalized λ1 values is 

calculated. At this point, the nearest neighbor is replaced by a new nearest neighbor lying 

closer to the reference trajectory and this evolution and distance calculation is repeated. 

This continues until the propagation has moved through the entire time series. The long 

time running average of the λ1 values will converge towards the LyE (Wolf, Swift, 

Swinney, & Vastano, 1985; Wurdeman, Myers, Jacobsen, & Stergiou, In Press; 

Wurdeman & Stergiou, 2012). A custom-written Matlab™ program which used the Wolf 

Algorithm as described above (Wolf, Swift, Swinney, & Vastano, 1985; Wurdeman, 

Myers, Jacobsen, & Stergiou, In Press; Wurdeman & Stergiou, 2012) was used to 

calculate the LyE values.  

 

Statistical Analysis 

  All statistical analyses were performed using SAS (SAS Institute, Cary, NC, 

USA; version 9.1). All the linear and non-linear dependent variables (ITI, CVITI, CVP 
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and LyE) were analyzed, individually, using a 3 (group) X 2 (dominance) analysis of 

variance (ANOVA). Post hoc analysis (Tukey’s test) was carried out when main or 

interaction effects were found. The overall alpha level was set at 0.05.  

 

RESULTS 

Non-linear analysis:  

Lyapunov exponents (LyE) 

A significant group main effect was found [F (2, 250) = 54.03; p < 0.001]. No 

other main or interaction affects were found. A post hoc analysis showed that adults had a 

significantly greater LyE value ( LyE = 12.83) compared to TD children ( LyE = 8.02; p 

< 0.001) and children with DCD ( LyE = 7.14; p  < 0.001) (Figure 5.1). No differences 

were found between the two children’s groups. 

 
Figure 5.1  Mean LyE values in adults, TD children and children with DCD with   
         nondominant (NDom) and Dominant (Dom) fingers. LyE values > 0  
                   indicate local instability.  The error bar is the standard deviation. The  
                   values are collapsed across trials 
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Linear analysis: 

Intertap Interval (ITI) 

A significant group main effect was found [F (2, 250) = 8.00, p = 0.0004] but no 

main effects for dominance or trial were seen. No interaction effect between group, 

dominance or trial was seen. Post hoc analysis showed that children with DCD had a 

slightly lower mean ITI (1.41 seconds (s)) compared to the adults (1.44 s; p = .002) and 

the TD children (1.44 s, p = 0.002). ITI values of children with DCD ranged from 1.03 s 

to 1.68 s, compared to adults who ranged from 1.35 s to 1.53 s and TD children who 

ranged from 1.32 s to 1.55 s. 

 

Coefficient of variation of the intertap interval (CVITI) 

A significant group main effect was found [F (2, 250) = 40.37, p < 0.001] but no 

other main or interaction effects were found. Post hoc analysis showed that adults (mean 

CVITI = 3.95) were less variable than TD children (mean CVITI = 7.91; p < 0.001) and 

children with DCD (mean CVITI = 11.89; p < 0.001). Children with DCD were 

significantly more variable than the TD group as well (p < 0.001) (Figure 5.2). 
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Figure 5.2 Mean CVITI values in adults, TD children and children with DCD. The  
                  error bar is the standard deviation. The values are collapsed across trials. 

 

 

 

Coefficient of variation of kinematic data (finger position) (CVP) 

A significant main effect for dominance [F (1, 250) = 10.30; p = 0.002] and an interaction 

effect for group and dominance were found [F (2, 250) = 5.37; p = 0.005]. A post hoc 

analysis showed that the adult non-dominant finger position (mean CVP = 3.4) during the 

trial was more variable than the dominant finger (mean CVP = 1.1; p = 0.017). There is a 

similar finding for differences between the dominant (CVP = 1.8) and non-dominant 

finger in the TD children (Mean CVP = 3.6; p = 0.042), mirroring the adult pattern. No 

difference was seen in children with DCD. There was a significant difference in the CVP 

between the dominant finger of the adults and children with DCD (CVP = 3.03; p < 

0.043) (Figure 5.3). 
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Figure 5.3 Mean CVP values in adults, TD children and children with DCD    
                  Nondominant (NDom) and Dominant (Dom) fingers. The error bar is the  

      standard deviation. The values are collapsed across trials 
 
 

                       
 

DISCUSSION 

 We examined the nature of tapping variability found in children with DCD using 

non-linear analysis, specifically LyE, and compared it with linear analyses of CVITI and 

CVP.  We looked at performance of children with DCD compared to typically developing 

(TD) peers and adults in a synchronized bimanual antiphase finger-tapping task. Adults 

had greater LyE values and therefore lower stability than both of the children’s groups, 

who were not different from each other. The intertap interval (ITI) of children with DCD 

was slightly smaller compared to adults and their age- and gender- matched TD peers. As 

previously seen and in contrast to the non-linear analysis, children with DCD had a 

greater CVITI than TD children who in turn had a greater CVITI than the adults.  Adults 
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and TD children had decreased CVP in the dominant hand compared to the non-dominant 

hand but this was not true for children with DCD.  

 

Adults have decreased local dynamic stability relative to children with and without 

DCD 

 We had hypothesized that children with DCD will have greater instability (i.e. 

greater LyE values) than the adults and TD children . However, this hypothesis was not 

supported.  Adults were able to perform the task accurately and with stable task 

parameters even though they had less stability in their movement trajectory than both the 

childrens’ groups.  It appears that adults can accomplish the task parameters specified 

while allowing other aspects of their movement to vary.  Put another way, they do not 

need to constrain non-task-related degrees of freedom of their motor system to produce 

accurate tapping (Bernstein, 1967). Skillful individuals can perform complex tasks 

repetitively with increasing reliability while allowing increased variability in non-task 

related movement parameters (Bernstein, 1967; Cusumano & Cesari, 2006; Latash, 2000; 

Latash, Scholz, & Schoner, 2002).  This ability is similar to the concept of “goal 

equivalent or non-goal-equivalent manifolds” (Cusumano & Cesari, 2006) where a “goal 

equivalent manifold” (GEM) contains all possible solutions to a given task. This allows 

the system to produce different “goal functions” which is the relationship between body 

state variables (e.g. position and velocity of the finger tap) and the target goal (tapping to 

the auditory signal); making the system very adaptable.   
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In our study, we find that the path of the trajectory and accuracy of the intertap 

interval were not linearly correlated, because when adults were asked to maintain the 

accuracy of the intertap interval, their system stabilized the CVITI at the expense of the 

divergence of the finger trajectory. In this task, we were constraining synchronization and 

not the finger trajectory. Thus, the adult system is able to selectively stabilize a multi-

element system to achieve the task accurately with variable goal functions suggesting an 

adaptable system.  Given the task, the adults can vary with their trajectories and still be 

more consistent in keeping time because they are more skillful.  They can allow degrees 

of freedom that are not important to the task to vary.   

 

 Most children have a response frequency similar to the stimulus frequency and are 

not different from adults. However, we find that they have a greater CVITI than adults 

and greater stability (i.e. smaller LyE value) than adults. This would imply that to 

produce accurate motor performance, children are freezing some degrees of freedom of 

their motor system (Bernstein, 1967; Thelen, 1986; Turvey, Fitch, & Tuller, 1982). Their 

system appears to be developing a goal function but it has not completely exploited the 

entire GEM.  Children with DCD on the other hand have the largest CVITI compared to 

adults or TD children but similar LyE values to TD children. Mackenzie et al., (2008) 

found similar results from the approximate entropy (ApEn) analysis, which quantifies the 

periodicity or regularity of the time series.  In their simultaneous clapping and marching 

task, there was no difference between the children’s groups. The children’s systems 

appear to be poorly controlling all variables and possibly not defining successful goal 

functions or exploiting the GEM. It appears that children with DCD have a poorly 



 

 

157

 

developed GEM, which could explain the increased variability of the target goal in this 

population but not in the trajectories of the movement. 

 

Taken overall, our findings, then, are in agreement with Bernstein’s hypothesis 

that the stages of learning and development involve first freezing degrees of freedom, 

then releasing and reorganizing and then learning to exploit the properties of the system 

to perform complex, efficient movement (Bernstein, 1967; Schmidt & Lee, 2005; Thelen, 

1986; Turvey, Fitch, & Tuller, 1982). Children with DCD are unable adopt a motor 

control strategy similar to TD adults and children in terms of establishing a manifold.  

 

Dominance effects of spatial variability seen in adults and TD children but not 

children with DCD.  

We hypothesized that adults and TD children, but not children with DCD, would 

have increased local dynamic stability in the dominant finger compared to the non-

dominant finger.  This hypothesis was not supported and initially appears different from 

the findings of Christman and Weaver (2008) who had adult subjects perform a 

unimanual self-paced and self-determined speeded tapping task without any auditory 

cues. They found that the LyE for the right hand during the speeded task was smallest 

only when using lower embedding dimensions (1-4) to create the analyzed state space. 

