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ABSTRACT  

AIMS: This thesis investigated the impact of conventional therapy and resistance therapy 

augmented with botulinum toxin A (BoNTA) on upper limb (UL) function and the quality of UL 

movement in children with hemiplegic cerebral palsy (CP) as well as the neurophysiological 

mechanisms underpinning any improvements in function.  

METHOD/RESULTS: Two matched pair, randomised controlled trials (RCTs) investigated the 

effect of BoNTA on UL function in children with spastic hemiplegic CP. For the first study, 

younger aged children with spastic hemiplegia were matched on age and initial functional 

assessment score and allocated to a control group that continued conventional therapy or the 

treatment group receiving conventional therapy augmented with BoNTA. The length of time 

and response to BoNTA was measured using the Modified Ashworth Scale (MAS) and Modified 

Tardieu (MT).  UL function was measured using the Quality of Upper Extremity Skills Test 

(QUEST) and Goal Attainment Scale (GAS) with UL performance and parent satisfaction with 

response to treatment measured using the Canadian Occupational Performance Measure 

(COPM). Conventional therapy, when augmented with BoNTA, resulted in greater 

improvements across outcome measures when compared with the control group.  

This first investigation did not allow for the intensity of therapy to be standardised nor 

determine whether altering the frequency or type of intervention would enhance the effects 

of the pharmacological management of the spasticity related to gains in UL function. As each 

subject maintained the same therapy regimen over the period of the study, it was difficult to 

ascertain if one approach to therapy was better augmented with BoNTA than another. At the 

same time, evidence was emerging suggesting muscle weakness in CP impacted more on 

functional than spasticity. Therapeutic approaches directed at improving strength had been 

demonstrated in the lower limb, but not in the UL. Thus, a second phase to study one sought 

to investigate whether UL function could be further enhanced with specific resistance training 

during the period when the reduction in spasticity due to BoNTA was at its peak.  

Resistance training augmented with BoNTA resulted in significant improvements in QUEST 

score in a shorter time period compared with the conventional therapy plus BoNTA group - 

demonstrating a persistent improvement of function after the pharmacological effects of 

BoNTA had worn off suggesting that there is a “window of opportunity" afforded by BoNTA 

enabling therapy to be enhanced. This justified the second RCT, which investigated if the 

maintained functional improvements after the BoNTA had worn off, were due to changes in 
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the movement quality and coordination and/or due to secondary central nervous system (CNS) 

changes. Due to the nature of the outcome measures required to investigate the peripheral 

movement and CNS changes, older aged children were recruited. This enabled a comparison of 

the BoNTA augmented therapy in older children to the younger sample from study one.  

Quantification of movement quality was considered important, because early brain injuries are 

more susceptible to 'maladaptative' plasticity, which might result in abnormal movement 

behaviours. Movement quality was measured objectively by kinematic analysis of a functional 

reaching task. As high variability was observed in movement patterns in children with 

hemiplegia, a secondary objective was to identify kinematic variables that could be used to 

detect change in UL movement quality. The kinematic variables of the wrist joint centres found 

to be most related to UL function in children with CP were normalised jerk (NJ) reflecting 

movement fluency, and directness index (DI) reflecting movement efficiency, with the best 

outcome measures identified as a reduction in movement variability of NJ and DI. 

CNS changes accompanying the treatments were measured using Transcranial Magnetic 

Stimulation (TMS). The children who had preserved contralateral pathways displayed less 

maladaptive movement behaviour with lower variability of NJ and DI, and better clinical 

assessment of function. The resistance training intervention augmented with BoNTA group had 

better improvements in UL activity measured by GAS and improved NJ and DI. Therapy 

augmented with BoNTA resulted in neuroplastic changes in some, but not all the children 

studied. This study identified poor tolerability for TMS in the sample investigated. There was 

also large variability in TMS outcomes across repeated measures, probably reflecting the 

diversity of lesions resulting in CP. Together, these highlighted the difficulty with researching 

therapeutic effects on brain changes in a heterogeneous disorder which was also evident 

within the systematic review (Chapter 5).  

CONCLUSIONS: Children with spastic hemiplegia benefit from augmenting their therapy with 

BoNTA. There is an added benefit of resistance training augmented with BoNTA to UL function. 

Changes to UL function are greatest when therapy occurs at a younger age, supporting early 

intervention approaches. Interventions aiming to improve UL function in this population 

should be goal directed (particularly in older aged children) and should address movement 

coordination. The studies presented add to the limited body of knowledge on the 

responsiveness of reaching kinematic variables to treatments and to understanding the 

influence of maladaptive neuroplastic mechanisms on response to treatments in children with 

CP. 
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Chapter 1 Introduction 

1.1 The problem: How best to maximise improvement of upper limb 

function following therapy augmented with Botulinum 

Neurotoxin type A (BoNTA) 

Cerebral Palsy (CP) is a term used to describe a group of motor disorders of movement and 

posture caused by non progressive damage to the developing brain, manifested early in life 

(Rosenbaum, Paneth, Leviton, Goldstein, & Bax, 2006).  It is the most common movement 

disorder affecting children in developed countries with an incidence of 2 to 2.5 in 1000 births 

(Watson, Blair, & Stanley, 2006). CP is a heterogeneous disorder and is associated with various 

types and degrees of motor impairment. Spastic type CP is the most common motor disorder 

represented, accounting for more than 80 % of cases (Watson et al., 2006). 

Spastic type CP can be further described based on the topographical distribution of the 

spasticity. Typically, these are described as: monoplegia - one limb mainly affected; diplegia - 

all four limbs with less involvement of the upper limbs; quadriplegia - both upper and both 

lower limbs, with the upper limbs equally or more involved than the lower limbs and; 

hemiplegia - both upper and lower limbs on one side of the body (Hagberg, Hagberg, Olow, & 

Wendt, 1996). More recent descriptions of topography of involvement in CP are described as 

bilateral, affecting both sides of the body, and unilateral, affecting only one side of the body 

(Surveillance of Cerebral Palsy in Europe, 2000). The current research focused on children with 

spastic hemiplegic type CP, or unilateral involvement, and in particular upper limb function of 

the involved side. 

Many children with CP experience difficulties with upper limb movement and manipulation 

that can affect their ability to perform everyday tasks (Holmefur, Krumlinde-Sundholm, 

Bergström, & Eliasson, 2010; van Meeteren, Roebroeck, Celen, Donkervoort, & Stam, 2008).  In 

CP, the severity of impairment is usually gauged by ambulatory ability, however, in the child 

with CP affecting one or both ULs, it is UL dysfunction that is often perceived by the individual 

as more debilitating (McConnell, Johnston, & Kerr, 2011; Morris, Kurinczuk, Fitzpatrick, & 

Rosenbaum, 2006a). Children with spastic hemiplegia have one arm that functions well whilst 

the other has some degree of altered hand function (Sakzewski, Ziviani, & Boyd, 2010; Van 

Zelst, Miller, Russo, Murchland, & Crotty, 2006). Activities that are bilateral, such as using a 

knife and fork, tying shoe laces and putting up hair, are frequently difficult to achieve 

(Sakzewski et al., 2010). Limitations in UL function can be extremely frustrating. 



 

10 
 

Botulinum toxin A (BoNTA) is now an accepted pharmacologic treatment for spasticity in 

children with spastic CP (Wasiak, Hoare, & Wallen, 2009).  Published studies of use of BoNTA to 

manage spasticity in the upper limbs have demonstrated improvements in function at the peak 

effect of BoNTA (about 1 month after administration and up to 3 months following). However, 

neither longer term effects nor the types of co- therapy that maximise the opportunities to 

improve function afforded by BoNTA have been adequately investigated (Fehlings et al., 2010).    

The studies reporting short term improvements in upper limb function in children with CP 

following BoNTA usually augment BoNTA with conventional therapies.  For the upper limb 

these usually incorporate therapy from a  suite of interventions including functional training, 

neurodevelopmental treatment, stretching, strengthening, splinting, casting and more recently 

massed practice of upper limb tasks often encompassing cognitive engagement (Gibson, 

Graham, & Love, 2007; Sakzewski, Ziviani, & Boyd, 2009b). The specific co-therapies that can 

be utilised are variable because children with CP are not only heterogeneous in terms of 

topographical distribution of spasticity, but also of other presenting clinical features such as, 

muscle weakness, loss of selective motor control, sensation, cognition and deficits in balance 

and coordination (Mayer & Esquenazi, 2003).  The diversity of impairments among CP 

syndromes is a challenge for therapist and researcher alike as often a range of rehabilitation 

strategies and modalities need to be employed to address the impairments contributing to the 

functional limitations in the upper limb.  

 Improving strength has become a focus of lower limb rehabilitation in CP (Dodd, Taylor, & 

Graham, 2003) with resistance training being able to predictably increase strength in the lower 

limb, but a concomitant improvement in function is not as consistently identified (Martin, 

Baker, & Harvey, 2010).  Although the relationship between strength and coordination and 

upper limb function has been identified in children with CP (Arnould, Massimo, & Thonnard, 

2007; BrÆNdvik, Elvrum, Vereijken, & Roeleveld, 2010; Chiu, Ada, Butler, & Coulson, 2010), 

there are no studies to date that have examined the effect of a resistance based therapy 

augmented with BoNTA on upper limb function in children.  Following BoNTA injections to 

spastic muscles, there is a period of time, approximately 3 months, during which spasticity is 

reduced.  The reduction in spasticity allows therapy to be directed at other impairments that 

limit function, such as muscle weakness, and provides the opportunity for recipients of BoNTA 

to practice new and potentially more efficient patterns of movement. This may allow 

improvements in function to be sustained after the spasticity reducing effect has worn off.  

Strength has been found to have varying degrees of association with manual ability in children 

with CP (Arnould et al., 2007; Chiu et al., 2010). There are a number of complex structural and 
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functional adaptations to muscle under the influence of spasticity and these changes alter 

spastic muscle’s ability to produce force (Lieber, 2010).  Children with CP have demonstrated 

improvement in muscle force production associated with improved neural adaptation 

following eccentric training programmes but the relationship of these changes to improved 

function were not reported (Reid, Hamer, Alderson, & Lloyd, 2010).  It has been suggested that 

it is not strength in isolation that influences upper limb function in CP but the combination of 

strength, coordination and efficiency of movement (BrÆNdvik et al., 2010; Chiu et al., 2010).To 

date there is only one published study that has reported the effects on function of upper limb 

strength training in CP (O'Connell & Barnhart, 1995) and none that have examined the effect of 

resistance training augmented with BoNTA. 

 Whilst it is clear that the use of BoNTA to manage spasticity in the child with CP generally 

shows positive functional outcome, in some of the children the gains continue to improve even 

after the spasticity reducing effects of the BoNTA have worn off, whereas in others 

(particularly when used in the upper limb) they are not maintained (Love et al., 2010).  The 

mechanism behind the maintenance of improvements in function after the pharmacological 

effect of the BoNTA has worn off still is not clear.  Little is known about the changes to the 

central or peripheral nervous systems that accompany these treatments.   

Despite the efforts of many studies examining the use of BoNTA to improve upper limb 

function in children with CP, confidence in the validity of the evidence of any improvement is 

still only moderate to low (Fehlings et al., 2010; Hoare et al., 2010). In addition, there is 

insufficient evidence about therapies which could be best combined with BoNTA to improve its 

efficacy and extend positive improvements in function in the upper limb.  The research 

presented in this thesis contributes to existing evidence regarding the benefit of BoNTA to 

upper limb function and addresses two over arching uncertainties; (1) how best to augment 

therapies with BoNTA to improve the efficacy of the treatments and (2) determine the 

mechanisms responsible for maintained function when the BoNTA has worn off.  The studies in 

this thesis were designed to evaluate the cumulative effect of upper limb resistance training 

with upper limb BoNTA injection. The rationale, at the time of commencement of the present 

thesis (2002-2006), was based on the research into strength training on lower limb function 

reporting that lack of strength and not spasticity was the greatest limiting factor in lower limb 

motor function in children with CP (Dodd, Taylor, & Damiano, 2002).  Initially, the focus was to 

examine the effect of augmenting any existing therapies received by children with CP with 

BoNTA to decrease spasticity. Later, with the hypothesis that muscle weakness in children may 

be more debilitating to function than spasticity, an additional focus was to determine if 
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resistance training augmented with BoNTA resulted in more substantive changes to upper limb 

function.  

One barrier to confidence in studies examining the role of BoNTA in the upper limb (Fehlings et 

al., 2010; Wasiak et al., 2009) is the outcomes used to measure improvement. Many are not 

sensitive enough to detect change (lack of responsiveness) and cannot objectively assess 

movement quality.  By definition, movement quality relates to how well an activity is 

performed and not merely the outcome of the action.  The description of movement quality in 

CP is important, because early brain injuries are more susceptible to triggering 'maladaptative' 

plasticity (Eyre, 2007), which results in abnormal movement patterns.  The objective 

assessment of movement quality can be made by three dimensional (3D) kinematic analyses 

(Jaspers et al., 2011). In the studies reported in this thesis assessment of movement quality in 

upper limb activities is based on the 3D kinematic measurement of hand trajectories and the 

assessment of upper limb coordination during a reaching task. A number of variables 

describing movement substructures can be calculated by quantifying 3D movement. One 

primary outcome of interest is the computed jerk. 

Computed jerk has the potential to provide insight into the movement control strategies (or 

motor planning strategies) utilised by an individual during reaching tasks. That is, whether the 

control shifts to being more predominantly centrally programmed as has been demonstrated 

in children with intact neurological systems following practice (Thomas, Yan, & Stelmach, 

2000). There are a number of studies (Chang, Tung, Wu, & Su, 2005; Elliott, Reid, Hamer, 

Alderson, & Elliott, 2011; Ricken, Bennett, & Salvelsbergh, 2005; Rönnqvist & Rösblad, 2007; 

van Thiel & Steenbergen, 2001) that have assumed a logical link between jerk and function in 

children with CP but there is no empirical evidence to support the claim. Due to the high 

variability observed in the movement patterns in children with CP (Chang et al., 2005; 

Rönnqvist & Rösblad, 2007) it was deemed necessary to identify the most reliable kinematic 

variables for use in clinical trials to detect change in upper limb movement quality.  

Whilst the primary objective of this prospective study was to determine the effect of the 

rehabilitation strategies with and without augmentation with BoNTA on upper limb function, 

an additional objective was to determine the neurophysiological mechanisms underpinning 

the improvement in function. Transcranial Magnetic Stimulation (TMS) has been used to study 

the CNS motor pathways in subjects with hemiplegic type CP  (Thickbroom, Byrnes, Archer, 

Nagarajan, & Mastaglia, 2001) and provides a safe, non-invasive and painless way to 

investigate motor pathways (Garvey & Gilbert, 2004). The use of TMS in the CP population 

provides a unique opportunity to gain insight into the relationship between motor pathways 
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and function and the neurophysiological changes that may accompany treatments. Results 

from investigations of the damaged and developing CNS have suggested that the loss of 

contralesional limb control in individuals with a hemiplegia is a result of early diminished use 

of the affected limb (Eyre, 2007; Huang, Fetters, Hale, & McBride, 2009). As a rest of 

diminished use the cortical control of the affected upper limb develops via innervation from 

corticospinal neurons that descend from the intact ipsilateral hemisphere rather than the 

contralateral hemisphere (Eyre et al., 2007; Huang et al., 2009). The resulting “compensatory” 

anatomical organisation may influence a child's response to therapy.   

The measurement of CNS changes using TMS and the measurement of quality of movement 

using 3D motion analyses and computed jerk provides an unbiased and objective measure of 

the link between changes in function and associated motor planning and changes in the CNS. 

Insight into the motor planning and CNS changes that accompany therapy would be valuable 

to clinicians working with children with CP and provide a theoretical framework on which to 

base the choice of therapy in the clinical management of these children. 

This thesis brings together a series of papers investigating the role of therapy augmented with 

BoNTA for the spastic upper limb in the child with CP with a view to maximising functional 

outcome. A further purpose of the research conducted for this thesis was to determine the 

neurophysiological basis of improvements in function. The key questions addressed are: 

• Are the upper limb functional improvements greater when therapy is augmented with 

BoNTA in children with spastic hemiplegic type CP? 

• Are the upper limb functional improvements greater with resistance training 

augmented with BoNTA than conventional therapy augmented with BoNTA? 

• Is variability of upper limb movement control, (determined by 3D analyses of reaching 

and computed jerk) related to upper limb function in children with spastic hemiplegic 

type CP? 

• Is there a relationship between motor planning (determined by 3D analyses of 

reaching and computed jerk) and upper limb function in children with spastic 

hemiplegic type CP?  

• Is there a relationship between corticospinal pathways and upper limb function in 

children with spastic hemiplegic type CP?  

• Do therapies augmented with BoNTA result in neuroplastic changes as determined by 

TMS measured changes in CNS pathways in children with spastic hemiplegic type CP?  

• Is there a relationship between changes in CNS system pathways and changes in motor 

planning accompanying the therapies augmented with BoNTA?  
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• Does  resistance training augmented  with BoNTA  result in  greater improvements  in 

upper limb function and motor planning as determined by 3D  analyses of reaching 

and  computed jerk  in children with spastic hemiplegic type CP, than  conventional 

therapy augmented with BoNTA? 

1.2 Aims of the thesis 

In response to the research questions the aims of the thesis are: 

1. To  evaluate critically current evidence for the use of BoNTA to augment upper limb 

therapies with the view to maximising function; 

2. To investigate the role of resistance training augmented with BoNTA on upper limb 

function in children with spastic hemiplegic type CP; 

3. To investigate the variability of movement control using 3D motion analysis and its 

relationship to upper limb function in children with spastic hemiplegic type CP; 

4. To review the evidence for neuroplasticity following therapy in children with CP 

systematically; 

5. To investigate the relationship between corticospinal pathways and function in 

children with spastic hemiplegic type CP; 

6. To investigate the effect of resistance training augmented with BoNTA on improving 

movement control in children with spastic hemiplegic type CP; 

7. To investigate the effect of resistance training augmented with BoNTA on CNS changes 

in children with spastic hemiplegic type CP. 

1.3 Synopsis of the thesis 

A synopsis of the thesis is provided in the following concept map (Figure 1.1).  Between 2002 

and 2008 two sequential matched pair, randomised controlled trials (RCTs) were conducted to 

investigate the effect of BoNTA on upper limb function in children with spastic hemiplegic CP.  

This summary outlines the conceptual relationship of each study to the thesis chapters and the 

evolution of the research plan. Study 1 consisted of two phases and aimed to determine the 

impact of BoNTA on upper limb function. When Study 1 commenced the use of BoNTA in the 

upper limb was in its infancy and was not funded under the Australian Public Medical Scheme.  

The scope of the first phase of Study 1 did not allow for the intensity of therapy to be 

standardised or to ascertain whether altering the frequency or type of intervention would 

change the effects of BoNTA on any subsequent gains in upper limb function.   As there was a 

wide ranging mix of therapy practices, and each participant maintained the same therapy 

regime over the period of the study, it was difficult to ascertain if one therapeutic approach 
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was better augmented with BoNTA than another. The types of upper limb therapy that can 

most benefit from BoNTA required further investigation. 

At the same time, emerging evidence suggested that lower limb muscle weakness in CP was 

more detrimental to functional outcome than spasticity, and that therapies should be directed 

at improving strength. This resulted in adding a second phase to the first study to investigate 

whether the positive effects of therapy could be further enhanced with a more specifically 

directed therapy during the period when the BoNTA-induced reduction in spasticity was at its 

peak. The second phase of study one introduced a third group to compare to the control and 

initial conventional therapy plus BoNTA group. This third group received BoNTA and a targeted 

resistance training programme to the upper limb.   

 A second matched RCT commenced in 2005. The objectives of this study were to investigate 

the underlying mechanism responsible for the changes seen in upper limb function following 

BoNTA. To date, there is little empirical data to explain why the functional improvements are 

maintained after the pharmacological effect of BoNTA has worn off. Furthermore, the 

maintenance of function could be due to changes in the peripheral musculature, a reduction in 

how spasticity affects the muscle, changes in movement quality and coordination or changes 

in cortical representation of the motor patterns/limb segments.  Again, intervening with 

BoNTA and resistance training in Study 2, the main outcomes of interest were movement 

fluency and changes in corticospinal pathways. 

This thesis is presented as a series of papers that are linked and address the aims of the thesis. 

A Literature Review (Chapter 2) provides an overview of the topic. Five papers are presented in 

the following five chapters (Chapters 3 through to 7), followed by Chapter 8, which discusses 

the implications of the overall findings and directions for future research.  
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Paper 1: Muscle resistance training and 
conventional therapy augmented with 
BoNTA improves upper limb function in 
young children with spastic hemiplegia. 
Functional effects outlast the 
pharmacological effect of the BoNTA 
Unknown mechanisms underpinning this 
finding leads to study 2. 

 
 

Chapter 3 

Study 1 Phase I Investigation of upper limb 
functional changes in children with spastic 
hemiplegia CP aged 3- 6 years of age who have 
their therapy augmented with BONTA 
Study 1 - Phase II The effect of adding resistance 
training plus BoNTA on upper limb functional 
changes in children with spastic hemiplegia aged 
3- 6 years of age  
 

2002-2004 Study 1: A RCT with two phases- investigating the effect of augmenting upper limb therapies with 
BoNTA  

 

2005-2012 Study 2:  A matched RCT investigating the functional outcome as well as the peripheral and central 
nervous system changes accompanying treatments in CP 

 
Chapter 8 

Investigation of corticospinal pathway 
presence and symmetry and relationship to 
function in children with CP. 
 

Paper 4: Association between corticospinal 
pathways and function in children with spastic 
hemiplegic type CP. 
 
 
 

 
Chapter 6 

 Exploration of 3D kinematic outcomes to 
describe reaching in children with CP and their 
relationship to UL function. 
 
 

 
Chapter 4 

Paper 2: Variability of movement control 
measured by 3D kinematics is related to upper 
limb function in children with CP 
 
Paper 3: A Systematic Review of evidence of 
neuroplasticity following therapy in children 
with CP. 
 
 

A critical appraisal of studies on children with 
CP investigating neuroplasticity following 
commonly used therapy approaches in 
children with CP. 
 
 

 
Chapter 5 

General Discussion: Synthesis of findings, clinical implications, limitations, future directions ad 
conclusions. 

Paper 5: Upper limb activity improves when 
therapy is combined with BoNTA in adolescents 
with CP with some evidence of CNS and 
peripheral coordination changes. 

 
 

 
Chapter 7 

Investigation of peripheral and CNS changes 
following augmenting therapies with BoNTA 
by measuring movement smoothness, 
efficiency with 3D movement analysis, and 
corticospinal pathway changes using TMS. A 
focus is on muscle resistance training to try 
and effect neural adaptation, movement 
coordination and subsequent corticospinal 
changes. 

 
 

Introduction: the problem and the research 
questions. 
Aims, rationale and significance of the thesis. 
 

 
Chapter 1 

 

There is a need to investigate what types of 
upper limb therapies are best augmented 
with BoNTA and the mechanisms 
underpinning improved function. 

Review of the literature - The cerebral palsies – discussion of heterogeneity and variable presentation 
of CP; review of evaluation tools for the upper limb in children with CP used in thesis within the ICF 
framework; A discussion of hypertonia, neurophysiology of spasticity and muscle weakness in CP and 
their relationship to upper limb function;  mode of action and evidence for BoNTA ; a review of  
neuroplasticity and maladaptive plasticity in CP and its measurement using TMS in children 
 

 
 

Chapter 2 

Figure 1.1 Concept map of thesis structure 
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1.4 Rationale of the studies in the thesis 

The use BoNTA to manage spasticity in children with CP has become standard treatment for 

the lower limb over the last 15 years with funding under the Australian pharmaceutical 

benefits scheme becoming available in 2000. In 2008 funding was extended to management of 

upper limb spasticity. The studies reported here commenced when the efficacy for the use of 

BoNTA was well established for the lower limb, but not for the upper limb. Although now 

funded for clinical use in the upper limb in children with CP, a recent Cochrane review of its 

efficacious use has recommended that further studies are required on therapies that are best 

augmented with BoNTA (Hoare et al., 2010).  This is highlighted by a recent consensus report 

that bases many recommendations on expert opinion due to the relative lack of published 

empirical evidence (Fehlings et al., 2010). 

1.4.1  Chapter 2: Literature review 

This literature review explores the literature relating to the following concepts relevant to the 

studies of the thesis: 

• Definition of cerebral palsy, with a particular focus of the classification of CP with a 

view to obtaining as homogenous samples  as possible for the studies,  and review of 

how potentially relevant outcome variables relate to the domains of the International 

Classification of Functioning, Disability and Health 

• The rationale for the choice of outcome measures used in the various studies including 

their  validity and reliability  

• A review of the use of BoNTA for the management of upper limb spasticity in children 

with CP  

• Evidence for the rationale of resistance based treatment to be augmented with BoNTA 

• Neuroplasiticity in CP, including evidence for neuroplasticity following interventions   

1.4.2  The Studies 

Chapters 3, 4, 5, 6, and 7 present five papers describing the research which addressed the aims 

and research questions outlined above. 

1.5 Significance of the research 

Although BoNTA is now a widely used pharmacological agent used to manage spasticity and 

augment therapies, there is still a need for more validated studies into the efficacy of this 

treatment approach (Fehlings et al., 2010; Hoare et al., 2010). Evidence is emerging that 

suggests therapy in combination with BoNTA produces the largest treatment effect of all upper 

limb interventions for children with hemiplegic type CP (Hoare et al., 2010; Lannin, 2006). 
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However there are still some underlying uncertainties regarding the optimal therapies that can 

be augmented with BoNTA (Fehlings et al., 2010).  Studies 1 and 2 add to the body of literature 

on the effect on BoNTA on improving upper limb function in children with CP. Since BoNTA is 

now routinely prescribed, it would be unethical to withdraw this treatment from this 

population. This research was undertaken when a control group who did not receive BoNTA 

could be ethically included in the research design. The studies therefore were able to be 

designed as randomly controlled trials, with a no BoNTA control group. The two studies were 

conducted in children of different ages, study 1 in 3-6 year olds, and study 2 in 7-16 year olds. 

Previous published studies combined much larger age ranges (Corry, Cosgrove, Walsh, 

McClean, & Graham, 1997; Friedman, Diamond, Johnston, & Daffner, 2000; Hurvitz, Conti, & 

Brown, 2003; Lowe, Novak, & Cusick, 2006; Rameckers, 2007; Rameckers, Speth, Duysens, 

Vles, & Smits-Engelsman, 2009; Roesblad, Andersson, & Pettersson, 2007; Russo et al., 2007; 

Speth, Leffers, Janssen-Potten, & Vles, 2005; Wallen, O'Flaherty, & Waugh, 2007b)making it 

difficult determine the effect of age on outcomes following  BoNTA augmented therapies. 

Much of the theorised effect of therapeutic input following brain lesions suggests that early 

intervention should be most beneficial, and that older age children and adults are less likely to 

benefit to the same level as younger children. It is generally recommended that the critical 

time for BoNTA therapy for the upper limb is within the first five years; however this 

recommendation is based on expert opinion as there is no evidence for the effectiveness 

based on age (Fehlings et al., 2010). The studies presented in this thesis will contribute to 

determining if there is a critical age period when BoNTA is likely to be more effective. 

The literature is replete with evidence of muscle changes in children with spasticity (Booth, 

Cortina-Borja, & Theologis, 2001; Foran, Steinman, Barash, Chambers, & Lieber, 2005; Gough 

& Shortland, 2012; Lieber, 2010; Lieber, Steinman, Barash, & Chambers, 2004; Stackhouse, 

Binder-Macleod, & Lee, 2005) and there is emerging concern of the effect of the weakening 

effect of  BoNTA on muscle structure in a group of children who already have compromised 

muscles (Gough, Fairhurst, & Shortland, 2005). The effectiveness of lower limb resistance 

training to improve strength in children with CP has been demonstrated (Damiano, Quinlivan, 

Owen, Shaffrey, & Abel, 2001; Dodd et al., 2002) with inconsistent findings in a concomitant 

improvement in function (Martin et al., 2010). Little attention has been given to the effect of 

upper limb resistance training on improving upper limb function.  A positive correlation 

between hand strength and functional ability of the upper limb in individuals with CP has been 

found, but upper limb function appears to be more likely to be associated with coordination 

(Arnould et al., 2007; Chiu et al., 2010). The movement science literature suggests that 

resistance training can improve neural drive and effect coordination (Carroll, Riek, & Carson, 
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2002). Investigation of resistance training to improve upper limb function in children with CP is 

therefore important for  two reasons: firstly the evidence suggests that it is coordination in 

combination with strength that has a greater influence on upper limb function (Chiu et al., 

2010) and secondly this approach addresses the weakness associated with inactivity in CP 

(Damiano, 2009; Shortland, 2009) whilst at the same time acknowledging the concerns of 

weakening that might be caused by the use of BoNTA (Gough et al., 2005). 

There is a need to establish evidence for theoretically derived approaches to therapy. Research 

into the activity dependent development of the corticomotor system suggests that therapy 

maximising the experience of movement is critical for children with motor disorders (Eyre, 

2004). This activity dependent plasticity has many implications for clinicians treating children 

with CP.  The presence of a brain lesion, as seen in children with CP, can lead to alterations of 

the ‘wiring’ of the brain and subsequent altered motor behaviour (Eyre, 2007). The 

interventions presented in this thesis are based on a clinical approach to management. This 

research hopes to establish (1) if this type of therapy, delivered at this intensity results in 

meaningful functional changes and (2) if this approach encourages appropriate movement and 

promotes neuroplastic changes from the lesioned corticospinal system. In this way, some 

evidence concerning the type and intensity of therapy for children with spastic type 

hemiplegia can be provided.  
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Chapter 2 Literature Review 

2.0  Introduction 

This chapter reviews the literature relevant to the definition and current methods of 

classification of CP and the evaluation and management of the upper limb in children with 

spastic hemiplegic CP. 

Essential to the consideration of treatment and its benefits is the International Classification of 

Function, Disability and Health (ICF).   This classification system provides a framework within 

which to assess the value to the individual with CP of the various treatments available, thus 

guiding the choice of management options.  Next, attention needs to be directed to the issue 

of the impairments of spasticity and muscle weakness and their relationship to function in 

children with CP, particularly in the upper limb. Together with this is the consideration of 

useful objective outcome measures that might provide the basis for evaluating the results of 

intervention approaches. 

A current approach to management of spasticity in children with CP is the use of botulinum 

neurotoxin type A (BoNTA). Its use in children with upper limb spasticity is systematically 

reviewed.  

Finally, the issues related to neuroplasticity in the immature CNS, any known influences of 

therapeutic interventions, with particular attention to those related to BoNTA use need to be 

addressed.  Within this context, the use of transcranial magnetic stimulation (TMS) to evaluate 

changes in neural function will also be examined. 

2.1  Cerebral Palsy (CP) 

This section explores the conditions included under the CP umbrella within the context of the 

international classification of Functioning, Disability and Health (ICF), (WHO, 2002) with a focus 

on the heterogeneity of the conditions and the effect of that heterogeneity on research 

practices and outcome measurement.   

2.1.1 Cerebral Palsy: Definition and Prevalence 

The term ‘cerebral palsy’ refers to a range of clinical symptoms resulting from lesions or 

abnormalities in the brain arising early in life.  The classic and most cited definition of CP 

(Morris, 2007) defines this condition as a disorder of movement and posture due to the defect 

or lesion of the developing brain (Bax, 1964). The prevalence of CP reported in developed 

countries is very similar and has remained stable over the last 30 years at 2.0-2.5 per 1000 live 

births (Blair & Watson, 2006; Cans, De-la-Cruz, & Mermet, 2008; Hagberg et al., 1996). CP 
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incorporates a wide variety of clinical presentations and the term ‘cerebral palsies’ is used to 

indicate the diversity and heterogeneity of the disorder (Stanley, Blair, & Alberman, 2000).  

The definitions of CP have undergone a number of modifications by neurologists and 

paediatricians over the years (Bax, 1964; Bax et al., 2005; Mutch, Alberman, Hagberg, Kodama, 

& Perat, 1992) with definitions consistently emphasising two main features. Firstly, CP is the 

result of a lesion, abnormality or malformation in the immature brain, which is non-

progressive; and secondly, CP results in a disorder of posture and movement which is 

permanent but not unchanging. Graham and Selber (2003) added a third feature, emphasising 

that CP results in progressive musculoskeletal pathology in most affected children. These 

authors felt it was important to emphasise that although the cerebral lesion is static, the 

musculoskeletal pathology is progressive. 

The following definition of CP was proposed by an executive committee in a report on the 

Definition and Classification of Cerebral Palsy, April 2006 in order to incorporate some of the 

concepts of the ICF: 

“Cerebral palsy (CP) describes a group of permanent disorders of the development of 
movement and posture, causing activity limitations that are attributed to non-
progressive disturbances that occurred in the developing fetal or infant brain. The 
motor disorders of cerebral palsy are often accompanied by disturbances of sensation, 
perception, cognition, communication, and behaviour, by epilepsy, and by secondary 
musculoskeletal problems.”  p.8 

This new definition considered not only the clinical manifestations of impaired movement and 

posture but acknowledged that other impairments may co-exist with the movement 

component and highlighted the heterogeneity of disorders covered by the term CP. The 

definition acknowledged too that the lesion to the brain can occur at any time during 

neurodevelopment. This is a significant contributor to the heterogeneity of the disorder of CP. 

This heterogeneity becomes an important factor to consider when evaluating interventions for 

people with CP, as it can be a significant confounder to outcomes following interventions.  

2.1.2 Classification of Cerebral Palsy 

The traditional approach to dealing with the variability of clinical presentation of CP has been 

to create classification systems. Accurate, reliable classification systems are required to 

categorise individuals with CP into like groups for several purposes. These include describing 

the nature and severity of the problem, tracking the incidence, prevalence and features of the 

condition (Blair & Stanley, 1997; Stanley et al., 2000), describing and evaluating the impact of 

the severity of the condition on function (Gorter, Rosenbaum, Hanna, Palisano, & et al., 2004), 
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assessing the impact of interventions without confounding by heterogeneity of initial condition 

and generalising research observations appropriately.  

2.1.2.1 Classification according to Topography 

Classification systems that consider the topographical distributional pattern of motor 

impairments in limbs and trunk, and the type of tone or movement disorder (e.g. spastic, 

dystonic, ataxic) are widely employed. The most common terms used to describe 

topographical distribution are hemiplegia (one side of the body is primarily involved), diplegia 

where both lower limbs are primarily involved and quadriplegia, whereby all four limbs are 

equally involved (Gorter, Rosenbaum, Hanna, Palisano, & et al., 2004), plus or minus 

involvement of the trunk, head and/or neck. These classical terms have proved problematic as 

existing definitions are variable and imprecise (Blair & Stanley, 1997; Love, 2007). The Western 

Australia Cerebral Palsy Register has attempted to define these terms operationally via 

numerous national conversations, and a national survey (Gibson et al., 2005). The meetings 

and survey identified that although hemiplegia, diplegia and quadriplegia are commonly used 

terms, the terms monoplegia and triplegia sometimes exist as separate entities or may be 

grouped with hemiplegia and quadriplegia respectively, depending on individual clinician 

preference, state register or individual training. Additionally, terms such as double hemiplegia, 

spastic tetraplegia and total body involvement were sometimes used to describe a child with 

four-limb involvement or with the upper limbs more involved than the lower limbs, and 

associated impairments were sometimes included in their definitions.  The outcome of the 

national meetings and conversations (Gibson, Love, & Blair, 2009b) and the survey (Gibson et 

al., 2005) identified that reliability could not be achieved whilst using these terms to classify 

CP, even when observers were experienced or had undergone special training. 

Due to the difficulties in obtaining agreement concerning a topographical classification of CP, 

the Surveillance of Cerebral Palsy in Europe (SCPE) group now uses a simplified topographical 

model of bilateral or unilateral distribution (Surveillance of Cerebral Palsy in Europe, 2000). 

Unfortunately, validity and reliability evaluations of this simplified method still show 

suboptimal inter-observer agreement (Gainsborough, Surman, Maestri, Colver, & Cans, 2008). 

In Australia, clinicians have reached a consensus to collect more detailed information about 

topographical distribution than that proposed by the SCPE and have moved away from 

defining the topographic distribution in words, instead using a recording sheet to note 

distributions of impairments in limb(s) trunk, head and neck (Figure 2.1)  (Gibson et al., 2005; 

Love, 2007). 
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2.1.2.2 Classification by Movement Disorder 

Classification of CP by movement disorder includes descriptions such as spastic, dyskinetic, 

ataxic, hypotonic and mixed. The classification by movement disorder usually is described 

alongside the extremities topographical description; for example, spastic hemiplegia describes 

the movement disorder of spasticity primarily affecting one side of the body. 

The motor disorders are generally grouped into ‘hypertonic’ or ‘hypotonic’.  The most common 

movement disorders described in CP are within the hypertonic group. The hypertonic group 

includes the movement disorders of spasticity and dystonia, which together account for nearly 

80% of CP (Watson et al., 2006). The distribution for types of motor disorders, Table 2.1, shows 

that the majority of persons with pre- or neonatally acquired CP exhibit spasticity as their 

primary movement impairment, with hemiplegic distribution in the majority. For post-

neonatally acquired CP (not shown in the table), spasticity accounts for a greater proportion of 

movement disorder at approximately 89% (Watson et al., 2006). 

The most frequently cited and widely accepted definition of spasticity is … 

“a motor disorder characterised by a velocity-dependent increase in tonic stretch 
reflexes (muscle tone) with exaggerated tendon jerks, resulting from hyperexcitability 
of the stretch reflex, as one component of the upper motor neuron syndrome.” (Lance, 
1980, p485).  

This definition from Lance makes two important distinctions.  Firstly it highlights the velocity 

dependent nature of the increased muscle tone; and secondly it highlights that spasticity is 

only one feature of an upper motor neuron syndrome (UMN) (Sanger, 2003). The term ‘upper 

motor neuron syndrome’ (UMN) is familiar to most people working in the field of neurology. It 

is used to describe the features that manifest due to a brain lesion. The UMN, spasticity and its 

clinical evaluation and management are discussed in more details in section 2.2. 
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Figure 2.1 Description of Cerebral Palsy Form for the Australian Cerebral Palsy Register 
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Table 2.1 Classification of CP by Predominant Type of Movement Disorder, excluding post-neonatally 

acquired CP (WA CP Register 1975-99, Watson et al.  2006)  

Hypertonic 

Spastic  Hemiplegia 35.6% 

Diplegia 33.7% 

Quadriplegia 7.9% 

All spastic 77.2% 

Dystonic 
12.5% 

Dyskinetic Athetoid 

Ataxia  8.9% 

Hypotonic 0.6% 

All Non Spastic 22.8% 

 

2.1.2.3 Classification by Function 

Classification of function used to employ the terms mild, moderate and severe which required 

individual judgement and lacked standardisation (Blair & Stanley, 1997). It is now 

recommended that motor ability be classified using objective functional scales. For gross 

motor function the Gross Motor Functional Classification Scale (GMFCS) is used (Palisano et al., 

1997) and for the upper limb the Manual Abilities Classification System (MACS) is used.  

Because this thesis is focussed on the upper limb, the MACS will be explained in more detail. 

The MACS provides an indication of how children with CP use their hands to handle objects in 

daily activities to give a broad view of an individual’s upper limb capabilities (Eliasson et al., 

2006) (Table 2.2). The focus is on manual ability primarily being dependent on upper limb 

function, but also influenced by environmental, personal, and contextual factors.  The purpose 

of the MACS is to classify an individual’s manual function at one point in time into one of 5 

broad categories and it therefore lacks the sensitivity required of an evaluative tool. The MACS 

has been shown to be a valid and reliable classification (Morris, Kurinczuk, Fitzpatrick, & 

Rosenbaum, 2006b) based on observing activities, and assigns a single “level” for the 

collaborative use of both hands when handling objects in daily life. The structure of the MACS 

was modelled so that the distinctions among the levels are clinically meaningful. The MACS 

enables researchers to match children according to the MACS level, so that clinicians can 

compare ‘like’ with initial like with some other upper limb evaluative tool.  The MACS provides 

a simple process of sorting people (reliably and consistently) into mutually exclusive and 

collectively exhaustive categories of manual ability. 
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Table 2.2 Description of Manual Ability Classification System (MACS) levels (Eliasson et al., 2006) 

Level Description 

Level 1 Handles objects easily and successfully. At most may have limitations 

in performing manual tasks requiring speed and accuracy. However, 

any limitations in manual abilities do not restrict independence in daily 

activities. 

Level II 

 

Handles most objects but with somewhat reduced quality and/or 

speed of achievement. Certain activities may be avoided or be 

achieved with some difficulty; alternative ways of performance might 

be used but manual abilities do not usually restrict independence in 

daily activities. 

Level III 

 

Handles objects with difficulty; needs help to prepare and/or modify 

activities. The performance is slow and achieved with limited success 

regarding quality and quantity. Activities are performed independently 

if they have been set up or adapted. 

Level IV 

 

Handles a limited selection of easily managed objects in adapted 

situations. Performs parts of activities with effort and with limited 

success. Requires continuous support and assistance and/or adapted 

equipment for even partial achievement of the activity. 

Level V Does not handle objects and has severely limited ability to perform 

even simple actions. Requires total assistance. 

aThe MACS instructions leaflet can be downloaded at www.macs.nu 

2.1.2.4 Cerebral Palsy and the International Classification of Functioning Disability 

and Health (ICF) 

Nearly all individuals with CP, regardless of motor type or topographical distribution are likely 

to require rehabilitation services, often throughout their lifespan. Greater dependence on 

rehabilitation services exists during early childhood and, as a consequence, the focus on 

assessing evidence for the efficacy of rehabilitation interventions in children with CP has 

increased (Damiano, 2009). The success of interventions is now benchmarked against the 

International Classification of Functioning, Disability and Health, by the World Health 

Organization (World Health Organization, 2001). It is now agreed that it is no longer sufficient 

for treatments only to reduce impairments at the level of body structure and functions but 

they must also demonstrate, at the very least, a change in the activity domain of the ICF 

(Damiano, 2009; Rosenbaum & Stewart, 2004).   
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The ICF is a considered framework that describes the inter-relationships and impact of a health 

condition (disorder or disease) on an individual’s life, including participation in society (World 

Health Organization, 2001). It defines components of health and some health-related aspects 

of well-being (such as education and occupation).  The domains contained in ICF, which are 

described from the perspective of the body, the individual, and society in three categories: (1) 

Body Functions and Structures (system level); and (2) Activities (personal level) and (3) 

Participation (person-environment interaction), as shown in Figure 2.2. It demonstrates the 

complexity of the interrelationships between the health condition (including any associated 

impairments) and the categories of function, activity and participation. At the same time, it 

regarded environmental and personal factors that influence an individual’s overall physical and 

mental health.   

The ICF is not a classification system specific to CP, all conditions and health states can be 

described within this framework. This framework for conceptualising health conditions 

provided an opportunity to integrate several perspectives about the impact of CP as a health 

condition by providing the structure within which to assess the relationships between an 

individual’s function, activities and participation.  

 

Figure 2.2 Interactions between components of the ICF (WHO, 2001) 

The ICF provides a framework for grouping other classification systems. For example, the 

MACS falls within the function domain, whereas classifications of movement disorder fall 

within the impairment domain.  

Since this publication (World Health Organization, 2001), it is common to model clinical and 

research practice in CP on this framework as it encourages  both biological and social 
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perspectives of disablement to be considered, thus representing more fully the impact of the 

health condition in question (Beckung & Hagberg, 2002; Rosenbaum & Stewart, 2004). The ICF 

enables outcome evaluations and treatment outcomes to be matched to particular aspects of 

the health condition.  The outcome assessments utilised in the studies in this thesis and their 

position within the ICF framework are represented in Figure 2.3 and are further discussed. 

 

Figure 2.3 Illustrations of the Assessments within the ICF Framework 
 

2.1.2.4.1 CP and body functions and structure  

The ICF defines body functions as the physiological functions of body systems (including 

psychological functions) and body structures as anatomical parts of the body such as organs, 

limbs and their components (World Health Organization, 2001). Impairments are defined as 

problems in body function or structure such as a significant deviation or loss (World Health 

Organization, 2001). The primary injury in CP is the injury to the brain which results in both 

primary and secondary impairments of body function. For example, the primary brain lesion 
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may result in an upper motor neuron syndrome (discussed further in section 2.2) characterised 

by impairments of spasticity, sensation, hyperreflexia, muscle weakness, loss of selective 

motor control and deficits in coordination and balance (Sanger et al., 2003). These primary 

body structural impairments (for example spasticity) can contribute to secondary body 

function impairments such as changes to muscle length and structure and bony abnormalities 

(Graham & Selber, 2003; Tedroff, Granath, Forssberg, & Haglund-Akerlind, 2009) and changes 

to corticospinal development (Basu et al., 2009; Eyre, 2007).  

The consequences of the central nervous system (CNS) deficit seen in CP affects the growing 

child in a number of ways and although the brain lesion is static, the secondary impairments 

can be progressive (Eyre, 2007; Graham & Selber, 2003; Tedroff et al., 2009). Eyre and 

colleagues (2007) have demonstrated secondary altered brain structure in individuals with CP 

whereby early diminished use of the upper limb as a consequence of the brain lesion resulted 

in secondary changes to the motor cortex and corticospinal projections (Eyre et al., 2007). 

These secondary impairments of brain structure produce deficits in upper limb activity in 

children with CP (Holmefur et al., 2010; Holmström et al., 2010; Sakzewski et al., 2010). These 

secondary effects on brain development are discussed in more detail in section 2.6 of this 

Chapter. 

One of the major body structural impairments secondary to spasticity that is relevant to 

physiotherapy is the development of contracture.  Tedroff and colleagues (2009) have 

demonstrated that despite using BoNTA to manage the spasticity, contracture of the spastic 

muscles still develops (Tedroff et al., 2009). Spasticity is one of the most common impairments 

reported in CP and is further discussed in section 2.2.1 of this chapter. 

Muscle weakness is also a commonly reported impairment in CP, with evidence that it may 

have a greater impact on function than spasticity. Though previously considered a secondary 

impairment, muscle weakness in CP is now considered a primary impairment (Ross & 

Engsberg, 2002). The relationship of muscle weakness to CP is discussed further in section 2.4 

of this Chapter. 

2.1.2.4.2 CP and activities and participation  

Activity is the execution of a task or action by an individual and participation is involvement in 

a life situation (World Health Organization, 2001). Activity limitations are difficulties an 

individual may have in executing activities while participation restrictions are problems an 

individual may experience in becoming involved in life situations (World Health Organization, 

2001). Activity is often described as what the individual ‘can do’ and participation as what the 

individual ‘does do’ (Rosenbaum & Stewart, 2004). The ICF model was important in 
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encouraging the clinician and researcher to expand their thinking beyond impairment, and 

place equal importance to promoting functional activity and participation (Rosenbaum & 

Stewart, 2004). 

Measures of Activity 
Assessments that objectively quantify and measure the impact of CP on activities are required. 

Two scales that frequently have been used in intervention studies to measure the upper limb 

ability in the child with CP are the Quality of Upper Extremity Skills TEST (QUEST) (DeMatteo et 

al., 1992) and the Melbourne Assessment of Unilateral Upper Limb Function (Melbourne 

Assessment) (Randall, Johnson, & Reddidough, 1999). The QUEST is an objective standardised 

measure for use in children with CP for evaluating the quality of upper limb function in 

children across four domains: dissociated movement; grasp; protective extension; and weight 

bearing. It is a criterion referenced test that has been validated in children aged 18 months to 

eight years of age. Scores are calculated as percentages with a maximum score of 100. The 

QUEST was designed with minimal developmental sequencing so that the scoring reflects the 

severity of the disability rather than age. It has good inter-rater and test re- test reliability 

(DeMatteo et al., 1992; Klingels et al., 2008). The smallest detectable difference (SDD) for the 

total QUEST score has been determined to be 7.1% indicating that two assessments of the 

same child should differ at least by 7.1% before a true change in function can be inferred 

(Klingels et al., 2008). The QUEST has been used in upper limb BoNTA research in children with 

CP and demonstrated functional change in the treatment group (Fehlings, Rang, Glazier, & 

Steele, 2000; Lowe et al., 2006; Russo et al., 2007).  

The Melbourne Assessment was designed to measure unilateral upper limb function of a 

neurologically impaired upper limb in children aged 5 to 15 years. It too has good intra- and 

inter-tester reliability (Cusick, Vasquez, Knowles, & Wallen, 2005; Klingels et al., 2008; Randall, 

Carlin, Chondros, & Reddihough, 2001) and has been used in intervention studies (Rameckers 

et al., 2009; Speth et al., 2005; Wallen et al., 2007b). The smallest detectable difference for the 

Melbourne is higher at 8.9% (Klingels et al., 2008). The age group covered by each scale differs, 

but overlap for the 5 to 8 year old age range. There is good correlation the QUEST and 

Melbourne Assessment within this age range (Klingels et al., 2008).  

There are contradictory views with respect to whether the Melbourne Assessment and QUEST 

belong within the body structures and function domain or the acticity domain of the ICF 

(Hoare, Imms, Randall, & Carey 2011; Gilmore, Rose, Sakzewski, & Boyd, 2009). Both the 

Melbourne Assessment and QUEST contain items that when calssified using the ICF-CY fall 

both within the body structure and function domain and activity domain (Hoare et al., 2011; 

Gilmore et al., 2009) with a recent evaluation of the linking of these assessments to the ICF 
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suggesting they fit more within the body structures and function domain (Hoare et al., 2011). 

For the purposes of this thesis, the Melbourne assessment and QUEST are listed within both 

these domains of the ICF (Figure 2.3) acknowledging that the assessments evaluate aspects of 

both body structure and function and activity capacity. 

Children with limitations of movement and movement control may not follow normal 

developmental patterns of functional attainment, and may develop unusual motor skills to 

achieve functions that they cannot otherwise achieve. Achievement of such functions will not be 

measured with standardised measures of functional attainment such as the QUEST or Melbourne 

Assessment. Achievement of such skills can be responsible for subjects and carers reporting 

positive functional change without corresponding changes being observed in these clinical 

measures of motor function. The inclusion of the Goal Attainment Scale (GAS) (Kiresuk & 

Sherman, 1968) aims to provide a more individualised and sensitive measure of progress in such 

individualised skills. The GAS has recently been used in a number of studies evaluating the effect 

of BoNTA and therapy in upper limb function (Lowe et al., 2006; Olesch, Greaves, Imms, Reid, & 

Graham, 2010; Russo et al., 2007; Wallen et al., 2007b). The inclusion of the GAS may provide the 

tool to overcome the apparent disagreement seen between current objective measures of 

change and subjective reports of functional change.  

The GAS provides an criterion referenced measure of progress over time towards previously 

defined individualised goals. A goal attainment guide is developed for each subject, based on 

expected and desired performance. At each assessment point the progress towards each goal 

can be scored on a 5 point scale from most unfavourable outcome (or worse than expected), 

to expected outcome, to most favourable outcome (or better than expected) using pre-

determined criteria. The procedure involves: (a) defining a unique set of goals for each child; 

(b) specifying a range of possible outcomes for each goal (on a scale recommended to contain 

five levels, from -2 to +2); and (c) using the scale to evaluate the child’s functional change after 

a specified intervention period. As has been used in the studies in tis thesis, a score of -2 

represents the child’s baseline level before intervention, -1 represents improvement that is 

less than the expected level of attainment after intervention, 0 represents the expected level 

of attainment after intervention, and +1 and +2 represent levels of attainment that exceed 

expectations but represent outcomes that the child is thought to be capable of achieving 

under favourable conditions. A formula has been developed by Kiresuk, Smith and Cardillo 

(1994) to integrate several goal outcomes and produce a measure in the form of a weighted T-

score, in which each goal is weighted and an average correlation is corrected. The mean of a 

large series of T scores would be expected to converge to 50 (SD 10), where 50 represents 
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expected attainment, so a score of 50 or more indicates attained goals (Kiresuk, Smith, & 

Cardillo, 1994).  

The GAS instrument can be used at any level of the ICF depending on how the goals for 

measurement within each scale are defined. For example, a goal based on improvement of 

muscle length reflects a change in the body structures and function domain, whereas a goal 

defined by achievement of a function task, such as being able to tie up hair, would be classified 

under the activity domain. 

The advantages and disadvantages of using GAS have been outlined in many articles (Cusick, 

McIntyre, Novak, Lannin, & Lowe, 2006; Ottenbacher & Cusick, 1993; Steenbeek, Ketelaar, 

Galama, & Gorter, 2007). A primary strength of GAS is its ability to measure change in 

individualised performance, whereas most standardised measures are based on norms for 

typically developing children. GAS is criterion-referenced, rather than norm-referenced, 

making it potentially responsive to small changes that are perceived by children, families, and 

teachers as important for daily function. GAS may be particularly useful for children with low 

upper limb functioning, since standardised measures may not be sensitive to the small but 

meaningful changes targeted for these individuals. There are relatively few standardised 

measures addressing functional outcomes that are appropriate for children with CP within a 

context of their participation in environment or school, particularly with respect to upper limb 

function. Standardised assessments of function are often designed to measure a broad range 

of abilities. Some of these may not reflect therapy goals and not be relevant to a particular 

child. GAS also has the advantages of clinical utility, relevance, client involvement, and 

acceptability (King, McDougall, Palisano, Gritzan, & Tucker, 2000).  

Criticism of the GAS arises from questions regarding its validity and reliability (Steenbeek et al., 

2007). One of the main criticisms of the use of GAS in a treatment evaluation study is the 

potential biases in goal scaling and rating which can affect its validity (King et al., 2000). 

Unintentional bias can occur in goal scaling (so goals are overly easy to attain) or in goal rating 

(indicating that children make greater improvements than in fact occur). Reliability and validity 

can be improved, however, by comprehensive training of raters, adequate definitions of the 

levels of goal attainment, and the use of multiple raters (Kiresuk et al., 1994) and blinding the 

person scaling or rating the goals to the intervention arm.  Validity of the GAS is dependent on 

the skills of the therapist to select realistic goals and anticipate outcomes following specific 

interventions. King (2000) also suggests that collaborative goal setting determined by multiple 

individuals and the family who are knowledgeable about the child’s treatment helps to 

minimise bias and improve validity by ensuring that therapy goals are meaningful to the child 
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and family and not simply goals set by a therapist who is certain of the attainment of the goals 

(King et al., 2000).  

Another measure of activity is the Canadian Occupational Performance Measure (COPM) (Law 

et al., 1998). The COPM is considered primarily an activities measure but also potentially a 

participation measure in the literature (Gilmore et al., 2009). In this thesis the COPM was used 

primarily to assess participation and is discussed in this contect in the Measures of 

Participation sub section below. 

The QUEST, Melbourne Assessment and GAS provide measures of upper limb movement 

quality and function of the child with CP, yet they are based on subjective observational 

analysis.  A further focus of this thesis was to investigate more objective assessments of upper 

limb functional movement in children with CP, as measured by three dimensional (3D) 

kinematics and in particular the calculated movement substructures that are able to quantify   

movement performance and aspects of motor planning.  The objective evaluation of reaching 

using 3D movement analyses and the calculated movement substructures correspond with 

‘the body structures and function’, as well as the ‘activities’ domains of the ICF. The 

quantification of reaching task defines what the child ‘can do’ whereas the calculated 

movement sub-structures defines the impairments or limitations in body functions affecting 

the reaching activity 

The use of 3D motion analysis offers an objective method for quantifying movement and is 

considered the gold standard for evaluating gait function in children with CP (Gage & 

Novacheck, 2001). Few researchers have utilised movement analysis to characterise upper 

limb movements in children with CP for the following reason. In contrast to lower limb 

function, which is dominated by gait, a cyclical movement, upper limb functions are much 

more varied and complex and very rarely cyclical (Mackey, Walt, & Stott, 2006). There is no 

accepted standardised evaluation protocol for motion analysis of the upper limb (Jaspers et al., 

2011).  As a result its use in treatment evaluation or treatment planning is not common. The 

use and potential benefits of 3D upper limb motion analyses is discussed further in section 2.5 

of this chapter. 

Measures of Participation in CP 
Recognising that the life situations as defined in the ICF were generally described for adults 

with little recognition of developmental issues for children and youth, the WHO published an 

ICF  Version for Children and Youth (WHO, 2004).  

Restriction of participation in children with CP compared with their age matched peers has 

been identified (Imms, Reilly, Carlin, & Dodd, 2008). It is recognised that determinants of 
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participation are quite complex and include age, gender, activity limitations, family 

preferences and coping, motivation, and environmental resources and supports.  Whilst an 

association between gross motor function and participation restriction has been identified 

(Imms et al., 2008; Morris et al., 2006a; Ostensjo, Brogren-Carlberg, & Vollestad, 2003; 

Shikako-Thomas, Majnemer, Law, & Lach, 2008), the influence of fine motor ability and upper 

limb function on participation has been comparatively poorly explored in the literature.   

There are relatively few child or family instruments appropriate for measuring children’s 

participation as defined in the ICF version for children and youth (Morris, Kurinczuk, & 

Fitzpatrick, 2005).  A review of instruments to measure participation in children has indicated 

that the Assessment for Life Habits in Children Questionnaire (LIFE-H)  provides the most 

complete coverage of  the content of the ICF (Morris et al., 2005).  

 The LIFE-H is a generic children’s version derived from an original adult instrument 

(Fougeyrollas et al., 1998). It is used for children aged 5–13 years.  It is a questionnaire 

focussing on activities and participation and quality of life including aspects of nutrition, 

fitness, personal care, communication, housing, mobility, responsibilities, interpersonal 

relationships, community life, education and recreation. The LIFE-H determines a scores from 0 

to 10 where higher scores represent greater disruption to life.  The LIFE-H has been adapted 

and tested for content and construct validity in children with a variety of disabilities, including 

CP and found it has been found to be appropriate for describing participation in children with  

disabilities (Noreau et al., 2007). Subsequently, levels of participation in children with CP has 

been measured using the LIFE-H  (van Meeteren, Roebroeck, Celen, Donkervoort, & Stam, 

2008) . 

The COPM can be used to measure participation (Law et al., 1998). The LIFE-H is a generic 

measure of participation and may not be sensitive to change following specific interventions, 

whereas the COPM can be structured to be more specific to determine the effect of 

interventions on particular aspects of activities and participation for individuals that are likely 

to be altered as a consequence of the intervention. 

The COPM is designed to measure self perception of performance in and satisfaction with self 

care, productivity and leisure over time. The COPM can be utilised to measure the degree to 

which clinically observed functional change translates into change in participation in the home 

and school environments.  The COPM is administered via a semi-structured interview which 

enables the client to identify difficulties with specific tasks in occupational performance. Each 

task is then rated on its importance to the client's life, on a scale of 1 (not important at all) to 

10 (extremely important). Each of the five most important tasks are then rated further by the 
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client on similar scales, this time for performance from 1 (not at all able) to 10 (able to perform 

extremely well), and satisfaction with performance from 1 (not at all satisfied) to 10 (extremely 

satisfied). Mean performance score and mean satisfaction score are obtained by adding 

together the scores on each of the tasks and dividing by the number of tasks, giving mean 

scores between 1 and 10. These mean scores should be used as they have been shown to have 

moderate inter- rater agreement (Eyssen, Beelen, Dedding, Cardol, & Dekker, 2005), whereas 

agreement for individual tasks is poor, particularly if different assessors are used.   

The COPM is frequently completed as an initial assessment for goal setting and treatment 

planning. If repeated after an intervention it provides a valid and reliable outcome measure 

showing the client's evaluation of change in his or her performance and satisfaction (Law et al., 

1998). A change of two or more points between the pre-intervention and post-intervention 

scores is considered clinically significant (Law et al., 1998).  It has been used in evaluating 

interventions for children with CP (Cusick, Lannin, & Lowe, 2007; Sakzewski et al., 2011) 

including BoNTA (Lowe et al., 2006; Russo et al., 2007; Wallen, O'Flaherty, & Waugh, 2007a).   

Cusick et al., (2007) adapted the COPM for use with very young children by deleting 

‘paid/unpaid work and household management categories’ and having parents act as proxies 

to rate child performance and their own satisfaction. Responsiveness was rated by comparing 

pre-post intervention scores with those obtained with GAS. This modified COPM showed high 

internal consistency suggesting that it is a robust clinical assessment of participation for young 

children when the parent is used as proxy (Cusick et al., 2007).  

Participation (measured with LIFE-H) was found to be associated with upper limb function 

whether assessed clinically (Melbourne assessment) or by the family (Abilhands) in 107 young 

adults aged 16-20 years with a broad range of CP types (van Meeteren et al., 2008). Thus, 

improving upper limb function may increase participation of the young person with CP.  

2.2 Hypertonia in CP 

 The consequence of the CNS lesion which leads to CP affects the growing child in many ways. 

This section defines hypertonia in the context of the UMN syndrome and then deals 

specifically with spasticity as one feature of the UMN syndrome. The neurophysiology of 

spasticity, its identification, quantification and consequences for the child with CP are then 

examined. 

When a brain lesion occurs, the signs and symptoms that typically manifest as a result of the 

lesion are termed “UMN Syndrome” (Sheean, 2002; Sheean & McGuire, 2009). The signs and 

symptoms are categorised as either positive features or negative features. Positive features 
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are characterised by increased muscle activity.  Negative features indicate a loss of or 

reduction in normal abilities. Table 2.3 lists some of the key positive and negative features of 

UMN lesions (Sanger, 2003; Sanger et al., 2006; Sanger et al., 2003; Sheean, 2002).   

Table 2.4 Characteristics of the UMN syndrome 

Negative Signs Positive Signs 

Muscle weakness Spasticity 

Impaired coordination Dystonia 

Bradykinesia Rigidity 

Impaired motor control Chorea 

Fatigue Athetosis 

Hypotonia Clonus 

 

During the resting state, normally innervated muscles maintain a level degree of tension 

keeping them primed for reflexive or voluntary movement (Lieber, 2010).  Thus when the 

muscle is passively stretched a certain level of resistance is encountered. Clinically, this 

resistance to passive movement is defined as muscle tone (Iyer, Mitz, & Winstein, 1999). This 

resistance is not under conscious or voluntary control and is dependent on the particular 

muscle fibre types and connective cellular matrix (Lieber, 2010) and the stretch reflex (Iyer et 

al., 1999). It is important to note that the definition of muscle tone does not include the 

contribution to that resistance from joint, ligaments or skeletal muscle contracture.  

Abnormalities of tone result from a lesion to the CNS and the presence of abnormally 

occurring muscle tone is central to identifying the cerebral palsies. The hypertonia associated 

with a CNS lesion in CP may result from abnormal physical properties of the muscles and soft 

tissues (Lieber et al., 2004) and/or from a direct neurological component. Hypertonia is 

defined further into the subtypes of spasticity, dystonia and rigidity (Sanger et al., 2003). 

Hypertonia (increased resistance to passive movement of a joint) has been attributed to an 

increase in velocity dependent stretch reflexes which forms part of the definition of spasticity. 

However, it is important to note that the two terms hypertonia and spasticity should not be 

used interchangeably (Gracies, 2005; Ivanhoe & Reistetter, 2004). Hypertonia includes other 

sources of resistance in addition to those induced by stretch (for example, dystonia) as well as 

the contribution of non-neurological components (Gracies, 2005; Ivanhoe & Reistetter, 2004).   

As previously stated, the most frequently observed sub-type of neurological hypertonia seen in 

CP is spasticity (with over two thirds of persons with CP reported to have spasticity as a 

primary impairment), followed by dystonia (Watson et al., 2006) with rigidity very seldom 
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reported (Sanger, 2012). Because of the prevalence of spasticity in CP and the focus of 

spasticity management in this thesis, this will be discussed further.  

2.2.1 Spasticity in CP 

The Taskforce on Childhood Motor Disorders (Sanger et al., 2003) defines spasticity as a 

subtype of hypertonia with velocity dependent muscular resistance in which one or both of the 

following signs are present: 

1) resistance to externally imposed movement increases with increasing speed of stretch 
and varies with the direction of joint movement; and/or  

2) resistance to externally imposed movement rises rapidly above a threshold speed or 
joint angle  (Sanger et al., 2003 page e91) 

The mechanism of spasticity involves a complex interaction between brain, spinal cord and 

even muscle, but remains incompletely understood despite many years of research (Ivanhoe & 

Reistetter, 2004; Lieber et al., 2004; Sanger, 2003).  

2.2.1.1 The neurophysiology of spasticity 

The clinical symptom of the velocity dependent increase in muscle tone observed in spasticity 

is assumed to be caused by increased stretch reflex sensitivity as a result of the CNS lesion 

compromising inhibition from the descending control of the motor pathways. The upper motor 

neurons of the descending tracts synapse on the anterior horn of the spinal cord, thus exerting 

influence on the lower motor neuron. Descending pathways may be either pyramidal (descend 

through the medullary pyramids) or extrapyramidal and either inhibitory or excitatory. 

The lesion responsible for spasticity may occur anywhere along the path of the corticospinal 

(pyramidal) tracts (Ivanhoe & Reistetter, 2004), which may include the cortex, basal ganglia, 

thalamus, cerebellum, brainstem, central white matter, or spinal cord (Ivanhoe & Reistetter, 

2004). The corticospinal tract has a direct excitatory input to the lower motor neuron via the 

anterior horn cell of the spinal cord. (Figure 2.4) 

The extrapyramidal descending motor pathways originate in the brain stem and influence the 

excitability of the anterior horn cell through spinal reflex pathways (Sheean & McGuire, 2009). 

These include the medial reticulospinal tract (which is mostly excitatory) and lateral 

vestibulospinal tract (mainly excitatory) and the dorsal reticulospinal tract that is mainly 

inhibitory. The dorsal reticulospinal tract receives facilitatory input from the cortex via 

corticoreticular fibres, whereas the excitatory pathways do not (Sheean & McGuire, 2009).   

Animal studies have suggested that pyramidal sectioning alone does not manifest as spasticity 

(Sheean, 2002) and it has been suggested that spasticity is probably more related to damage 
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to nonpyramidal or extrapyramidal motor pathways of brain stem origin than to the pyramidal 

tracts (Sheean & McGuire, 2009). The extrapyramidal pathways run alongside the corticospinal 

pathways to the cerebral peduncles at which they separate in the internal capsule, with the 

corticospinal tracts passing more posteriorly. The dorsal reticulospinal tract runs parallel and 

close to the corticospinal tract so both are usually simultaneously affected by the same lesion 

(Sheean & McGuire, 2009). Because the dorsal reticulospinal tract is mainly inhibitory, lesions 

of the cortex or internal capsule influence this tract and decrease the inhibitory input to the 

anterior motor horn cell of the spinal cord. The more excitatory extrapyramidal tracts of the 

medial reticulospinal tract and vestibulospinal tract, which are not under cortical control, 

therefore have relative increased excitation of the anterior motor horn cell of the spinal cord 

(Figure 2.4).  

A number of local circuits within the spinal cord regulate the coordinated action of muscle 

through its connection to the spinal cord dorsal ventral root. The simplest of these is the 

stretch reflex (Figure 2.5).  

The stretch reflex is a known phenomenon and has been described in many key neuroscience 

texts (Iyer et al., 1999; Jones, 1999; Kingsley, 1996). Within the spinal cord, the anterior motor 

horn cells give rise to two types of motor neurons, alpha and gamma.  The alpha motor 

neurons innervate skeletal muscles whereas the smaller gamma motor neurons innervate the 

intrafusal fibres of the muscle spindle to maintain stretch-sensitivity of the muscle spindle. The 

muscle spindles are a sensory apparatus and are intertwined in groups of intrafusal muscle 

fibres, which attach to the extrafusal skeletal muscle fibres. They are sensitive to changes in 

the length and rate of change of length of the muscle.  They generate no detectable tension in 

the muscle but their contraction increases the firing of the sensory inflow to the spinal cord 

(Jones, 1999).  

Because a single axon of the alpha branches to innervate many muscle fibres distributed over a 

wide area within the same muscle, an action potential in the neuron leads to the synchronised 

firing of a group of fibres in that muscle it innervates. The alpha motor neuron and the fibres it 

innervates, collectively are known as the motor unit and the larger the force generated by a 

muscle, the more motor units are recruited (Iyer et al., 1999). 
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Figure 2.4 Supraspinal influence on spasticity 
++ represents excitatory influence;- - represents inhibitory influence  
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Figure 2.5 Typical arrangements of the muscle, muscle spindle and GTO afferent and efferent neurons 
within the spinal cord circuitry.  
The muscle spindle apparatus is within the extrafusal fibre. The monosynaptic stretch reflex is 
represented by the maroon lines.  The interneurons are not represented in this figure. 

 

As the name implies, the muscle stretch reflex is invoked by rapidly stretching a muscle. This 

stimulates the muscle spindle causing an increase in the firing of Ia sensory afferents that 

synapse on the alpha motor neurons in the anterior horn cells innervating the homonymous 

muscle from which it originated, causing it to contract. The Ia afferents also form excitatory 

synapses with a second group of interneurons which in turn make inhibitory synapses with 

alpha motor neurons innervating antagonist muscles. The Ia afferents also synapse on another 

type of interneurons that receive additional input from supraspinal sources, Figure 2.6. 

Group II afferents from secondary muscle spindles also synapse in the spinal cord and 

influence alpha motor neuron activity. These are less influenced by rapid stretch having 

minimal influence with respect to the muscle stretch reflex. Group II afferents terminate on 

alpha motor neurons like the Ia fibres but their influence is less pervasive (only about 50% of 

the homonymous muscle as opposed to 80% of the Ia) (Kingsley, 1996). Group II afferents also 

excite interneurons in the spinal cord. There are two parallel sets of interneurons, one excites 

flexors and inhibits extensors, and the other inhibits flexors and excites extensors (Kingsley, 

1996). These two parallel pathways are under supraspinal influence such that the group II 

activity can facilitate either flexors or extensors depending on the nature of the supraspinal 

influences. Descending systems can affect one of the parallel pathways in preference to the 

other, thereby regulating the effect of group II excitation.  
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Figure 2.6 Schematic representation of interneurons, inhibitory pathways and reciprocal inhibition.  
Inhibitory mechanisms are in maroon. 
 

The Golgi tendon organs (GTO), together with the muscle spindles facilitate muscle control and 

contraction and therefore muscle tone (Ivanhoe & Reistetter, 2004). Primary afferents from 

the Golgi tendon organ (Ib) make excitatory synapse on interneurons in the spinal cord that 

subsequently inhibit homonymous and synergist alpha motor neurons, whilst facilitating the 

antagonists. In normally innervated muscles, the Golgi tendon organs are important in 

regulating tension (Kingsley, 1996). The Ib afferents from the Golgi tendon organ are attached 

to only a limited number of muscle fibres. The Ib afferents will only inhibit the motor units that 

are under tension and are attached to that Golgi tendon organ, so that the motor units most 

under tension will relax slightly, resulting in a more even distribution of tension within the 
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muscle. Therefore, the primary role of the Ib inhibition is to regulate alpha motor excitability 

to evenly distribute tension among the motor units (Kingsley, 1996). Information from the 

Golgi tendon organ and muscle spindles is transmitted to higher centres of the brain via the 

spinocerebellar pathways.  