There was no difference between the two hands when higher embedding dimensions were 

used. Since we used an embedding dimension of seven, our results are, in fact, similar to 

what was reported in the Christman and Weaver study however, in that study, the 
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participants performed self-paced unimanual tapping rather than synchronized bilateral 

tapping. 

  

We found no bilateral differences in the ITI and CVITI for any group. This 

finding is consistent with our previous studies (Roche, Wilms-Floet, Clark, & Whitall, 

2011; Whitall et al., 2008).  In studies where the tapping task is concerned with speed and 

self-pacing rather than synchronizing with a beat, there have been differences observed 

between the hands.  Christman and Weaver (2008), found in strongly right dominant 

individuals, standard deviation of the ITI was lower for the right hand than the left and is 

lowest during the speeded condition in adults. Since our study used an auditory cue, this 

may have had a stabilizing effect on participant performance (Repp & Penel, 2004). More 

over, since participants were performing a bilateral task, which required them to maintain 

an antiphase relation, the bilateral sides were coupled.  

 

We had also hypothesized that the CVP values would be lower in the dominant 

hand compared to the non-dominant hand with the CVP values being lowest in the adult 

group. We did find group effect for CVP, suggesting that the mean CVP of the two hands 

for each group was not different from each other however, there was a difference in CVP 

between the dominant and non-dominant hands of adults and children when compared to 

the DCD children.  

 

In support of our hypothesis, adults and TD children have more variable finger 

positions in space in the non-dominant hand despite having similar trajectory divergence 
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in both hands and being able to maintain appropriate response frequency. One 

explanation is that they were lifting their fingers to variable heights.  It is less likely that 

they were more spatially variable throughout the lifting section of the tap since their 

trajectories did not differ between the hands. Our task did not constrain the height of the 

finger during the task, even though, the task was demonstrated with a tap height of about 

1 inch.  Thus, the dominant finger was able to replicate a consistent height on each cycle 

while the non-dominant finger was less controlled.  Children with DCD did not show 

these across hand differences.  Children with DCD tend not to have a strong dominant 

side (either right or left) and hence we do not see the asymmetry. Goez & Zelnik (2008) 

found a higher proportion of left-handedness in children with DCD and typically, 

asymmetry in task parameters such as tapping is seen only in strongly right or left 

dominant individuals (Peters & Durding, 1979; Peters & Durding, 1978; Truman & 

Hammond, 1990). An increase in the number of lefthanders is also found in the cohort in 

this study. Since we did not constrain tapping height, it appears that adults and children 

selectively stabilized ITI over CVP since their results in the non-dominant hand and 

overall were not different from children with DCD.  

 

 In conclusion, we found that children with and without DCD have greater local 

dynamic stability than adults during a synchronized bimanual finger tapping task. There 

was a difference in the ITI of children with DCD compared to both the typically 

developing groups (adults and TD children). Consistent with the literature, we found that 

children with DCD have a greater CVITI than TD children who in turn have a greater 

CVITI than adults. No differences in local dynamic stability were found between the 
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dominant and non-dominant sides. However, there was a difference in the CVP between 

dominant and non-dominant hands of the adults and TD children but not children with 

DCD. This suggests adults and TD children, but not children with DCD, are able to 

stabilize intertap interval, which was the required task parameter, at the expense of finger 

position, and, for adults, movement trajectory which was not stabilized.   
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SUMMARY OF MAJOR FINDINGS 

Children with DCD have motor and sensory impairments that cause significant 

deficits in motor performance (Blank, Smits-Engelsman, Polatajko, & Wilson, 2012), 

activities of daily living (ADLs) (Zwicker, Harris, & Klassen, 2012), depression, 

emotional functioning including poor coping skills and anxiety (Lingam et al., 2010; 

Lingam et al., 2012) and other long term health concerns including decreased pulmonary 

lung function (Wu, Cairney, Lin, Li, & Song, 2011) and decreased physical activity 

(Green et al., 2011).  We were interested in investigating the deficits in timing of motor 

performance in children with DCD because these children have degradation of motor 

performance when a temporal constraint is placed. We, and others, have also shown 

deficits of coordination, motor timing and auditory motor coordination in this population 

(Roche, Wilms-Floet, Clark, & Whitall, 2011; Volman & Geuze, 1998; Volman, Laroy, 

& Jongmans, 2006; Whitall et al., 2008; Whitall et al., 2006).   In this dissertation, we 

extended this work by investigating sensorimotor adaptation of rhythmic change.  Out of 

74 children with potential movement difficulty screened, 24 children were under fifth 

percentile and matched all our inclusion criteria, including corroboration from a 

pediatrician. In fact, most children (21/ 24) fell below the first percentile. They had 

maximum scores in each of the sub-tests of the MABC suggesting that they had 

significant deficits in fine motor, gross motor and balance tasks. This cohort, thus, 

represents a significantly more affected DCD group than generally has been studied 

(Geuze, Jongmans, Schoemaker, & Smits-Engelsman, 2001; Wilson, Ruddock, Smits-

Engelsman, Polatajko, & Blank, 2012). 
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 We used a synchronized bimanual finger-tapping task where participants 

modulated in response to perceptible (abrupt) and subliminal (gradual) changes in 

auditory rhythms without a change in its frequency. The aims of this dissertation were to 

determine 1. the developmental motor performance of typically developing children 

between ages of  4 to 10 years in our experimental task, 2. the motor performance of 

children with DCD between the ages of  5 and 11 years in the experimental paradigm and 

to evaluate their performance compared to age- and gender-matched typically developing 

(TD) peers and 3. the structure of variability during the basic tapping task in children 

with and without DCD and adults.  

 

Children with and without DCD are able to perceive the changes in auditory rhythm 

In chapter 3, we found that TD children as young as four years of age are able to 

detect changes in rhythm. Researchers have suggested that the ability to perceive rhythms 

develops early in infants (Hannon & Trehub, 2005; Trehub & Hannon, 2006). We further 

found that as age increased the perceptual threshold decreased, however the decrease was 

gradual after 7 years of age suggesting that at age seven, several children are able to 

consciously perceive subtle changes in rhythm at adult-like values. However, from a 

previous study in our lab with non-musician adults (Kagerer, Viswanathan, Contreras-

Vidal, & Whitall, 2012), we found that there was a large range of perceptual thresholds in 

adults from 5° (38.88 ms delay between the 2 auditory signals) to 40° (311 ms delay). 

Repp (1998) in his study with musicians found that they could detect 40 ms increments 

about 70% of the time. This would imply that the ability to perceive subtle changes in 

rhythms might be experiential and not strongly age dependent. Although we did not 
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assess this possibility, it could be argued that children who had more experience with 

auditory discrimination tasks (e.g. playing a musical instrument) would plausibly have 

lower thresholds than their peers. This, of course, awaits further investigation, and the 

results from the expert musicians would support this idea.  

 

We replicated similar findings in chapter 4. Age- and gender-matched controls 

were able to perceive changes in rhythm and as age increased, the perceptual thresholds 

(PT) decreased. Contrary to our hypothesis, children with DCD perceived changes in 

rhythm and showed a developmental trend similar to TD children. As seen in chapter 3, 

there was a difference in the PTs of younger (6-8 years) and older (9-11 years) groups, 

but there was no difference between children with DCD and TD children. This was an 

interesting finding suggesting that children with DCD had no deficits is auditory 

perception. O’Brien et al. (2008) found that, during a stimulus response task, there was 

no difference between young and older children with and without DCD for a compatible 

stimuli when the stimulus was an auditory signal, despite the fact that it required a motor 

response. There was no difference in performance between children with and without 

DCD in a task that required reaching towards an auditory signal (King, Kagerer, Harring, 

Contreras-Vidal, & Clark, 2011). Most studies of perception in children make inferences 

about perceptual deficits in this population, when using perceptual motor tests that 

required a motor component rather than being a pure perceptual test. Hence, it is difficult 

to assess if children with DCD have a perceptual deficit or only a motor deficit or both a 

perceptual and a motor deficit.  To assess the motor component, we further investigated 
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the ability of children with and without DCD to respond to these changing auditory 

rhythms versus single tone stimuli used in previous studies.  

 

Children are able to modulate bimanual finger tapping in response to perceptible and 

subliminal changes in rhythms but stability in performance is age-related 

 In the chapter 3 study, we found that volitional modulation occurred early. 

Children as young as four years were able to modulate to a change in stimuli that they 

perceived. All children were able to adapt immediately. During a gradual change of the 

phasing relation, children were able to modulate even to a small change in the phasing 

difference (5° change between the 2 signals) even though they could not perceive these 

differences.  We replicated these findings in the chapter 4 study, where the age- and 

gender- matched controls had similar performances as the TD children in chapter 3. 

However, the ability to produce a stable performance in these conditions is age-related.  