There is controversy surrounding this notion of the role of the reflex arc in spasticity (Sheean & 

McGuire, 2009). It has been suggestion that spasticity arises from a reduction in the threshold 

of the stretch reflexes of the muscle as a result of changes in the passive mechanical properties 

of muscle but this is now generally rejected as a pathophysiological mechanism (Ivanhoe & 

Reistetter, 2004). Others have shown that spasticity arises from a pathological increase in 

stretch reflex activity (Thilmann, Fellows, & Garms, 1991), which is increased at the onset of 

spasticity, but that increase in sensitivity of the stretch reflex decreases when spasticity is 

established for a year or more. It is more likely that spasticity is the result of disruption to the 

descending inhibitory supraspinal pathways resulting in a relatively excitable stretch reflex arc.  

In spastic hypertonia, the reflex arc described above is intact, as reflexes are present. The 

spasticity of the muscle is thought to occur from impaired or distorted supraspinal suppression 

of muscle over activity as a result of lesion disrupting the balance between supra spinal 

excitatory and inhibitory inputs to the spinal cord (Ivanhoe & Reistetter, 2004).  The 

interneurons within the spinal cord are highly excitable and under the influence of the 

corticospinal tract (Kingsley, 1996).  The main inhibitory pathway to the spinal cord is the 

dorsal reticulospinal pathway with additional   inhibitory influences on the spinal cord coming 

from the brainstem (Ivanhoe & Reistetter, 2004; Sheean & McGuire, 2009).  The evidence 

suggests that it is the disruption of the inhibitory pathways of the dorsal reticulospinal and 

resultant increased excitation from corticospinal tracts on the spinal cord that results in the 

presentation of spasticity (Sheean, 2002). This finding that spasticity is due to relative 

excitability of the stretch reflex is in keeping with Lance’s definition of spasticity - the reflex 

gain perhaps contributing to the velocity-dependence.  

2.2.1.2 Consequences of spasticity on the developing child 

2.2.1.2.1 Development of contracture and bony deformity 

Although spasticity has a central neural origin, many therapy treatments are directed at the 

periphery and skeletal muscles. This is because of the devastating effect of spasticity on 

muscle, causing contracture and secondary bony deformities. During growth and in response 

to changes in muscle activity and stretch, the functional length of normally innervated muscle 

is adjusted by the addition of sarcomeres in series (Lieber, 2010). When movement is 

restricted such that the muscle is not functionally used throughout its full length, as happens in 
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spasticity, adaptations within the muscle result in contracture (Foran et al., 2005; Lieber et al., 

2004; Pontén, Gantelius, & Lieber, 2007). There is also a direct effect of spasticity on muscle 

architecture with the development of shortened muscle fascicle lengths with fewer, but 

somewhat longer sarcomeres in series compared with normally innervated muscles (Foran et 

al., 2005; Lieber, 2010; Lieber et al., 2004). This alters the normal length-tension relationship 

of muscle. The shorter muscle fascicles have a reduced range through which they can develop 

force and power, a reduced maximum shortening speed, and a reduced length at which they 

develop passive forces (Foran et al., 2005; Lieber & Fridén, 2000; Lieber & Fridén, 2002; Lieber 

et al., 2004). This results in the optimal muscle tension occurring at shorter lengths of the 

muscle that compounds the potential functional strength at the longer lengths of muscle (Reid 

et al., 2010). 

As well as changes to the contractile components of the muscle, changes to the extracellular 

matrix have also been found in children with spasticity (Booth et al., 2001; Fridén & Lieber, 

2003). In normal muscle, collagen is highly organised around fascicles or groups of myofibres 

(the perimysium) and around individual myofibres (the endomysium). Both the perimysium 

and the endomysium play important roles in force production and muscle stiffness. Booth et 

al. (2001) found increased collagen content in spastic muscle in children with CP which was 

highly correlated to clinical measures of spasticity measured using the MAS.  Fridén and Lieber 

(2003) have shown that the extracellular matrix in spastic muscle is altered and 

‘hypertrophied’ compared with normally innervated muscle making spastic muscle inherently 

stiffer (Fridén & Lieber, 2003).  The changes to muscle fibre sarcomeres and the extracellular 

matrix, as a result of spasticity, contribute to the development of contractures (Lieber, 2010) 

and probably the secondary bony deformity abnormalities.  

Joint contractures usually refer to a fixed or loss of joint mobility originating from soft tissue or 

articular components (Wilton, 2003). A correlation between upper limb spasticity and 

contracture has been identified in adults with hemiplegic CP (Chiu et al., 2010). Contracture 

and deformity may evolve over time (Pontén et al., 2007; Wilton, 2003) and it appears from 

studies published on surgery for hand and upper limb deformity in children with CP, that it is 

those children with most spasticity that are more likely to develop contracture and bony 

deformity (Horstmann, Hosalkar, & Keenan, 2009; House, Gwathmey, & Fidler, 1981; Pontén 

et al., 2007; Zancolli & Zancolli, 1981).  Zancolli and Zancolli (1981) described a classification of 

deformities of the wrist and fingers secondary to spasticity, with House et al. (1981) describing 

four patterns of thumb deformity secondary to spasticity.  Wilton (2003) built on these 

classifications, describing five patterns of hand deformity seen in children with CP and 
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identifying the key contributions to each pattern of muscle spasticity and the limited joint 

movement due to the unopposed spastic muscle. 

There is another effect of the cascade of events resulting from secondary musculoskeletal 

changes imposed by spasticity, contracture and deformity, and that is pain. A review of the 

problems for which adults with CP seek orthopaedic intervention showed that 42% of adults 

with CP presenting to an orthopaedic service required upper extremity surgery to correct 

contractures and/or arthrodesis to manage painful wrist deformities (Horstmann et al., 2009).  

The sum of the detrimental impacts of spasticity highlights the need to prevent its effects on 

muscle architecture.  Whilst the biomechanical changes in muscle are the sequelae of the 

neurogenic abnormalities, they are not the neurogenic abnormality itself. It is becoming clear 

that management of spasticity is important to facilitate growth and to prevent and /or manage 

contracture, particularly in the growing child. Additionally, appropriate therapeutic measures 

are needed to restore functional muscle lengths by adding sarcomeres in series allowing the 

muscle to be positioned closer to optimal length for force production, rather than just 

stretching the fibres that inhibits the muscle functional ability.  

2.2.1.2.2 Relationship of spasticity to function 

It has traditionally been assumed that spasticity was the major contributor to decreased upper 

limb function; however awareness is growing that other impairments, such as muscle 

weakness, impaired sensation, in-coordination and deformity, may have a major effect on 

functional ability.   An electronic search of databases (MEDLINE, CINAHL, PUBMed, Cochrane 

and PEDro) from 1950 to August 2012 was conducted through the Child and Adolescent Health 

Service of WA library website (http://library.cahs.health.wa.gov.au/) using key words spasticity 

or impairment and upper limb function or upper extremity function or hand function and 

cerebral palsy. This search identified 39 references, with only one investigating the direct 

relationship between spasticity and function (Chiu et al., 2010). The remainder were either 

reviews or investigations of the relationship of other impairments to function or the effect of 

botulinum neurotoxin to manage upper limb spasticity to improve function in CP.   

Chiu et al. (2010) measured the relationship between four impairments (spasticity, strength, 

coordination and contracture) to upper limb function in adults with CP aged 15 to 47 years old. 

Spasticity was recorded using instrumented techniques. All impairments studied, had a direct 

relationship with upper limb function. They reported a negative and significant correlation 

between spasticity and upper limb function (i.e., those subjects with greatest spasticity, 

performed more poorly on the functional assessment) and this relationship was also 

substantiated for participation (Chiu et al., 2010).    
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2.2.2 Measurement of Spasticity 

The indications for treating spasticity are when it is causing pain and/or interferes with active 

or passive functioning. Adequate treatment of spasticity requires both an accurate ability to 

differentiate it from other components of hypertonia and a clinically meaningful evaluation of 

its impact on the individual disability. In clinical practice, the identification and quantification 

of spasticity still mainly relies on an examination of the resistance to passive muscle stretch. 

Two of the most commonly utilised clinical measurements of spasticity are the Modified 

Tardieu (MT) (Boyd & Graham, 1999), and the Modified Ashworth Scale (MAS) (Bohannon & 

Smith, 1987). Both these scales rely on the clinical examiner’s detection of a sudden increase 

in resistance felt during fast passive movement.  The rationale is that this sudden movement 

evokes the stretch reflex, resulting in a contraction of that muscle and complies with Lance’s 

definition of spasticity (see section 2.1.2.2). There have been questions as to whether the 

resistance felt is truly a result of a velocity dependent catch related to the neurological activity 

of the muscle, or whether it is a result of the non-neurological changes to muscle stiffness that 

may also increase in response to passive movement (Malhotra, Pandyan, Day, Jones, & 

Hermens, 2009; O'Dwyer & Ada, 1996; Pandyan et al., 2005). Van den Noort et al. (2010) 

examined passive movement in children with spastic CP and found that when a catch is 

encountered by the examiner during fast passive stretch of a muscle, it is preceded by a 

sudden increase in muscle activity measured by EMG, however during slow muscle stretch, this 

sudden burst did not occur. In addition, the EMG responses mimicked muscle activity 

suggesting that the response was due to muscle activity rather than passive visco-elastic 

properties (van den Noort, Scholtes, Becher, & Harlaar, 2010). This study confirmed the 

validity of using velocity of passive movement to detect and differentiate resistance from 

spasticity. 

2.2.2.1 Modified Tardieu (MT) 

An assessment of spasticity has been described by Tardieu (1969) and modified for clinical use 

in children with CP (Boyd & Graham, 1999). The Modified Tardieu (MT) scale is a rating of 

spasticity that measures the intensity of muscle reaction at maximal velocity movement 

through range. It is noted if there is a “catch” in the motion and, if so, the angle at which the 

catch occurs is measured. The “catch” is sometimes referred to as R1, the first resistance to 

rapid passive movement. It is described as the clinical estimate of the threshold angle of 

spasticity (Boyd & Graham, 1999). End range of movement (R2) is also recorded. The 

difference between R1 and the end of range of available motion (R2) is assumed to be a direct 

representation of spasticity and gives a good indication of the improvement that might be 

expected from a spasticity management therapy (Boyd & Graham, 1999). If the difference 
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between R1 and R2 is large there is predominantly muscle hypertonia.  There is good reliability 

between examiners using the MT (Fosang, Galea, McCoy, Reddihough, & Story, 2003). 

2.2.2.2 Modified Ashworth Scale (MAS) 

There are a number of modifications of the Modified Ashworth Scale (MAS) but the most 

commonly reported is that by Bohannon and Smith (1987). Their MAS is an ordinal rating scale 

used to assess level of spasticity. It involves assessing resistance according to Table 2.5 while 

moving the limb through the range of movement to passively stretch specific muscle groups). 

Table 2.5 Modified Ashworth Scale (Bohannon and Smith, 1987) 

Score Criterion 

0 No increase in tone 

1 Slight increase in tone, manifested by a catch and release or by minimal 

resistance at the end of ROM 

1+ Slight increase in tone, manifested by a catch followed by resistance thru’ 

less than half the ROM 

2 More marked resistance in tone thru’ most of ROM, but part   easily moved 

3 Considerable increase in tone, passive movement is difficult 

4 Affected part is rigid in flexion or extension 

 

Reliability of the MAS has generally been poor (Fosang et al., 2003; Mutlu, Livanelioglu, & 

Gunel, 2008; Yam & Leung, 2006) and its validity has been questioned (Damiano, Quinlivan, et 

al., 2002; Morris, 2002; Scholtes, Becher, Beelen, & Lankhorst, 2006). The MAS is performed at 

a single velocity and therefore does not comply with the definition of spasticity “resistance to 

externally imposed movement increases with increasing speed of stretch and varies with the 

direction of joint movement” (Sanger et al., 2003), as it is unable to distinguish spasticity from 

other forms of resistance.   

Although reliability of the MAS is questionable, reliability can improve with increasing 

experience of the assessor and extensive mutual testing and discussion between testers before 

investigation (Bohannon & Smith, 1987).  Agreement (or not) between the MT and MAS may 

be an important issue to consider when assessing whether spasticity is present or determining 

the effect of interventions on spasticity.  The issues surrounding the clinical assessment of 

spasticity, particularly in the paediatric setting are discussed further in the paper co-authored 

by the PhD candidate and presented in Appendices C.  Due to the significant issues observed 

surrounding clinical assessment of spasticity that was identified at the completion of the 
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studies a new clinical tool to measure spasticity was developed and reliability tested. This is 

presented in Appendix D. 

2.2.3 Management of spasticity with botulinum neurotoxin type A 

There have been considerable developments in the management of spasticity with new drugs 

such as botulinum neurotoxin type A (BoNTA). The effect of BoNTA on upper limb function is 

examined further in the next section; here the mechanism by which BoNTA reduces spasticity 

is reviewed. 

Botulinum neurotoxins, members of the clostridium neurotoxin family, come in serotypes A to G. 

The most clinically utilised serotype is A (BoNTA) having the longest duration effect (Rosales, 

Bigalke, & Dressler, 2006). Clinically, BoNTA is administered intramuscularly at the 

neuromuscular junction. Most of the effect of the BoNTA occurs at the site of injection where the 

BoNTA induces a neuro-paralytic effect. This is exerted by a four-step mechanism (Dolly & 

Lawrence, 2007). The BoNTA consists of two bound peptide chains, the heavy chain of BoNTA 

acts as the binding and translocation domain, while the light chain of BoNTA acts as the catalytic 

domain. The first step in the mechanism, BoNTA binds with high affinity to receptors on the pre-

synaptic neuronal membrane. Secondly, after binding to the membrane, the toxin is internalised 

into endosomes and transported across the cell membrane into the cell cytosol. Thirdly, it travels 

to the nerve ending by endocytosis. This transportation process is performed by the heavy 

peptide chain of the BoNTA. Finally, once in the cytosol, the light peptide chain then blocks 

neurotransmission by specific cleavage to a synaptic protein called SNARE (soluble N-

ethylmaleimide-sensitive fusion protein attachment receptor), which then blocks cholinergic 

neurotransmission and induces chemical denervation (Rosales, Arimura, Takenaga, & Osame, 

1996). 

The chemical denervation is dose dependent and long acting with the induced muscle weakness 

lasting up to 3 months (Rosales et al., 2006). BoNTA cleaves to a particular intracellular protein 

called synaptosome-associated protein (SNAP-25) (Rosales et al., 1996). In vivo studies of mice 

have identified a BoNTA truncated SNAP-25 persisting up to 40 days (de Paiva, Meunier, Molgó, 

Aoki, & Dolly, 1999). During this time, the original nerve ending remained devoid of endo- or exo-

cytotic activity; however, there was sprouting of new nerve endings that did form functional 

junction synapses. After about 42 days, the new nerve sprouts ceased activity and at the same 

time vesicle recycling commenced at the original nerve vesicle. By three months, the original 

nerve had recovered functionally (in its ability to release neurotransmitters) and morphologically 

(with elimination of the then superfluous sprouts) (de Paiva et al., 1999). These findings by de 
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Paiva et al. (1999) were important in re-assuring clinicians that the dendritic sprouting would not 

result in additional synapses and rebound increased spasticity.   

The extended effects of BoNTA at the neuromuscular junction (Dolly & Aoki, 2006) as well as its 

preferential uptake by hyperactive nerve terminals (Dolly & Lawrence, 2007) are two key 

features that have promoted this serotype as a therapeutic agent over the other serotypes 

(Caleo, Antonucci, Restani, & Mazzocchio, 2009).  Surprisingly BoNTA is able to block unwanted 

overactivity in muscle whilst still preserving voluntary action of the muscles. This might be 

explained by the preferential uptake of the toxin by the most active nerve terminals resulting in 

paralysis of the spasm causing fibres with relative sparing of the less active fibres. The clinical 

effects of BoNTA can persist for four to six months (Dolly & Aoki, 2006) and the clinical benefit 

may last longer than the toxin (Hardie, 2000). In addition, there is evidence to suggest that 

BoNTA is more effective in blocking neuromuscular junctions when the target muscle is active 

(Dong et al., 2006; Eleopora, Tugnoli, & DeGrandis, 1997).  

Originally BoNTA was thought to act directly on extrafusal fibres, as described above, through 

blocking the release of acetylcholine which in turn affected the alpha motor neurons, since 

extrafusal fibres demonstrate atrophy following injection (Rosales et al., 1996). However, the 

longer duration of the clinical effects of BoNTA is likely to be due to its effects on intrafusal fibres 

through the muscle spindle and spinal circuitry (refer to Figure 2.5 for schematic representation 

spinal circuitry and muscle activation).  Acetylcholine is also the neurotransmitter of gamma 

motor neural endings effecting the muscle spindle and BoNTA blockade of intrafusal fibres has 

been demonstrated in animal studies (Rosales et al., 1996). As a result of the gamma motor 

neuron blockade of the muscle spindle, Ia afferent input is reduced, resulting in reduced muscle 

response to stretch and reduced output of alpha and gamma motor neurons (Caleo et al., 2009). 

 In addition to this effect on the spinal cord circuitry, central effects of BoNTA have been 

postulated and these are discussed in section 2.6.2 of this chapter. 

2.3  Botulinum toxin use in the upper limb in children with CP: A 

review of its effect on augmenting therapies.  

This section reports on a systematic review and critical evaluation of the literature on a 

number of two key areas relating to the thesis: 

• The use of upper limb BoNTA to manage upper limb spasticity in children with CP 

concentrating on the effect on functional outcomes of type of therapy interventions 

augmented by BoNTA.  
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• Evaluative measures used to measure magnitude of functional change and 

maintenance of change in individuals or groups over time, including the objective 

nature of the assessments. 

This review was initially prepared for submission as a publication and the format has been 

retained for this thesis. The review was not submitted for publication as it became apparent 

that there were already a number of recent reviews published in the area, including a detailed 

Cochrane collaboration review (Hoare et al., 2010).  

2.3.1 The Use of BoNTA to Manage Upper limb Spasticity in Cerebral Palsy 

Spasticity has been considered to be a main contributor to both impairment of function and 

decreased longitudinal growth in children with spastic type CP, leading to deformity (Graham & 

Selber, 2003; Mayer & Esquenazi, 2003; Simpson et al., 2008). Thus, reduction in spasticity is 

seen as an important aspect of management of CP in children (Gibson et al., 2007; Simpson et al., 

2008). The use of the pharmacological agent BoNTA has gained wide acceptance in the 

management of spasticity in CP as evidenced by its licensed use in children with CP with the 

Pharmaceutical Benefits Scheme of Australia.  At present, there is more published literature 

assessing the effect of BoNTA on the spastic lower limb than the UL (Love et al., 2010). Clinical 

experience with BoNTA in the upper limb from case reports, retrospective and prospective open 

label cohort studies and randomised controlled trials have grown over the last 10 years, 

however, several independent systematic reviews, meta analyses and consensus statements 

from various groups have identified that there are still relatively few studies that have 

adequately addressed the longer term functional outcome of injecting BoNTA into the upper 

limb of children with CP (Fehlings et al., 2010; Hoare et al., 2010; Park, 2006; Wasiak et al., 2009).   

There are several issues that require consideration when therapeutically injecting BoNTA into 

spastic muscles of the upper limb: (1) selection of target muscles; (2) localisation of target 

muscles; (3) optimal timing with respect to age; (4) what therapies are best augmented by the 

use of BoNTA; and (5) whether there is sufficient evidence of improved long term function with 

the use of BoNTA. This section presents the results of a systematic review of the research 

literature addressing these issues, with a focus on augmented therapies with BoNTA.  

2.3.1.1 Search Methodology 

An electronic search of databases (MEDLINE, CINAHL, PUBMed, Cochrane and PEDro) from 1996 

to December 2011 was conducted through the Child and Adolescent Health Service of WA library 

website (http://library.cahs.health.wa.gov.au/) to identify citations and references reporting on 

the clinical use of BoNTA for management of upper limb spasticity in children with CP. The search 

terms consisted of: 1. botulinum toxin or botulinum neurotoxin or Dysport® or BOTOX AND 2. 
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cerebral palsy AND 3. upper limb or upper extremity or arm AND 4.spasticity AND 5. therapy OR 

physiotherapy or physical therapy, or training, or occupational therapy and 6. paediatrics OR 

child OR children. The literature search was limited to articles that were published in English. 

Articles selected for review were required to meet the following criteria: participants had spastic 

CP; were aged between 2 and 18 years; BoNTA was used in the upper limb for spasticity 

management. 

2.3.1.2 Results of Systematic Review 

The literature search identified seven randomised controlled trials (RCTs), eight prospective 

uncontrolled studies, four case series, and nine systematic reviews. These are summarised in 

Tables 2.6 and 2.7 respectively.  Table 2.7 also lists clinical level of recommendation based on 

the American Academy of Neurology (AAN) rating scale (Getchius et al., 2010). This AAN rating 

scale for examining levels of evidence is presented in Appendix E. The muscles selected for 

injection in the various studies and procedures used for localising muscles during injection are 

listed in Table 2.8.  

Effect of augmenting therapy with BoNTA 

A number of methodological limitations have been identified in studies that have addressed 

changes in function following BoNTA. Initial studies relied on (somewhat) subjective clinical 

assessments and therefore may be prone to bias (Corry et al., 1997; Wallen et al., 2007b; 

Wallen, O’Flaherty, & Waugh, 2004). Small samples with no control group have made it 

difficult to attribute positive changes to BoNTA (Hurvitz, Conti, Flansburg, & Brown, 2000; 

Wallen et al., 2004). Results were often confined to the clinical test situation with limited 

ability to extrapolate findings to activities of daily living or improvement outside the clinical 

setting (Corry et al., 1997; Fehlings et al., 2000; Hurvitz et al., 2000; Wallen et al., 2004). These 

findings suggested further investigation with more stringent methodology was warranted to 

allow more robust conclusions concerning the therapeutic efficacy for the use of BoNTA. 

Another variable factor is the type and intensity of the therapies used to augment BoNTA. One 

rationale behind the use of BoNTA to manage spasticity was that the reduction in spasticity 

provided by the use of the BoNTA would enable a window of opportunity for more effective 

physical therapy treatments.   

The review of the therapies augmented with BoNTA, summarised in Table 2.5, highlights the 

variety of therapies and approaches to managing the functional deficits of the involved upper 

limb in children with CP. Occupational and physiotherapists were found to employ a suite of 

interventions including, but not limited to strengthening, forced use, stretching, massed 

practice, limiting imperfect practice, orthoses and casting to name but a few. The approach 



 

58 
 

taken is often individualised and based on an assumption that a specific impairment is limiting 

function. 

There are a number of studies that have examined the effects of BoNTA with therapy versus 

therapy alone (Fehlings et al., 2000; Lowe et al., 2006; Russo et al., 2007; Speth et al., 2005; 

Wallen et al., 2007b). Most studies reported a positive effect on function at the initial post-

injection assessment (timing here varied between studies from 1 week to 2 months post-

injection) and a second post-injection assessment (3 months post-injection) and these positive 

effects reached conventional levels of statistical significance when the data of these studies 

were pooled in the Cochrane review by Hoare et al (2010). Despite this initial improvement in 

function, only one has reported maintenance of improvement at the six-month follow up - the 

washout period for the BoNTA (Lowe et al., 2006).  

There is insufficient information to determine which therapies are best augmented with 

BoNTA so that the effect on function can be maintained for a longer term effect, and it may 

well be that the optimum therapy depends on the specific clinical picture of the child. 

Rationale and details of interventions in published studies are poorly documented. It might be 

that the heterogeneity of signs and symptoms of children with CP makes it difficult to 

investigate a single therapy type for all children as often the choice of therapies depends of 

the age of the child, the presenting symptoms and severity of signs or impairments and the 

presenting functional problems and goals of the child and family.  

If optimum therapies (for greater sustainability of outcome) are specific to clinical 

representation of the CP then studies of heterogeneous groups, both clinically and in age, may 

not be sensitive to determining the value of specific therapies augmented with BoNTA.  In 

order to investigate one specific therapy within the suite of interventions employed, the study 

would need to be controlled carefully to limit heterogeneity of type of CP. If the optimum 

therapies are this specific, then generalisability of recommendations will be limited to children 

with the clinical picture of those in the sample investigated.  

Selection and localisation of target muscles  

Initial studies, (published prior to 2001) targeted spastic muscles, as identified by Ashworth or 

the MAS with the reported methodology not suggesting any differentiation of those muscles for 

which the spasticity was affecting function during a functional assessment, from those for which 

it did not (Corry et al., 1997; Fehlings et al., 2000; Friedman et al., 2000). Except for Fehlings et al. 

(2000) these early studies measured the ability of the BoNTA to reduce spasticity, but did not 

necessarily address the functional impact of decreased spasticity with robust functional outcome 

assessments (Corry, Duffy, Cosgrave, & Graham, 1996; Friedman et al., 2000). Findings from 
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these early studies reported a decline in spasticity in targeted muscles, with only modest, 

transient improvements in function that were limited to the test setting (Corry et al., 1997; 

Friedman et al., 2000) and apparent only at the peak of the pharmacological effect of BoNTA 

(Corry et al., 1997; Fehlings et al., 2000). As part of the natural evolution of scientific progression, 

later studies (Lowe et al., 2006; Olesch et al., 2010; Rameckers et al., 2009; Russo et al., 2007; 

Speth et al., 2005; Wallen et al., 2007b) selected only those muscles with spasticity that 

appeared to impede function. It was hypothesised that this change in practice of muscle 

selection would result in a more targeted effect and would have been a key contributor to 

improvements in functional outcomes subsequently observed. 

Reduced spasticity and improved range of movement following BoNTA did not necessarily 

result in improvement in function (Rameckers et al., 2009; Speth et al., 2005; Wallen et al., 

2007b). Studies that did result in improved functional outcomes reported that children treated 

with BoNTA reached their functional goals earlier, (by 3 months post-injection), however, at 

the 6 month follow up the majority of studies showed no difference in functional gain between 

the BoNTA and control groups (Olesch et al., 2010; Russo et al., 2007; Wallen et al., 2007b). 

These studies demonstrated that there was a functional advantage when muscle selection was 

more carefully considered; however, this advantage was short term. This suggested that 

consideration should be given to the therapies being augmented by BoNTA in order to make 

the most of the opportunity afforded by the period of reduced spasticity. This 

recommendation has been highlighted by recent reviews (Fehlings et al., 2010; Hoare et al., 

2010; Wasiak et al., 2009). 

2.3.1.3 Summary of the review of BoNTA in the management of upper limb spasticity 

in CP 

Based on the published systematic reviews of earlier studies (Table 2.6), and the more recent 

single blind RCTs, six of the seven studies published have shown that there is a greater decrease 

in tone among children who receive BoNTA compared with placebo or therapy alone. In 

addition, in five out of the seven RCTs of BoNTA, a reduction in spasticity led to a time limited 

improvement in hand function. Studies that have investigated the effects of repeated series of 

BoNTA injections have not demonstrated any more substantive or continued improvement in 

function after the first series (Lowe et al., 2006; Olesch et al., 2010). A recent Cochrane Review 

and an international consensus document addressing the use of BoNTA to manage spasticity of 

the upper limb in children with CP both concluded that the evidence for the use of BoNTA in 

improving upper limb function is insufficient and too inconsistent to support or refute the 

effectiveness of BoNTA (Fehlings et al., 2010; Hoare et al., 2010; Wasiak et al., 2009).   
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The disappointing translation of decreased spasticity and improved range of motion into 

functional gains in the upper limb following BoNTA might be related to a number of factors. 

These include heterogeneity of the clinical picture and age of the cohorts studied, difficulties in 

measuring outcomes, insufficient therapy or an inappropriate type of therapy and in limiting 

studies to a single injection of BoNTA.  Most studies have utilised samples of convenience, small 

sample sizes with wide variations in age and with intervention and control groups poorly 

matched for initial baseline disability (Corry et al., 1997; Hoare et al., 2010; Hurvitz et al., 2000; 

Rameckers et al., 2009; Wallen et al., 2007b; Wallen et al., 2004; Wasiak et al., 2009). 

In addition, one of the difficulties in assessing the outcome of interventions in the upper limb is 

the lack of reliable and objective outcome measures. Assessment of functional changes of the 

upper limb after injection with BoNTA is still largely confined to more subjective, observational 

approaches. However, there are a variety of functional tests that can be utilised in studies that 

attempt to increase the sensitivity to detect change and to demonstrate objectively an 

association between decreased spasticity and improved function in the upper limb.  

It is important to establish that functional improvements observed during tests in the clinic 

translate into improvements in activities of daily living outside of the clinical setting and in the 

child’s usual environment. This review demonstrates and is supported by the recent Cochrane 

review (Hoare et al., 2010) that there is only a small body of published research demonstrating 

that reducing spasticity of the upper limb with BoNTA results in improved upper limb function of 

the child in their usual environment. Any improvements in function tend to be short lived (Hoare 

et al., 2010). Longer-term studies of functional outcomes in the upper limb are needed with 

repeated injections as well as investigation of what augmentative therapies can maximise and 

maintain any improvement in function. There is also insufficient evidence to indicate which 

might be the most effective combination of therapies such as strengthening, movement-based 

or task-specific therapies to be used with BoNTA. As a consequence, the guidelines for therapies 

best augmented by BoNTA are still largely based on expert opinion rather than empirical 

evidence, with the authors identifying the need for further research in this area (Fehlings et al., 

2010).  
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Table 2.6 Prospective studies and case series investigating the use of BoNTA in the upper limb in children with CP  

Author (year) Study 
Design 

Intervention 
studied 

Type of CP 
 

Number 
Subjects 
Tx:C 
(Age range) 

Repeated 
measures and 
Length of 
Follow up 

Outcome 
measures 
 

Augmented 
therapy 

Conclusions 

Corry et al., 
(1997) 

RCT 
Double blind 
Placebo 

BoNTA vs. 
placebo 

12 hemiplegia 
1 triplegia 
1 quadriplegia 

14 
7:7 
(4-19 years) 

2 and 12 weeks Ashworth 
Goniometry 
aROM 
Grasp and release 
score 
Wrist resonant 
frequency 
Subjective 
parental 
questionnaire 
 

Not described Improvement in tone in 
BoNTA group as 
measured by Ashworth 
and resonant frequency 
Improvement detected 
by parent at 2 weeks and 
still present at 12 weeks 
(NB parent blinded to 
child’s group allocation) 

Fehlings et al., 
(2000) 

RCT 
Single blind 

BoNTA with 
OT vs. OT 
alone 

Spastic 
hemiplegia 

29 
14:15 
(2.5-10 years) 
 

1, 3 and 6 
months 

bMAS 
cQUEST 
d PEDI 
Grip strength 

Community based 
therapy at a 
minimum of one 
session every two 
weeks. 

Improvement in QUEST 
and PEDI  in BoNTA 
treatment group at 1 
month but not at 3 and 6 
months; no difference in 
spasticity measures or 
grip strength between 
the groups 
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Author (year) Study 
Design 

Intervention 
studied 

Type of CP 
 

Number 
Subjects 
Tx:C 
(Age range) 

Repeated 
measures and 
Length of 
Follow up 

Outcome 
measures 
 

Augmented 
therapy 

Conclusions 

Friedman et al., 
(2000) 

Case series BoNTA with OT 
or PT 

Spastic  
hemiplegia 
quadriplegia 
triplegia 

32 
32:0 
(1-18years) 

1, 3 and 4 
months 

Ashworth  only 
No function 
measures 
 

 Inconclusive 
 

Hurvitz et 
al.,(2000) 

Single case   BoNTA only but 
not explicit 

Spastic  
hemiplegia 

1 
1:0 
(16  years) 

2, 4. 6, 12, 24 
weeks post 
injection  

MAS 
Goniometry 
(Active and  
Passive ROM) 
PEDI 
eFIM 
Computerised 
analysis of 
movement tasks 

Not described Spasticity declined at 6 
weeks post injection but 
was not maintained at 
18 weeks post injection.  
Improved elbow and 
wrist active ROM at 
24weeks. No change in 
PEDI or FIM. Improved in 
complex  tasks on 
computerised analysis of 
movement  

Auitti-Ramos et 
al., (2001) 

Case series BoNTA with OT Mixed 
spasticity and 
dystonia 
CP and ABI 
hemiplegia 

49 
49:0 

5-6 weeks post 
injection 

Descriptive  Increased 
frequency of OT 
home programme 
but not detailed or 
described 

Variable descriptive 
results reported. General 
improved but difficult to 
validate conclusions as 
no quantifiable 
outcomes reported. 
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Author (year) Study 
Design 

Intervention 
studied 

Type of CP 
 

Number 
Subjects 
Tx:C 
(Age range) 

Repeated 
measures and 
Length of 
Follow up 

Outcome 
measures 
 

Augmented 
therapy 

Conclusions 

Wong et al., 
(2002) 

Prospective, 
single subject 
design (AB) 

PT and OT 
control period 
vs. BoNTA with 
PT and OT 

Spastic 
hemiplegia, 
spastic 
diplegia 
Spastic 
triplegia 

11 
11:0 

After 3 month 
control period 
then 1, 4 and 16 
weeks post-
injection 

MAS 
Goniometry 
(Active  ROM) 
Grip strength 
using Jamar hand 
dynamometer 
Jebsen hand 
function test 
Clinical Global 
Impression Scale 
(Likert scale with 
7 values) 

Not described in 
detail, generalised 
as ‘continuous 
training of 
antagonist muscles’ 

Spasticity declined post 
BoNTA, Active 
movement and Jebsen 
hand function improved; 
no change to power. 
Time course of results 
not provided, causal 
relationship to control 
period not discussed. 

Yang et al., 
(2003) 

Prospective, 
single subject 
design (AB) 

PT and OT 
control period 
vs. BoNTA with 
PT and OT 

Diplegia, 
hemiplegia, 
quadriplegia 
(type of 
hypertonia 
not  specified) 

15 
15:0 
(4-13 years) 

 After 3 month 
control period 
then  6 and 12 
weeks after 
BoNTA injection 

MAS 
Upper limb 
Physician’s Rating 
Scale, 
fBruininks-
Oseretsky Test of 
Motor Proficiency 
Self-care domain 
of the PEDI 

Physiotherapy and 
occupational 
therapy continued 
after injection, 
activities and 
intensity not 
specified 

Decrease in spasticity as 
measured by MAS; 
improvement in 
physician’s rating scale 
of upper limb function 
and self-care domain of 
the PEDI 
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Author (year) Study 
Design 

Intervention 
studied 

Type of CP 
 

Number 
Subjects 
Tx:C 
(Age range) 

Repeated 
measures and 
Length of 
Follow up 

Outcome 
measures 
 

Augmented 
therapy 

Conclusions 

Hurvitz et al., 
(2003) 

Prospective 
uncontrolled 

BoNTA only  Spastic  
hemiplegia 

9 
9:0 
(7-16years) 

2, 4. 6, 12, 24 
weeks post-
injection 

MAS 
Goniometry 
(Active and  
Passive ROM) 
PEDI 
FIM 
Purdue pegboard 
fBruininks-
Oseretsky  
Test of Motor 
Proficiency 
Computerised 
analysis of 
movement tasks 
Isometric pinch 
force production 
Hand tapping task  

No other clinical 
interventions; 
BoNTA injections 
only. 

All subjects had 
increased ROM and 
reduced Ashworth 
scores throughout follow 
up period.  
Lack of correlation 
between clinical 
measures and 
computerised 
movement task analysis. 
Variable changes with 
pinch force between the 
subjects. 
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Author (year) Study 
Design 

Intervention 
studied 

Type of CP 
 

Number 
Subjects 
Tx:C 
(Age range) 

Repeated 
measures and 
Length of 
Follow up 

Outcome 
measures 
 

Augmented 
therapy 

Conclusions 

Speth et al., 
(2005) 

RCT 
Single blind 

BoNTA with 
OT/PT vs. PT/OT 
alone 

Spastic  
hemiplegia 

20 
10:10 
(4-16years) 

2 and  6 weeks 
and  3, 6 and 9 
months 

MAS 
Goniometry 
(Active and  
Passive) 
PEDI 
gMUL 
Purdue pegboard 
 

30 mins of 
physiotherapy and 
30 mins of 
occupational 
therapy, 3 times a 
week for 6 months.  
Individual 
programme 
consisting of 
strengthening, 
stretching, splinting 
and coordination 
training and task 
specific training.  
Night splinting. 

No difference between 
the groups in any 
outcome measures 

Lowe et al., 
(2006) 

RCT 
Single blind 

BoNTA low 
dose/high 
concentration 
vs. OT alone 

Spastic  
hemiplegia 

42 
21:21 
(2-8 years) 

1, 3 and 6 
months 

Ashworth 
PEDI 
QUEST 
hGAS 
iCOPM 
PEDI 

Frequency not 
identified. 
Individualised goal 
based therapy from 
suite of 
interventions 
including functional 
training, 
strengthening, 
splinting, casting 

BoNTA group showed 
reduction in spasticity at 
1 and 3 months with 
improvement in QUEST 
at 1 and 3 months but 
this difference did not 
persist at 6 months.  
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Author (year) Study 
Design 

Intervention 
studied 

Type of CP 
 

Number 
Subjects 
Tx:C 
(Age range) 

Repeated 
measures and 
Length of 
Follow up 

Outcome 
measures 
 

Augmented 
therapy 

Conclusions 

Rameckers et 
al.,  (2007) 

RCT BoNTA with 
OT/PT vs. PT/OT 
alone 

Spastic  
hemiplegia 

20 
10:10 
(4-16 years) 
NB: same 
cohort as 
Speth et al 
2005 

2 weeks, 6 and 
9 months 

Ashworth 
Goniometry 
(Active and  
Passive) 
gMUL 
Instrumented 
Force  
production 
 

30 mins of 
physiotherapy 
and 30 mins of 
occupational 
therapy, 3 times 
a week for 6 
months.  
Individual 
programme 
consisting of 
strengthening, 
stretching, 
splinting and 
coordination 
training and task 
specific training.  
Night splinting. 

Both groups improved in 
active ROM. No evidence 
for added  benefit of 
BoNTA on function or 
strength benefit of 
BoNTA on function and 
strength  

Rosblad et al., 
(2007) 

Single group 
series 

BoNTA plus 
PT/OT 

Diplegia 
Hemiplegia 
Tetraplegia 
Dyskinetic 
mylomenigoce
le 

25 
25:0 
(2 – 19 years 

1-2 months 
and  6 months 

Zancolli’s scale 
of active hand 
movements 
House 
classification of 
thumb position 
Ashworth 
Parental 
Questionnaire 

Home 
programme of 
30 mins 
functional  
activities daily 
for 3 months 
commencing 2 
days post-
injection 

Improvement in ability to 
extend wrist and fingers 
Descriptive outcomes – 
subjective improvement 
in spasticity, ability to use 
the limb 
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Author (year) Study 
Design 

Intervention 
studied 

Type of CP 
 

Number 
Subjects 
Tx:C 
(Age range) 

Repeated 
measures and 
Length of 
Follow up 

Outcome 
measures 
 

Augmented 
therapy 

Conclusions 

Russo et al., 
(2007) 

RCT 
Single blind 

BoNTA with OT 
vs. OT alone 

Spastic  
hemiplegia 

43 
21:22 
(3-16 years) 

3 and 6 months MAS 
jMTS 
GAS 
PEDI 
kPedQOL 

Both groups 
received weekly, 
60 mins 
individualised  OT 
for 4 weeks 
commencing 1 
week after 
injection or at a 
comparable time 
for the control 
group; OT 
activities not 
described 

Spasticity improved in the 
treatment group; at three 
months BoNTA group 
showed greater 
improvement in GAS but 
these differences did not 
persist at 6 months 

Wallen et al., 
(2007) 

RCT 
Single blind 

BoNTA with OT 
vs. BoNTA alone 
vs. OT alone vs. 
no treatment 

Spastic 
hemiplegia, 
triplegia or 
quadriplegia 

70 
20 BoNTA 
only: 
20 BoNTA and 
OT: 
17 OT only: 
13  Control 
(2-14 years) 
 

2 weeks, 3 
months and 6 
months 

MAS 
Tardieu scale 
Active and 
passive ROM 
QUEST 
MUL 
PEDI 
CHQ 
GAS 
COPM 

BoNTA and OT 
only groups 
received 1 hour of 
individualised  OT 
from a suite of 
interventions incl. 
function training, 
stretching, 
splinting, casting 
once a week for 
12 weeks with 
commencement 
time unclear for 
BoNTA group   

BoNTA plus OT group only 
attained GAS and COPM 
goals at 3 month follow 
up. This finding   was only 
statistically significant 
when compared with 
control group. 
No differences between 
groups at 6 month follow 
up in GAS or any other 
outcome measure.   

  



 

68 
 

Author (year) Study 
Design 

Intervention 
studied 

Type of CP 
 

Number 
Subjects 
Tx:C 
(Age range) 

Repeated 
measures and 
Length of 
Follow up 

Outcome 
measures 
 

Augmented 
therapy 

Conclusions 

Olesch et al., 
(2009) 

RCT 
Not blinded 

BoNTA with OT 
vs. OT alone 

Spastic 
hemiplegia 

22 
11:11 
(1 year 10 
months – 4 
years 10 
months)  
 

6 and 16 weeks, 
12 months 

MTS 
COPM 
GAS 
lPDMS-FM 
QUEST 

Individualised 
‘goal directed’ OT 
sessions twice a 
week for 6 weeks, 
commencing 2 
weeks after 
injection or at a 
comparable time 
for the control 
group. 
Activities and 
time allocation 
for each session 
was not specified. 

BoNTA showed change in 
spasticity score 
Both groups improved in 
fine motor and grasp 
outcomes with no 
additional improvement 
with BoNTA 

a ROM – Range Of Movement 
b MAS -  Modified Ashworth Score 
c QUEST – Quality Of Upper Extremity Skills Test 
dPEDI –Pedaitric Evaluation of Disability Inventory 
eFIM – Functional Independence Measure 

eBruininks-Oseretsky Test of Motor Proficiency 
gMUL- - Melbourne Assessment Of Unilateral Upper Limb Function 
hGAS – Goal Attainment Scale 
iCOPM – Canadian Occupational Performance Measure 
jMTS – Modified tardieu Score 
kPedQOL – Pediatric Quality Of Life Inventory 
lPDMS-FM – Peabody Developmental Motor Scale – Fine Motor 
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Table 2.7 Summary of published systematic reviews of the use of BoNTA to manage UL Spasticity in CP 

Author (year) 
Study 
Design 

Included 
trials 

AAN Level/ 
Quality 

Conclusion AAN level of recommendation 

Hoare and Imms (2004) Systematic review 2 RCT, 
 9 uncontrolled 
4 case studies 

Class II 
Class IV 
Class IV 

U:Data inadequate; treatment unproven 

Wasiak et al., (2004) Systematic review 2 RCT Class II U:Data inadequate, treatment unproven 
Garces et al., (2005) Systematic review 2 RCT Class II U:Insufficient evidence for short or long term effects, treatment 

unproven 
Reeuwijk et al.,(2006) Systematic review 3RCT 

9 uncontrolled 
Class II 
Class IV 

U: No consistent improvement in UL function reported by any of 
the trials. Short term effects on reduction of tone. 
Data insufficient to support or refute use of BoNTA.  

Park and Rha (2006) Systematic review  4 RCT 
8 case series 
4 case reports 

Class II 
Class III 
Class IV 

C: Some data to support improvement in muscle tone (reduction of 
spasticity);  
U: Data inadequate in effect on improvement of function 

Wasiak et al., (2007) Systematic  review 3RCT Class II U: Data inadequate, treatment unproven 
Simpson et al., (2008) Systematic review 3 RCT Class II C: BoNTA probably effective in children with CP who have upper 

limb spasticity  
Lukban et al.,(2009) Systematic review 6RCT 

5 systematic reviews 
Class II C: Greater decrease in tone in children who received BoNTA 

C: Reduction in spasticity lead to an improvement in function but 
the improvement was time limited. 
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Table 2.7 Summary of published systematic reviews of the use of BoNTA to manage UL Spasticity in CP (cont) 

 

Author (year) 
Study 
Design 

Included 
trials 

AAN Level/ 
Quality 

Conclusion AAN level of recommendation 

Hoare et al., (2010) 
Follow up Cochrane 
review of Wasiak et al., 
(2007) 

Systematic  review 10 RCT Class II U:Data inadequate; treatment unproven 

Fehlings et al., (2010) Systematic Review 8 RCT 
6 case series  
1 cohort 

*Class I or II 
*Class III or IV 
*Class IV  
*as determined by 
authors of this paper 

A: BoNT to reach individualized therapeutic goals in the short term 
(3 months).  
B: BoNTA may be effective  for tone reduction grade  
U: Unable to determine if the use of BoNTA improves upper limb  
activity and function. 
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Table 2.8 Muscle Selection and Localisation Procedure.  

Author (year) 
Assessment of 

spasticity 
Method of muscle selection Muscles injected Muscle localisation 

Corry et al.,  
(1997) 

Ashworth 
Difficult to 
determine from 
methodology  

Ashworth score and postures adopted 
 

Biceps and brachialis for elbow 
flexion 
FCU and FCR for wrist flexion 
FDS and FDP for finger flexion 
PT for pronation 
Flexor pollicis longus for thumb 
posture 
 

Stretching each muscle against its 
contracted position 

Fehlings et al., 
(2000) 
 

MAS 
 

Observation of reach and grasp activities 
 

Biceps for elbow flexion 
FCU for wrist flexion 
Finger flexors undefined  for finger 
flexion 
PT for pronation 
Adductor pollicis for thumb 
adduction posture 

Anatomic knowledge and muscle 
palpation 

Friedman et al., 
(2000) 

MAS Single clinician determined. Not clearly 
specified, “clinically based on each 
patient's spasticity patterns and function 
and on caregiver management of the 
patient” 
 

Deltoid, biceps, PT, FCU, FCR, and 
thenar muscles 

Motor point electrical localisation. 
Device utilised for electrical 
localisation not specified. 

Hurvitz et al., 
(2000) 

MAS Not reported 
 

Biceps for elbow flexion 
FCU and FCR for wrist flexion 

Identified visually 

FCR- flexor carpi radialis; FCU Flexor carpi ulnaris; FDP- Flexor digitorum profundis; FDS- flexor digitorum superficialis; PT-pronator teres; PQ pronator quadratus; 
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Author (year) 
Assessment of 

spasticity 
Method of muscle selection Muscles injected Muscle localisation 

Auitti-Ramo et 
al., (2001) 

Dynamic fine wire 
EMG 

Observation of movement patterns, 
confirmed using dynamic fine wire 
EMG 

Biceps short head, brachialis and 
brachioradialis for elbow flexion 
Wrist flexor muscles not clearly stated 
FDS and FDP for finger flexion, not usually 
both 
Flexor pollicis longus, adductor pollicis, 
opponens pollicis for thumb posture 
 

Dynamic fine wire EMG 

Wong et al., 
(2002) 

MAS Determined by the degree of 
spasticity and the expected short-
term goal.  

Biceps, PT, PQ, FDP, 
FDS, and/or adductor pollicis brevis 

Palpation and visual estimate of  
neuro-muscular junction 

Yang et al., 
(2003) 

MAS Not specified Not detailed – ‘biceps, volar 
forearm muscles, and adductor pollicis 
muscle’ 

EMG in co-operative patients 

Hurvitz et al.,  
(2003) 

MAS Not clearly specified, single clinician 
evaluation,  
 

Pectoralis, biceps brachii, brachialis, 
brachioradialis, triceps, PT, FCR, FCU  

Identified visually 

Wallen et al., 
(2004) 

MAS Not clearly determined - Muscles 
groups that were described  as 
providing moderate to significant 
resistance to PROM , estimated 
contribution  on functional 
movements and limb position 

Biceps brachii, brachialis, brachioradialis , 
PQ, PT, FCU, FCR, FDP, FDS, lumbricals, 
adductor pollicis and flexor pollicis 
longus, opponens pollicis 

Electrical stimulation 

FCR- flexor carpi radialis; FCU Flexor carpi ulnaris; FDP- Flexor digitorum profundis; FDS- flexor digitorum superficialis; PT-pronator teres; PQ pronator quadratus; 
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Author (year) 
Assessment of 

spasticity 
Method of muscle selection Muscles injected Muscle localisation 

Speth et al.,  
(2005) 

MAS Spasticity present and affecting 
function of hand in relation to Zancolli 
grade and House score 
 

Biceps and brachioradialis for elbow 
flexion 
FCU and FCR for wrist flexion 
FDS and FDP for finger flexion 
PT for pronation 
Adductor pollicis and flexor pollicis 
brevis for thumb posture House score II 
Adductor pollicis only if House score I 

Electrical stimulation 

Lowe et al., 
(2006) 

MAS Spasticity present (MAS ≥ 2) and 
estimated effect on functional ability 

Biceps brachii, brachialis, FCR, FCU 
triceps, pectoralis, brachioradialis, PT, 
Adductor pollicis and flexor pollicis 
brevis, opponens pollicis  

EMG and electrical stimulation 

Wallen et al., 
(2007) 

MAS, Tardieu Not clearly determined - Based on 
clinical examination where  muscles 
groups were described  as providing 
moderate to significant resistance to 
PROM , estimated contribution  on 
functional movements and limb 
position  

Pectoralis, latissimus dorsi, teres major, 
biceps brachii, brachialis, 
brachioradialis, PQ, PT, FCU, FCR, FDP, 
FDS, lumbricals, adductor pollicis and 
flexor pollicis longus, opponens pollicis 

Electrical stimulation 

Russo et al.,  
(2007) 

MAS All muscles displaying MAS ≥ 1 were 
injected and dose determined based 
on MAS 

Not reported Electrical stimulation 

Olesch et al.,  
(2009) 

MT Determined by Occupational Therapist 
and physician, criteria for injection not 
specified 

Biceps, PT, FCU, FCR, FDP, FDS, flexor 
pollicis longus, adductor pollucis 

Electrical stimulation 

FCR- flexor carpi radialis; FCU Flexor carpi ulnaris; FDP- Flexor digitorum profundis; FDS- flexor digitorum superficialis; PT-pronator teres; PQ pronator quadratus; 
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2.4 Muscle weakness in CP 

Features of the UMN listed in Table 2.3 frequently co-exist (Ivanhoe & Reistetter, 2004; 

Sanger, 2003; Sheean, 2002; Sheean & McGuire, 2009).   The coexistence of spasticity with the 

negative features of muscle weakness and the ability to recruit appropriate levels of muscle 

activity for coordination is discussed in this section.  As the focus of the thesis is the upper 

limb, these will be discussed in reference to the effect on upper limb function. 

Normal upper limb function is dependent not only on the dexterity of the hand, but also on the 

ability of the upper limb to move freely in space for the hand to reach its intended location 

efficiently (Domellof, Rosblad, & Ronnqvist, 2009). Children with CP are unable to achieve this 

for a number of reasons including spasticity, muscle weakness, impaired sensation and in-

coordination (Arnould et al., 2007; Chiu et al., 2010; Sakzewski et al., 2010).  Thus, spasticity is 

not the only factor limiting function, but BoNTA directly affects only spasticity.   

Muscle weakness implies an inability to generate force voluntarily (Sanger, 2003). The 

relationship between muscle weakness and spasticity in individuals with CP has been the subject 

of at least three conflicting assumptions, leading to controversy among researchers and 

clinicians. These assumptions often underpin the analysis of movement and choice of treatment 

so it is important that they are evidence based.   

Assumption one is that the amount of spasticity in one muscle group is inversely related to the 

strength of the antagonist, i.e. strong spastic agonist results in a weak antagonist. This implies 

that the muscle imbalance in CP is a result of the strong spastic muscle.  Assumption two is that 

the spastic muscle is a weak muscle and the weakness is related to the amount of spasticity.  

That is, if the agonist is spastic it would be weak and if the antagonist is not spastic it would be 

strong These two assumptions have been superseded with more recent evidence supporting the 

view that there is no relationship between amount of spasticity and strength of a muscle 

(Buckon et al., 2002; Ross & Engsberg, 2002; Wiley & Damiano, 1998). That is, muscles in CP are 

weak and the degree of weakness is not related to degree of spasticity. This is the no correlation 

assumption that implies that muscle weakness occurs in both the agonist and antagonist, 

regardless of the amount of spasticity present.  

2.4.1 Strength and upper limb function in children with CP 

There is a clinical perception that people with CP have global muscle weakness and this 

weakness is associated with difficulties in performing everyday tasks (Sanger et al., 2006). 

Improving muscle strength of the child with CP has received considerably more therapeutic 

attention (Damiano, 2009; Damiano & Abel, 1998; Damiano et al., 2001; Dodd et al., 2002; 
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MacPhail & Kramer, 1995; Martin et al., 2010). The use of strength or resistance training as an 

intervention in CP has increased since it was shown that the effort associated with resistance 

training does not increase spasticity (Damiano, 2006).   

This approach has been the sole subject of systematic reviews (Dodd et al., 2002; Mockford & 

Caulton, 2008) as well as being included in systematic reviews of a range of therapeutic 

approaches to improve function in children with CP (Anttila, Autti-Ramo, Suoranta, Makela, & 

Malmivaara, 2008; Martin et al., 2010). The rationale for resistance training is that muscle 

weakness in CP is a contributor to decreased function and therefore by addressing the muscle 

weakness observed in children with CP there will be an associated improvement in function 

(Damiano & Abel, 1998; Damiano, Dodd, & Taylor, 2002; Damiano et al., 2001). Measurable 

changes in strength have been observed following lower limb resistance training with 

subsequent changes in function in some, but not all studies (Abel et al., 2003; Damiano & Abel, 

1998; Damiano, Dodd, et al., 2002; Damiano et al., 2001; Damiano, Vaughan, & Abel, 1995; 

Dodd et al., 2002; Dodd et al., 2003; Dodd, Taylor, & Graham, 2004; MacPhail & Kramer, 1995; 

Martin et al., 2010). In comparison, there is little information regarding the resistance training 

of the upper limb and its effect on upper limb function.  

Damiano et al. (2001) investigated the relationship of spasticity and strength to motor function 

in children with CP and a comparison group of children without CP. The study found that 

children with CP who could exert a greater force (i.e. who were stronger) scored significantly 

higher in the Gross Motor Function Measure (GMFM). The force that could be applied was 

measured both in spastic affected muscle and the antagonist to that muscle. Antagonists were 

not consistently weaker or stronger than their opposing spastic muscle confirming that a 

spastic muscle is not necessarily weaker than its non-spastic antagonist. There was a more 

consistent inverse relationship between function and muscle resistance to passive movement. 

Damiano et al. (2001) measured muscle resistance by considering a combination of spasticity 

and inherent muscle properties. It was found that subjects with CP with higher stiffness scores 

in the lower limbs, scored lower on the GMFM. This study demonstrated that function was 

related to an interaction between muscle stiffness (which included spasticity) and muscle 

strength. The existence of this interaction suggests the hypothesis that treating both spasticity 

and muscle weakness would result in greater functional improvements.  

There is emerging evidence that there is a relationship between upper limb function and 

strength (Arnould et al., 2007; Chiu et al., 2010).  Arnould et al. (2007) investigated the 

association between motor impairments and sensory impairments to UL manual ability in 101 

children aged between 6 and 15 years with mixed types and presentation of CP. Motor 
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impairments investigated were grip strength, fine motor dexterity and gross motor dexterity, 

and the sensory impairments investigated included tactile localisation, proprioception and 

stereognosis. Their results demonstrated that motor impairments were markedly more 

prevalent than sensory impairments in children with less functional upper limbs. There was a 

significant and positive correlation between grip strength and upper limb ability, but gross 

motor dexterity, which requires muscle coordination, was the best predictor of upper limb 

manual ability.    

Chiu et al. (2010) investigated the relative contributions of four impairments (strength, 

spasticity, contracture and coordination) to upper limb function in adults with hemiplegic CP 

(aged 15 to 45 years). Their results demonstrated that strength is significantly and positively 

correlated with function but made the smallest contribution of these four factors, accounting 

for only 1% of the variance in function. They explained this unexpected finding  by suggesting 

that the particular upper limb activity test employed in their study  required little strength, so 

strength was less likely to be a limiting factor(Chiu et al., 2010).  

2.4.2 Pathophysiology of muscle weakness in CP 

In CP, muscle weakness can be attributable to pathology at the level of the muscles, spinal 

cord reflexes and motoneurons, or the abnormal supraspinal influence (Sanger, 2003).   

2.4.2.1 Muscle changes in CP and its influence on strength 

There are a number of possible pathophysiological changes to the muscle as a result of CP 

including abnormal changes to muscle structure and mechanical properties and changes to the 

morphological structures of muscle. Changes in muscle structure and mechanical properties 

observed in spastic skeletal muscles were described in section 2.2.1.2. These include 

alterations in fibre size and distribution, proliferation of extracellular material and altered 

stiffness of spastic muscle cells, which have all been found to be associated with muscle 

weakness in CP (Foran et al., 2005; Lieber, 2010; Lieber & Fridén, 2000; Lieber & Fridén, 2002; 

Lieber et al., 2004; Vaz, Mancini, Fonseca, Vieira, & de Melo Pertence, 2006). There are also a 

number of morphological aspects of muscle that contributes to its force producing capacity. 

Muscle growth is linearly related to muscle power, a muscle’s physiological cross sectional area 

(estimated as the ratio of muscle belly volume to fascicle length), is directly related to force 

producing capacity and the angle at which the muscle fascicules attach to the aponeurosis and 

tendon (termed pennation) affects the transmission of force to the tendon (Barrett & 

Lichtwark, 2010). A systematic review examining the gross muscle morphology and muscle 

structure primarily of the lower limbs of children with CP provided conclusive evidence that 

muscle cross-sectional area, thickness and belly length tend to be reduced in individuals with 
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spastic CP and are likely to be contributors to their muscle weakness (Barrett & Lichtwark, 

2010). This review highlighted the scant attention given to investigating the effect of muscle 

size to functional capacity, identifying only two studies that compared muscle properties 

across levels of function.  It reports on studies of resistance training interventions only for the 

lower limbs but none on the upper limbs, confirming that the amount of evidence concerning 

the effects of strength or resistance training programmes on upper limb function in individuals 

with CP was very limited.   

Initial changes in strength following resistance training programmes on normally innervated 

muscle have identified that between 60 to 80% of strength change in the preferred limb is due 

to increased muscle activation driven by neural adaptation rather than changes in the muscle 

structure (Aagaard, Simonsen, Andersen, Magnusson, & Dyhre-Poulsen, 2002b; Lieber, 2010; 

Narici, Roi, Landoni, Minetti, & Cerretelli, 1989). In the non-preferred limb, up to 100% of 

changes in strength may be attributed to neural adaptation (Lieber, 2010). It seems feasible to 

hypothesise that initial changes in strength following resistance training in children with CP 

may  be the result of improved neural adaptation, perhaps  influenced by changes in the 

descending corticospinal tract.  

2.4.2.2 Neural influences on strength 

Advances in neuroscience have identified that muscle activity is important for establishing and 

reinforcing the neural pathways in skeletal muscle (Flück, 2006).  It has also been shown that 

increased force production following resistance training is associated with changes in neural 

drive which have a greater effect on function than the changes in strength (Aagaard, 

Simonsen, Andersen, Magnusson, & Dyhre-Poulsen, 2002a). A review by Damiano (2006) has 

suggested that activity may be even more critical to individuals with disturbances of motor 

disabilities possibly due to the abnormal influence of the descending corticospinal tracts as the 

development of efficient neural drive to muscle is dependent on the corticospinal system 

(Clowry, 2007; Jensen, Marstrand, & Nielsen, 2005).  

The spinal monosynaptic reflex is developed early in human, usually by 14 weeks post 

conception (PCW). The corticospinal innervation arrives later in development, with evidence of 

its presence as early at 24 weeks PCW and that it  fully innervate the ventral horn of the spinal 

cord by  31-25 PCW (Eyre, Miller, Clowry, Conway, & Watts, 2000). Skeletal muscle is initially 

innervated by large numbers of alpha motor neurons (polyneuronal innervation) (Ijkema-

Paassen & Gramsbergen, 2005). The arrival of the corticospinal tract innervation of the spinal 

cord refines the neural drive of muscle and is critical in promoting mononeuronal innervation 

and motor behaviour (Martin, Friel, Salimi, & Chakrabarty, 2009b). The mononeuronal 



 

78 
 

innervation and promotion of the motor behaviour occurs as a result of normal synaptic 

competition. From synaptic competition there is selective loss of some neuronal connections 

and strengthening of others. Competition between individual motor neurons results in the 

preservation of the motor neuron with the most synaptic activity, with a single larger motor 

neuron innervating muscle fibres and the pruning of sensory fibres from muscle reducing the 

number of connections they make with the spinal cord (Clowry, 2007; Martin, Friel, Salimi, & 

Chakrabarty, 2007). This results in both 1) the development of the motor unit, with the motor 

neuron innervating the appropriate number of muscle fibres, and 2) a reduction of the 

influence of the stretch reflex. 

As discussed in section 2.2.1.1, many of the motor signs present in CP reflect the loss of 

corticospinal tract connections as well as abnormal corticospinal system connections with 

spinal motor circuits (Martin, Chakrabarty, & Friel, 2011). The abnormal changes observed in 

the spinal motor circuits and the consequent abnormal motor behaviour is usually discussed in 

relation to the development of spasticity  and subsequent changes to muscle structure (see 

section 2.6 for further discussion), but more recently the role of these abnormal neural inputs 

in changes in muscle function has been proposed (Gough & Shortland, 2012). The muscle 

weakness seen is likely a combination of the effect of spasticity on muscle structure changes 

but also a direct effect of the lesion on supraspinal influences on spinal cord circuitry and the 

consequential disruption in motor unit development as described above.  

In addition to the disruption in the development of the muscle motor unit, the abnormal spinal 

reflex activity and abnormal descending inhibition seen with spasticity may also contribute to 

the disruption of the force producing ability of muscle. Figure 2.6, section 2.2.1.1 

demonstrates and discusses the role of descending pathways and inter-neuronal inhibition 

when a muscle is activated.  At the spinal level, excessive spasticity in one muscle group causes 

excessive reciprocal inhibition of the antagonist of that spastic muscle resulting in an inability 

to recruit suitable amount of motor units to generate force (Sheean, 2002).  In other instances, 

the loss of supraspinal inhibition (usually due  to a lesion disrupting the reticulospinal input) 

results in unwanted co- contraction so that  when a muscle is active to generate movement 

about a joint, this is impacted as simultaneous antagonist muscle groups are activated, 

disturbing voluntary control of movement.  

Resistance training might correct imbalances between descending and spinal inputs in children 

with CP, resulting in improved neural drive, recruitment, timing and coordination and 

ultimately function.  Plasticity and adaptation of the neural motor system in response to 

resistance exercise has been documented (Aagaard et al., 2002a, 2002b; Carroll et al., 2002). 



 

79 
 

At the level of the motor unit resistance training has been shown to enhance recruitment and 

synchrony of muscle unit firing (Carroll et al., 2002; Selvanayagam, Riek, & Carroll, 2011; Van 

Cutsem, Duchateau, & Hainaut, 1998). There is evidence that these findings may be due to 

changes at the corticospinal pathway improving volitional drive (Aagaard et al., 2002a, 2002b; 

Falvo, Sirevaag, Rohrbaugh, & Earhart, 2010). 

The interrelationship of the UMN ‘positive’ features of spasticity and co-contraction and 

‘negative’ feature of muscle weakness are demonstrated in Figure 2.7. The  findings by Chiu et 

al. (2011) that upper limb function is more related to coordination than absolute strength, and 

Arnould et al. (2007) more related to gross motor dexterity  than grip strength, supports the 

suggestion that it may be the neural drive impacting on the ability to effectively recruit muscle 

groups that has a greater impact on function than absolute strength.   

 

 

 

 

 

 

 

 

 

 
 
  
 
 
 
 
 
 
 
 
Figure 2.7 Inter-relationship of the features of spasticity, co-contraction and muscle weakness on 
impaired function. 

The ability to effect neuromuscular adaptations and improve muscle force generation in the 

upper limb in children with CP through resistance training has been identified (Reid, Hamer, et 
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al., 2010). However, any relationship of this improved ability to generate force with upper limb 

function was not reported by these authors. To date, there is only one published study that has 

reported the effect of upper limb resistance training on upper limb function in CP (O’Connell & 

Barnhart, 1995). This small case series measured the effect of strength training on wheelchair 

propulsion in three subjects with CP. This study demonstrated improved function in all three 

cases. There are no published studies reporting on the effect of strength training augmented 

with BoNTA on upper limb function (Barrett & Lichtwark, 2010). It is acknowledged that more 

work needs to be done to determine the specific effects of different exercise types and doses 

and how these can be combined with pharmaceutical or other approaches to optimise recovery 

or improve function (Damiano, 2009). 

2.5 Clinical versus laboratory based movement assessment  

One of the difficulties in assessing the outcome of interventions in the upper limb is the lack of 

reliable and objective outcome measures. Assessment of functional changes in the upper limb 

after injection with BoNTA is still largely confined to subjective, observational approaches. Many 

measures rely on subjective assessment of performance made by the parents or the child (e.g. 

Goal Attainment Scales and Canadian Occupational Performance Measure). Two upper limb 

functional assessments of children with CP that have acceptable reliability, the Melbourne 

Assessment (Randall et al., 1999) and QUEST (DeMatteo et al., 1992) both rely on a motor skill 

or functional skill checklist to measure performance whereby changes in performance following 

treatment may involve increments of progress within a skill category, such as changes in quality, 

ease, smoothness, or efficiency of movement. Progress of this nature relies on visual assessment 

of movement which tends to be subjective and where accuracy and repeatability are limited.   

Older children with spastic CP are particularly likely to exhibit a change in quality of movement 

following interventions that would not necessarily be adequately quantified using clinical 

measures (Fetters & Kluzik, 1996). Measuring quality of movement is difficult and there is a 

lack of objective measurement tools in this area. Three dimensional (3D) motion analysis offers 

a means of studying components of a movement in an objective, quantifiable way and is able 

to detect small changes in movement (Jaspers et al., 2011). 

2.5.1 Quantification of the upper limb function using three dimensional (3D) 
motion analysis 

In the lower limb, three dimensional (3D) gait analysis is the criterion standard for assessing 

performance following therapeutic interventions such as orthopaedic surgery, selective dorsal 

root rhizotomy and BoNTA (Abel et al., 2003; Boyd & Graham, 1999; Desloovere et al., 2006; 

Graham, Harvey, Rodda, Nattrass, & Pirpiris, 2004; Lofterød & Terjesen, 2008; Unger, 2006).  It is 
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used less routinely for the upper limbs because, in contrast to the lower limbs for which gait is 

the obvious primary function, the upper limbs perform a great variety of primary tasks, e.g. 

reaching, feeding, pulling and pushing, often with great variability in execution. A recent review 

of the use of 3D upper limb motion analysis in children with CP has suggested that it has strong 

potential as long as the representative task is clearly identified and standardised (Jaspers et al., 

2011). The potential of upper limb 3D motion analysis is in its ability to provide an objective, 

valid, reliable and sensitive measurement of upper limb function (Mackey et al., 2006; Reid, 

Elliott, Alderson, Lloyd, & Elliott, 2010).  It may also increase understandings of the changes in 

movement mechanics following interventions allowing better prediction of their effects on 

function (Mackey, Miller, Walt, Waugh, & Stott, 2008).  

Most 3D motion analyses of the upper limb report kinematic profiles such as joint angle, 

angular velocities and accelerations. However, in addition, to these kinematic variables, a 

number of variables describing the movement substructures can be derived from the 

quantification of 3D movement that reflect general organising principles used by the CNS 

during the programming and execution of goal directed movement (Hurvitz et al., 2000).  

Of particular interest is the goal directed movement of upper limb reaching. Reaching is an 

ideal task to measure the CNS motor control strategies for a number of reasons. Firstly, 

performance of upper limb reaching requires the coordination of several joints and involves 

both the musculoskeletal and neural systems (Coluccini, Maini, Martelloni, Sgandurra, & Cioni, 

2007; Edwards & Humphreys, 1999). Secondly, there is sufficient knowledge available to build 

up a representation of CNS control strategies, including knowledge of reaching control 

development and thirdly it is an everyday task.   

The derived variables that can be calculated from 3D kinematic analysis that enable 

exploration of movement control strategies include quantification of reaching parameters such 

as displacement, velocity, accelerations and then computed sub-structures of jerk. The 

movement substructure definitions and presented in Table 2.9. Each of the calculated sub-

structures enables quantification of the complexity of movement control strategies of 

reaching. These movement control strategies of feedforward and feedback control, which will 

be described in more detail in the section 2.5.2. 

The speed of movement can be quantified by the movement time (MT). Peak Velocity (PV) is 

used to reflect the force producing the movement (Chang et al., 2005). Jerk represents 

smoothness or fluency of movement. Jerk can be expressed as normalised jerk (NJ), which 

allows comparison between trials and individuals by accounting for differences in duration and 

total path length. The directness index (total distance moved/shortest distance from starting 
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point to button) (DI) represents the level of efficiency. Per cent time in the primary movement 

(%time1°) and per cent of jerk in the primary movement (%jerk1°) can be used to describe the 

control strategy of the movement.   

Table 2.9 Definition of 3D kinematic variables and calculated sub-structures 

VARIABLE  QUANTIFIES DEFINITION 

Movement 
Time 

MT Movement 
speed 

Time from the onset of the start of movement 
to the target. 

Directness 
Index 

DI Movement 
efficiency 

Total distance moved/shortest distance from 
starting point to target button. 

Percentage 
of distance 
in primary 
movement 

%dist1° Control strategy Portion of movement distance in the primary 
sub-movement (defined as the time from onset 
of movement to the “zero crossing”(going 
below and returning above the zero 
acceleration point) in the acceleration 
curves)/overall movement distance (%) 
(Thomas et al., 2000). 

Percentage 
of time in 
primary 
movement 

%time1° Control strategy Portion of movement time in the primary sub-
movement (defined as the time from onset of 
movement to the “zero crossing” in the 
acceleration curves)/overall movement time 
(%)(Thomas et al., 2000). 

Normalised 
jerk 

NJ Movement 
smoothness 
(coordination) 

Third derivative of movement, time and 
distanced normalised jerk – see Chapter 4 for 
description of  jerk calculation  

Per cent of 
jerk in 
primary 
movement  

%jerk1° Control strategy Percentage of jerk occurring  in the primary sub 
movement (defined as the time from onset of 
movement to the “zero crossing” (going below 
and returning above the zero acceleration 
point)in the acceleration curves) (Thomas et al., 
2000) 

Peak 
velocity 

PV Force 
Production 

The first time derivative of the wrist joint 
angular data. 