The variability of the relative phasing decreased as age increased during both conditions.  

 

We did not find that antiphase tapping was more stable than the other off-phase 

modes.  This finding contradicts those found in adults where it has been consistently 

shown that variability during the antiphase condition is lower that of any other phasing 

relation except inphase (Tuller & Kelso, 1989; Yamanishi, Kawato, & Suzuki, 1980) . In 

a previous study on adults from our lab (Kagerer, Viswanathan, Contreras-Vidal, & 

Whitall, 2012), we had replicated the pattern of increased variability in the test conditions 

compared to the antiphase baseline.  Given that we used the same paradigm, this suggests 

that even the oldest of children in our first study had not yet reached adult-like 
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coordination performance and that this must be achieved sometime after 10 years of age. 

We then investigated if children with DCD are able to adapt to the changing rhythmic 

cues, and compared their performance to age- and gender- matched control. 

 

Children with DCD can adapt to perceptible and subliminal rhythm changes  

 In the chapter 4 study, we found that children with DCD were able to adapt to 

both perceptible and subliminal changes in rhythms similar to their TD counterparts. The 

ability to adapt to perceptible changes similarly to TD children is consistent with other 

studies of children with DCD where visuo-motor paradigms were used (Cantin, 

Polatajko, Thach, & Jaglal, 2007; Kagerer, Bo, Contreras-Vidal, & Clark, 2004). It has 

been suggested that children with DCD appear to be reliant on feedback rather than 

feedforward mechanisms (Hyde & Wilson, 2011; Kagerer, Bo, Contreras-Vidal, & Clark, 

2004; Pereira, Landgren, Gillberg, & Forssberg, 2001; Whitall et al., 2008). Our results 

suggest that most children with DCD are able to modulate to subliminal gradual changes 

as well. This would suggest they were presumably using mechanisms other than 

conscious feedback. This also suggests that there are different pathways involved for 

processing perceptible and subliminal stimuli. 

 

Bijsterbosch et al. (2011) studied the role of the cerebellum during sensorimotor 

synchronization task to perceptible and subliminal changes in rhythm. They found that  

right cerebellar dentate and vermis are activated in regular synchronized finger tapping, 

tapping to a perceptible (15% change from baseline) and subliminal changes (3% change 

from baseline) compared with rest. The left posterior cerebellar cortex is only engaged 
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during the perceptible phase shifts but not activated during the subliminal condition 

suggesting an alternate mechanism for that process. They also found that the left 

cerebellum exhibited enhanced connectivity with a cerebello-cortical network including 

the right lateral frontal cortex and the right cerebellum during perceptible change in 

rhythm compared with regular synchronized tapping. They applied repetitive transcranial 

magnetic stimulation (rTMS) to the left cerebellum and found that it significantly 

affected the correction of perceptible errors, which confirms the causal contribution of 

the left cerebellum to the perceptible error correction process. Although the functional 

significance of this cerebello-cortical network is currently unclear, it may be that sensory 

input from the auditory and somatosensory domains are rapidly integrated in the frontal 

region and passed to the left cerebellum to facilitate prompt behavioral error correction. 

In addition, they found inferior parietal and frontal lobes were activated but did not find 

connectivity between them and left cerebellum, suggesting that  parietal-frontal network 

is engaged in more cognitive processes of error perception than behavioral error 

correction.  

 

Specifically in the frontal cortex, researchers have suggested that insula may 

belong to a network for the automatic detection of changes in the sensory environment.  

Downar et al. (2000) suggested that the right insula was activated during the brain’s 

response to immediate perceptible changes regardless of whether the stimulus was in the 

visual, tactile, or auditory (nonspeech) modalities. Diekhof et al. (2009) have suggested 

that anterior cingulated cortex (ACC), middle temporal lobe and the putamen are also 

associated with supraliminal or perceptible changes. Kouider et al. (2011) have further 



 

 

171

 

suggested that the anterior insula may be associated with subliminal changes in rhythm, 

whereas Diekhof et al. (2009) have found activation of the left superior temporal cortex 

during subliminal changes. Children with DCD may use similar pathways to process the 

stimuli, however there is one fundamental difference in the performance of children with 

and without DCD: variability.  

 

DCD children are more variable in motor coordination than TD children  

 In the chapter 4 study, we found that children with DCD were more variable 

compared to typically developing children even in a simple synchronized antiphase 

tapping condition. The increase in variability of relative phase during the 

abrupt/perceptible condition suggests that these children are able to broadly tune into the 

required parameter, but have difficulty fine-tuning their response. In addition, they had 

greater mean phasing differences and larger range of mean intertap intervals compared to 

the TD group. Thus, they also showed large variability in their performance between 

individuals. This is consistent with previous studies of tapping coordination in children 

with DCD (Roche, Wilms-Floet, Clark, & Whitall, 2011; Volman & Geuze, 1998; 

Volman, Laroy, & Jongmans, 2006; Whitall et al., 2008).  

 

 Neurophysiologically, application of repetitive transcranial magnetic stimulation 

(rTMS) of the cerebellum ipsilateral to the movement, in adults, increased the variability 

of the intertap interval during a synchronized unimanual tapping task (Del Olmo, 

Cheeran, Koch, & Rothwell, 2007). Interestingly, rTMS over the superior temporal 

parietal cortex causes increased variability in phase synchronization error between cue 



 

 

172

 

and onset of the movement but not the absolute error (difference in intercue interval and 

the intertap interval) (Malcolm, Lavine, Kenyon, Massie, & Thaut, 2008).  Children with 

DCD seem to have deficits of both, suggesting another locus of deficit or combination of 

many loci. Since variability appears to be the only difference in this task, we further 

explored the structure of variability in adults and children with and without DCD 

children, using a non-linear analysis tool. 

 

Children with and without developmental coordination disorder (DCD) have lower 

Lyapunov exponents compared to adults. 

 As seen in chapter 4, variability of movement performance appears to be the 

hallmark of DCD regardless of the motor task (Bo, Bastian, Kagerer, Contreras-Vidal, & 

Clark, 2008; King, Clark, & Oliveira, 2012; Sekaran, Reid, Chin, Ndiaye, & Licari, 2012; 

Smits-Engelsman, Westenberg, & Duysens, 2008). An increase in magnitude of 

variability is often associated with a decrease in stability (Smith, Stergiou, & Ulrich, 

2010). We found that in linear measures of variability, children with DCD were more 

variable than TD children who, in turn, were more variable than the adults. In terms of 

the intertap intervals, adults and TD children tapped with intertap intervals closer to the 

stimulus than children with DCD, suggesting that the adults and children were more 

accurate. However, in the non-linear analysis of variability using Lyapunov exponents 

(LyE), we found that adults had a greater LyE values than both groups of children. This 

suggests that their trajectories were less stable than both groups of children even though 

the performance was accurate and more stable in the task parameters than the children. 

This would imply that they did not have to significantly constrain the degrees of freedom 
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of their motor system to produce accurate results (Bernstein, 1967). Adults appear to 

accomplish the task parameters specified while allowing other aspects of the movement 

to vary.  This is similar to two concepts presented in the literature: Uncontrolled manifold 

(UCM) (Latash, Scholz, & Schoner, 2002) and Goal-equivalent manifold (GEM) 

(Cusumano & Cesari, 2006). The “uncontrolled manifold” is a subspace within the state 

space where the controller attempts to keep the desired value of the performance variable 

constant. We find when adults were asked maintain the accuracy of the intertap interval, 

their system stabilized the variability of the intertap interval while allowing divergence of 

the finger trajectory. In this task, we were constraining synchronization and not the finger 

trajectory. Thus, the controller is able to selectively stabilize a multi-element system, to 

achieve the task with stable task parameters. On the other hand, Cusumano and Cesari 

(2006) propose the “goal equivalent manifold” that contains all possible solutions to a 

given task. This allows the system to produce different “goal functions” which is the 

relationship between body state variables (e.g. position and velocity of the finger tap) and 

the target goal (tapping to the auditory signal); making the system very adaptable.  

Regardless of the conceptual framework, for the given task, the adults can vary with their 

trajectories and still be more consistent in keeping time because they are more skillful.  

They can allow degrees of freedom that are not important to the task to vary.   

 

 TD children on the other hand, have a response frequency similar to the stimulus 

frequency and are not different from adults. However, we find that they have a greater 

CVITI than adults and smaller LyE value than adults. This would imply that to produce 

accurate motor performance, children are freezing some degrees of freedom of the motor 
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system (Bernstein, 1967; Thelen, 1986; Turvey, Fitch, & Tuller, 1982) . Their system 

appears to be developing a goal function but it has not completely exploited the entire 

GEM (or the infinite possibilities that are available to perform the task). In terms of the 

UCM, they appear to have a developing UCM. Children with DCD on the other hand 

have the largest CVITI compared to adults or TD children but similar LyE values as TD 

children. Mackenzie et al., (2008) found similar results from the approximate entropy 

(ApEn) non-linear analysis, which quantifies the periodicity or regularity of the time 

series.  In their simultaneous clapping and marching task, there was no difference 

between the children’s groups. Their system appears to be poorly controlling all variables 

and possibly not defining successful goal functions or exploiting the concepts of GEM / 

UCM. Thus, it appears that children with DCD may have a poorly developed GEM / 

UCM, which is consistent with the increased variability of the target goal in this 

population as well as the fixing of the trajectories of the movement. 