 

2.5.2  CNS Motor control strategies derived from 3D quantification of reaching 

Reaching has been defined as the voluntary positioning of the hand at or near a desired 

location so that it may interact with the environment (Chang et al., 2005). The analysis of 

reaching in healthy subjects has been studied relatively extensively enabling a representative 

model of CNS control to be developed (van Vliet & Heneghan, 2006).  Movement control 

strategies of reaching tasks are often characterised as comprising of an initial, primary sub 

phase of movement (ballistic phase)  followed by a secondary corrective phase (Thomas et al., 
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2000). These sub phases of movement are represented in Figure 2.8. The primary sub phase of 

movement is under feedforward control and uses anticipatory mechanisms, from a pre 

structured motor program, garnered from previous experience (Magill, 2004). The secondary 

sub phase of movement is the corrective phase, and relies on feedback from the visual and 

proprioceptive system to indicate the status of the movement to the CNS.  Feedback is used to 

make corrections to the ongoing movement. 

 

 
Figure 2.8 Velocity and Acceleration Profiles describing movement sub structures. Time is represented 
on the baseline.  
The ballistic primary sub movement is thought to be centrally programmed (feedforward control) 
whereas, the secondary sub movement relies on feedback control. 

 
For optimal movement a combination of both feedforward and feedback processes are 

required. The feedforward mechanism for reaching works by comparing the target position 

with an internal predictive estimate (central program) of where the hand needs to go, and in 

this way it is reliant on previous experience or practice (Magill, 1994). 

zero 
crossing 

Start of 
movement 

Velocity Profile 

End of 
movement 

A
cc

el
er

at
io

n 
D

ec
el

er
at

io
n 

Acceleration Profile 

TIME 

TIME 

Movement Time 

Primary sub 
movement  

Ve
lo

ci
ty

 



 

84 
 

This model assumes that the constraint used to control the path of the hand through space is 

the third derivative of the wrist position - termed jerk (Thomas et al., 2000). Velocity is the first 

derivative and acceleration the second. The CNS tries to minimise the amount of jerk during 

the reach, therefore an important parameter for controlling movement is minimising jerk 

(Thomas et al., 2000; van Vliet & Heneghan, 2006).  This is achieved through the two 

mechanisms of feedforward and feedback (closed loop) control (Traynor, Galea, & 

Pierrynowski, 2012; Virji-Babul et al., 2010). 

2.5.3  Development of reaching control  

In the movement control literature, the movement efficiency (DI) and measurement of 

movement smoothness (NJ) have been researched and modelled against typical development 

(Berthier & Keen, 2006; Coluccini et al., 2007; Contreras-Vidal, 2006; Domellof et al., 2009; 

Ketcham, Seidler, Van Gemmert, & Stelmach, 2002; Ronnqvist & Domellof, 2006; Thelen, 

Corbetta, & Spencer, 1996; Thomas et al., 2000).   

Several developmental trends regarding movement efficiency and movement smoothness are 

apparent.  With respect to the directness of reaching, infant reaches are initially curved and 

they become substantially straighter by the third year of age. Straightness ratios are generally 

around two in infancy, indicating the infant’s movement trajectory is twice as long as the most 

efficient path. This ratio decrease to about 1.3–1.4 by 2 and 3 years of age, with adult 

straightness ratios typically close to 1.0  (Berthier & Keen, 2006).  That is, there is an 

improvement in reach directness (or efficiency of movement) with of age.  

Studies have also demonstrated that age and practice result in improvement in movement 

smoothness with a reduction in jerk (Berthier & Keen, 2006; Ronnqvist & Domellof, 2006; 

Rönnqvist & Rösblad, 2007; Thomas et al., 2000). Berthier and Keen (2006) have suggested 

that increase in reaching skill over the first two years of development is characterised, not by 

an increase in speed, but by an increase movement smoothness represented by decreased 

jerk.  In addition to the jerk or number of movement units decreasing , the first movement unit 

occupies a larger proportion of the reach, so that one acceleration and deceleration brings the 

hand close to the target, (i.e. a  more efficient feed forward control) followed perhaps by a 

small correction (Berthier & Keen, 2006; Thomas et al., 2000; von Hofsten, 1991).  The 

developmental changes in movement fluency reaches  adult parameters at around 11 years of 

age (Schneiberg, Sveistrup, McFadyen, McKinley, & Levin, 2002) but becomes less smooth 

again in older aged adults (Yan & Dick, 2006). Schneiberg et al., (2002) have also demonstrated 

that immature patterns of reaching were characterised by increased variability in younger 

children less than eight years of age, compared to older children. 
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Thomas, Yan and Stelmach (2000) showed that following a repetitive series of the same 

movements, there is a shift from closed-loop control requiring feedback to correct planning 

errors to a more efficient ballistic control dominated by an accurate feed forward, central 

command. Importantly, this study not only showed an increase the percentage of time spent in 

the ballistic primary phase (centrally programmed phase) but a concomitant increase in the 

smoothness of movement as measured by decreased jerk.  

In summary, as well as the potential to quantify movement objectively, 3D motion analysis has 

the potential to provide insight into the movement control strategies utilised by an individual 

to execute a task (Rönnqvist & Rösblad, 2007). The movement control strategies are 

determined by examining the derived variables calculated from the kinematics of 3D motion 

analysis.  By quantifying specific reaching parameters, key components of reaching can be 

identified and their influence on motor impairment analysed. Consequently, specific kinematic 

parameters with large effect size can provide therapists with a sensitive way to analyse the 

influence of different levels of motor dysfunction and to measure the treatment efficacy or 

interventions on upper limb control.  

2.5.4  Use of calculated movement variables to measure treatment outcomes in 
children with CP 

As discussed, quantifying jerk and path directness during reaching can provide useful 

information into the motor control strategies used by individuals with CP. As well, it has 

potential to quantify subtle but potentially important changes in movement characteristics 

making it a useful adjunct to more clinically orientated assessments.   

Despite reaching tasks having been investigated using 3D motion capture, there are still issues 

regarding movement selection. The difficulty with the choice of task of reaching is that it has 

many degrees of freedom, and controlling for type of reach is important if data are to be 

pooled. There is a paucity of information available that would help to identify the ideal upper 

limb movement task and the ideal kinematic variables most likely to identify and quantify 

changes in movement substructures. 

Spasticity is one of the major motor problems for children with CP (Blair & Watson, 2006) with 

higher levels of spasticity shown to be correlated with reduced upper limb function (Chiu et al., 

2010). Interestingly, this study by Chiu et al. (2010) showed highest correlations for 

coordination with function with coordination independently accounting for 21% of variance in 

function.  There are only a few studies that have investigated the sensitivity of kinematic 

variables for detecting the influence of spasticity on coordination or control of functional 

reaching. Those have generally found that subjects with spasticity had increased movement 
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duration, decreased velocity, increased segmentation (jerk), and increased variability in path 

trajectories (Chang et al., 2005; Coluccini et al., 2007; Mackey et al., 2006; Ricken et al., 2005; 

Rönnqvist & Rösblad, 2007; Steenbergen, van Thiel, Hulstijn, & Meulenbroek, 2000; van Thiel 

& Steenbergen, 2001; Volman, Wijnroks, & Vermeer, 2002). Additionally, subjects with 

spasticity significantly show less smooth path trajectory when reaching to an object with more 

accuracy constraints (Smits-Engelsman, Rameckers, & Duysens, 2007). 

Movement smoothness differs between spastic and normally innervated muscles (Chang et al., 

2005; Ricken et al., 2005; Rönnqvist & Rösblad, 2007; Steenbergen et al., 2000; van Thiel & 

Steenbergen, 2001). There are a number of studies (Chang et al., 2005; Elliott et al., 2011; 

Ricken et al., 2005; Rönnqvist & Rösblad, 2007; van Thiel & Steenbergen, 2001) that have 

assumed a link between jerk and function in children with CP but the association with function, 

whilst logical, has not been investigated. Studies have most frequently reported the mean of 

the calculated jerk (or similar) as the statistic to describe movement fluency and its 

associations with impairments (Chang et al., 2005; Elliott et al., 2011; Ricken et al., 2005; 

Rönnqvist & Rösblad, 2007; Steenbergen et al., 2000). However, there is high movement-to-

movement variability during repeated reaching tasks in children with CP compared with 

children with an intact neurological system (Ramos, Latash, Hurvitz, & Brown, 1997). This 

variability suggests that the mean may not be the measure that best represents change in 

fluency of movement.  This is important to consider, yet seems to be under represented when 

considering how best to report kinematic variables.  Given that those with intact neurological 

system have reduced variability within a task, it seems logical that a reduction in variability of 

the kinematic variables for children with CP may be a better reflection of outcome than 

changes in the mean of the computed variable(s). 

The standardisation of the reaching tasks differs considerably between studies of reaching  

(Chang et al., 2005; Coluccini et al., 2007; Domellof et al., 2009; Fitoussi, Diop, Maurel, Laassel, & 

Penneçot, 2006; Mackey et al., 2008; Mackey et al., 2006; McCrea, Eng, & Hodgson, 2002; Ricken 

et al., 2005; Rönnqvist & Rösblad, 2007; Van Der Heide, Fock, Otten, Stremmelaar, & Hadders-

Algra, 2005; van Thiel & Steenbergen, 2001). This needs to be considered when examining 

differences between groups being investigated.   

Although there are a number of studies that have utilised 3D kinematic analysis to investigate 

movement control strategies in children with CP, there are relatively few that have used it to 

measure the effect of interventions, and this may be partly due to difficulties with choosing an 

appropriate movement to evaluate. The sensitivity of kinematic analyses may provide 

important information in the nature and time course of functional improvement that may not 
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be observable using conventional functional assessments. For example, Fetters and Kluznik 

(1996) found a reduction in movement time and improved movement fluency (as measured by 

a reduction in movement units) in children with CP who had received neurodevelopmental 

treatment (NDT) for 5 days for reaching movements compared with just 5 days of practice of 

the task. The outcomes of this study (Fetters & Kluzik, 1996) highlights the value of measuring 

change using 3D motion analysis as it enabled change in motor control strategies to be 

quantified and previous studies which examined the effect of NDT using less sensitive clinical 

measures could not detect any changes after NDT treatment (Anttila et al., 2008).  

 In particular, 3D motion analysis enables compensatory and aberrant movements to be 

quantified objectively (Kreulen et al., 2006; Mackey et al., 2006). Kreulen et al. (2006) 

evaluated the effect of surgery to the pronator muscle group on movement characteristics and 

found an increase in active ROM measures in supination and elbow extension but were also 

able to quantify a reduction in excessive compensatory movements elsewhere in the body 

which would be unable to be measured objectively using clinical measures (Kreulen, 

Smeulders, Veeger, & Hage, 2006). 

Generally there is a paucity of studies that have used kinematic analysis in examining the effects 

of treatment for the upper limb in children with CP. It is also important to note that for studies 

that have used kinematic analysis, the assessment methods of 3D upper limb motion analysis 

also vary among these studies (Chang et al., 2005; Fetters & Kluzik, 1996; Mackey et al., 2006; 

Volman et al., 2002). There is a need for standardised assessment methods and reaching task to 

facilitate the pooling of information particularly about treatment effects (Jaspers et al., 2011).  

2.6 Central nervous system changes (CNS) in children with CP 

following interventions. 

Neuroplasticity describes the nervous system’s capacity to change its structure, function and 

connections in response to experience (Cramer et al., 2011; Johnston, 2009). Neuroplasticity 

persists throughout life. It occurs as part of learning and in response to the environment but it 

can also occur after an insult to the CNS and in response to therapy (Cramer et al., 2011; 

Johnston, 2009). The potential of neuroplasticity is usually discussed in the context of childhood 

to compare normally and abnormally developing neural structures, as well as in the context of 

acute versus chronic lesions to the brain. It is known that children learn more quickly and recover 

from certain brain injuries more readily than adults (Johnston, 2009). A primary focus of neuro-

rehabilitation is how to positively exploit mechanisms of neuroplasticity (Johnston, 2009).   
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In the following section, the current literature concerning the mechanisms of neuroplasticity in a 

typically developing brain will be summarised followed by a review of how an injured brain 

develops through experience and compensation for the injury. The uses of transcranial magnetic 

stimulation (TMS) to investigate these changes will be examined leading to an exploration of the 

mechanisms responsible for brain plasticity and evidence for neuroplasticity occurring following 

BoNTA treatments. 

2.6.1  Neuroplasticity  

There are a number of mechanisms thought to be involved in the brain’s ability to acquire new 

information, change in response to environmental stimulation and recover from injury. These 

mechanisms of neuroplasticity are described as occurring at different levels. These include 

changes or responses to remodelling that occur at the cellular or molecular level and the changes 

in functional groups of neurons that alter motor behaviour (Johnston, 2009).   

A number of cellular mechanisms are considered to be major contributors to neuroplasticity. 

These include modulation of neurogenesis; strengthening or weakening of synapses between 

neuronal cells accomplished through increased excitation or inhibition respectively; altered 

effectiveness of synaptic transmission, commonly known as long-term potentiation or long-

term depression; and anatomical changes such as dendritic arborisation and sprouting of new 

axons (Johnston, 2009). 

Neurogenesis is the production of new neural cells. Studies in animals have shown that there is 

an overproduction of neurons in the foetus when compared with final numbers in the mature 

brain, the final number being determined by programmed cell death and neurogenesis 

(Johnston, 2009). Over production of neurons could be adaptive for the brain by creating a store 

that is available to repair injury in the foetus (Johnston, 2009). Neurogenesis persists into 

adulthood in animals, including the human brain (Balub & Luckia, 2009; Manganas et al., 2007) 

and has been shown to persist months after a brain lesion in neonatal and adult rodents 

(Johnston, 2009).  

Neurons transmit information to other neurons through synapses. Synaptogenesis refers to the 

formation of new synapses. Alteration in the strength of synapses between these neurons occurs 

in response to the pattern of activation that is experienced by the synapse. Repeated similar 

activity will activate the same synaptic path and strengthen them. Learning a skill, for example, 

walking, might take many learning sessions (also termed learning epochs) before becoming 

perfected (Krishnan, 2006).  
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The early post-natal burst of synaptogenesis is followed by an activity-dependent pruning of 

synapses through childhood (Holt & Mikati, 2011). The important neural event that takes place 

each time a new task is learnt is competition amongst the interneuron synapses. Functionally 

appropriate synaptic paths are retained and inappropriate paths are suppressed, that is, learning 

activity increases synaptic weights (Krishnan, 2006). The strengthening or weakening of 

connections between cells accomplished through increased excitation or inhibition respectively, 

is referred to as Hebbian learning theory. This alteration is a relatively rapid change (Hallett, 

2005). Long-term potentiation describes an increase in synaptic strength, whereas a decrease in 

synaptic strength is termed long-term depression (Kalia, 2008).  Activity (e.g. intra-uterine 

spontaneous movement, voluntary movements of the newborn, standing stepping and walking 

of the toddler) all increase synaptic weights (Krishnan, 2006).  Over time, input signals as they 

traverse the interneurons to output signals, generate a function map in the synaptic field and the 

learned experiences become stored as long term memory traces (Krishnan, 2006). 

2.6.1.1  Experience dependent developmental plasticity 

Neurogenesis and synaptogenesis comprise the activity–dependent mechanisms underlying 

plasticity (Holt & Mikati, 2011). Experience dependent plasticity defines brain changes that are 

dependent on the activity experienced by the neurons. Heightened plasticity in the developing 

brain results in critical periods during which environmental stimuli can create adaptive or 

maladaptive changes in the brain’s structure. A threshold of stimulation is required for the brain 

to develop during these critical periods (Holt & Mikati, 2011).  

Critical periods for synaptogenesis and pruning vary by brain region. When there is a failure to 

receive exposure to appropriate stimuli during a critical period in brain development it becomes 

difficult or impossible to subsequently remedy (Martin, Chakrabarty, & Friel, 2011). This is 

explained by Krishnan (2006) as due to the inappropriate embedding of self-organising neuronal 

maps. Krishnan (2006) describes all action control (including motor control) as based on a 

platform of mapped sensations or perception. The grey matter of the spinal cord, thalamus, 

cerebrum and cerebellum are all neuronal self-organising maps (Krishnan, 2006).Within these 

maps, neurons self-organise into input neurons, output neurons and interneurons. In early 

childhood, motor learning is gradually accomplished by a fine balancing of excitation and 

inhibition between neuron and related connections within the self-organising maps. The self 

organising maps of synaptic networks are maintained by a delicate balance of stability-plasticity 

with specific distribution of the synaptic weights for any particular task. This means that task 

recall and learning can take place unhindered (Krishnan, 2006).  
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During this time of unregulated Hebbian network plasticity, the brain is especially susceptible to 

competitive distortions. In injury or disease, the delicately balanced state (termed by Krishnan 

(2006) as stability-plasticity) is thrown off balance due to the new growth of inappropriate, 

aberrant synapses which results in unbalanced synaptic weights in the self-organising maps’ 

synaptic fields. These maladapted self-organising maps are refractory to developmentally normal 

learning, as the long term memory traces pertaining to various motor skills become distorted and 

neither learning (or recall of previously learnt tasks) become possible and the self-organising 

maps are said to be locked in a stability plasticity dilemma  (Krishnan, 2006). 

Plasticity in the child’s brain is enhanced because the organisation of networks of neuronal 

synapses as well as white matter pathways remain “under construction” well into adolescence 

(Cohen-Cory, 2002; Snook et al., 2005).  Studies in both humans and non-human primates have 

begun to highlight the specific neural underpinnings responsible for the maturation of different 

areas of the cortex, and how experience-dependent plasticity and perturbations to the CNS can 

impact upon its normal development.   

First insights into developmental plasticity and critical periods have come from animal studies 

involving visual deprivation and noting the change in responsiveness to the expected associated 

cortical area (Bourne, 2010). For example, the production of synapses of the visual cortex begins 

early, plateaus early, then declines to adult levels by early adolescence, making the reversal of 

unilateral amblyopia very difficult after the age of 12 years when the number of synapse in the 

occipital lobes are rapidly declining (Bourne, 2010). These seminal studies into occulomotor 

development demonstrated the importance of disuse in weakening synaptic activity as well as 

the importance or influence of competition, whereby 

  
“the total amount of evoked activity does not necessarily predict the strength of a 
synaptic connection; rather differences in the amount of synaptic activity seem to 
determine the strength of a connection” (Bourne et al., 2010, page 458).  

 

Corticospinal tract (CST) development follows a similar developmental maturational pattern. The 

CST has a protracted development (Martin, Friel, Salimi, & Chakrabarty, 2009).  Along with this 

long development, there is a prolonged period of vulnerability when damage to the CST or its 

cortical origins can have long term consequences for function (Martin et al., 2009). The human 

brain has an innate trajectory of development of brain architecture, connectivity and 

representations (Eyre, 2007).  During development the CST, axon growth is steered by genetic 

regulation to help establish a coarse pattern of spinal termination (Martin et al., 2009b). In both 

animal and human studies, both crossed contralateral CST and many ipsilateral CST terminations 

are present early in development. The ipsilateral CST terminations are eliminated, and the 
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crossed contralateral termination of the CST become refined during post natal development as a 

consequence of activity dependent maturation (Eyre, 2007; Martin et al., 2009b).  

In a feline model, Martin et al. (2007) has shown that unilateral inactivation of corticospinal 

system activity results in those corticospinal projections failing to maintain connections within 

their distal spinal territories, whereas the contralateral more ‘active’ corticospinal tract develop 

an extensive contralateral projection as well as maintaining significant ipsilateral terminations. 

The active side maintains bilateral terminations at the expense of the silenced side. Thus, the 

reduction of terminations from the silenced side is balanced on that side by maintenance of the 

ipsilateral terminations of the active side. The authors proposed that the refinement of the 

corticospinal termination pattern seen here is dependent on competitive synaptic interactions 

among corticospinal terminations, thus providing the evidence for activity based neuroplasticity 

for development of the corticospinal tract.  

2.6.1.2  Developmental neuroplasticity specific to CP 

Initial concepts of developmental neuroplasticity focus on the protective effect of damage at a 

young age, whereby damage at a younger age was thought to result in a more positive outcome 

both in terms of symptoms and rate of recovery  (Chen, Epstein, & Stern, 2010; Krishnan, 2006). 

However, because of the highly plastic nature of the young human brain, a lesion to the 

developing brain can initiate modifications to the innate trajectory of development that can 

persist and hinder optimal brain development resulting in ‘maladaptive plasticity’ (Bourne, 2010; 

Clowry et al., 2010; Clowry, 2007; Eyre, 2004, 2007; Eyre et al., 2007; Martin et al., 2011).   

The primate visual cortex has become a tool to study the development and plasticity of the 

neocortex, as well as the effect of lesions, or interruptions to the expected trajectory of 

development (Bourne, 2010). The general areal plan of the visual cortex is present at birth 

however there is a significant amount of modification to the precise cellular and functional 

identity of the visual cortex that happens after birth and the trajectory of this development is 

dependent on an expected perturbation (Bourne, 2010). Interruptions to the expected 

perturbation can result in mal-adaptive plasticity and functional limitation and explains the 

neurological underpinning of the development of amblyopia in humans (Astle, Webb, & McGraw, 

2011). Amblyopia describes the developmental visual disorder characterised by reduced vision, 

usually in one eye, despite adequate eye refractory ability and in the absence of overt ocular 

pathology (Astle et al., 2011). Wiesel and Hubel seminally demonstrated this in the 1960’s when 

they occluded visual input into the eye of kittens at birth and investigated the impact on the 

visual cortex. These authors demonstrated that following re-establishment of visual input the 

visual cortical neurons no longer responded to stimulation of the deprived eye (Wiesel & Hubel, 
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1963, cited in Bourne 2010). Later studies showed that even a few hours of deprivation during a 

‘critical period’ could produce large neurophysiologic consequences. 

The motor cortex and corticospinal tract is a common site of early brain damage and the most 

common time for this damage to occur is in the pre- or perinatal period (Eyre, 2007). As a 

consequence, individuals with CP experience different white matter growth and maturational 

patterns in the brain from that of typically developing individuals. The cause of this divergence 

in CP is due to two factors: the structural reorganisation of the brain resulting from the insult 

early in life; and then compensatory organisation resulting from experience and 

developmental processes (Eyre, 2004; Eyre et al., 2007). 

The feline model by Martin et al. (2011) described earlier (where unilateral inactivation was 

found to alter the synaptic competition between the contralateral and ipsilateral descending 

tracts) identified that this abnormal competition altered the location of the CST termination in 

the spinal cord. This led to secondary and permanent structural changes of motor map 

representation where there was a substantial reduction in distal representation of the forelimb 

responsible for fine motor/skilled movement and a disproportionate increase in more proximal 

representations (Martin et al., 2011). This suggests that efforts to reduce the secondary 

consequences of the initial lesion are of paramount importance as it is the asymmetry of the 

corticospinal projections that influences the development of dominant ipsilateral pathways and 

subsequent function. 

This same animal model has shown that interventions that increase the activity of the spared 

contralateral corticospinal pathways can influence the strength and density of these pathways 

and reverse motor dysfunction (Martin et al., 2011). However, the period of time that therapies 

were most effective in this animal model were immediately following the time that the 

corticospinal pathway refinement would be usually occurring, showing that, like amblyopia of 

the eye, there is a critical period for intervening. The optimal time for intervention in children at 

risk for CP therefore would be at age six months to one year when this CST refinement occurs 

(Martin et al., 2009b). However, children with hemiplegic CP are often not diagnosed until after 1 

year of age, at which time this optimal time has passed. Early identification of the child at risk of 

CP is therefore vital in initiating interventions to prevent secondary impacts of aberrant 

corticospinal development. 

Analogous to the critical period of activity dependence in the feline model of CP and in the 

development of amblyopia of the eye, altered brain structure as a result of interruption in a 

critical period has also been demonstrated in individuals with CP. Even small periods of 

inactivity of the motor cortex (induced by an ischemic lesion or seizures) during a critical 
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period in development can lead to changes to the motor cortex and corticospinal projections 

(Basu et al., 2009; Eyre, 2004, 2007; Eyre et al., 2007; Staudt et al., 2004; Thickbroom et al., 

2001). Research in humans with CP has shown that motor signs in CP reflect the loss of 

appropriate/normal CST connections and the development of inappropriate/abnormal 

connections (Basu et al., 2009; Eyre, 2007). Eyre et al. (2007) used Transcranial Magnetic 

Stimulation (TMS) [discussed later in section 2.7]) to study the development of the 

corticospinal tract over the first two years in life of 39 infants with either unilateral or bilateral 

infarcts and compared them with 32 healthy, age matched infants. They found that TMS 

initially invoked responses in the biceps muscle in infants with unilateral lesions but these 

responses became progressively weaker and diminished and disappeared in seven subjects. In 

contrast, infants with bilateral brain infarcts maintained the bilateral contralateral responses 

elicited from the TMS. They observed that progressive loss of TMS responses and hypertrophy 

of the ipsilateral axons of the non-infarcted hemisphere predicted poorer outcome. Eyre et al. 

(2007) have suggested that it is both the progressive loss of the contralateral projections and 

the persistence of the bilateral projections from the ipsilateral hemisphere that are 

responsible for the progressive functional disability after the injury. Furthermore, this resultant 

compensatory anatomical organisation of cortical control of the involved upper limb via 

innervation from corticospinal neurons descending from the ipsilateral hemisphere may 

influence a child’s response to different therapies.  

Basu et al. (2009) confirmed the findings of others (Eyre et al., 2001) that in children with 

hemiplegic CP there is persistence of fast conducting ipsilateral corticospinal projections from 

the non-infarcted motor cortex which normally would have been withdrawn during 

development. In addition, they observed responses in one subject in the intrinsic hand muscles 

of the paretic hand after transcranial magnetic stimulation of the contralateral occipital cortex. 

That the contralateral occipital cortex can also control movement of the paretic hand had not 

been reported previously in humans or animal models. They concluded that: 

“cortical plasticity extends beyond reshaping of primary sensory cortical fields to re-
specification of the cortical origin of sub-cortically projecting pathways“ (Basu et al., 
2009, p.132) 

They explained this finding by the retention of an occipitospinal projection supported by 

studies of corticospinal development. They hypothesised that the loss of corticospinal 

projection caused by the infarct resulted in the occipitospinal axons establishing a greater 

number of synapses in the spinal cord because of the reduced activity dependent competition 

for synaptic space (Basu et al., 2009).   



 

94 
 

Others have also identified evidence of this maladaptive reorganisation. Thickbroom et al. 

(2001) used TMS and functional magnetic resonance imaging (fMRI) techniques to investigate 

the motor and sensory areas of the cortex in subjects with hemiplegic type CP. These 

investigators found that in the case of the affected hand, the TMS results indicated either an 

ipsilateral projection only, or a bilateral projection in which the ipsilateral pathway had a lower 

motor threshold. Thickbroom et al. (2001) also found evidence of an inter-hemispheric 

dissociation between sensory input and cortico-motor output in individuals with hemiplegic 

type CP, whereby fMRI showed that afferent pathways from the affected hand were directed 

to the contralateral hemisphere. The investigators concluded that the motor dysfunction 

experienced by these subjects could be due to an impairment of sensorimotor integration at 

cortical level as a result of the reorganisation in the motor system. 

Animal models of induced CP using hypoxic ischemic events do not always result in the 

observed neuro-behavioural effects seen in CP (Derrick, Drobyshevsky, Ji, & Tan, 2007; 

Drobyshevsky et al., 2006). Drobyshevsky et al. (2007) observed that in a rabbit model of CP, it 

was only those kittens that demonstrated white matter injury that developed hypertonic, 

spastic like symptoms. In rodent models of CP, perinatal hypoxic–ischemic insults induced only 

subtle and transient motor alterations, whereas limb restriction (or disuse) models, have 

produced greater deficits in motor function (Coq et al., 2008; Marcuzzo et al., 2010; Strata, 

Coq, Byl, & Merzenich, 2004). In addition, studies on animal models of CP focus on brain 

damage and the motor deficits (Drobyshevsky et al., 2006; Martin et al., 2011), but not on 

sensory deficits and peripheral tissue changes, even though somatosensory inputs and 

musculoskeletal integrity are essential components of motor function, control and 

development. 

Normal infants produce a large repertoire of spontaneous movements from early foetal life 

until the end of the first half of a year of life (Prechtl, 1997). In contrast, children with CP 

display less variability to their movement repertoire, with more stereotypical patterns that lack 

complexity and fluency (Hadders-Algra, 2008; Prechtl, 1997). Changes in muscle fibre type and 

size have been reported in children with spastic type CP with varying degrees of atrophy and 

hypertrophy of muscle fibre types (Foran et al., 2005; Lieber et al., 2004; Marbini et al., 2002; 

Rose et al., 1994) and increased fat and connective tissue within muscles (Booth et al., 2001; 

Castle, Reyman, & Schneider, 1979; Stackhouse et al., 2005) (see section 2.2.1). It has been 

suggested that the deficits in spontaneous movements seen in infants with brain lesions could 

account for the musculoskeletal tissue changes found in children with CP (Coq et al., 2008). As 

well as the impact of these muscle changes on secondary bony malformations (Graham & 
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Selber, 2003), these muscle changes could be responsible for abnormal sensory inputs to the 

brain, resulting in repetitive, aberrant sensory feedback, deleterious somatosensory and motor 

cortical reorganisation, and ultimately in deficits in motor function (Coq et al., 2008).  

It has been observed that, in addition to the initial pre-, peri- or post-natal brain lesion, CP like 

movement disorders have been reproduced in animal models by restriction of limb movement 

during neonatal development (Coq et al., 2008; Strata et al., 2004).  These rodent studies have 

demonstrated that a CP-like movement disorder was more reliably reproduced in rats by hind 

limb sensorimotor restriction (disuse) during development than by perinatal asphyxia. It was 

found that rats exposed to perinatal asphyxia only, exhibited subtle motor behavioural 

anomalies and alterations of the representation of hind limb movements in the primary motor 

cortex. It was the effect of hind limb immobilisation that induced spasticity and deficits in 

motor function, with or without the perinatal asphyxia (Strata et al., 2004). The hind limb 

restricted rats showed hypertonia at rest and during active movements, abnormal walking 

patterns as well as changed primary motor cortex representations of hind limb movements 

(Strata et al., 2004). 

 In order to better understand the mechanism of the induced hypertonia in the limb restricted 

rats more fully, Coq et al. (2008) further explored this model to determine if it was the 

sensorimotor system changes or peripheral musculoskeletal changes associated with the 

perinatal asphyxia and/or limb restriction that induced the movement disorder of hypertonia 

and functional deficits. In rats, perinatal asphyxia alone induced the least effect on peripheral 

tissues and the somatosensory cortex hind limb maps when compared with control rats, with 

little concomitant impact on functions (Coq et al., 2008). In contrast, the sensorimotor 

restriction alone had a moderate deleterious effect on musculoskeletal aspects with atrophy of 

fibre size and joint degradation, and on the somatosensory map organisation. In addition, the 

combination of perinatal asphyxia and hind limb immobilisation had the most deleterious 

impacts on muscle histology and sensorimotor map representation.   

These results contribute new insights into the complexity and interrelationship of the 

peripheral musculoskeletal system and the sensory and motor aspects of the CNS in the 

generation of movement disorders in human CP. Abnormal inputs through disuse during 

development that induced similar muscular pathologies in rats, have been observed in children 

with CP (Booth et al., 2001; Foran et al., 2005). In addition, abnormal sensorimotor 

experiences have been observed in infants with CP (Hadders-Algra, 2008) with its possible 

deleterious effect on cortical re-organisation (Eyre et al., 2007; Staudt et al., 2004). It is 

possible that the presence of a brain lesion early in development, results in decreased use, but 
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in addition the lesion compounds the effects of disuse. The subsequent abnormal and limited 

movements may account for the musculoskeletal changes, which in turn contribute to 

aberrant sensory feedback, leading to maladaptive changes in the primary motor and 

sensorimotor cortex.    

The activity dependent maturation of the corticospinal system has many implications for 

therapists treating children with CP. The presence of a cortical lesion, and/or loss of 

appropriate stimulation during the critical periods of development results not only in 

behavioural and anatomical changes in the corticospinal system (Basu et al., 2009; Eyre et al., 

2007; Martin, Friel, Salimi, & Chakrabarty, 2009a; Staudt, 2010a) but also in the sensorimotor 

and peripheral musculoskeletal system (Coq et al., 2008). These findings suggest that early 

intervention to encourage movement and sustained activity, in order to promote normal 

development of the sensorimotor system, may be critical in children with brain lesions as it 

may restore sensorimotor functions and prevent further deficits. 

2.6.2  Neuroplasticity and therapies in CP 

Therapeutic treatment of children with CP is diverse and is often dependent on the disturbances 

to function displayed by the infant or child as well as the skills, training and bias of the therapist 

providing the intervention. A systematic review of the literature that summarises the existing 

research and information about the benefits or otherwise of common physical therapeutic 

approaches and interventions used for children with CP, with respect to evidence of neuroplastic 

changes is presented in Chapter 6. ‘Common interventions’ are defined based on the perspective 

and views of the author drawn both from clinical experience and most cited publications. The 

question posed by the review is ‘what evidence exists for neuroplastic changes resulting from 

commonly used therapeutic approaches for children with CP? 

The primary therapeutic interventions searched were strength training, functional training, 

treadmill training, constraint induced movement therapy (CIMT), bimanual training and NDT. 

This review highlighted the paucity of research into the effect of therapies on neuroplasticity 

following brain lesions early in human development.  Much that is known about neuroplasticity 

comes from animal models of intervention, or adults with stroke or acquired brain injury.   

2.6.3  Neuroplasticity and botulinum neurotoxin  

While there is increasing evidence for the efficacy of the use of BoNTA for upper limb 

spasticity, little is known about the mechanisms underlying any improvement in motor 

function. Recovery of the original neuromuscular junction has been demonstrated and was 

discussed in section 2.3. Clinicians have also observed longer-term outcomes that appeared to 
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continue beyond the effect of the weakening, which could not easily be explained by the 

accepted model of action of BoNTA. This section explores the evidence for the hypothesis that 

in addition to its effect as a local muscle relaxant, BoNTA acts at the level of the CNS for 

‘reorganisation’.  

Much of the benefit from BoNTA injection comes from simply reducing muscle overactivity. 

Where it was once commonly believed that BoNTA effects remain localised to synapses near the 

injection site (de Paiva et al., 1999; Rosales et al., 1996) current research into the effects of 

BoNTA has shown effects beyond its peripheral influence (Byrnes et al., 1998). It is likely there 

are changes at the neuromuscular level as well as adaptive changes in the CNS, possibly through 

alteration of sensory input from the periphery, by indirect or more recently, there is some 

evidence to suggest the possibility of more direct effects on the CNS (Restani et al., 2011).  

2.6.3.1 Central effects of BoNTA 

Despite the widespread use of BoNTA, much remains to be understood about the mechanism of 

action of the toxin. Most of the effect of the BoNTA remains at the injection site with only 

experimental evidence in animal models that the BoNTA can undergo retrograde or anterograde 

axonal transport and trancytosis to directly affect the CNS (Antonucci, Rossi, Gianfranceschi, 

Rossetto, & Caleo, 2008; Restani et al., 2011). However, there is no evidence of BoNTA crossing 

the blood–brain barrier in a therapeutic setting (Currà, Trompetto, Abbruzzese, & Berardelli, 

2004). BoNTA might thus affect the CNS by two different mechanisms (Caleo et al., 2009). Firstly, 

and most likely, central effects can be explained by effects at the periphery and spinal cord that 

indirectly affects the brain (Currà et al., 2004) and secondly, there is emerging evidence of the 

possibility of a direct effect on the CNS in in vivo studies only, using high doses of BoNTA. 