 

Taken overall, our findings, then, are in agreement with Bernstein’s hypothesis 

that the stages of learning and development involve first freezing degrees of freedom, 

then releasing and reorganizing and then learning to exploit the properties of the system 

to perform complex / efficient movement (Bernstein, 1967; Thelen, 1986; Turvey, Fitch, 

& Tuller, 1982). Children with DCD are unable adopt a motor control strategy similar to 

TD adults and children.   
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A POTENTIAL CONCEPTUAL MODEL FOR FINGER TAPPING  

The aims and results of this dissertation have led to building a conceptual model 

for finger tapping that can aid in delineating and subsequently investigating sites of 

potential deficits in children with DCD.  Several researchers suggest that movement 

timing variability could be related to deficits in the cerebellum (Bo, Block, Clark, & 

Bastian, 2008; Ivry, Keele, & Diener, 1988; Schlerf, Spencer, Zelaznik, & Ivry, 2007) . 

Theoret et al. (2001) found increased variability in humans during paced finger tapping 

following repetitive transcranial magnetic stimulation of the cerebellum. Cerebellum or 

corticocerebellar pathways may be affected in children with DCD (Cantin, Polatajko, 

Thach, & Jaglal, 2007; Wilson, Ruddock, Smits-Engelsman, Polatajko, & Blank, 2012; 

Zwicker, Missiuna, & Boyd, 2009). Zwicker et al. (2011) found that during a trail tracing 

task, children with DCD showed decreased brain activation not only in areas involved 

visuo-spatial learning but also the cerebello-prefrontal and cerebello-parietal networks.  

This suggests that the variability seen in children with DCD could be, regardless of the 

task, attributed to a cerebellar dysfunction. Taken together, these findings lead towards a 

neuro-anatomical conceptual model for finger tapping which may assist in delineating 

deficits in children with DCD.  

 

There is increasing credibility and acceptance that internal models are important 

in sensorimotor integration. An internal model is postulated to be neural processes or 

“maps” that imitate the input–output relations (and their inverses) of the effector 

(musculoskeletal system) and the environment (Kawato et al., 2003).  The map could be 

self organizing, however it is inherently coupled to sensory and motor signals (Toussaint, 
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2006). Neurologically intact individuals develop effective internal models through 

repeated movement experiences and exploration. It has been suggested that these 

sensorimotor maps change dynamically (Kaas, 2000; Ritter, 1990) based on the inputs 

and environmental task demands.  Eventually, the internal model helps the brain to 

perform the movement accurately without feedback from the moving body part (Wolpert, 

Miall, & Kawato, 1998). After sufficient practice and learning, neurologically intact 

individuals are able to precisely control new, novel but similar trajectories from the 

beginning of the trajectory (Kawato, 1999). Internal models could be either forward 

models or inverse models. Forward models predict sensory consequences from the 

current state and produce efference copies of the motor commands (Kawato et al., 2003) . 

Inverse models, on the other hand, take the desired state and generate a motor command 

to cause a desired change (Kawato et al., 2003). Several studies have implicated the 

cerebellum in the generation of the internal models (Cerminara, Apps, & Marple-Horvat, 

2009; Ebner & Pasalar, 2008; Imamizu et al., 2000; Kawato et al., 2003).  

 

The model presented here is adapted from the cerebellar feedback-error-learning 

internal model (Ito, 2000; Wolpert, Miall, & Kawato, 1998). According to this model (see 

figure 6.1), when we attempt to synchronize a finger tap to an auditory cue, a movement 

is planned in the premotor area and then a motor command is initiated in the primary 

motor cortex, which causes the finger move. 
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Figure 6.1   Conceptual theoretical model based on the cerebellar feedback learning  

         model. The numbers refer to the locations in the model where a  
         movement production deficit could be located.  

 

The inverse model from the cerebellum controls the different parameters of 

movement command (force, timing and direction) to make this movement accurate and 

execute a desired trajectory, prior to the command reaching the effector (musculoskeletal 

system). These commands are sent to the muscles of the hand as well as to the forward 

model as the efference copy. Then, the forward model can rapidly predict whether the 

task will be accurately executed and adjust if that is not the case. After the finger tap is 
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executed, it is updated by comparing the desired movement to the executed one in 

relation to the auditory cue (Stein, 2009). In this model, the inverse and forward internal 

models are thought to be in the cerebellum as suggested by several researchers 

(Cerminara, Apps, & Marple-Horvat, 2009; Ebner & Pasalar, 2008; Kawato, 1999; 

Kawato et al., 2003; Wolpert, Miall, & Kawato, 1998).   

 

In this model, the children may have deficits in the following processes: 1. a poor  

internal model (i.e., an ill-defined sensorimotor map); 2. disrupted cerebello-cerebral 

pathways; 3. ineffective utilization of feedback ; 4. inability to use the error information 

or 5. a poor or noisy system which may be the rate limiting factor for any motor 

execution  (Faisal, Selen, & Wolpert, 2008; Masquelier, 2013; Plumb et al., 2008) . 

   

Poorly formed associations between perception and action could result in a poor 

internal model (Pfordresher, 2011) (point 1 in Figure 6.1). The deficits of an internal 

model would be greater when there are decreased associations and the deficit would 

decrease if there were greater association, perhaps through practice. In the context of this 

study, the children with DCD were able to perform the tapping in both perceptible and 

subliminal conditions suggesting the presence of an inverse internal model. However, 

these children have increased variability regardless of the condition and do not decrease 

in variability as the session progresses. This would suggest that they have a poor forward 

model (point 4 in Fig 6.1.). A disruption in the cerebello-cerebral pathways could result 

in variable initiation of movement components and irregularity in the movement 

components (Ghez & Thach, 2000). The DCD group did show variability in performance 
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however, in our study we are not able to distinguish if there is variability in initiation of 

movement or if the variability has a different source (point 2 in the Figure 6.1). These 

children are able to tap to a set frequency (Whitall et al., 2008) and a variable rhythm as 

seen in this study; therefore, they are able use error feedback to execute this change. 

However, it is plausible that they are using feedback but are not efficient (point 3 in 

Figure 6.1).  Regardless of the task or available sensory input, these children seem to be 

variable suggesting that the neural systems of these children could be fundamentally 

“noisy” and results from the Chapter 5 study, suggest that linear variability is the major 

kind of differing variability in the children (point 5). The specific sources of this noise are 

still unexplored. Noise in the central nervous system can be present at every level of 

circuitry including synaptic (interneuronal), cellular (intraneuronal), electric, sensory, and 

motor noises (Faisal, Selen, & Wolpert, 2008; Masquelier, 2013).  

 

 
LIMITATIONS 

One limitation of this study was that our bimanual synchronization task could 

have been too easy for children with DCD and did not impose a destabilizing effect on 

their system. Anecdotally, it appears that children with DCD decompensate when they 

are expected to perform fast and with accuracy. It was interesting to find that children 

with DCD were more variable than their TD peers even in a seemingly simple task, 

however a more cognitively demanding task (e.g. focus on speed and accuracy) may 

elicit deficits not previously observed in this population during a rhythmic task.  
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Another limitation of the chapter 3 study was the sample size of children in each 

age bin. We had five children per year. While we found some differences, the increased 

variability between the groups caused the results to be inconsistent. Increasing the sample 

size would have given us the ability to present data in age year bins. We increased the 

power of the data in this study by binning them 3 groups with mean ages of 5.05 + 0.5 (n 

= 11), 7.33 + 0.67 (n = 11) and 9.67 + 0.88 (n = 13). 

 

Another limitation of the studies was that we slightly changed parameters of the 

gradual/ subliminal phase from the chapter 3 to chapter 4 studies. In the chapter 3 study, 

the gradual phase had signals that were subliminal as shown by the perceptual threshold 

however, in the chapter 4 study, we modified it to go from subliminal to perceptible level 

during the task. This prevented us from comparing the DCD group to the “developmental 

landscape” (King, Clark, & Oliveira, 2012) in this gradual/subliminal condition.  

 

FUTURE DIRECTIONS 

This dissertation opened areas for exploration of potential mechanisms of deficits 

in children with DCD as well as possible interventions. The major differential finding 

was that children with DCD are always more variable than their TD peers although they 

can adapt as well and have a similar structure to their trajectory stability as indicated by 

LyE. It would be useful to explore sources of noise that could contribute to the temporal 

variability deficits in this population and ways to improve performance by developing 

optimal variability. Based on our findings, the following are some potential questions that 

could be explored.  
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Potential Mechanisms 

Children with DCD are variable even in a self-paced tapping task (Roche, Wilms-Floet, 

Clark, & Whitall, 2011). Therefore, at baseline, do individuals with DCD have the same 

neural resting state as their age- and gender- matched peers?  

The brain remains functionally and metabolically active even at rest. One of the 

ways to visualize this resting state is the spontaneous fluctuations in the blood oxygen 

level-dependent (BOLD) signal of functional magnetic resonance imaging (fMRI). The 

identification of correlation patterns in these spontaneous fluctuations has been termed 

resting state functional connectivity (fcMRI) (Greicius, Supekar, Menon, & Dougherty, 

2009; Supekar et al., 2010). This technique has been used to study in networks not only 

in adults but children (Supekar et al., 2010) and other disorder populations including 

Tourette Syndrome (TS) (Church, Fair et al., 2009; Church, Wenger et al., 2009)  and 

attention deficit and hyperactivity disorder (ADHD) (Tomasi & Volkow, 2012). In the TS 

group, they found delayed maturation of task-control and cingulo-opercular networks 

while in the ADHD group they found decreased connectivity in the default-mode network 

(DMN) which includes the posterior cingulate cortex (PCC), medial prefrontal cortex 

(mPFC), medial temporal lobes (MTL), and angular gyrus (AG).  

 

The structural connectivity could potentially be studied using diffusion tensor 

imaging (DTI). DTI is a non-invasive imaging technique that can track neuronal 

pathways (or tracts) in a living human brain. This technique uses magnetic resonance 

imaging and software that is configured to detect water diffusion in the brain. Ordinarily, 

water diffuses in all directions. When there is a barrier, such as a neuronal fiber, water 
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will diffuse unevenly. It is thought that the direction of fastest diffusion corresponds to 

the length of the neuronal pathways.  These imaging techniques could potentially point to 

underlying abnormal neural pathways in this group, which do not have structural deficits 

but possibly physiological deficits. 

 

Do children with DCD use an alternate neural pathway during self- paced and self-

selected speeded finger tapping? 

Our study showed that children with DCD do not have deficits in perception of 

perceptible and subliminal auditory stimuli.  Hence, it could be assumed that brain 

regions thought to be involved in this perception, such as the insula (Downar, Crawley, 

Mikulis, & Davis, 2000; Kouider, de Gardelle, Dehaene, Dupoux, & Pallier, 2011)  and 

the superior temporal-parietal cortex and the anterior cingulate cortex (Diekhof, 

Biedermann, Ruebsamen, & Gruber, 2009), are possibly not affected in DCD. However, 

they still show motor variability and the source of this variability is unknown.  

 

The first task to be evaluated using fMRI would be self-paced finger tapping since 

these children are known to be variable even when performing self-paced tapping and it 

is a motor task with no perceptual component to it.  Rivkin et al. (2003) used the 

continuation paradigm and compared the synchronized and  continuation phases in the 

same experiment in children. However, here the continuation phase required the 

participant to tap to the set 3 Hz frequency set in the synchronization phase. True self-

paced tapping has not been evaluated in children with and without DCD. 
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The participants then would be required to tap as fast as they could. Behaviorally 

children with DCD have difficulty maintaining their performance parameters as 

frequency increases (Whitall et al., 2008). They have a greater breakdown in variability 

than at a self-paced mode. Neurophysiologically, this can be assessed using fMRI to see 

if they continue to show similar patterns as TD children, have increased or decreased 

activations or adapt new pathways.  

 

Do children with DCD use an alternate neural pathway during synchronized finger 

tapping? Children with DCD become more variable with an increased temporal demand 

on the system. 

In the Chapter 4 study, we showed that children with DCD are able to maintain 

the mean target phasing relationship. However, it is not know if they use the same or 

alternate pathways as their TD peers. This could be further assessed by using fMRI 

during a synchronized finger tapping task.   The neural networks involved in 

synchronized finger tapping have been studied using functional magnetic resonance 

imaging (fMRI) in normal adults. The distribution and extent of the adult’s fMRI 

activation map has been linked to the complexity of the finger-movement task (Gorres, 

Mader, & Proske, 1998; Rao et al., 1993; Ullen, Forssberg, & Ehrsson, 2003). The 

cortical domains found to be active in adult performance of synchronized finger tapping 

include primary sensorimotor cortex, medial prefrontal cortex, cerebellum, and regions of 

subcortical gray matter (Gorres, Mader, & Proske, 1998; Rao et al., 1993).  Neural 

activation networks for finger tapping have been mapped in adults (Ullen, Forssberg, & 

Ehrsson, 2003) and in children (Rivkin et al., 2003) but not in children with DCD.  
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Clinical implications: Potential treatment strategies 

Will a rhythmic cueing-based intervention protocol improve motor performance in 

children with DCD? 

Our studies have indicated that children with DCD are able to produce the target 

phasing relations, however, their performance is variable.   Therefore, an immediate 

intervention strategy could include performing a motor task with rhythmic cues.  It is 

unclear if auditory cueing has a stabilizing effect on children as seen in adults (Repp & 

Penel, 2004). Bartscherer and Dole (2005) presented a case study on a 9-year-old 

individual with deficits of attention and motor coordination. They trained the child using 

a commercially available rhythmic training program (Interactive Metronome) and 

reported improvement timing accuracy, gross and fine motor abilities, and parent 

reported behaviors. Cosper et al. (2009) found that after using the Interactive Metronome 

(IM) the children with motor deficits made significant improvements in complex visual 

choice reaction time and visuomotor control but found no significant changes in sustained 

attention or inhibitory control over inappropriate motor responses after treatment. In this 

study, however, they used a mixed group of children with attention deficit and 

hyperactivity disorder (ADHD), DCD and pervasive developmental disorder (PDD). In 

another study (Rosenblum & Regev, 2013), the reaction times provided by the IM 

assessment tool, was compared to the on-paper and in-air time per written stroke during 

writing which was obtained from the Computerized Penmanship Evaluation Tool 

(ComPET), in children with DCD.  However, they did not actually train the children on 

the IM in this study. To our knowledge, no other studies have evaluated the efficacy of 
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the Interactive Metronome (IM) in improvement of motor timing and performance in 

children with DCD. 

 

 The IM is a computer-based, noninvasive technique that requires participants to 

practice timing and rhythmicity of different movements of the hands and feet in 

synchrony with auditory cues. It includes headphones to hear the beats and motion-

sensory trigger buttons. These are attached either to the hand or foot, depending on the 

task being performed. Changes in auditory cue that the participants hear informs them if 

they vary from the to-be followed beat, whether their reaction is too fast or too slow. This 

allows the user to correct rhythmicity and timing errors immediately, so that they can 

break from an incorrect motor pattern and restart with correct timing. The objective is for 

participants to synchronize their extremities with the timing of the metronome. 

 

We would study the effect of IM training on gross and fine motor ability of 

children with DCD using motor assessment specifically using the movement assessment 

battery for children (MABC), the Bruininks-Oseretsky test of motor proficiency  and an 

ADL scale (Assessment of Motor and Process Skills). In addition, we would also assess, 

self-paced and synchronized tapping pre- and post- training to make comparisons to the 

previous task studied and to make inferences on the improvement in the performance 

especially variability in children with DCD. It would be effective to have at least a 

subgroup children with no ADHD or attention deficit disorder (ADD) to eliminate the 

attentional component and to focus on the motor component of the deficits.  
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CONCLUSIONS 

Typically developing (TD) children are able to modulate bimanual finger tapping 

in response to both perceptible and subliminal changes in rhythms but temporal 

coordination stability in performance is age-related. Children with DCD have a similar 

ability to detect phasing changes and can adapt equally well as matched controls to 

perceptible and subliminal rhythm changes.  However, they are more variable in linear 

measures of motor coordination than TD children. Children with and without 

developmental coordination disorder (DCD) have lower Lyapunov exponents and higher 

local stability compared to adults supporting the primacy of task-related variability as the 

major deficit. Using a model based on the cerebellar feedback-error-learning internal 

model (Ito, 2000; Wolpert, Miall, & Kawato, 1998), it seems apparent that cerebellum 

could be implicated for the deficits in children with DCD. Noise in the central nervous 

system can be present at every level of circuitry; however, the specific source of this 

noise has not been discovered, is likely variable across individuals and is not yet 

explored.  

 

 

 

  

 

 

 



 

 

187

 

REFERENCES 
 
Bartscherer, M. L., & Dole, R. L. (2005). Interactive metronome training for a 9-year-old 

boy with attention and motor coordination difficulties. Physiother Theory Pract, 
21(4), 257-269. 

Bernstein, N. (1967). The co-ordination and regulation of movements. Oxford: Pergamon 
Press. 