The indirect effects on the CNS are explained by sensory changes that could contribute to the 

anti-spastic action (through BoNTA influence on the muscle spindle), and the subsequent CNS 

changes are secondary to these peripheral actions. BoNTA mediated blockade of gamma motor 

endings results in a consequent reduction of the muscle spindle afferent discharge from the 

injected spastic muscle, which in turn results in reduced pre-synaptic gating of the antagonist Ia 

terminals (Caleo et al., 2009). This action mimics the first phase of reciprocal inhibition seen in 

normally innervated muscle and involving group I spinal inhibitory neurons. This then leads to a 

pre-synaptic inhibition of the Ia afferents from the injected agonist, i.e. a secondary inhibitory 

phase. In people with spasticity, there is usually an abnormal second phase of reciprocal 

inhibition caused by decreased pre-synaptic inhibitory mechanisms due to abnormal descending 

cortical control on the spinal interneurons (Currà et al., 2004). The reduction in power and 

amplitude of involuntary muscle activation due to the fore mentioned mechanism is likely to 
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reduce any sensory stimuli that can reinforce excessive reflex activity (Rosales et al., 2006). In 

this way, BoNTA probably alters sensory inputs to the CNS, with reduction of Ia afferent signals, 

and thus may indirectly induce secondary central changes.  

The majority of studies seem to have investigated the effect on brain re-organisation in patients 

with dystonia managed with BoNTA (Byrnes et al., 1998; Gilio et al., 2000; Kojovic et al., 2011; 

Schuele, Jabusch, Lederman, & Altenmuller, 2005; Sheean, 2007; Thickbroom, Byrnes, Stell, & 

Mastaglia, 2003), with less research into brain re-organisation following patients with spasticity 

treated with BoNTA (Fridman, Villareal, Crespo, Arguello, & Ramirez, 2007; Opavsky, Otruba, 

Hlustik, Herzig, & Kanovsky, 2007; Senkarova, Hlustik, Otruba, Herzig, & Kanovsky, 2009; 

Trompetto et al., 2008; Veverka et al., 2012), and even less in children with spasticity (Frascarelli, 

Di Rosa, Bisozzi, Castelli, & Santilli, 2011; Redman et al., 2008; Trivedi et al., 2008). 

Frascarelli et al. (2011) investigated if BoNTA could affect supraspinal modulation in children 

with spastic CP by examining the cortical responses and the variation of the stretch reflex 

response after BoNTA injection. The electrophysiological study of the Ia muscle afferent alpha 

motoneuron excitability was evaluated through the Hoffman reflex (H-reflex) and the ratio of 

the maximum H-reflex to that of the maximum motor response of the soleus muscle. The H-

reflex is a sensitive tool to evaluate the Ia afferent synapses (Morita, Crone, Christensen, 

Petersen, & Nielsen, 2001) and the ratio of the maximum H reflex to maximum motor 

response is significantly increased in patients with spasticity (Bakheit, Maynard, & Shaw, 

2005). 

The cortical responses evaluated were somato-sensory evoked potential (SEP). In subjects with 

normal motor control, SEP elicited by tibial nerve stimulation, reflects the afferent inflow from 

muscle spindles to the somatosensory cortex (Sakamoto et al., 2004). In normal subjects, the 

SEPs amplitude decrease during a muscle activation and it is absent during a muscle’s co-

contraction. Spasticity contributes to the abnormal response of cortical SEP,  with the SEP and 

H-reflex both positively correlated with spasticity (Frascarelli et al., 2011). 

Following BoNTA injection, Frascarelli and colleagues (2011) found significant improvement in 

clinical spasticity measures of the MAS and concomitant improvement in the 

neurophysiological measures of SEP and H reflex activity. They concluded that spasticity can be 

considered as a factor affecting the cortical SEPs and BoNTA is able to induce neuroplastic 

changes to central sensory pathways indirectly through modulation of Ia afferent fibres due to 

the modification induced by the BoNTA to the central loop from the spinal cord (Frascarelli et 

al., 2011). This effect through afferent pathways on the CNS, they described as a long-term 

‘sensory trick’ and they concluded that these findings of secondary alteration of central 
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sensorimotor physiology and additional primary effects on muscle spindle function are 

probably critical in the long-term efficacy of BoNTA observed by clinicians (Frascarelli et al., 

2011). 

Redman et al., (2008) conducted a randomised control trial to investigate the corticomotor 

projection to the upper limb in children with hemiplegic CP aged eight to 16 years and the 

changes that occur with BoNTA. TMS was performed at the peak effect of the BoNTA and at 

one, three and six months after injection. The investigators found that there was a change in 

location laterally of the change in optimal site for stimulation of the corticomotor tract for the 

hand for both the BoNTA group treatment and control groups, and there was no statistically 

significant difference between groups at one three or six months. In addition, this change was 

reflected in both the affected and unaffected hemispheres. This finding surprised the 

investigators and the outcome may have been influenced by the finding of high variability of 

corticomotor projections in this group and the poor tolerability of the TMS that the 

investigators encountered in this age group (Redman et al., 2008). It is also noteworthy that 

most subjects in the sample studies had preserved ipsilateral corticospinal pathways of the 

affected hand with less than a third of the subjects displaying a preserved contralateral 

pathway from the affected hemisphere to the paretic hand. This may have affected the 

outcome of the BoNTA. It may be that those individuals’ dominant ipsilateral pathways 

(regardless of presence of contralateral pathways) are not likely to respond as well to 

treatments just directed at relieving peripheral spasticity.  

Although not found in children with spasticity (Redman et al., 2008), TMS of the motor cortex 

in patients with limb dystonia has been used to demonstrate that BoNTA can transiently 

normalise distorted primary motor cortex projections to hand and forearm muscles (Byrnes et 

al., 1998; Thickbroom et al., 2003) and transiently alter intra-cortical inhibition (Gilio et al., 

2000). Gilio et al. (2000) used paired TMS to investigate the excitability of the primary motor 

cortex before and after BoNTA injection in subjects with dystonia. This was investigated using 

paired TMS to assess intra-cortical inhibition as previous studies in normal subjects have 

shown that delivering a conditioning TMS stimulus suppresses the test response by activating 

cortical inhibitory interneurons.  An increase in intra-cortical inhibition one month after BoNTA 

injection was observed and it was found to be equivalent to a normal response seen in 

individuals without dystonia (Gilio et al., 2000). These changes reversed as the effect of BoNTA 

wore off three months after the injection.  

Byrnes et al. (1998) showed that the functional changes that occur with BoNTA therapy in 

adults with writer’s cramp are accompanied by changes in the corticomotor pathways. These 
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changes reversed as the clinical effects of the BoNTA wore off. Thickbroom et al. (2003) 

reported similar findings of changes in corticomotor pathways in subjects treated with BoNTA 

for cervical dystonia, which again reversed when the clinical effect of the BoNTA had worn off. 

Blood and colleagues (2006) on the other hand showed a more persistent and rapid response 

with brain reorganisation after BoNTA injections, again in adults with primary focal dystonia, 

but using diffusion tensor imaging (DTI) to probe brain changes rather than TMS. The relative 

transient nature of all the brain changes shown in the discussed studies provides 

reinforcement to the approach that BoNTA should be used to augment active therapy 

programmes. Further investigations are required to determine if active therapy during the 

peak of the BoNTA response, results in more permanent adaptive neuroplastic changes.  

Although the studies into the mechanism of action of BoNTA are useful for understanding the 

potential for use of BoNTA and the window of opportunity afforded by it to make more 

substantive positive brain re-organisation changes, some caution should be encouraged when 

extrapolating cortical effects of BoNTA from adults with dystonia to children with spasticity. 

Firstly, although both spasticity and hypertonia represent hypertonic movement disorder, the 

pathology of these two types of movement disorders is very different. Spasticity in CP, by its 

definition has its origin from a lesion in the brain, primarily the motor cortex affecting the 

corticospinal pathways (see section 2.2.1). Dystonia, on the other had can be described as 

primary (idiopathic) or secondary. In primary dystonia the neuro-pathophysiology is not clear 

and it is described as primary when all radiologic or laboratory tests fail to identify a cause, for 

example, writer’s cramp and focal cervical dystonia (Delgado & Albright, 2003). Secondary 

dystonia occurs when there is an identified lesion. Dystonia has its anatomic lesions within the 

basal ganglia and thalamic intra laminar ganglia. The majority of the studies reported within 

this review have investigated adult onset dystonia. These adults would have had period of time 

when they had normal movement prior to the onset of the dystonia, in contrast with children 

with CP who acquire their lesion pre- or perinatally. One may hypothesise that duration of the 

presence of the movement disorder may be a confounding variable to response, and in the 

cases of CP, the duration of the movement disorder is likely to have been present longer than 

those subjects investigated with primary dystonia. Additionally, the presence or absence of 

contralateral pathways was not clearly reported in the adult studies. The study by Redman et 

al. (2008) identified that the majority of subjects with CP had ipsilateral pathways to the 

affected limb. More research is required to determine if the presence of a preserved or 

dominant ipsilateral corticospinal pathway would affect the neuroplastic response to BoNTA, 

or if specific interventions augmented with BoNTA can result in more positive adaptations to 

brain re-organisation.  
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The second proposed mechanism of action of BoNTA is a direct mechanism and involves 

retrograde transport and trancytosis of the BoNTA following uptake at the neuromuscular 

junction that then could directly affect central circuits. This has only been investigated in 

animal studies with large doses (Antonucci et al., 2008). Trancytosis refers to the process by 

which the toxin penetrates the neuron at one side, followed by its movement and release at 

the opposite end, with possible uptake by a second order neuron. Trancytosis and possible cell 

to cell transfusion is important because it may allow the BoNTA to exert its actions at a 

distance from the injection site (Restani et al., 2011) opening up the possibility for potentiating 

the local effect. It must also be considered that this finding reopens the problem concerning 

the direct retrograde transport of BoNTA in humans, with possible toxin transfer to second-

order neurons (Currà & Berardelli, 2009).  

These animal studies have demonstrated that BoNTA undergoes retrograde axonal transport and 

is transcytosed to afferent neurons (Antonucci et al., 2008). Antonucci et al., (2008) found that in 

mice injected with BoNTA, a BoNTA-truncated SNAP-25 appeared both at the injection site and 

also in distant regions that projected to the muscle injected with the BoNTA. In a follow up study, 

the investigators also demonstrated anterograde axonal transport whereby, rats injected with 

BoNTA into the eye exhibited significant levels of BoNTA in the CNS. The investigators ruled out 

systemic effects and explained the presence of the BoNTA in the CNS as occurring from 

anterograde axonal transport and trancytosis (Restani et al., 2011). Retrogade and anterograde 

trancytosis has only been observed when high doses were used.  

This new evidence of anterograde and retrograde transport and trancytosis suggests that there is 

a possibility of a direct effect of BoNTA on the CNS (via axonal transport of the toxin) (Restani et 

al., 2011). As yet, this effect has not been demonstrated in humans and no convincing evidence 

exists that supports a direct action of BoNTA on the CNS in humans (Curra & Berardelli, 2009). 

Most of the evidence suggests that the effect of BoNTA on the CNS is via indirect mechanisms. It 

is most likely that the dual effect of BoNTA on both the extrafusal and intrafusal fibres relieves 

focal spasticity in spastic CP through dynamic changes at multiple levels of the motor system, 

including the cerebral cortex. Little is known about the corticomotor projections associated with 

the upper limb in children with hemiplegic CP and the reorganisation that may occur with 

BoNTA. In children with CP, CNS plasticity and abnormalities in the corticomotor projection, such 

as the presence of ipsilateral pathways are likely to influence the central response to BoNTA 

injection, which may be different to those seen in adults with acquired bran injury and spasticity 

(Eyre et al., 2007; Redman et al., 2008; Thickbroom et al., 2001; Wittenberg, 2009a). This aspect 

requires further investigation and is of particular interest to therapists who wish to harness the 

opportunity afforded by the BoNTA. 
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2.7  Transcranial Magnetic Stimulation (TMS) and it’s use to measure 

neuroplasticity in Children 

TMS is a neurophysiologic technique that allows induction of a current in the brain using a 

magnetic field to cross the scalp and skull. The TMS causes neurons in the neocortex under the 

site of stimulation to depolarise and discharge an action potential.  When TMS is applied to the 

scalp overlying the homunculus of the primary motor cortex at appropriate stimulus intensity, 

it produces muscle activity in the contralateral extremity. It is possible to record this muscle 

activity as motor evoked potentials (MEPs) using electromyography and the stimulus required 

to elicit the response is recorded as the MEP threshold. 

TMS is useful in investigating the motor cortex function and can provide insights into both 

typical neuromotor maturation and the mechanisms underlying the motor skill deficits in 

children with developmental disabilities (Garvey & Volker, 2008). The MEP threshold reflects 

the developmental stage of myelination of the corticospinal tracts, cortical motor afferents, 

and synaptic efficiency within the motor cortex and spinal cord (Garvey et al., 2003). Garvey et 

al. (2003) investigated the maturational profile of the MEP threshold, and its relationship to a 

behavioural test of neuromotor function in 34 healthy children between the ages of six and 14 

years. The neuromotor task used was finger tapping. They found that compared with results 

from adults, children under 10 years of age had higher MEP thresholds but by mid-

adolescence, MEP thresholds had decreased to adult levels (Garvey et al., 2003). In children, as 

with adults, the MEP threshold was higher when the target muscle was at rest. In children, 

there was a side to side asymmetry with MEP threshold which also decreased with increasing 

age and they concluded that this was likely due to children spending more time completing 

unilateral tasks such as writing at school, than adults. They concluded that MEP threshold 

could be used as an outcome to probe anomalous development of the corticospinal tracts 

(Garvey et al., 2003). It is difficult to elicit reliable MEP responses when muscles are at rest in 

children younger than six years of age (Koh & Eyre, 1988), but when the target muscle is 

active, MEP responses can be elicited, even in neonates (Eyre et al., 2001).  

TMS can noninvasively and objectively investigate nervous conduction along the corticospinal 

tract by recording MEP latency which is the time in milliseconds from the onset of the stimulus 

to the response in the target muscle (Figure 2.9) (Pascual-Leone & Walsh, 2002). The resting 

MEP latency (when the target muscle is at rest) is different to when the muscle is active (active 

MEP latency). The resting MEP latency does not reach maturity until adolescence and is 

thought to be a reflection of neuronal and synaptic maturation within the motor cortex and 

maturation of central myelination (Garvey & Volker, 2008).  Stimulation of the motor cortex 
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may evoke an MEP in the homologous target muscle ipsilateral to the stimulation (iMEP). The 

iMEP indicates an ipsilateral corticospinal pathway. iMEP are present in younger children, with 

evidence of their withdrawal as the CNS matures (Eyre, 2004). 

 

 

 

Figure 2.9 Representative example of MEP induced by TMS recorded at the first dorsal interosseous 
muscle.  
The latency is the time in milliseconds from the onset of the stimulus to the response in the target 
muscle  
 
TMS can be applied sequentially to different scalp positions and then a muscles MEP from each 

site of stimulation can be recorded, hence generating a somatotopic map within the motor 

cortex for that muscle (Pascual-Leone & Walsh, 2002). This is achieved by stimulating a 

number of different scalp positions using a stimulus intensity close to the MEP threshold and 

measuring the MEP threshold at each site (Garvey & Volker, 2008). It is possible to assess the 

optimum position for stimulation and the centre of gravity (COG) which defines the mean 

position of the map (Chen, 2000).  The COG is a useful metric because it gives each location 

stimulated a weight based on the size of the response there and because it is based on many 

data points then it has a low standard error and high degree of reproducibility (Wittenberg, 

2009a).  The map volume gives a spatial extent of representation and in TMS mapping 

MEP latency 

(ms) 

TIME (ms) 
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procedures, map volume refers to the volume of the contour graph constructed on the scalp 

surface, but represents the area in which stimulation evokes a response. 

The map volume is a sum of the average MEP at each location stimulated, normalised to the 

average MEP at the location the largest response. Generation of map volume varies  from 1 

indicating  a response at only one location, to N, where N is the number of locations in which  

any response is measured (Wittenberg, 2009a). Mapping of cortical area representation and 

recruitment of a remote area as a result of learning or brain disease comprise the two most 

characteristic forms of neuroplasticity (Pascual-Leone & Walsh, 2002).  Topographical 

reorganisation of the motor cortex depends on the types of movements performed by the 

subjects. During simple training in adults with intact neurological systems TMS motor maps 

have been shown to enlarge and motor cortex excitability increases during the learning of a 

motor skill, but not during increased use of the limb without specific skill training (Jensen et al., 

2005; Tyč & Boyadjian, 2011). Map enlargement in adults with an intact neurological system 

can be detected within two hours of practice of the motor skill and continues to enlarge until 

the motor skill is over- learned by the subject (Pascual-Leone et al., 1995) with evidence that 

cortical representation returns to its initial size when the task is over learned  (Tyč & 

Boyadjian, 2011) .  

 TMS-evoked parameters appear to be a marker of some of the disease signs  in paediatric 

neurological disorders (including CP) and has been used safely to study corticospinal tract 

development in children (see section 2.6.1.2) (Eyre et al., 2007; Garvey et al., 2003; Gilbert et 

al., 2004; Wittenberg, 2009a).  Although TMS has been used to detect changes following 

interventions is the adult population with intact neurological system and following brain 

lesions, TMS responses following interventions in children with CP are less known (Redman et 

al., 2008). TMS evoked parameters are abnormal in CP and as such provides a reasonable 

means for probing the outcome of interventions on the structure and function of the motor 

circuits of the CNS (Eyre et al., 2007; Pascual-Leone & Walsh, 2002; Wittenberg, 2010). It is 

evident that TMS studies in children need to take into account the developmental aspects of 

brain maturation and how these aspects may impact on mapping and re-mapping outcomes 

(Garvey & Volker, 2008).  

2.8  Summary 

The tem CP does not really refer to an aetiological diagnosis, but more to a description of 

symptoms that manifest as a result of a lesion in the developing brain. Heterogeneity in CP is 

found in the lesions that cause it, the motor manifestation and the functional presentations. 

Research into causal pathways, prognosis and outcomes of interventions will be more robust if 

researchers can identify homogeneous groups within the broader CP umbrella. In an attempt to 
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do this, multiple classification systems have emerged based on topography, motor disorder and 

functional level.  

Spasticity is the most common movement disorder seen in CP and can have devastating effects on 

the musculoskeletal system and upper limb function in children with hemiplegia. Managing 

spasticity is of paramount importance for therapists to try and facilitate growth and /or prevent 

contracture, deformity and pain. BoNTA is a pharmacological agent known to decrease spasticity. 

Despite the use of BoNTA as ‘current best practice’ in the management of spasticity in CP, this 

review of the literature demonstrates that many studies investigating its use in the upper limb in 

CP lack treatment standardisation, utilised heterogeneous study groups and employed wide 

ranges of ages in study groups. Although there is a positive trend in the use of BoNTA to manage 

upper limb spasticity and improve function, more empirical evidence is required, particularly with 

respect to which interventions are best augmented with BoNTA. 

Along with spasticity, muscle changes have been shown to exist in children with spasticity and 

these changes impact on the development of contracture but may also impact on muscle 

recruitment, movement coordination and upper limb function. However, there is a paucity of 

information relating to the effect of resistance training approaches on improving upper limb 

function. It is reasonable to hypothesise that by addressing the muscle deficits with a resistance 

training approach and augmenting this with BoNTA to manage the spasticity, a better functional 

benefit from the combined interventions would occur.  

Studies on the use of BoNTA in the upper limb are emerging that have reported longer functional 

benefits than the expected chemical duration of the BoNTA and it has been suggested that this 

may be the result of an indirect effect on neuroplastic changes in the CNS. There is a paucity of 

information regarding the mechanism of action of BoNTA in children and the neuroplastic 

changes that accompany interventions in children with CP. Understanding these mechanisms may 

provide insight into how best to utilise the window of opportunity afforded by the BoNTA during 

its peripheral action of reducing spasticity so as to enhance this positive effect by encouraging 

more permanent neuroplastic adaptive changes.  

CP affects the corticospinal pathways and TMS has been shown to be useful in understanding the 

corticospinal and motor changes in CP, as well as understanding the neuroplastic changes that 

accompany interventions, such as BoNTA. TMS thus provides the opportunity to quantify changes 

at the cortical level as a result of BoNTA and any combined therapy.  

Investigating the outcome of the intervention on the impairment (spasticity) is not sufficient and 

it is now well acknowledged that investigations of the impact of interventions on disease states 
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needs to include, as a minimum, aspects of assessment to changes to activity and participation 

aligned with the ICF. Many studies researching the intervention of CP have shown that the GAS 

and COPM provide valuable methods of evaluating the impact of interventions on productivity, 

participation and function.   

Objective quantifiable assessments of function are limited for children with CP. Three 

dimensional motion analysis is promising, as this methodology enables the provision of 

objective, unbiased and sensitive measures of movement characteristics in children with CP.  

The objective evaluation of movement characteristics are important, because early brain 

injuries are more susceptible to 'maladaptative' plasticity, which might result in abnormal 

movement behaviours. Three dimensional motion analysis also overcomes some of the 

shortcomings of many standardised clinical measures presently used to assess treatment 

related studies. Some clinical measures of upper limb function assess improvement without 

regard as to whether they are achieved by an improvement in motor function of the involved 

limb, or by compensations, and clinical assessments may not be as sensitive to small but 

meaningful changes in performance.  Effective masking of treatments is not always possible in 

BoNTA trials therefore quantitative measures provide an important adjunct for assessing 

motor function that is not dependent on observer ratings.   

Information regarding which task is best to explore movement characteristics of the upper 

limb, and what movement characteristics best describe or relate to upper limb function in 

children with CP is lacking. The role of kinematic movement analysis in understanding the 

movement of characteristics in spastic CP, and exploring which movement substructures that 

best relate to function in this group would be valuable as it could provide valuable information 

regarding the motor control mechanisms utilised during a functional task as well as provide for 

sensitive, objective and unbiased assessment post interventions. 
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Chapter 3 Muscle resistance training and conventional therapy 

augmented with botulinum toxin improves upper limb function in 

very young children with spastic hemiplegia. 

   

This paper was prepared for submission to Disability and Rehabilitation 

This investigation reports on the effect of BoNTA, and specific muscle resistance training on 

function of the upper limb in younger aged children with spastic hemiplegic CP. The study 

commenced during a time when there was a paucity of published data on the effect of 

augmenting BoNTA on upper limb management.  The experimental design provided a further 

contribution to knowledge concerning appropriate indications for this therapy and its benefits 

and side effects, since a ‘No BoNTA’ control group was included, as the BoNTA for the upper 

limb was not considered routine at the time of commencement of the study. 

The clinician’s role in selection of appropriate candidates for BoNTA has become crucial 

(Graham et al., 2000).  At the time of commencement of this study comprehensive clinical 

assessment guidelines had been established to assess a candidate’s suitability to receive 

BoNTA in the lower limb but not in the upper limb.  Upper limb function differs from that of 

the lower limb because the movements involved are more complex and hence rely to a greater 

extent on the interaction of a number of factors including motor function, muscle resistance, 

range of movement, cognition and sensation.  Guidelines used for lower limb indications 

cannot necessarily be extrapolated to the upper limb.   It was hypothesised that the 

assessment of suitability for use of BoNTA in improving upper limb function would need to 

incorporate a comprehensive assessment of function as well as biomechanical assessment of 

spasticity and range of movement. This investigation addressed the effect of incorporating 

BoNTA, and specific muscle resistance training on function of the upper limb in young children 

with spastic hemiplegic type cerebral palsy. 

This body of work is critically evaluated in line with other published investigations later in 

addressing the first and second aims of the thesis, namely: 

• To evaluate critically current evidence for the use of BoNTA to augment upper limb 

therapies with the view to maximise function:  and  

• To investigate the role of resistance training with task directed therapy augmented 

with BoNTA on upper limb function in children with spastic hemiplegic type CP. 
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ABSTRACT 

Aim: To investigate the effects of incorporating botulinum neurotoxin type A (BoNTA) with or 

without specific muscle resistance training on upper limb function in young children with 

spastic hemiplegia receiving conventional therapy.  

Method: A prospective, single-blind, randomised, controlled trial with three groups:  A control 

group, treatment group 1,  and with the control group having delayed access and crossing over 

to become a comparator treatment group 2. A repeated measures design was utilised. Thirty 

three children (22 males, 11 females; range 3–7y, mean 4.5y [SD 1.2]) with spastic hemiplegic 

type cerebral palsy participated. A control group continued with their usual community based 

‘conventional’ therapy. The treatment groups received either 1. BoNTA injections to the upper 

limb with conventional therapy and the delayed treatment group 2 received BoNTA injections 

to the upper limb with conventional therapy plus six weeks of upper limb resistance training at 

the peak effect of the BoNTA. All three groups received lower limb BoNTA for management of 

spastic equinus. Outcomes for all three groups were measured at baseline, then 1, 3 and 6 

months following BoNTA.  

Results: Participants who received upper limb BoNTA significantly decreased spasticity as 

determined by the Modified Tardieu (MT) scores at 1 month. Primary outcome of Quality of 

Upper Extremity Skills Test (QUEST) improved significantly in recipients who received BoNTA 

relative to controls at 1 month,( p<0.05 ) and remained significant at 3 and 6 months. QUEST in 

the BoNTA plus resistance training group improved significantly relative to the BoNTA plus 

conventional therapy group at 3 months (p<0.04).  

Interpretation: Conventional therapy with BoNTA is effective but the addition of resistance 

training is superior as the positive changes in function were achieved in a shorter time period.  

What this paper adds:  

• Adds evidence for the benefit of BoNTA in improving upper limb function, activity and 

participation in children with spastic hemiplegic type CP. 

• Evaluates the addition of a resistance focused intervention in combination with BoNTA  

• Addition of information about which therapy interventions should be best combined 

with BoNTA.  
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3.1 Introduction 

Children with spastic hemiplegia have one arm that functions well whilst the other has 

functional limitations (Beckung & Hagberg, 2002; Van Zelst et al., 2006). The focus of 

interventions are often directed at improving bimanual tasks such as using a knife and fork, 

tying shoe laces and tying up hair as it is usually bimanual tasks that these children find  

difficult to perform (Sakzewski, Ziviani, & Boyd, 2009a; Van Zelst et al., 2006). These limitations 

in fine motor function can be frustrating and can impact on activity and participation (Van Zelst 

et al., 2006). 

Recent studies have investigated types of co- therapy that may maximise the opportunities to 

improve function afforded by BoNTA, however poor methodological quality with wide age 

groups (Rameckers et al., 2009; Russo et al., 2007; Wallen et al., 2007b), mixed intervention 

approaches (Lowe et al., 2006; Russo et al., 2007; Wasiak et al., 2009), and incomplete 

reporting of the intervention protocols and/or frequencies (Lowe et al., 2006; Rameckers et al., 

2009; Russo et al., 2007; Wallen et al., 2007b) limits appropriate interpretation of the 

therapies that are best augmented by BoNTA . We elected to evaluate the effects of adding 

resistance training to upper limb BoNTA injection, because studies of resistance training on 

lower limb function suggests that muscle weakness and not spasticity may be a bigger limiting 

factor in motor function in children with CP (Damiano, Dodd, et al., 2002; Dodd et al., 2002; 

Dodd et al., 2003).  Recent evidence has emerged showing that use of the upper limb in 

children with CP is predominantly influenced by the ability to perform active movement and by 

muscle strength (BrÆNdvik et al., 2010). 

There are a number of complex structural and functional adaptations to muscle under the 

influence of spasticity and these changes alter the ability of spastic muscle to produce force 

(Lieber, 2010).  The therapy program of this study focused on resistance training the 

antagonist muscles concentrically and the spastic agonist eccentrically. To date, there is only 

one published study that has reported the effects on function of upper limb resistance training 

in CP (O’Connell & Barnhart, 1995) and none that have examined the effect of strength 

training augmented with BoNTA on upper limb function in younger aged children.  

It was hypothesised in this study that BoNTA plus resistance training in addition to 

conventional therapy would result in greater functional improvements than injection of BoNTA 

plus conventional therapy and that the improvement in function would persist after the 

pharmacological effect of the BoNTA on spasticity had subsided. 
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3.2 Method 

The study was approved by the Ethics Committee from Princess Margaret Hospital for Children 

(PMH).  

3.2.1  Participants 

Participants were recruited from the Spasticity Management Clinic at PMH, the sole centre 

administering BoNTA to children in Western Australia.  Children were eligible  if they were: 

aged 3-6 years, had spastic hemiplegia due to CP with spasticity affecting function of one 

upper limb, without fixed contracture;  eligible for injection of BoNTA into calf for concomitant 

spastic equinus but had no previous upper limb BoNTA;  and were currently receiving 

occupational therapy or physiotherapy for the affected arm.  Exclusion criteria were cognitive 

impairment sufficient to preclude the possibility of completing all assessments; use of splinting 

including Lycra™ splinting or serious unrelated illness or abnormality affecting independence 

and activities of daily living. 

3.2.2  Study Design 

A prospective, single blind, matched pair, randomised, controlled trial was conducted that 

compared two interventions, within two treatment phases illustrated by Figure 1.  Each of the 

two phases consisted of a six month follow up. Phase I followed two groups; group 1, the 

control group that continued with their conventional therapy only and group 2, who received 

an injection of upper limb BoNTA whilst also continuing with their conventional therapy. At the 

completion of the first 6 month study phase, subjects in group 2 exited the study and subjects 

in group 1  then entered a second phase of follow up receiving the second  treatment 

approach, upper limb BoNTA augmented with resistance straining training thus 

constituting the third group (group 3). 

The hypothesis being tested in Phase I was that managing upper limb spasticity with the 

addition of BoNTA would result in greater improvements in function than conventional 

therapy alone. The second treatment phase, (Phase II) provided observations required to test 

the hypothesis that BoNTA plus resistance training in addition to conventional therapy would 

result in greater functional improvements than injection of BoNTA plus conventional therapy, 

or conventional therapy alone. 
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Figure 3.1 Consort Flow Diagram – Intention to Treat Phase I and II 

Lost to follow-up (n=0 ) 
Discontinued intervention (n= 0) 

Follow-Up Phase II 

 

Analysed (n=9) 

♦ Excluded from analysis (missing 

data at allocated time points) (n=3) 

Analysis Phase II 

Allocated to Intervention II (n=14) 
♦ Received allocated intervention 

(n=12) 
♦ Did not receive allocated 

intervention (voluntary 
withdrawal) (n=2) 

Allocation Phase II 

Analysed  (n=14  ) Analysed  (n=19) 

♦ Excluded from analysis 

(unmatched participants) (n=5) 

 

Analysis Phase I 

Lost to follow-up (n= 0 ) 
Discontinued (n= 0) 

Allocated to Control (n=14) 
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After baseline assessments children were randomly allocated to either group 1 (control) or 

group 2 (BoNTA) unless they constituted a match for a previously enrolled child.  In this case, 

they were assigned to the group that did not include their match.  To be a match a child had to 

be within 6 months of age at the time of enrolment, and have an initial score on the Quality of 

Upper Extremity Skills Test (QUEST) (DeMatteo et al., 1992) within 7 percentage points of the 

previously enrolled child. It was assumed that children with similar degrees of function at a 

similar age would have similar potential to respond clinically.  

All subjects were assessed at baseline (pre BoNTA injection to either upper limb and lower 

limb  or lower limb in control group), then 1 month, 3 months and six months after receiving 

BoNTA. The timing of assessments was based on the predicted peak and duration of the 

physiological effect of BoNTA. All upper limb functional assessments were performed by an 

occupational therapist (AP) blinded to group allocation and ROM and spasticity assessments 

were performed by a physiotherapist (NG) who was not blinded to group allocation. 

All participants were encouraged to continue their conventional, best practice community-

based therapy. In Western Australia, conventional therapy for the upper limb in this age group 

consisted of between weekly and monthly contact with a therapist to obtain advice regarding 

activities to encourage bilateral use. At the time of this study, constraint induced therapy was 

not utilised. The investigator made no attempt to influence the content of conventional 

therapy, but recorded the type and intensity of therapies undertaken, as elicited from the 

participants’ parent at each visit.   Participants in Group 3 commenced resistance training one 

month post BoNTA injections. The resistance training was in addition to the conventional 

therapy programme already in place. The resistance training programme consisted of weekly 

contact for six weeks with a physiotherapist who prescribed a resistance training program that 

participants were required to perform at home three days a week.  

Due to the age of the participants, the resistance was determined through play directed 

activities that encouraged elbow extension, shoulder flexion, shoulder abduction and, wrist 

and metacarpal phalangeal extension. The therapist determined one repetition max by loading 

appropriate toys and encouraging a desired movement and the maximum weight the child 

could lift in the desired direction for the muscle action, whilst maintaining best form. The 

home program was then set to achieve endurance training so the repetitions set were 8 

repetitions at 50-70% of repetition max determined for the individual child for each activity. 

Four activities were determined with 2 sets of 8 repetitions with a minimum 90 second rest in 

between sets as per guidelines for strength training in children (Behm, Faigenbaum, Falk, & 

Klentrou, 2008).  Again, because of the age of the children in this study, all the resistance 
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activities for the resistance training program were designed using developmentally appropriate 

play. For example, the child may have been asked to load 10 weighted toys into an 

overhanging bucket to encourage shoulder flexion. Toys used in the program were 

progressively weighted from week to week based on strength gains. This weekly contact with 

the therapist also encouraged adherence to the program.  

The dosage of BoNTA was 0.5–2 U/kg body weight/upper limb muscle group, with a maximum 

dosage of 12 U/kg body weight up to 300units, inclusive of lower limb BoNTA administered. 

The selection of upper limb muscles for injection and dose of BoNTA was based on the clinical 

assessment of spasticity and review of the videotape of the most recent functional assessment 

by the physiotherapist and paediatrician (AG and NG).  Table3.1 lists the muscles injected and 

the dose ranges.  Muscles were localised by anatomical landmarks which were confirmed using 

an electrical stimulator (Fisher and Paykal Innervator 272, 350Vmax, 160mA max). 

Table 3.1 Injected Upper Limb muscles of Participants in BoNTA groups 

Upper Limb Muscles Number in 

Group 2 

(Total N=19) 

Dose ranges 

(units) 

Number in 

Group 3 

(Total N=9) 

Dose 

ranges 

(units) 

Add pollicis 11 5-30 7 10-20 

Flexor pollicis brevis 3 10-15 6 10-15 

Biceps brachii 10 10-50 5 10-25 

Brachialis 2 10-15 3 20-30 

Brachioradialis 2 10-15 1 15 

Pronator teres 13 20-40 8 10-50 

Pronator Quadratus 3 15-30 4 20 

Wrist flexors (FCR/ 
FCU) 

10 15-30 7 10-40 

Finger flexors 5 15-30 5 15-30 
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3.2.3  Outcome Measures 

At each assessment visit, each subject was examined to determine the degree and distribution 

of spasticity range of upper limb movement and function. Physical outcome measures included 

goniometric measures of range of movement (R2), the velocity dependent measures of 

spasticity such as Modified Tardieu Scale (MTS) (Boyd & Graham, 1999) and Modified 

Ashworth Scale (MAS) (Bohannon & Smith, 1987).   These measures assessed the severity of 

spasticity and how this changed in response to treatments 

Fine motor functions were measured with the Quality of Upper Extremity Skills Test (QUEST) 

(DeMatteo et al., 1992).  A change in score ≥ 7.1% was considered clinically significant (Klingels 

et al., 2008). The Goal Attainment Scale (GAS) (Kiresuk & Sherman, 1968) was used to measure 

the parent’s perception of change in function and was included to identify whether objective 

measures of improved function in the clinical setting correlated with parents’ reports of 

functional change.  The Canadian Occupational Performance Measure (COPM) (Law et al., 

1998) was utilised to assess whether functional change as observed in the clinic translated into 

the home and school environment and to assess agreement with the GAS. A change in two 

points in the COPM is considered clinically meaningful (Law et al., 1998). The QUEST, GAS and 

COPM were administered by investigator (AP) blinded to group allocation.  