Bijsterbosch, J. D., Lee, K. H., Hunter, M. D., Tsoi, D. T., Lankappa, S., Wilkinson, I. 
D., et al. (2011). The role of the cerebellum in sub- and supraliminal error 
correction during sensorimotor synchronization: evidence from fMRI and TMS. J 
Cogn Neurosci, 23(5), 1100-1112. 

Blank, R., Smits-Engelsman, B., Polatajko, H., & Wilson, P. (2012). European Academy 
for Childhood Disability (EACD): recommendations on the definition, diagnosis 
and intervention of developmental coordination disorder (long version). Dev Med 
Child Neurol, 54(1), 54-93. 

Bo, J., Bastian, A. J., Kagerer, F. A., Contreras-Vidal, J. L., & Clark, J. E. (2008). 
Temporal variability in continuous versus discontinuous drawing for children 
with Developmental Coordination Disorder. Neurosci Lett, 431(3), 215-220. 

Bo, J., Block, H. J., Clark, J. E., & Bastian, A. J. (2008). A cerebellar deficit in 
sensorimotor prediction explains movement timing variability. Journal of  
Neurophysiology, 100(5), 2825-2832. 

Cantin, N., Polatajko, H. J., Thach, W. T., & Jaglal, S. (2007). Developmental 
coordination disorder: exploration of a cerebellar hypothesis. Hum Mov Sci, 
26(3), 491-509. 

Cerminara, N. L., Apps, R., & Marple-Horvat, D. E. (2009). An internal model of a 
moving visual target in the lateral cerebellum. J Physiol, 587(Pt 2), 429-442. 

Church, J. A., Fair, D. A., Dosenbach, N. U., Cohen, A. L., Miezin, F. M., Petersen, S. 
E., et al. (2009). Control networks in paediatric Tourette syndrome show 
immature and anomalous patterns of functional connectivity. Brain, 132(Pt 1), 
225-238. 

Church, J. A., Wenger, K. K., Dosenbach, N. U., Miezin, F. M., Petersen, S. E., & 
Schlaggar, B. L. (2009). Task control signals in pediatric tourette syndrome show 
evidence of immature and anomalous functional activity. Front Hum Neurosci, 3, 
38. 

Cosper, S. M., Lee, G. P., Peters, S. B., & Bishop, E. (2009). Interactive Metronome 
training in children with attention deficit and developmental coordination 
disorders. Int J Rehabil Res, 32(4), 331-336. 

Cusumano, J. P., & Cesari, P. (2006). Body-goal variability mapping in an aiming task. 
Biol Cybern, 94(5), 367-379. 

Del Olmo, M. F., Cheeran, B., Koch, G., & Rothwell, J. C. (2007). Role of the 
cerebellum in externally paced rhythmic finger movements. J Neurophysiol, 
98(1), 145-152. 

Diekhof, E. K., Biedermann, F., Ruebsamen, R., & Gruber, O. (2009). Top-down and 
bottom-up modulation of brain structures involved in auditory discrimination. 
Brain Res, 1297, 118-123. 



 

 

188

 

Downar, J., Crawley, A. P., Mikulis, D. J., & Davis, K. D. (2000). A multimodal cortical 
network for the detection of changes in the sensory environment. Nat Neurosci, 
3(3), 277-283. 

Ebner, T. J., & Pasalar, S. (2008). Cerebellum predicts the future motor state. 
Cerebellum, 7(4), 583-588. 

Faisal, A. A., Selen, L. P., & Wolpert, D. M. (2008). Noise in the nervous system. Nature  
Reviews Neuroscience, 9(4), 292-303. 

Geuze, R. H., Jongmans, M. J., Schoemaker, M. M., & Smits-Engelsman, B. C. (2001). 
Clinical and research diagnostic criteria for developmental coordination disorder: 
a review and discussion. Hum Mov Sci, 20(1-2), 7-47. 

Ghez, C. and Thach, W. T. (2000) The cerebellum. In E. R. Kandel, J. H. Schwartz, and  
T. M. Jessell (Eds.), Principles of Neural Science, 4th edition, chapter 42, pp.  
832-852. New York: Elsevier  

Gorres, G., Mader, I., & Proske, M. (1998). Subjective and objective image qualities: a 
comparison of sagittal T2 weighted spin-echo and Turbo-spin-echo sequences in 
magnetic resonance imaging of the spine by use of a subjective ranking system. 
Rontgenpraxis, 51(7), 258-265. 

Green, D., Lingam, R., Mattocks, C., Riddoch, C., Ness, A., & Emond, A. (2011). The 
risk of reduced physical activity in children with probable Developmental 
Coordination Disorder: A prospective longitudinal study. Res Dev Disabil, 32(4), 
1332-1342. 

Greicius, M. D., Supekar, K., Menon, V., & Dougherty, R. F. (2009). Resting-state 
functional connectivity reflects structural connectivity in the default mode 
network. Cereb Cortex, 19(1), 72-78. 

Hannon, E. E., & Trehub, S. E. (2005). Tuning in to musical rhythms: infants learn more 
readily than adults. Proc Natl Acad Sci U S A, 102(35), 12639-12643. 

Hyde, C., & Wilson, P. (2011). Online motor control in children with developmental 
coordination disorder: chronometric analysis of double-step reaching 
performance. Child Care Health Dev, 37(1), 111-122. 

Imamizu, H., Miyauchi, S., Tamada, T., Sasaki, Y., Takino, R., Putz, B., et al. (2000). 
Human cerebellar activity reflecting an acquired internal model of a new tool. 
Nature, 403(6766), 192-195. 

Ito, M. (2000). Neurobiology: internal model visualized. Nature, 403(6766), 153-154. 
Ivry, R. B., Keele, S. W., & Diener, H. C. (1988). Dissociation of the lateral and medial 

cerebellum in movement timing and movement execution. Experimental Brain 
Research, 73(1), 167-180. 

Kaas, J. H. (2000). Organizing principles of sensory representations. Novartis Found 
Symp, 228, 188-198; discussion 198-205. 

Kagerer, F., Bo, J., Contreras-Vidal, J. L., & Clark, J. E. (2004). Visuomotor adaptation 
in children with developmental coordination disorder. Motor Control, 8(4), 450-
460. 

Kagerer, F., Viswanathan, P., Contreras-Vidal, J., & Whitall, J. (2012). Modulation of 
bilateral finger tapping to gradual and abrupt change in phasing of sensorimotor 
coupling: Auditory cues and sensorimotor coupling. . Manuscript submitted for 
publication. 



 

 

189

 

Kawato, M. (1999). Internal models for motor control and trajectory planning. Curr Opin 
Neurobiol, 9(6), 718-727. 

Kawato, M., Kuroda, T., Imamizu, H., Nakano, E., Miyauchi, S., & Yoshioka, T. (2003). 
Internal forward models in the cerebellum: fMRI study on grip force and load 
force coupling. Prog Brain Res, 142, 171-188. 

King, B. R., Clark, J. E., & Oliveira, M. A. (2012). Developmental delay of finger torque 
control in children with developmental coordination disorder. Dev Med Child 
Neurol, 54(10), 932-937. 

King, B. R., Kagerer, F. A., Harring, J. R., Contreras-Vidal, J. L., & Clark, J. E. (2011). 
Multisensory adaptation of spatial-to-motor transformations in children with 
developmental coordination disorder. Exp Brain Res, 212(2), 257-265. 

Kouider, S., de Gardelle, V., Dehaene, S., Dupoux, E., & Pallier, C. (2011). Cerebral 
bases of subliminal speech priming. Neuroimage, 49(1), 922-929. 

Latash, M. L., Scholz, J. P., & Schoner, G. (2002). Motor control strategies revealed in 
the structure of motor variability. Exerc Sport Sci Rev, 30(1), 26-31. 

Lingam, R., Golding, J., Jongmans, M. J., Hunt, L. P., Ellis, M., & Emond, A. (2010). 
The association between developmental coordination disorder and other 
developmental traits. Pediatrics, 126(5), e1109-1118. 

Lingam, R., Jongmans, M. J., Ellis, M., Hunt, L. P., Golding, J., & Emond, A. (2012). 
Mental health difficulties in children with developmental coordination disorder. 
Pediatrics, 129(4), e882-891. 

Mackenzie, S. J., Getchell, N., Deutsch, K., Wilms-Floet, A., Clark, J. E., & Whitall, J. 
(2008). Multi-limb coordination and rhythmic variability under varying sensory 
availability conditions in children with DCD. Hum Mov Sci, 27(2), 256-269. 

Malcolm, M. P., Lavine, A., Kenyon, G., Massie, C., & Thaut, M. (2008). Repetitive 
transcranial magnetic stimulation interrupts phase synchronization during 
rhythmic motor entrainment. Neurosci Lett, 435(3), 240-245. 