3.2.4  Statistical Analyses 

Analyses were conducted using the SAS version 9.1.3 computer based package (SAS Institute 

Inc). The initial distribution of age, QUEST score, side of involvement, frequency of therapy and 

MAS score in each group were compared and assessed for significant differences. The groups 

were clinically well matched for potential confounders (age and initial QUEST scores). The 

effects of group allocation on QUEST, GAS and COPM at each assessment point were 

estimated by multivariable regression analysis including age and initial QUEST score. This 

approach, rather than a matched pair analysis, allowed us to maximise the limited number of 

recruits available while still accounting for baseline differences. Statistical significance was set 

at p<0.05.   

Mean outcomes at baseline, 1, 3 and 6 months were plotted for each group.  To determine if 

there was a significant effect of adding resistance training to a single treatment cycle of 

BoNTA, the means of the individual changes in outcomes from baseline for Group 2 at 1, 3 and 

6 months post injection in phase I were compared with those of Group 3 in phase II.  Plotting 

change in score rather than absolute score was necessary as the baseline QUEST for group 2 

differed from that of Group 3.   
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3.3 Results 

Thirty three participants were enrolled, resulting in 14 matched pairs and 5 unmatched 

participants.  Unexpectedly all unmatched participants were allocated to group 2, despite 

random allocation by an independent individual drawing a coloured marble from an opaque 

container.  The baseline characteristics of the two groups are compared in Table 3.2.  The two 

groups were clinically well matched for the matching variables of QUEST and age, and also for 

weight, gender and frequency of conventional therapy. Two participants did not complete all 

assessments in phase II during the BoNTA plus resistance training approach. 

Table 3.2 Baseline characteristics of study participants 

 Group 1 Controls 

N=14 

Group 2 BoNTA 

N=19 

Mean age (sd) 4.58  years  (1.25) 4.43 years (1.10) 

Mean weight (sd) 18.57  kg  (3.96) 18.13 kg (4.46) 

Mean QUEST (sd) 68.19 %(14.48) 69.93%(12.48) 

Mean therapy frequency 334.64 min/week 

(636.56) 

272.63 min/week 

(267.194) 

*Arm affected R:L 7:7 5:14 

Gender Males: Females 10:4 12:7 

*p=0.57 

Table 3.3 displays results of the technical effect of the BoNTA in reducing spasticity. In the 

absence of BoNTA there was no change in MTS in any muscle assessed. In both groups 2 and 3 

where BoNTA was used there was a significant decrease in MTS at 1 month, which increased 

but persisted at 6 months post injection.  

Mean QUEST scores and standard deviations at each assessment point for the control group 

are compared with those of group 2 and group 3 in Table3.4.  Mean QUEST for both groups 

that received BoNTA group increased significantly relative to the control group p<0.05.  The 

difference in mean QUEST between the groups was greatest at visit 2, but remained significant 

at visit 4. 

Table 3.4 shows how GAS and COPM changed for each group. The control group reached their 

expected goals at one month post baseline and maintained, but showed no further 

improvement, at 6 months. Children in group 2  (BoNTA) and Group 3 (BoNTA plus resistance) 

exceeded expected goals at 1 month post injections and continued to improve with the goal at 

6 months however, these differences failed to reach statistical significance. Similarly there was 
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a statistically and clinically significant mean change in both performance and satisfaction 

COPM scores when BoNTA was used to augment either conventional therapy or the resistance 

training treatment when compared with the control group but no significant differences in 

changes in COPM scores between the BoNTA and the  BoNTA plus resistance group.    

Table 3.4 Modified Tardieu (R2-R1) of most frequently injected muscle group  

 Muscle Group   

Group 1  
 

Group 2 Group 3 

Control 
 
mean (sd) 

BoNTA 
 
mean (sd) 

BoNTA +resistance 
 
mean (sd) 

Elbow flexors   

baseline 72.93(23.48) 61.95 (32.48) 65.23 (20.36) 

1 month 56.71 ( 48.46) 11.06 (17.24) 3.85 (9.81) 

3 month 50.61 (47.9) 30.95 (22.78) 20.46 (23.65) 

6 month 65.23 (20.36) 37.68 ( 38.87) 37.3 (56.74) 

Wrist Flexors 

baseline 73.78 (24.01) 81.0 (28.18)) 77.00 (28.36) 

1 month 82.43 (26.06) 16. 11 (27.25) 7.85 (21.42) 

3 month 76.08 (23.61) 30.79 (25.23) 35.46 (30.84) 

6 month 77.00 (28.36) 60.68 (33.78) 58.00 (37.62) 

Forearm pronators 

baseline 85.50 (33.46) 75.84 (25.46) 54.61 (25.19) 

1 month 79.78 (31.28) 13.68 (23.79) 1.00 (3.61) 

3 month 70.77 (37.43) 25.84 (32.54) 14.00 (19.19) 

6 month 54.61 (25.19) 49.42 (33.49) 41.00 (47.03) 

 

  



 

152 
 

 

 Table 3.5 Changes in QUEST, GAS and COPM Outcome of Study Participants  

Outcome of 
Interest 

Group 1 
Control 
 
N=14 
mean (sd) 

Group 2 
BoNTA 
 
N=19 
mean (sd) 

p 
Gp2 vs Gp 
1 

Group 3 
BoNTA 
+resistance 
N=9 
mean (sd) 

p 
Gp 3 vs 
Gp 2 

QUEST 

baseline 68.19 (14.48)      69.93(12.48)  73.14 (12.91)  

1 month 71.55 (17.54) 82.73(12.10) <0.01 82.72(11.43) 0.51 

3 month 72.98 (11.56) 80.83(14.00) <0.01 #86.32(10.44) #0.04 

6 month 73.14 (12.91) 81.70(15.20) 0.02 83.57(9.91) 0.67 

GAS 

baseline -2 -2  -2  

1 month -0.05 (0.73) 0.56 (0.83) 0.25 0.76 (1.07) 0.41 

3 month 0 (0.53) 0.98 (1.07) 0.14 #1.64 (0.87) 0.38 

6 month 0.12 (0.78) 1.34 (1.03) 0.09 1.47 (0.63) 0.38 

COPM satisfaction 

baseline 2.98 (1.32) 3.2 (1.7)  5.67 (2.14)  

1 month 4.79 (1.8) 6.06 (2.50) 0.07 5.71 (2.15) 0.49 

3 month 4.89 (2.41) 7.38 (5.75) 0.12 #8.32 (5.96) 0.37 

6 month 5.67 (2.14) 6.71 (2.43) 0.12 6.37 (2.07) 0.28 

COPM performance 

baseline 2.7 (1.22) 2.63 (0.09)  5.14 (187)  

1 month 4.05 (1.51) 5.11 (2.12) 0.05 5.23 (1.99) 0.58 

3 month 4.44 (1.93) 6.83 (5.60) 0.12 #8.02 (5.57) 0.38 

6 month 5.14 (1.87) 6.09 (2.26) 0.12 6.20 (1.40) 0.21 

# after resistance training 

Figure 3.2 compares the mean change in QUEST from the initiation of resistance training in 

group 3 (BoNTA plus resistance training) with the equivalent time point group 2 (BoNTA only).  

Over the period in which the resistance training occurred there was a statistically  significant  

difference in change in QUEST in favour of those receiving resistance training over those who 

did not (P<0.04).  After a further 3 months (in which no resistance training occurred) some of 

this difference was maintained, but was no longer statistically significant.  
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 Baseline 1 month 

Mean (SD) 

#*3 months 

Mean (SD) 

6 months 

Mean (SD) 

 

Group 2- 
Conventional 
therapy + BoNTA 
 

0 12.80 (8.86) 10.90 (8.32) 11.78 (8.87)  

Group 3 - 
Resistance 
training +BoNTA  

0 10.45( 7.55) 14.05 (6.62) 14.3 (6.76)  

# p =0.04 

 Figure 3.2 Mean Change in QUEST Score in groups receiving BoNTA 
Solid line between 1 and 3 months indicates period of resistance training in resistance training 
group. 
 

3.4 Discussion 

Participants, who received BoNTA plus resistance training, showed larger increases in function 

over the period in which the resistance training occurred compared with those who received 

BoNTA and conventional therapy only.  After a further three months without resistance 

training some of this difference was maintained, but was no longer statistically significant. 

Further investigation is warranted to determine if continuing the resistance training for a 
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longer period may increase the duration of the effect.  If resistance training is able to prolong 

the benefits of BoNTA on function, it may have the potential to decrease the frequency of 

subsequent injections. This is significant given recently voiced concerns regarding the potential 

weakening effect of repeated use of BoNTA (Gough et al., 2005) and past concerns of the risks 

of developing antibodies to BoNTA.   

The findings presented in the study in this thesis demonstrate that resistance training is 

beneficial in the younger aged child and that there is little effect of age on the effect of 

resistance training within this age range. There is a large body of literature that has 

investigated resistance training as a treatment approach in the older aged child (Dodd et al., 

2002; Dodd et al., 2003; Rameckers et al., 2009) with no published evidence in the younger 

aged child. Although it is not usual to engage in resistance training as a treatment modality in 

such young children, one possible hypothesis is that addressing resistance problems in children 

with CP at an early on may reduce the impact of muscle weakness on function. This 

assumption requires further longitudinal investigation. 

This controlled clinical trial adds to the evidence supporting the use of BoNTA injections to 

improve upper limb functional movement, capability and performance. A clinically and 

statistically significant improvement in quality of upper limb function was found at 1 month 

and some of this effect was maintained even after the reduction of spasticity due to BoNTA 

had worn off in both the treatment groups that used BoNTA.  The sustained improvements 

found at six months in this study differ from those found in prior studies which have reported a 

continued effect at three months but no sustained improvement at six months after injection 

(Fehlings et al., 2000; Lowe et al., 2006; Russo et al., 2007; Wallen et al., 2007b).  

There are several methodological variations that may explain these differences. In the study 

reported in this thesis each participant underwent movement analysis to determine muscle 

selection for injection under the guidance of electrical stimulation rather than injecting the 

same muscles in each subject using anatomical locations to guide needle placement as was 

done in earlier studies (Fehlings et al., 2000). Secondly the dose of BoNTA was higher than that 

used by studies that observed no long term improvement (Fehlings et al., 2000; Lowe et al., 

2006) and thirdly, in the study reported in this thesis subject inclusion was limited to very 

young children within a narrow age range, reducing the possibility of age dependent variability 

in response. Previous published studies have included a wider age range (3-16 years) (Fehlings 

et al., 2000; Russo et al., 2007; Wallen et al., 2007b) and selected treatment groups not 

matched for age, which may have affected results if the effects on function of these 

treatments are age dependent.  
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It is clear that there is a period of time afforded by the BoNTA that enables therapy to be 

enhanced, however, the mechanism responsible for the persistence of the functional 

improvement after the decline of the pharmacological response cannot be addressed by this 

study.  The response may be due to resistance training of the antagonist of the spastic muscle 

afforded by the opportunity of a less active spastic muscle, or due to the learning effects on 

motor control (Love et al., 2001). The tissue of muscle under the influence of spasticity differs 

to normally innervated muscle (Lieber, 2010). This investigation reports on the effectiveness of 

resistance training to provide evidence for this form of treatment in improving function.  

Studies are needed to investigate any muscle level changes as a result of resistance training 

with BoNTA to determine the mechanisms underpinning this approach. 

The GAS findings show that children in the control group reached their expected goals at one 

month post baseline and maintained, but showed no further improvement at 6 months. This 

result combined with the blinding to group allocation of the goal setting occupational 

therapist, demonstrates an accurate assessment of the progress that could be expected of the 

children in the absence of novel interventions, encouraging confidence that the better than 

expected outcomes in the groups receiving BoNTA was an effect of the BoNTA rather than to 

goals being set too low. Those subjects who received upper limb BoNTA showed more rapid 

progress towards their goals,  exceeding expected outcome at 1 month post injections  and 

continuing to progress to 6 months. 

In keeping with the changes in QUEST and GAS results between the BoNTA treatment 

strategies, there was also a significant difference in COPM scores for those treatment 

strategies that used BoNTA in the upper limb compared with those that did not use upper limb 

BoNTA. Both COPM performance and COPM satisfaction improved beyond expectations in 

these groups indicating that parents (as well as clinicians) considered the children to be 

performing beyond expectations. Improvements in GAS and COPM in the intervention groups 

using upper limb BoNTA suggest that these clinical improvements are translated into the 

child’s performance in their activities of daily living.  This finding is consistent with previous 

work (Lowe et al., 2006; Russo et al., 2007).  

Limitations of this study include the single blinded nature of the follow up and the inability to 

give placebo injections. Children and their families were therefore aware of their group 

assignment and there was the potential for unintentional disclosure to the outcome assessor. 

However, participants were asked not to disclose their group allocation and to our knowledge, 

all participants kept their group allocation confidential.  

  



 

156 
 

3.5 Conclusion 

This study shows that short term resistance based training augmented with BoNTA improves 

upper limb function in young children with spastic hemiplegia. This approach to treatment 

appears superior to conventional therapy augmented with BoNTA as the positive changes in 

function are achieved in a shorter time period, may reduce the need for repeated injection and 

addresses concerns that BoNTA treatments may exacerbate the muscle weakness associated 

with spasticity in the cerebral palsies.  However, the effects of BoNTA with longer term 

resistance training programs still require investigation.  
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Chapter 4 Variability of movement control measured by three 

dimensional kinematics is related to upper limb function in 

children with CP. 

 

This paper was prepared for submission to Human Movement Science 

This study investigated the relationship between measureable movement characteristics of 

reaching and upper limb functional ability in children with hemiplegia. A common method 

used to study the movement of various body segments is to place markers on appropriate 

anatomical landmarks and then image them using an optoelectronic system resulting in a 

three dimensional (3D) kinematic analysis of movement.  It has been shown to be useful in the 

research setting for obtaining objective data, particularly changes in dynamic movement 

characteristics (Fitoussi et al., 2006).   These movement dynamics are of importance because 

they are able to quantify simultaneously the range of movement required at upper limb joints 

to achieve a functional task (Jaspers et al., 2011). They can also be used to calculate a 

smoothness of movement measure (jerk) that is thought to reflect general organising 

principles used by the central nervous system during the programming and execution of goal 

directed movement (Hurvitz et al., 2003).  

Several kinematic variables characterising the reaching task can be computed from 3D motion 

analysis. Of primary interest to this study was to determine which of those kinematic variables 

was best related to function. Of the possible variables, computed jerk was of greatest interest 

as jerk measures the fluency or smoothness of movement.  Movement fluency is of interest as 

it can be interpreted as a measure of movement control. Additionally, in children with CP, the 

description of movement quality is important, because early brain injuries are more 

susceptible to triggering 'maladaptative' plasticity (Eyre, 2007), which results in abnormal 

movement behaviour and associated decrease function. 

This study addressed the second research question of the thesis: 

Is there a relationship between motor planning as determined by 3D analyses of reaching 

and computed jerk, and upper limb function in children with spastic hemiplegic type CP?   

…and the third aim of the thesis which was to investigate the variability of movement control 

using 3D analyses and its relationship to upper limb function in children with spastic 

hemiplegic type CP. 

In order to do this it was necessary to isolate two components: To determine if there was a 

relationship between computed jerk variables and upper limb function in children with spastic 
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hemiplegia; and to determine the best way to utilise computed jerk for meaningful 

interpretation. That is, to determine whether the mean, or the variability of the jerk variables 

was more closely related to function. 

In this manuscript only the variables found to have a correlation with function are presented.   

A number of variables were omitted from the manuscript due to journal restrictions and these 

can be viewed in Appendix F.   
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ABSTRACT 

The ability to quantify coordination of the upper limb would provide an objective means of 

judging treatment effects as well as enabling further investigation into the relationship 

between function and coordination of movement. The aim of this study was to determine 

whether derived kinematic variables, such as normalised jerk (NJ), directness index (DI) and 

peak velocity (PV) can be used to quantify quality and coordination of task-directed reaching in 

children with spastic hemiplegic-type cerebral palsy (CP) and to determine any relationship to 

upper limb function.  Several kinematic variables characterising the reaching task were 

computed from 3D motion analysis of the wrist trajectory.  The within subject variability (SD) 

of each measure was assessed and their correlations with clinically assessed upper limb 

function investigated.  Statistically significant correlations with clinically assessed upper limb 

function were found for variability of NJ, DI and PV and for mean DI. The large intra-subject 

variability needs to be considered when measuring kinematic variables as outcomes, since, 

with a feasible number of replications, very large changes in mean would be required to attain 

statistically significant changes. A reduction in intra–subject variability of NJ, DI and PV 

represent additional measures of improved upper limb coordination and movement efficiency. 

Highlights 

• Children with spasticity display variability in their reaching movement trajectories 

• Variability of computed movement substructures are related to function in children 

with spasticity 

• Decrease in intra–subject variability of computed movement substructures is a  useful 

measure of change 

• There is a need for a consensus in how to use repeated trial data in analysis 
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4.1 Introduction 

The relationship between neuromuscular impairments and upper limb function in children 

with cerebral palsy (CP) is complex and poorly understood with most studies focussing on the 

relationships between upper limb function and neuromuscular  impairments of strength, 

sensation, or spasticity (BrÆNdvik et al., 2010; Østensjø, Carlberg, & Vøllestad, 2004). Smooth, 

efficient coordination of upper limb movement may have a greater impact on function; 

however, the relationship between function and the coordination of movement has rarely 

been investigated, perhaps due to a lack of reliable and objective measures of coordination. 

Coordination of movement does not easily lend itself to objective evaluation, for example, the 

upper limb task of reaching requires coordination of multiple joints and the integration of 

musculoskeletal and neural systems to achieve an efficient (smooth and accurate) movement 

(Edwards & Humphreys, 1999).  

Quantification of reaching parameters such as displacement, velocity, accelerations, jerk and 

directness can provide measures that reflect general organising principles used by the central 

nervous system (CNS) during the programming and execution of goal directed movement 

(Hurvitz et al., 2000). Reaching tasks like the one investigated here are often characterised as 

consisting of a primary ballistic phase (open-loop, centrally controlled) followed by a 

secondary corrective phase (closed-loop control). Thomas, Yan and Stelmach (2000) showed 

that for a repetitive series of movements, there is a shift from closed-loop control requiring 

feedback to correct planning errors to a more efficient ballistic control dominated by an 

accurate central command. Importantly, this study not only showed an increase the 

percentage of time spent in the ballistic primary phase but a concomitant increase in the 

smoothness of movement as measured by jerk. Jerk is the third derivative of displacement and 

a measure of the smoothness of a goal directed movement.   

A number of variables describing movement substructures can be calculated by quantifying 

three-dimensional (3D) motion. The primary outcome of interest for this study was computed 

jerk. Jerk can be expressed as normalised jerk (NJ), which allows comparison between trials 

and individuals by accounting for differences in duration and total path length. This has the 

potential to provide insight into the movement control strategies utilised by an individual 

during reaching tasks, that is, whether the control has become centrally programmed as has 

been demonstrated in children with intact neurological systems following practice (Thomas et 

al., 2000). 

Movement smoothness, measured by jerk, differs between spastic and non spastic muscles 

(Chang et al., 2005; Ricken et al., 2005; Rönnqvist & Rösblad, 2007; Steenbergen et al., 2000; 
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van Thiel & Steenbergen, 2001). There are a number of studies (Chang et al., 2005; Elliott et 

al., 2011; Ricken et al., 2005; Rönnqvist & Rösblad, 2007; van Thiel & Steenbergen, 2001) that 

have assumed a link between jerk and function in children with CP but the association with 

function, whilst logical, has not been investigated. 

Studies have most frequently reported the mean of the calculated jerk (or similar) variables to 

describe movement  fluency and its associations with impairments (Chang et al., 2005; Elliott 

et al., 2011; Ricken et al., 2005; Rönnqvist & Rösblad, 2007; Steenbergen et al., 2000). 

However, measurements of jerk tend to be quite variable and the mean may not be the 

measure that best represents change in fluency of movement. 

There were two purposes of this study: 

• To explore the relationship between computed jerk variables and the uni-manual 

function in children with congenital spastic hemiplegia. 

• To determine whether the mean, or the variability of the jerk variables was more 

closely related to function. 

It was hypothesised that jerk calculated from 3D kinematic movement variables in children 

with CP would be associated with clinically assessed upper limb function and that intra-subject 

variability of jerk would be more closely inversely associated with function than mean jerk. If 

this hypothesis is supported, it would suggest that variability of jerk may be a better measure 

of movement coordination than mean jerk which is the measure reported in earlier studies. 

4.2 Method 

4.2.1 Design 

This prospective, cohort study examined baseline data of a randomised comparison trial. 

4.2.2 Subjects 

Fifteen subjects were recruited from the Spasticity Management Clinic at Princess Margaret 

Hospital for Children, Perth, Western Australia for the randomised controlled trial. The 

inclusion criteria were a diagnosis of spastic hemiplegia due to CP; aged between eight and 16 

years; the presence of dynamic spasticity affecting function of the upper limb. Exclusion 

criteria included significant cognitive impairment or inability to complete all assessments.  

Children were also excluded if they were using splinting, including LYCRA® splinting, or if they 

had a serious unrelated illness or abnormality affecting independence and activities of daily 

living. Ethics approval was obtained from the Ethics in Human Research Committee at Princess 
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Margaret Hospital, Perth, Western Australia. Written informed consent was obtained from 

parents and verbal assent from subjects. 

4.2.3 Procedure 

For each subject, upper limb spasticity was rated using the Australian Spasticity Assessment 

Scale (ASAS) (Gibson, Love, & Blair, 2009a).  The ASAS is a six point spasticity rating scale with 

validity and reliability that exceeds that of previously utilised spasticity rating scales (Gibson et 

al., 2009a).  Function was assessed using the Melbourne Assessment of Unilateral Upper Limb 

Function (Randall et al., 1999) (The Melbourne Assessment). This scale is a reliable and valid 

measure of unilateral upper extremity function in children with neurological impairments aged 

from 5 to 15 years (Cusick et al., 2005; Randall et al., 2001). The Melbourne Assessment is 

based on 16 items comprising tasks that are representative of the most important components 

of unilateral upper limb function (reach, grasp, release, and manipulate). Most items are 

further subdivided into two to four sub-items that represent an aspect of the required 

movement, such as range of movement, fluency, target accuracy, speed, and quality of 

movement. The total score can range from 0 to 122 points, with higher scores representing 

higher function. The test was administered and then scored from video recordings by a senior, 

experienced occupational therapist.  Both upper limb spasticity and the Melbourne 

Assessment were assessed by an occupational therapist (SG)who was blinded to the jerk 

outcome measures. 

Kinematic measurements were obtained by a physiotherapist (NG).  Subjects were seated on a 

height adjustable stool at a height adjustable table. Stool height was positioned so that 

subject’s feet were flat on the floor. Table height was positioned at subject’s sitting waist 

height.  The task chosen for assessment was to reach forward to a target with their affected 

arm to achieve full elbow extension with wrist extension. This task was chosen as it 

represented an item from the Melbourne Assessment. The target was a 5cm diameter button 

positioned at shoulder height and placed at the end of the subject’s available extension of the 

affected upper limb. Spherical, reflective, 10mm diameter markers were placed over the radial 

and ulna styloid processes of the affected wrist. A 12 camera VICON® MX motion analysis 

system (Vicon Oxford Metrics Inc. U.K.) operating at 250 Hz was used to record the movement 

of the reflective markers.   

Each subject was asked to complete five trials of the task at a self-selected pace. The VICON® 

MX motion analysis system recorded the upper limb motion with the wrist joint trajectory 

(defined as the mid-point between the radial and styloid processes) reconstructed from the 

raw kinematic data. Using a custom Matlab program (Mathsworks Inc.), raw data were low-
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pass filtered (20Hz) using a recursive Butterworth filter and then processed to determine start 

and end points of the outward and the return tasks. Trajectories of the calculated wrist joint 

centre were used to compute reaching kinematics of movement time (MT), task displacement 

(TD), movement velocity (V), peak velocity (PV) (Table 1). 

Calculation of normalised 3-D jerk and associated variables followed established procedures 

with normalised jerk computed as:  

√
1
2 
���𝑑𝑡 𝑗2 (𝑡)  × 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛5� /  (𝑡𝑜𝑡𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ)2� 

where j is the absolute jerk (Tresilian, Stelmach, & Adler, 1997). Smoother movement 

generates a smaller number for normalised jerk (NJ) (Yan & Dick, 2006), thus the NJ score 

reflected level of movement smoothness. 

The NJ and additional  movement substructures were computed for the 3D wrist joint centre 

using custom written ‘3D Jerk Analysis’ computer software (Labview 8.2.1, National 

Instruments Inc., U.S.A.), based on 2D software used by previous authors (Thomas et al., 

2000). The speed of movement was quantified by the movement time (MT). Peak Velocity (PV) 

was used to reflect the force producing the movement (Chang et al., 2005). Directness Index 

(DI) was calculated from the 3D displacement data as the total distance moved/shortest 

distance from starting point to the target button.  The DI represented level of efficiency. 

Percent time in the primary movement (%time1°) and percent of jerk in the primary 

movement (%jerk1°) were used to describe the control strategy of the movement.  

4.2.4 Data Analysis 

Analyses were conducted using the SAS version 9.1.3 computer based package (SAS Institute 

Inc).  For each subject the reaching task was repeated up to 5 times during the assessment:  

thus up to 5 replicate estimates of each kinematic variable were obtained.  The within subject 

variability for each kinematic variable was measured by the standard deviation of these (up to 

5) estimates.  Pearson’s correlation coefficients were computed to measure the correlations 

between each kinematic variable and the Melbourne Assessment. Non parametric Spearman 

rank correlation co-efficient was used to measure the correlation between each kinematic 

variable and the ASAS.  
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Table 4.1 Definition of 3D kinematic and calculated variables 

Variable  Quantifies Definition 

Movement Time MT Movement 

speed 

Time from the onset of the wrist 

movement to the target button. 

Directness Index DI Movement 

efficiency 

Total distance moved/shortest 

distance from starting point to target 

button. 

Percentage of 

distance in 

primary 

movement 

%dist1° Control 

strategy 

Portion of movement distance in the 

primary submovement (defined as the 

time from onset of movement to the 

“zero crossing” (going below and 

returning above the zero acceleration 

point) in the acceleration 

curves)/overall movement distance 

(%) (Thomas et al., 2000). 

Percentage of 

time in primary 

movement 

%time1°  Portion of movement time in the 

primary sub-movement (defined as the 

time from onset of movement to the 

“zero crossing” in the acceleration 

curves)/overall movement time (%) 

(Thomas et al., 2000). 

Normalised jerk NJ Movement 

smoothness 

Third derivative of movement, time 

and distanced normalised jerk – see 

section 4.1.3 for jerk calculation  

Percent of jerk in 

primary 

movement  

%jerk1° Control 

strategy 

Percentage of jerk occurring in the 

primary sub movement (defined as the 

time from onset of movement to the 

“zero crossing” (going below and 

returning above the zero acceleration 

point) in the acceleration curves) 

(Thomas et al., 2000). 

Peak velocity PV Force 

Production 

The first time derivative of the wrist 

joint angular data. 
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4.3 Results 

The sample consisted of 15 children aged 7 to 14 years,  mean age 10 years  9 months, SD ± 1 

year 11 months , consisting of eight males  and seven females, seven with left hemiplegia and 

eight with right hemiplegia.  Their Melbourne Assessment scores ranged between 35.25% to 

88.52% (64.09%, ± 13.70) and within subject mean NJ 30.63± 14.5.  

Figure 4.1 shows an example of the intra-subject variability of the 3D plots. Visual inspection of 

3D reaching paths demonstrated large variation in inter-subject reach paths as well as large 

variations of intra-subject reach trajectories.  

 
Figure 4.1 Representative example of displacement (mm) in three planes of movement during forward 
reaching movements (wrist marker) of the affected arm of one subject.  
Five repetitions are superimposed on one another and demonstrates the within subject variability of 
reaching movement within trials and within the three planes of movement.  

Bivariate correlations between the Melbourne Assessment score and reaching kinematic 

variables are shown in Table 4.2.     
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Table 4.2 Correlations for means and variability of DI, NJ, MT, PV and %dist1° movement 

with function (Melbourne Assessment) and spasticity (highest ASAS score) 

 mDI mNJ mMT mPV m%dist 1° 

Melbourne 
Assessment* 

-0.43a -0.25 0.07 -0.25 0.31 

Spasticity# -0.07 0.03 0.14 -0.06 -0.17 

 vDI vNJ vMT vPV v%dist 1° 

Melbourne 
Assessment* 

-0.52a -0.47b -0.02 -0.46b -0.18 

Spasticity# -0.18 0.01 0.13 0.07 -0.08 
* Spearman Correlation Coefficient; # Pearson Correlation Coefficients 
a p<0.05;  bp<0.03  
 

Significant correlations with the Melbourne assessment score were found for mean DI (r=-

0.43, p<0.05), as well as variability of the kinematic variables DI (r =-0.52, p<0.05), NJ (r =--0.47, 

p<0.03) and PV (r =-0.46, p<0.03). For all three variables the correlation with standard 

deviation was higher than that with the mean. None of the kinematic variables were 

significantly correlated with spasticity as assessed by ASAS. 

4.4 Discussion 

Using 3D kinematic data, a number of variables that represent aspects of smoothness of 

movement and coordination can be computed.  This study has shown that variability of some 

of these kinematic variables correlate with function. Variability of NJ, as a measure of 

movement smoothness, and variability of DI and variability of PV can be applied as valid and 

objective indices to quantify the level of co-ordinated motor performance and efficiency for 

children with spastic movement disorder.   

The hypothesis that variability of NJ would be correlated with upper limb function was 

confirmed by the findings of this study. However there were higher correlations with the mean 

and variability of DI, a measure for movement efficiency. Those children who had a less 

functional upper limb had longer path trajectories but also showed large variability to their 

chosen path trajectories.  Similarly, less functional children showed variability in their ability to 

reach peak velocity and subsequent calculated jerk.  This is in agreement with others who have 

demonstrated that the more affected the upper limb in children with CP the longer and less 

effective the path trajectory during reaching and the more segmented the movement  

(Rönnqvist & Rösblad, 2007). 
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Reaching is a multi-joint task requiring inter-joint coordination in addition to feedback and 

feed-forward control to position the hand optimally at a desired location so that it may 

interact with the environment. Additionally, skilled movements are characterised by low 

movement-to-movement variability (Rönnqvist & Rösblad, 2007). Findings from this study 

demonstrated that it is the variability of 3D kinematic measures of DI, NJ and PV that is most 

strongly associated with the skill of functional reaching ability in children with spastic CP. The 

kinematic variables of DI, NJ and PV represent coordination of reaching and can provide an 

understanding of the specific deficits in physiological motor planning underlying altered 

reaching ability in children with spastic CP. In well controlled reaching movements, the motor 

programme may not rely as heavily on feedback loops to correct the movement. 

Consequently, path directness for the movement will be shorter and force production to 

control movement will be more involved resulting in smoother movement. These analyses 

therefore suggest a method of evaluating whether therapeutic treatments improve movement 

coordination and indirectly give insight into changes in motor programmes and feedback loop 

mechanisms following interventions.  

Although skilled movements are characterised by low movement-to- movement variability 

(Rönnqvist & Rösblad, 2007), many studies examining reaching in children with CP report only 

mean values. Investigators have compared mean duration of movement, peak velocity and 

movement fluidity in groups of individuals with hemiplegia classified according to functional 

level, with those most affected having longer movement times, decreased peak velocity and 

the movement paths that were more segmented(Chang et al., 2005; Rönnqvist & Rösblad, 

2007; Steenbergen et al., 2000; van Thiel & Steenbergen, 2001). We were unable to locate any 

study that has correlated the variability of these kinematic measures with objective measures 

of function.   

Impairment assessments of the upper extremity in CP are focused on single-joint 

characteristics of range of motion, strength, sensation and spasticity. There is limited 

information concerning the relationship between upper limb coordination and function. 

Strength has been found to be correlated with upper limb uni-manual capacity, (Sakzewski et 

al., 2010), and sensation dysfunction can impact on function (Kinnucan, Van Heest, & 

Tomhave, 2010), however, range of motion and spasticity have been found to be poor 

predictors of function (Østensjø et al., 2004). Kinematic analysis and computation of 

movement substructures as measures of coordinative ability add further information to the 

complexity of upper limb function in children with spasticity and enables therapy to be 

focussed more directly. 
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Although we found statistically significant correlations between NJ and function and DI and 

function, this can only account for at 50 percent of the variability in function. There must 

therefore be other mechanisms responsible for the variability observed. Strength has been 

shown to be a determining factor in the lower limb function (Dodd et al., 2002) and this may 

also be the case in the upper limb. This requires further investigation.  Sensory dysfunction has 

also been  reported to occur in children with hemiplegia (Van Heest, House, & Putnam, 1993) 

and the need for further exploration of the  impact of a disturbed sensibility on hand function 

in this population has recently received attention (Klingels et al., 2010).  

Variability of jerk is present in typically developing children (Chang et al., 2005; Rönnqvist & 

Rösblad, 2007; Thomas et al., 2000), but as anticipated, given their higher mean values, is 

greater in children with CP. The large variability needs to be considered when using jerk as an 

outcome variable, since, with a feasible number of replications, very large changes, particularly 

in the means of the NJ, DI or PV, would be required to reach statistical significance. One way of 

overcoming this would be to measure reduction in variability of NJ or DI and this may be a 

worthwhile additional measure of improved upper limb coordination. 

Investigators have found that skilled movements are characterised by higher percent of time 

and distance in primary sub-movement (Thomas et al., 2000). However, in this study, there 

was no significant correlation between function and percentage of time in the primary 

movement. It may be that when participants in this study used the central ballistic control, the 

initial plan for the reaching movement was likely to be interrupted by spasticity in the muscle. 

As a result, they needed to make multiple corrections to hit the target (more jerk within the 

movement) which impacts the function score as movement fluency is a characteristic 

identified in the Melbourne Assessment.   

It has previously been shown that kinematic measures of movement smoothness are 

correlated to level of spasticity (Chang et al., 2005). This finding was not demonstrated by our 

study. This difference in finding might be a result of our allowing the speed of reaching to be 

selected by the subject. This was chosen to reflect the selected reaching pace utilised by the 

individuals in their usual performance in activities of daily living. As spasticity is sensitive to 

velocity of movement, the use of a self-selected pace may have minimised the effect of 

spasticity on the kinematic variables of reaching. Children in this study would be most likely to 

be self-selecting the pace at which they had already learned that their spasticity would have 

least impact on their functional performance.   

The method of reporting the results of repeated measures of kinematic variables varies 

between studies.  In some cases, authors reported best “scores” of kinematic variables; in 
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others, the best of three trials is averaged; and in others the bottom and top score are 

eliminated and the middle range data are averaged (Chang et al., 2005; Rönnqvist & Rösblad, 

2007; Thomas et al., 2000; Yan & Dick, 2006). This makes it difficult to compare data across 

studies. There is a need for a consensus in how to use repeated trial data in analysis, and our 

results suggest that variability should not be ignored. Whether these relationships between NJ 

and function and DI and function exist for other reaching tasks requires further exploration.   

4.5 Conclusion 

This study has shown that movement coordination as measured by variability of 3D computed 

NJ, PV and DI are related to function. Kinematic analysis provides an objective means of 

calculating change in movement smoothness for children with spasticity that is not always 

clinically measurable and can be used to quantify outcomes of interventions. A reduction in 

intra–subject variability of NJ, PV and DI may represent an additional measure of improved 

upper limb coordination. 
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Chapter 5 A Systematic Review of Evidence of Neuroplasticity 

following Therapy in Children with CP 

Research examining the effects of brain injury on the CNS seeks to determine whether 

functional and/or structural change is possible. Study 2 of this thesis sought to examine both 

the functional changes and the structural brain changes influenced by therapeutic 

interventions augmented with BoNTA.  