Masquelier, T. (2013). Neural variability, or lack thereof. Front Comput Neurosci, 7, 7. 
O'Brien, J. C., Williams, H. G., Bundy, A., Lyons, J., & Mittal, A. (2008). Mechanisms 

that underlie coordination in children with developmental coordination disorder. J 
Mot Behav, 40(1), 43-61. 

Pereira, H. S., Landgren, M., Gillberg, C., & Forssberg, H. (2001). Parametric control of 
fingertip forces during precision grip lifts in children with DCD (developmental 
coordination disorder) and DAMP (deficits in attention motor control and 
perception). Neuropsychologia, 39(5), 478-488. 

Pfordresher, P. Q. (2011). Poor-pitch singing as an inverse model deficit: Imitation and 
estimation. Utrecht, the Netherlands: Association Européenne des Conservatories  

Plumb, M. S., Wilson, A. D., Mulroue, A., Brockman, A., Williams, J. H., & Mon-
Williams, M. (2008). Online corrections in children with and without DCD. Hum 
Mov Sci, 27(5), 695-704. 

Rao, S. M., Binder, J. R., Bandettini, P. A., Hammeke, T. A., Yetkin, F. Z., Jesmanowicz, 
A., et al. (1993). Functional magnetic resonance imaging of complex human 
movements. Neurology, 43(11), 2311-2318. 

Repp, B. H. (1998). Variations on a theme by chopin: relations between perception and 
production of timing in music. J Exp Psychol Hum Percept Perform, 24(3), 791-
811. 



 

 

190

 

Repp, B. H., & Penel, A. (2004). Rhythmic movement is attracted more strongly to 
auditory than to visual rhythms. Psychol Res, 68(4), 252-270. 

Ritter, H. (1990). Self-organizing maps for internal representations. Psychol Res, 52(2-3), 
128-136. 

Rivkin, M. J., Vajapeyam, S., Hutton, C., Weiler, M. L., Hall, E. K., Wolraich, D. A., et 
al. (2003). A functional magnetic resonance imaging study of paced finger 
tapping in children. Pediatr Neurol, 28(2), 89-95. 

Roche, R., Wilms-Floet, A. M., Clark, J. E., & Whitall, J. (2011). Auditory and visual 
information do not affect self-paced bilateral finger tapping in children with DCD. 
Hum Mov Sci, 30(3), 658-671. 

Rosenblum, S., & Regev, N. (2013). Timing abilities among children with developmental 
coordination disorders (DCD) in comparison to children with typical 
development. Res Dev Disabil, 34(1), 218-227. 

Schlerf, J. E., Spencer, R. M., Zelaznik, H. N., & Ivry, R. B. (2007). Timing of rhythmic 
movements in patients with cerebellar degeneration. Cerebellum, 6(3), 221-231. 

Sekaran, S. N., Reid, S. L., Chin, A. W., Ndiaye, S., & Licari, M. K. (2012). Catch! 
Movement kinematics of two-handed catching in boys with Developmental 
Coordination Disorder. Gait Posture, 36(1), 27-32. 

Smith, B. A., Stergiou, N., & Ulrich, B. D. (2010). Lyapunov exponent and surrogation 
analysis of patterns of variability: profiles in new walkers with and without down 
syndrome. Motor Control, 14(1), 126-142. 

Smits-Engelsman, B. C., Westenberg, Y., & Duysens, J. (2008). Children with 
developmental coordination disorder are equally able to generate force but show 
more variability than typically developing children. Hum Mov Sci, 27(2), 296-
309. 

Stein, J. (2009). Cerebellar forward models to control movement. Journal of Physiology, 
587(Pt 2), 299. 

Supekar, K., Uddin, L. Q., Prater, K., Amin, H., Greicius, M. D., & Menon, V. (2010). 
Development of functional and structural connectivity within the default mode 
network in young children. Neuroimage, 52(1), 290-301. 

Thelen, E. (1986). Development of coordinated movement: Implications for early human 
development. Dordrecht, Netherlands: Martinus Nijhoff. 

Theoret, H., Haque, J., & Pascual-Leone, A. (2001). Increased variability of paced finger 
tapping accuracy following repetitive magnetic stimulation of the cerebellum in 
humans. Neuroscience Letters, 306(1-2), 29-32. 

Tomasi, D., & Volkow, N. D. (2012). Abnormal functional connectivity in children with 
attention-deficit/hyperactivity disorder. Biol Psychiatry, 71(5), 443-450. 

Toussaint, M. (2006). A sensorimotor map: modulating lateral interactions for 
anticipation and planning. Neural Computation, 18(5), 1132-1155. 

Trehub, S. E., & Hannon, E. E. (2006). Infant music perception: domain-general or 
domain-specific mechanisms? Cognition, 100(1), 73-99. 

Tuller, B., & Kelso, J. A. (1989). Environmentally-specified patterns of movement 
coordination in normal and split-brain subjects. Exp Brain Res, 75(2), 306-316. 

Turvey, M., Fitch, H., & Tuller, B. (1982). The Bernstein perspective: I. The problems of 
degrees of freedom and context-conditioned variability. Champaign, IL: Human 
Kinetics. 



 

 

191

 

Ullen, F., Forssberg, H., & Ehrsson, H. H. (2003). Neural networks for the coordination 
of the hands in time. J Neurophysiol, 89(2), 1126-1135. 

Volman, M. J., & Geuze, R. H. (1998). Stability of rhythmic finger movement in children 
with a developmental coordination disorder. Motor Control, 2(1), 34-60. 

Volman, M. J., Laroy, M. E., & Jongmans, M. J. (2006). Rhythmic coordination of hand 
and foot in children with Developmental Coordination Disorder. Child Care 
Health Dev, 32(6), 693-702. 

Whitall, J., Chang, T. Y., Horn, C. L., Jung-Potter, J., McMenamin, S., Wilms-Floet, A., 
et al. (2008). Auditory-motor coupling of bilateral finger tapping in children with 
and without DCD compared to adults. Hum Mov Sci, 27(6), 914-931. 

Whitall, J., Getchell, N., McMenamin, S., Horn, C., Wilms-Floet, A., & Clark, J. E. 
(2006). Perception-action coupling in children with and without DCD: Frequency 
locking between task-relevant auditory signals and motor responses in a dual-
motor task. Child: Care, Health and Development, 32(6), 679-692. 

Wilson, P. H., Ruddock, S., Smits-Engelsman, B., Polatajko, H., & Blank, R. (2012). 
Understanding performance deficits in developmental coordination disorder: a 
meta-analysis of recent research. Dev Med Child Neurol, 55(3), 217-228. 

Wolpert, D. M., Miall, R. C., & Kawato, M. (1998). Internal models in the cerebellum. 
Trends Cogn Sci, 2(9), 338-347. 

Wu, S. K., Cairney, J., Lin, H. H., Li, Y. C., & Song, T. F. (2011). Pulmonary function in 
children with development coordination disorder. Res Dev Disabil, 32(3), 1232-
1239. 

Yamanishi, J., Kawato, M., & Suzuki, R. (1980). Two coupled oscillators as a model for 
the coordinated finger tapping by both hands. Biol Cybern, 37(4), 219-225. 

Zwicker, J. G., Harris, S. R., & Klassen, A. F. (2012). Quality of life domains affected in  
children with developmental coordination disorder: a systematic review. Child 
Care Health Dev. doi: 10.1111/j.1365-2214.2012.01379.x. [Epub ahead of print] 

Zwicker, J. G., Missiuna, C., & Boyd, L. A. (2009). Neural correlates of developmental 
coordination disorder: a review of hypotheses. J Child Neurol, 24(10), 1273-1281. 

Zwicker, J. G., Missiuna, C., Harris, S. R., & Boyd, L. A. (2011). Brain activation 
associated with motor skill practice in children with developmental coordination 
disorder: an fMRI study. Int J Dev Neurosci, 29(2), 145-152. 

 
 
 
 

 

 
 
 
 
 
 
 



 

192  

 
 

 
 

APPENDIX 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 



 

 

193

 

CHAPTER 3 
 
 
Table 3.1A The mean relative phasing change (RP) (in percentage) between the fingers in  

                   the abrupt condition across age. 

 

Age (in years) Mean RP SD 

5 13.87 3.2 

7 12.58 2.2 

9 12.37 2.3 
 
 
Table 3.1B The mean relative phasing change (RP) (in percentage) between the fingers in  

                   the abrupt condition across trials. 

 

Trialblock Mean RP  SD 

1 2.90 1.9 

2 18.63 2.7 

3 17.42 2.4 

4 18.01 3.0 

5 17.29 2.8 

6 3.38 2.4 
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Table 3.2: The mean relative phasing change (RP) (in percentage) between the fingers in  

 the gradual condition across trial blocks. 

 

Trialblock Mean RP  SD 

1 1.93 1.3 

2 3.10 1.6 

3 4.43 1.0 

4 6.53 1.1 

5 8.92 1.3 

6 3.00 2.5 
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Table 3.2A: The standard deviation (SDrp) of between finger phasing within a trial in the  

                 abrupt condition, across all age groups.   

 

Age (In years) SDrp SD 

5 11.06 3.26 

7 8.22 2.86 

9 6.28 2.21 
 

 
 
Table 3.2B: The standard deviation (SDrp) of between finger phasing within a trial in the  

                  gradual condition, across all age groups.   

 
 

Age ( in years) SDrp SD 

5 10.25 2.92 

7 7.02 2.24 

9 5.77 1.82 
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CHAPTER 4 
 
Table 4.1: Relative phasing (RP) between fingers (percentage change from baseline) in 

the abrupt / perceptible condition 

 

Trial Mean RP SD SEM 

1 4.11 5.0 1.2 

2 16.58 2.7 0.6 

3 16.75 3.3 0.8 

4 17.92 3.7 0.9 

5 16.22 2.5 0.6 

6 4.80 6.7 1.6 
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Table 4.2: Relative phasing (RP) between fingers (percentage change from baseline) in  

the gradual / subliminal condition 

 
 
 
 

Trial Mean RP SD SEM 

1 2.29 1.7 0.4 

2 5.18 1.2 0.3 

3 10.48 3.2 0.8 

4 13.24 1.9 0.5 

5 16.86 2.6 0.6 

6 3.52 3.3 0.8 
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Table 4.3A: The standard deviation (SDrp) of between finger phasing within a trial in  

 the abrupt / perceptible condition between DCD and TD groups.   

 
 
 Mean SDrp SD SEM 

DCD 8.86 3.7 0.4 

TD 7.45 4.0 0.5 
 
 
 
 
 
 
 
Table 4.3B: The standard deviation (SDrp) of between finger phasing within a trial in the  

     gradual / subliminal condition between DCD and TD groups. 

 

 
 Mean SDrp SD SEM 

DCD 8.97 3.7 0.3 

TD 7.19 2.8 0.4 
 

 

 

 

 

 

 

 

 



 

 

199

 

Table 4.4: Mean Relative Phasing (RP) and Standard Deviation within a trial ( SDrp)  for  

  the baseline trial for comparison against the developmental landscape 

 
 

ID (DCD Group) Age in months RP at Baseline 
 

SDrp at Baseline 

29 80 0.53 7.45 

17 82 0.83 4.28 

11 84 3.27 12.31 

62 84 0.04 10.62 

13 86 1.68 8.66 

56 86 1.86 5.91 

65 92 4.02 11.33 

10 94 5.52 7.96 

27 99 2.29 7.71 

36 111 1.00 6.76 

28 114 3.85 8.00 

70 115 1.86 5.41 

23 119 1.91 13.14 

24 121 0.44 3.33 

68 121 2.26 5.89 

74 121 1.81 4.7 

40 123 1.14 4.1 

25 127 3.12 5.97 

45 128 1.44 4.57 

49 131 0.83 5.14 

33 137 1.09 4.03 

30 139 0.59 9.45 

59 141 1.29 10.79 

72 143 0.35 3.69 
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CHAPTER 5 
 
Method to calculate Lyapunov exponents (LyE) 
 
 

The first step in this analysis was to reconstruct the state space. State space 

reconstruction is a nonlinear dynamics technique that uses a time delay (τ) to create M 

copies of the original time series, where M is the embedding dimension (Wurdeman, 

Myers, Jacobsen, & Stergiou, In Press; Wurdeman, Myers, & Stergiou, 2013; Wurdeman 

& Stergiou, 2012).  The state space was reconstructed using the following equation: 

 

y(t) = [ x(t), x(t + τ), x(t + 2τ), ……., x (t +( M -1) τ)]                   (1) 

 

 where x was the original time series. To reconstruct the state space (y), two parameters 

were needed: time delay (τ) and the embedding dimension (M).  

 

The time delay (τ) was calculated through the average mutual information 

algorithm (AMI) (Abarbanel, 1996). It determines how many data points are used in an 

analysis. If it is too small then the successive points in the state space may be too close 

together to be sufficiently independent. If it is too large then the successive points may be 

so independent that they are random. The time delay (τ) is selected so as to minimize the 

average mutual information .  The average mutual information calculates the probability 

that the information within the time delayed copies of the original time series is different. 

Each potential time delay is tested, and then the proper delay is determined to be when 

the probability reaches the first local minimum. The purpose of time delay embedding is 
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to unfold the projection back to a multivariate state space that is representative of the 

original system (Kennel, Brown, & Abarbanel, 1992) 

 

The appropriate embedding dimension is determined through the global false 

nearest neighbor’s (GFNN) algorithm (Abarbanel, 1996; Kennel, Brown, & Abarbanel, 

1992).  The embedding dimension is the minimum number of variables that is required to 

form a valid state space from the given time series. It is the number of dimensions needed 

to unfold the structure of the given dynamical system. This false nearest neighbors 

procedure creates multiple time delayed copies of the original time series, at which point 

the percentage of "false nearest neighbors" is calculated. A "false nearest neighbor" is a 

point that in lower dimensions appears close but when the time series is unfolded to a 

larger dimension the distance between the points, increases. The proper dimension is the 

dimension that the percentage of "false nearest neighbors" becomes essentially zero. 

(Kennel, Brown, & Abarbanel, 1992).  

  

WOLF ALGORITHM: From the reconstructed state space, the LyE is acquired as 

a measure of the average divergence of neighboring trajectories. The Euclidean distance 

(dt) between the reference point and nearest neighbor is calculated. Then the two points 

are evolve through their specific trajectories a certain amount of predetermined time, at 

which point the evolved distance (dt') between the points is calculated.  The local 

expansion/contraction rate at that instant is calculated as:  

 

λ1= log2 (dt'/dt)                                            (2) 
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λ1 is then normalized to time by dividing the time between data points (1/100 seconds) 

multiplied by the number of points that were propagated through the trajectory. 

Subsequently, the long time average of the running sum of the normalized λ1 values is 

calculated. At this point, the nearest neighbor is replaced by a new nearest neighbor lying 

closer to the reference trajectory and this evolution and distance calculation is repeated. 

This continues until the propagation has moved through the entire time series. The long 

time running average of the λ1 values will converge towards the LyE (Wolf, Swift, 

Swinney, & Vastano, 1985; Wurdeman, Myers, Jacobsen, & Stergiou, In Press; 

Wurdeman & Stergiou, 2012). A custom-written Matlab™ program which used the Wolf 

Algorithm as described above (Wolf, Swift, Swinney, & Vastano, 1985; Wurdeman, 

Myers, Jacobsen, & Stergiou, In Press; Wurdeman & Stergiou, 2012) was used to 

calculate the LyE values.  
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Figure 5.1: Exemplar plot of the Average mutual information (AMI) for an adult subject  

in this study. The first local minimum of the AMI is 40.  

It is the time delay (τ). 
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Figure 5.2: Exemplar plot of the global false nearest neighbors for child with DCD. The  

       embedding dimension (M) is that dimension where the percentage of false  

 nearest neighbors (FN%) drops to zero. Here the value of M is 7. 
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Figure 5.3 Exemplar phase space plots of subjects in this study  

A. Adult 
 

 
 
B. Control child 
 



 

 

206

 

C. Child with DCD 
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Table 5.1: Lyapunov Exponent 
 

Group Dominance 
Mean Lyapunov 

Exponent SD 

Adult Non Dominant 12.79 5.1 

Adult Dominant 12.87 5.3 

Children Non Dominant 7.53 5.3 

Children Dominant 8.51 2.8 

DCD Non Dominant 7.28 2.4 

DCD Dominant 7.00 1.8 
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Table 5.2: Coefficient of Variation of the Intertap Interval (CVITI) 
 
 

Group Dominance Mean CVITI SD 

Adult Non Dominant 4.14 3.7 

Adult Dominant 3.76 1.3 

Children Non Dominant 7.83 6.1 

Children Domimant 7.99 4.9 

DCD Non Dominant 10.94 7.2 

DCD Dominant 12.86 7.4 
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Table 5.3:  Coefficient of Variability of Position (CVP) 
 

Group Dominance Mean CVP SD 

Adult Non Dominant 3.40 3.7 

Adult Dominant 1.10 1.4 

Children Non Dominant 3.64 3.9 

Children Dominant 1.83 1.5 

DCD Non Dominant 2.56 2.4 

DCD Dominant 3.03 3.6 
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Table 5.4: Inter tap Interval (ITI) 
 

Group Dominance Mean ITI SD 

Adult NonDominant 1.45 0.02 

Adult Dominant 1.44 0.02 

Children NonDominant 1.44 0.04 

Child Dominant 1.44 0.03 

DCD NonDominant 1.42 0.08 

DCD Dominant 1.71 0.30 
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