The premise for therapeutic neuroplasticity is largely based on evidence of change after 

spontaneous recovery as well as the effect of growth and development within the system that 

occurs without intervention. This was discussed in Chapter 2, section 2.6.1. Essentially, the 

basic neuroscience research supporting knowledge of neuroplasticity has been derived from 

observations of maladaptive plasticity from a lesion occurring early in development (Basu et 

al., 2009; Clowry, Molnár, & Rakic, 2010; Eyre, 2007; Eyre, Taylor, Villagra, Smith, & Miller, 

2001; Koh & Eyre, 1988),animal models of CP(Clowry, 2007; Coq et al., 2008; Martin et al., 

2011; Strata, Coq, Byl, & Merzenich, 2004) or interventions in adults following stroke (Chen, 

Epstein, & Stern, 2010; Cramer et al., 2011; Green, 2003; Wittenberg, 2009). The brain injury 

resulting in CP occurs early in life, whereas in stroke this generally occurs later in life.  A critical 

question is, can the principles of therapeutic neuroplasticity be generalised to treating children 

with CP? 

The paper presented in this chapter systematically reviews and critically appraises the 

evidence for the effect of therapies on brain reorganisation in children with CP. The research 

question was, “What recent evidence exists for brain reorganisation following commonly used 

intervention approaches in children with CP and are these changes coincident with functional 

change?”  This was considered an essential step in determining the evidence and the quality of 

that evidence to support current therapy interventions in children with CP, with a particular 

focus on evidence that might support the occurrence of neuroplastic changes following 

therapies augmented with BoNTA. 

An understanding of the available evidence was considered important as the final aim of the 

research presented in this thesis was to determine whether neuroplastic changes 

accompanied the interventions being examined, and also to determine whether such effects 

were maintained once the influence of BoNTA had worn off.    
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5.1 Introduction 

Cerebral palsy manifests as a disorder of posture and movement resulting from a lesion in the 

developing brain ("A report: the definition and classification of cerebral palsy April 2006," 

2007). Nearly all persons with CP will require therapy in childhood, but also usually throughout 

their lives. In the past, experience and logic underpinned many therapeutic approaches to CP. 

More recently, the evidence supporting therapy interventions in CP has come under critical 

review. Evidence for the effectiveness of therapies is required in order to maximise treatment 

outcomes for persons with CP. Evidence is also required to justify the therapeutic 

interventions in this population and to demonstrate efficacy to health care funding bodies. As 

a consequence of these demands, the empirical evidence examining the effectiveness of 

therapy has increased over the last  two decades (Damiano, 2009). Quality of evidence is 

important when making clinical decisions about efficacy of interventions and a review of the 

quality of studies for therapy interventions in CP has reported good to fair methodological 

quality in a number of randomised controlled trials (RCTs) but it was noted that improvements 

were required (Kunz, Autti-Ramo, Anttila, Malmivaara, & Makela, 2006). The methodological 

quality issues and limited empirical evidence, in part, reflect the difficulties of research in a 

heterogeneous disorder rather than a lack of critical review of practice. With the advent of 

better classification systems to categorise the subtypes of presentation of CP and the 

emergence of more objective measures specifically designed for use in CP, higher quality 

methodological evaluation of interventions is feasible. 

Two reviews on therapy interventions in children with CP have been published recently 

(Anttila, Autti-Ramo, Suoranta, Makela, & Malmivaara, 2008; Martin, Baker, & Harvey, 2010).  

Both systematic reviews were unable to  perform quantitative analysis (meta-analysis) due to 

the diversity among studies with regard to patients (type and severity of CP), interventions 

(type, frequency, duration, and setting), outcome measures (diversity, presentation of the 

results), and methodological quality of the studies. Both systematic reviews relied on 

qualitative summaries that grouped the intentions into ‘like’ categories.  

Antilla et al. (2008) only included randomised controlled trials (RCTs) and excluded any trials 

that used electrical stimulation as an adjunct, unless it was applied to both groups under 

investigation. These authors also excluded any trial that utilised BoNTA to augment therapies. 

As both electrical stimulation and BoNTA are commonly utilised in contemporary practice, this 

limited the number of studies for inclusion. The consequence of this decision was that only 

limited evidence of the effectiveness of therapies in CP was found. The authors of this review 

identified six main approaches to treatment that they categorised and evaluated based on 

either improvement at the impairment level of body structures or positive outcomes in activity 
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level. The treatment approaches that they categorised were strength training on strength; 

intensive upper limb training on bimanual performance; sensorimotor training on function; 

therapy assisted by animals on symmetry; and balance training on reactive balance. The 

authors concluded that there is some moderate, but limited evidence for the effectiveness of 

the various physiotherapy interventions in children with CP. Despite the categorisation, no 

exactly similar intervention was studied in more than one trial, so clinical inferences could only 

be drawn from single studies (Anttila et al., 2008). 

Martin et al. (2010) included other studies as well as RCTs, resulting in a greater number of 

reviewed studies, although excluded any studies focused primarily on upper limb treatments. 

These authors identified treatment approaches within the categories of strength training, 

functional training, body weight-supported treadmill training (BWST) and neurodevelopmental 

treatment (NDT). These same authors also included a category of treatment dosage. Similar to 

Anttila et al. (2008), Martin et al. (2010) identified strength training as one of the most studied 

interventions. Both studies identified, that, although the level of evidence for therapy 

interventions in CP has improved, particularly in strength training (Martin et al., 2010) and 

intense upper limb training paradigms (Anttila et al., 2008), further high level evidence is still 

needed . Although these two systematic reviews of therapy interventions were published in 

recent years, the review presented here provides additional information, in that it focuses on 

evidence for cortical re-organisation following interventions. The aim of the review is to 

summarise the findings of research showing evidence for brain reorganisation following 

common intervention approaches used in children with CP over the last 12 years and seeks to 

determine if these changes are coincident with functional changes. 

5.2  Method 

5.2.1 Search Strategy 

The following databases were searched in May 2012 for the time frame from 2000 to May 

2012 with a limit to English articles: MEDLINE, CINAHL, Embase, Pedro and the Cochrane 

Library. Keywords used in the search were cerebral palsy OR hemiplegia OR diplegia OR 

quadriplegia AND paediatrics OR Children AND physiotherapy OR occupational therapy OR 

therapy OR interventions OR treatment OR rehabilitation AND neuroplasticity OR brain 

reorganisation OR cortical reorganisation OR transcranial magnetic stimulation OR functional 

magnetic resonance imaging OR diffuse tensor imaging. We added the search terms “strength 

training” OR ‘resistance training” OR constraint-induced movement therapy” OR “mass 

practice” OR “learned disuse” OR “body weight supported treadmill training”, as these terms 

were judged to reflect the current issues in clinical neuroplasticity research and practice 
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related to CP. These key words were matched with the Medical Subject Headings (MeSH) index 

and exploded or searched as keywords as appropriate. The reference lists from key articles 

were checked to ensure all relevant studies had been identified. Two experienced senior 

physiotherapists (NG and TS), each with greater than 15 years experience, reviewed the titles 

and abstracts to determine whether the studies were eligible for inclusion in the systematic 

review. 

5.2.2 Inclusion criteria 

Studies were included if they were full text papers published in English in peer reviewed 

journals from 2000 to May 2012; studied children with CP; focused on therapy interventions 

considered by the authors to be mainstream and utilised widely; and or utilised a brain 

imaging outcome. 

5.2.3 Exclusion criteria 

Studies were excluded if they investigated the effects of surgical or anti-spasticity medications 

in isolation; were reviews, descriptive or epidemiological in nature; were single-case studies, 

were abstracts or conference proceedings; or were examining adjunct or alternative 

treatment; or did not report on a brain imaging outcome.  

5.2.4 Data Extraction and Quality Assessment 

The primary areas of data extraction were subject details and characteristics such as 

recruitment and sampling; GMFCS level for lower limb studies or MACS level for upper limb 

studies; intervention details (type, frequency, duration); follow up; functional outcome 

measures utilised; brain imaging outcome measures utilised; results; and conclusions. The 

studies were graded according to the Oxford Centre for Evidence Base Medicine levels of 

evidence (OCEBM Levels of Evidence Working Group, 2011) 

(http://www.cebm.net/index.aspx?o=5653) Table 5.1.  
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Table 5.1 Oxford Centre for Evidence-Based Medicine 2011 Levels of Evidence 

Question 
Step 1 

(Level 1*) 
Step 2 

(Level 2*) 
Step 3 

(Level 3*) 
Step 4 

(Level 4*) 
Step 5 

(Level 5) 
How common is the 
problem? 

Local and current random sample 
surveys (or censuses) 

Systematic review of surveys 
that allow matching to local 
circumstances** 

Local non-random sample** Case-series** n/a 

 
Is this diagnostic or 
monitoring test 
accurate? 
(Diagnosis) 

Systematic review 
of cross sectional studies with 
consistently applied reference 
standard and blinding 

Individual cross sectional 
studies with consistently 
applied reference standard and 
blinding 

Non-consecutive studies, or studies 
without 
consistently applied reference 
standards** 

Case-control studies, or “poor or non-
independent reference standard** 

Mechanism-
based 
reasoning 

What will happen if 
we do not add a 
therapy? (Prognosis) 

Systematic review of inception 
cohort studies 

Inception cohort studies Cohort study or control arm of 
randomized trial* 

Case-series or case- control studies, or 
poor quality prognostic cohort 
study** 

n/a 

Does this intervention help? 
(Treatment Benefits) 

Systematic review 
of randomized trials or n-of-1 trials 

Randomized trial 
or observational study with 
dramatic effect 

Non-randomized controlled 
cohort/follow-up study** 

Case-series, case-control studies, or 
historically controlled studies** 

Mechanism-
based 
reasoning 

What are the 
COMMON harms? 
(Treatment Harms) 

Systematic review of randomized 
trials, systematic review  of nested 
case-control studies, n- of-1 trial 
with the patient you are raising the 
question about, or observational 
study with dramatic effect 

Individual randomized trial 
or (exceptionally) observational study 
with dramatic effect 

Non-randomized controlled 
cohort/follow-up study (post-marketing 
surveillance) provided there are sufficient 
numbers to rule out a common harm. (For 
long-term harms the duration of follow-
up must be sufficient.)** 

Case-series, case-control, or 
historically controlled studies** 

Mechanism-
based 
reasoning 

What are the RARE 
harms? 
(Treatment Harms) 

Systematic review of randomized 
trials or n-of-1 trial 

Randomized trial 
or (exceptionally) observational 
study with dramatic effect 

Is this (early 
detection) test 
worthwhile? 
(Screening) 

Systematic review of randomized 
trials 

Randomized trial Non -randomized controlled 
cohort/follow-up 
study** 

Case-series, case-control, or 
historically controlled 
studies** 

Mechanism-
based 
reasoning 

 
OCEBM Levels of Evidence Working Group*. "The Oxford 2011 Levels of Evidence".  
Oxford Centre for Evidence-Based Medicine. http://www.cebm.net/index.aspx?o=5653 
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5.3 Results 

Record identification, screening, eligibility and inclusion are demonstrated in the PRISMA flow 

diagram Figure 5.1 (Moher, Liberati, Tetzlaff, & Altman, 2009). The electronic search yielded 

101 studies and targeted searching of review article reference lists identified three additional 

articles. After screening only 54 studies that were potentially appropriate. When the exclusion 

and inclusion criteria were applied, 49 papers were excluded, resulting in only 8 appropriate 

papers. Studies were excluded if they constituted review articles (n=16), were reporting 

research methods (N=7), were based on studies on adults with stroke, spinal cord injury or 

acquired brain injury (N=20, five of which were case series reports and one which investigated 

alternate therapy), were single case series (N=2), used no brain imaging techniques to measure 

brain changes (N=3) and one paper reported on brain surgical outcome following tumour 

removal. Three of the papers (Juenger et al., 2007; Kuhnke et al., 2008; Walther et al., 2009) 

were from the same centre reporting on some of the same group of patients. Descriptive 

results are presented with Table 5.2 summarising the subject characteristics, sampling, type of 

therapy, duration of follow up, main outcomes and quality of the evidence.  

5.3.1 Trial characteristics  

The design features of the seven trials are summarised in Table 5.2. There was only one RCT 

represented. The seven remaining trials were quasi-experimental, pre test- post test designs 

with no comparator or control group.  Trials investigating CIMT mainly included hemiplegic 

type CP, except for one trial that included one subject with bilateral but asymmetrical 

presentation of CP (Sutcliffe, Logan, & Fehlings, 2009). The telerehabilitation trial also utilised 

children with hemiplegic type CP and the BWST training trial included subjects with hemiplegia 

and diplegia.   

5.3.2 Trial quality 

Trial quality was generally low.  There was only one RCT (Redman et al., 2008).  Seven out of 

the eight trials utilised small sample sizes with no control or comparator group. Homogeneity 

of included subjects was difficult to ascertain. Although topography was described, functional 

classification was not always included, nor was type of movement disorder. No study 

specifically reported blinded outcome assessment, which is particularly important because of 

the quasi-experimental nature of the study designs. The trial investigating BWST training had 

limited post-test data due to subject movement during fMRI collection (Phillips et al., 2007). 
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Figure 5.1 PRISMA 2009 Flow diagram 
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5.3.3 Trial results 

A quantitative synthesis was not possible because of the small number of trials that evaluated 

different interventions and used different outcome measures and did not report sufficient 

data. Three papers reported on the same study on the same population of children (Berweck 

et al.; Kuhnke et al., 2008; Walther et al., 2009) with two papers reporting on a subset of the 

original sample of subjects (Juenger et al., 2007; Walther et al., 2009). All trials in subjects with 

hemiplegia utilising either CIMT or the telerehabilitation virtual reality therapy approach were 

shown to induce neuroplastic changes, with these changes greatest in subjects who had 

crossed contralateral cortical activity (Golomb et al., 2010; Juenger et al., 2007; Kuhnke et al., 

2008; Sutcliffe et al., 2009; Walther et al., 2009). Two studies observed contralateral activation 

in one subject that was not evident pre-treatment, one from a CIMT study (Sutcliffe et al., 

2009) and one from the telerehabilitation virtual reality intervention study (Golomb et al., 

2010).  

This finding of greater neuroplastic changes after intervention when bilateral cortical 

activation was present was also observed in the BWST training intervention for lower limb 

training (Phillips et al., 2007). Only three of the five subjects had adequate fMRI studies 

completed. All three subjects displayed increases in cortical activation during ankle dorsiflexion 

after the intervention; however, greater changes were evident in the two subjects with sub-

cortical lesions compared with the subject with the cortical stroke (i.e. unilateral involvement).   

Only one study investigated conventional therapies augmented with BoNTA (Redman et al., 

2008). This study reported a trend toward neuroplastic changes when BoNTA augments 

conventional therapy defined as weekly occupational therapy contact with home programme, 

however, there was no statistical significance. The main finding from this study is the 

variability of the corticospinal projection evident over the six month study period
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Table 5.2 Studies on Neuroplastic Changes in Children with CP following Therapy Interventions 

Author (year) Study type Intervention 
studied; frequency 
and intensity 

Sample 
Characteristics 

Outcome 
assessments 

Follow up 
period 

Main findings/Conclusions OECBM 
Quality 

Trivedi et al., 
(2008) 

Quasi-
experimental 

BoNTA plus 6 
months of therapy 
inclusive of 
strengthening 
stretching, +/- 
splinting. Therapy 
performed for 2 
hours per day for 6 
months  

Tx: Cx - 8:0 

Age - 4.5 years to 
12 years 

CP Classification - 4 
subjects GMFCS II           
4 subjects GMFCS 
IV; all quadriplegia 

Spasticity -MAS;  
Function - no 
standardized 
test,  

Brain- MRI 
fractional 
anisotropy and 
mean diffusion 
values 

pre and 6 
months 

GMFCS improves by one 
level for all subjects; 
increased fractional 
anisotropy values in CST. 
Increased fractional 
anisotropy confirms 
restoration of integrity of 
CST; combined therapy  
improves functional 
connectivity and function 

4 

Redman et al., 
(2008) 

RCT BoNTA plus 
conventional 
therapy to the UL 
versus therapy only 
- defined as weekly 
contact OT; 
activities NS 

Tx: Cx - 12:10 

Age -7 years to 13 
years 11 months 

CP Classification - 
Hemiplegia; 
functional NS 

Spasticity –MAS 

Function-   not 
reported          
Brain - TMS 
changes in 
optimal site of 
stimulation 

pre, 1, 3 and 
6 months 
post 

Variability of CST projection 
in children with CP observed 
over the 6 month period in 
both Tx and Cx groups.  
Trend towards neuroplastic 
changes when therapy 
augmented with BoNTA but 
not statistically significant 

2 
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Author (year) Study type Intervention 
studied; frequency 
and intensity 

Sample 
Characteristics 

Outcome 
assessments 

Follow up 
period 

Main findings/Conclusions OECBM 
Quality 

Golomb et al., 
(2010) 

Quasi-
experimental 

Telerehabilitation 
via virtual reality 
video game; 30 
mins per day, 5 
days a week for 60 
days 

Tx:Cx -3:0 

Age- 13 years to 15 
years 

CP Classification - 
All (R) hemiplegia. 
Function termed 
"severe" 

Impairment - 
active ROM of 
finger 
extensors; DEXA 
bone scan  
Function- 
Jebsen Hand 
function Test & 
BOTM 

Brain – fMRI 

pre and 
immediately 
post 

Improvement in active finger 
ROM; Improvement in 
forearm bone density. 
Expanded activation areas of 
primary motor cortex and 
cerebellum with movement 
of hemi paretic limb; 
including contralateral 
activation in one subject that 
was not evident pre-
treatment.  

4 

Sutcliffe et al., 
(2009) 

Quasi-
experimental 

3 weeks of CIMT 
with less affected 
forearm & hand; 
weekly OT from a 
suite of 
interventions 
individualised and 
goal directed ; plus 
home program 

Tx:Cx - 5:0 

Age -7 years  to 13 
years 

CP Classification - 4 
subjects with (R) 
hemiplegia; one 
subject 
asymmetrical 
bilateral 
presentation 

Impairment -
Degree of 
developmental 
disregard;             
Function - AHA; 
Paediatric 
Activity Log                            
Brain – fMRI 

pre then one 
week post 
intervention 
period 

fMRI changes during 
paediatric CIMT and   
presence of contralateral 
cortical activity for affected 
hand movement in all 
participants after CIMT 
irrespective of pre-therapy 
laterality. Participants with 
highest level of 
developmental disregard 
improved most. 

4 

BOMT = Bruininks-Oseretsky Test of Motor Proficiency; CST = corticospinal tract; Cx = Control, Tx = Treatment; NS = not specified; TMS = Transcranial Magnetic 
Stimulation; fMRI= functional Magnetic Resonance Imaging 
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Author (year) Study type Intervention 
studied; frequency 
and intensity 

Sample 
Characteristics 

Outcome 
assessments 

Follow up 
period 

Main findings/Conclusions OECBM 
Quality 

Walther et al., 
(2009) 

 

NB subset of 
patients from 
study by  
Kuhnke et al.,  
(2008) & 
Juenger et al., 
(2007) 

Quasi 
experimental 

Constraint of non-
paretic hand 10 
hours per day;  One 
on one 'shaping 
exercises' 2 hours 
per day; 6-8 hours 
of group therapy; 
delivered daily for  
12 days 

Tx: Cx - 7:0 

Age -  10 years to 
30 years 

CP Classification – 
all hemiplegia; 
Function NS 

All patients had 
crossed CST on 
neuro  imaging 

Function: Wolf 
motor function 
test 

Brain - TMS 
identified 
cortical 
excitability  

fMRI – 
identified task 
related cortical 
activation 

pre, 
immediately 
post  

CIMT in children with 
congenital hemiplegia and 
crossed CST from the 
affected hemisphere 
produces neuroplastic 
changes in the motor cortex 
detected by increased 
cortical excitability and also 
increased task related 
cortical activation. 

4 

Kuhnke et al., 
(2008).  

 

NB subset of 
patients from 
study by 
Juenger et al., 
(2007) 

Quasi-
experimental 

Constraint of non-
paretic hand 10 
hours per day;  One 
on one 'shaping 
exercises' 2 hours 
per day; 6-8 hours 
of group therapy; 
delivered daily for  
12 days 

Tx: Cx - 16:0 

Age -  11years to 
30 years 

CP Classification – 
all hemiplegia; 
Function NS 

Function: Wolf 
motor function 
test 

Brain - TMS 
identified 
presence of 
contralateral or 
ipsilateral 
pathways 

pre, 
immediately 
post and 6 
months post 

Subjects with contralateral 
CST performed better on 
functional test than those 
with ipsilateral CST 
suggesting different types of 
corticospinal organisation 
respond differently to CIMT. 
Patients in therapy studies 
should be stratified 
according to their 
corticospinal organisation in 
studies as this may affect 
outcomes.  

4 

BOMT = Bruininks-Oseretsky Test of Motor Proficiency; CST = corticospinal tract; Cx = Control, Tx = Treatment; NS = not specified; TMS = Transcranial Magnetic 
Stimulation; fMRI= functional Magnetic Resonance Imaging 
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Author (year) Study type Intervention 
studied; frequency 
and intensity 

Sample 
Characteristics 

Outcome 
assessments 

Follow up 
period 

Main findings/Conclusions OECBM 
Quality 

Phillips et al., 
(2007) 

Quasi-
experimental 

Task dependent 
training using 
BWST training 30 
min training 
sessions twice 
daily, 6 days a 
week for 2 weeks 
with progression of 
speed and weight  

Tx:Cx - 6:0 

Age – 6 years to14 
years 

CP Classification - 4 
subjects with 
hemiplegia and 2 
with asymmetrical 
diplegia.  

All GMFCS I. 

Function - 
GMFM 
dimension E; 
6minute walk 
test; walking 
speed              
Brain – fMRI 

pre, 
immediately 
post 

Speed increased but not 
endurance; non-significant 
increase in GMFM; Only four 
fMRI were able to be 
interpreted. Variable fMRI 
responses are reported; 
findings in 1 subject 
consistent with findings seen 
in adults undergoing BWST 
training. 

4 

Juenger et al., 
(2007) 

Quasi-
experimental 

Constraint of non-
paretic hand 10 
hours per day;  
Individual  therapy  
2 hours per day; 6-
8 hours of group 
therapy; delivered 
daily for  12 days 

Tx: Cx - 16:0 

Age -  10 years to 
30 years 

CP Classification – 
all hemiplegia; 
Function NS 

- All had crossed 
contralateral CST 

Function: Wolf 
motor function 
test 

 Brain - TMS 
identified 
presence of 
contralateral or 
ipsilateral 
pathways 

pre, 
immediately 
post and 6 
months post 

In 5 subjects CIMT in 
children with congenital 
hemiplegia and crossed CST 
from the affected 
hemisphere there were 
neuroplastic changes in the 
motor cortex detected by 
increased cortical excitability 
and also increased task 
related cortical activation in 
lesioned hemisphere; No 
change in 4 subjects and 
artefact in 1 subject. 

4 

BOMT = Bruininks-Oseretsky Test of Motor Proficiency; CST = corticospinal tract; Cx = Control, Tx = Treatment; NS = not specified; TMS = Transcranial Magnetic 
Stimulation; fMRI= functional Magnetic Resonance Imaging
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5.4 Discussion 

The focus of therapeutic intervention in CP, particularly in early intervention, is on an 

expectation of learning new skills as a result of neuroplastic changes as well as preventing 

maladaptive neuroplasticity. In children, much of what is known regarding neuroplasticity is 

based on neuroplastic changes observed with growth and development; after spontaneous 

recovery from injury; and changes to the neuromuscular system that occur without 

intervention (Holt & Mikati, 2011). Basic neuroscience research into interventions following 

neural injury has come from animal models of CP (Coq et al., 2008; Martin et al.,2011; Strata, 

Coq, Byl, & Merzenich, 2004)  or studies in adult stroke  (Chen et al., 2010; Cramer et al., 2011; 

Green, 2003; Wittenberg, 2009). Despite, in recent years, an increase in the number of studies 

on therapy interventions in children with CP that have suggested positive effects on function 

(Anttila et al., 2008; Martin et al., 2010; Sakzewski, Ziviani, & Boyd, 2009), we were only able 

to locate a small number of studies investigating the possible associated neuroplastic outcome 

of these therapy interventions. Not all of the therapeutic approaches identified by these 

reviews as being efficacious in improving function in children with CP, (Anttila et al., 2008; 

Martin et al., 2010; Sakzewski et al., 2009) had supporting neuroplastic evidence.  

The main therapies investigated from a neuroplasticity focus appear to be the more 

contemporary approaches such as CIMT, BWST training and virtual reality therapy using video 

games, with no studies identified related to intensive upper limb bilateral training, resistance 

training approaches, sensorimotor training or neurodevelopmental techniques.   

CIMT, BWST training and virtual reality therapies in children with CP were shown to induce 

neuroplastic changes. Although these interventions are quite diverse, they had the four key 

elements of commonality that appear to be key features of successful motor learning 

approaches  in children with CP: (1) intensive task repetition; (2) structured so that the tasks 

were progressively more challenging to the participant; (3) incorporated motivators (e.g. 

camps) or task/goal orientation; and (4) each intervention involved active participation 

(Schertz & Gordon, 2009). Another common finding from these studies was the suggestion 

that corticospinal pathway organisation has a role to play with respect to response to 

therapies, with those subjects who had preserved crossed contralateral pathways most likely 

to respond best. In addition, the neuroplastic changes observed in these subjects were similar 

to those observed after intervention in adults with stroke (Phillips et al., 2007; Walther et al., 

2009).  

The studies recovered by the review were at best quasi experimental, pre-test–post-test 

studies, with small subject numbers. Follow-up periods were short with only immediate effects 
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on brain changes reported.  It is likely that new neural circuits that can be formed will need to 

be shaped by carefully planned therapy approaches. Therefore despite these promising 

findings, larger, better controlled trials, investigating frequency and duration of treatment 

sessions, with longer post-intervention follow-up periods are warranted.  Such studies will 

begin to address the need for scientifically-based treatment approaches to CP and to 

understand fully and therapeutically exploit neuroplastic changes in children with CP.  

The review was only able to locate one study that investigated neuroplastic changes 

accompanying more ‘conventional’ therapy with traditionally less intense contact (i.e. once or 

twice weekly contact with the therapist). This study was of higher level evidence as it was an 

RCT. It showed unequivocal findings with respect to neuroplastic changes following 

‘conventional therapy’ augmented with BoNTA. What is significant from this study is that it 

identified variability of corticomotor projections over repeated measures in a 6 month time 

interval, indicating that variability of corticospinal projections may be a factor to consider 

when investigating corticospinal changes in children with CP post-intervention. No other 

intervention study reviewed had as many repeated measures time points as Redman et al., 

(2008). Variability may need to be considered when investigating outcomes of interest to 

determine if changes observed are truly representative of the intervention and not just 

variability in responses in children with CP. This is particularly important when a trial has no 

control or comparator group. 

Four specific problems were identified by the evaluation of evidence for neuroplasticity 

following interventions for children with CP. First, there are very few published trials in 

children with CP, and seven of the eight trials were of a quasi-experimental design. The 

interventions investigated for neuroplastic changes in children with CP appear to be those that 

have found favour in the adult stroke literature.  Interventions showing positive functional 

outcomes (e.g. strength training, UL therapies augmented with BoNTA) and other 

contemporary practices that have been shown to be efficacious in improving function in CP 

(e.g. hand-arm intensive bimanual therapy -HABIT; goal directed training) are under-

represented in neuroplastic evaluations. For example, no  studies investigating neuroplastic 

changes for HABIT was found despite evidence showing that HABIT is less intrusive than CIMT 

and more effective at improving upper limb skill transfer to unpractised goals in children with 

CP  (Gordon et al., 2011).  Trials are warranted to evaluate neuroplastic change in such 

commonly used interventions for children with CP so as to examine the outcomes of these 

intervention approaches. 
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Second, the size of the existing trials means that clinically significant benefits or harms of these 

interventions cannot be reliably ruled out. In general, published trials have not been large 

enough to show clinically important benefits; particularly seven of the eight trials had no 

control or comparator group. Although more evidence could be garnered from the larger 

number of trials in adults after stroke, there are fundamental differences between adult 

acquired lesions and the diversity of lesions seen in CP. For example, congenital hemiplegia 

alone can result from a wide variety of brain lesions with respect to timing (pre-, peri- or post-

natal period), type of structural pathology (malformation, periventricular white matter, cortical 

or subcortical lesion) (Krägeloh-Mann & Cans, 2009; Staudt, 2010; Staudt et al., 2004). 

Furthermore, different types of corticospinal reorganisation with contralateral and/or 

ipsilateral corticospinal pathways can occur following lesions (Eyre, 2007; Staudt et al., 2004). 

Maladaptive corticospinal plasticity can persist into adulthood and it appears this may be a 

factor influencing response to different therapies (Eyre et al., 2007) as was observed in the 

CIMT studies in children (Kuhnke et al., 2008; Walther et al., 2009). This is in contrast to adults 

with stroke, who have different lesion presentations compared with children (Eyre, 2007) as 

well as having experienced a period of normal movement prior to their stroke.  

Third, there were problems in trial design and reporting that could bias the observed 

intervention effects, such as poor definition of the underlying lesion, lack of blinding and no 

comparator or control group. It has been has suggested that  by using  imaging prior to 

intervention it may be possible to determine whether different lesion types  respond 

differently to particular interventions (Phillips et al., 2007).  

Finally, standardised methods for outcome measurement would be beneficial and allow 

synthesis of data from different studies. This issue is particularly important because, since the 

nature of CP is heterogeneous in presentation and cause, it is difficult to recruit large numbers 

of ‘like’ subjects. Being able to combine outcomes in a meta-analysis would enable more 

robust conclusions to be made. In addition, standardising methods of neuroimaging collection 

will improve reliability of this outcome as a measure. The nature of the age of children 

considered being studied, and the effect of the CP on movement means that reliable 

neuroimaging is not easy to perform.   This may result in variability in outcome measurements 

representing non differential error leading to an underestimate of the real effects of 

interventions.  
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5.5 Conclusion 

There is some evidence emerging to support therapy interventions having an effect in 

changing the brain in CP but this evidence is not strong. This in part reflects the difficulties of 

research rather than a lack of critical review of practice. It is difficult to perform a controlled 

trial of rehabilitation techniques on such a heterogeneous condition as CP.  

Those interventions that have shown neuroplastic changes are ones that incorporate repeated 

practice, are challenging, involve participant engagement and are motivating.  A review by Holt 

and Mikati (2011) presents a convincing body of evidence, based on animal studies, of 

interventions proven to enhance brain plasticity and function that provide strong evidence for 

mechanism–based reasoning than can be used to extrapolate these approaches to children 

with CP. Larger trials in children with CP are warranted and the difficulty with recruiting 

homogenous subjects highlights the importance of a collaborative trial network to enrol 

sufficient children and ensure that interventions are not inappropriately discarded because of 

lack of evidence to detect important neuroplastic effects.   
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Chapter 6 Association between corticospinal pathways and 

function in children with spastic hemiplegic type CP 

 

A key feature of the developing corticospinal system is the presence of widespread 

contralateral and ipsilateral terminations of the corticospinal tracts that are subsequently 

pruned resulting in a more mature, predominantly contralateral pattern (Martin et al., 2009b). 

Investigations into the effects of early and late cortical damage on functional organisation of 

the corticospinal system have shown that ipsilateral responses remain dominant (Eyre, 2007).  

This is likely the result of unilateral perinatal lesions disrupting the normal competition 

between the contralateral and ipsilateral projections resulting in the abnormal preservation 

and even dominance of the ipsilateral projections from the intact hemisphere (Eyre, 2003, 

2007; Eyre et al., 2007).  It would follow, therefore that those children, who have intact 

contralateral corticospinal projections from the lesioned hemisphere, would be more likely to 

have preserved function. 

The aim of this study was to investigate the relationship between corticospinal pathways and 

function in children with spastic hemiplegic type CP.  This was necessary, as it may be possible 

that children with CP, who had preserved contralateral corticospinal projections from the 

lesioned hemisphere, would be better responders to the treatments investigated in the thesis.  
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Association between corticospinal pathways and function in children with spastic hemiplegic 

type CP. 

ABSTRACT 

Introduction:  Spastic hemiplegic CP results from a unilateral lesion of the corticospinal system 

of the developing brain. Unilateral pre or perinatal lesions can disrupt normal competition 

between contralateral and ipsilateral projections resulting in abnormal preservation and even 

dominance of the ipsilateral projections from the intact hemisphere. 

Objective:  To determine if children with persistent ipsilateral corticospinal projections from 

the non-infarcted cortex (ipsilateral projections) were likely to have a less functional upper 

limb than those with preserved contralateral projections from the affected cortex.   

Methods Children aged 8-16 years and described as spastic hemiplegic CP, with dynamic 

spasticity affecting upper limb function were recruited from the Spasticity Management Clinic 

at Princess Margaret Hospital for Children. Those unable to complete all assessments or with 

serious unrelated impairment affecting activities of daily living were excluded. Transcranial 

magnetic stimulation (TMS) determined latency of ipsilateral and contralateral corticospinal 

pathways.  From 3D kinematic analysis of a reaching task, movement characteristics were 

described using normalised jerk (NJ), directness index (DI) and associated variabilities (vNJ, 

vDI). The Melbourne Assessment of Unilateral Upper Limb Function (Melbourne Assessment) 

assessed function.  

 Results Dominant ipsilateral corticospinal projections were identified in 19 of 25 eligible 

subjects.  These 19 had lower Melbourne Assessment scores [mean 61.29, SD 13.67 versus 

73.65, SD 11.45 (p<0.01) less fluid movement [vNJ Mean 27.82, SD 15.55 versus Mean 10.34, 

SD 4.12 (p<0.001]) and less efficient movement [vDI Mean 0.09, SD 0.08 versus Mean 0.04 SD 

0.03 (p<0.05)].  

Conclusion:  The presence of dominant ipsilateral corticospinal pathways adversely affects 

function and movement coordination and efficiency.  This adds evidence to support early 

interventions for children with spastic CP that encourages bilateral activity as preserving 

contralateral corticospinal pathways and preventing the development of dominant ipsilateral 

corticospinal pathways is important to minimise functional impact.  
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6.1 Introduction 

Neuroplasticity refers to the unique capacity of the mammalian brain and spinal cord to adapt 

in response to activity.  Usually adaptations are beneficial but they can also be maladaptive.  

‘Mal-adaptive’ activity-dependent neuronal plasticity appears to play a role in the evolution of 

clinical signs of motor dysfunction in children with cerebral palsy (Eyre et al., 2007). Neuronal 

plasticity is enhanced by prolonged experience that modifies function in neuronal circuitry, 

which in turn adjusts subsequent thoughts, feelings, and behaviour (Kalia, 2008). One of the 

basic mechanisms involved in plasticity is activity-dependent synaptic plasticity (Johnstone,, 

2009). Synaptic plasticity refers to changes in the strength of neurotransmission induced by 

activity experienced by the synapse in the past, that is, activity-dependent modification of the 

strength of synaptic transmission (Johnston, 2009).  Synaptic plasticity is considered to be the 

key to the early development of neuronal circuits and is responsible for the incorporation of 

transient (temporary) experiences into more permanent consolidated brain changes (Kalia, 

2008).  

Neuronal plasticity allows the central nervous system (CNS) to reorganise neuronal networks in 

response to environmental stimulation (Staudt, 2010a) and to recover some motor and 

sensory functions following brain and spinal injury (Johnston et al., 2009). Children with 

hemiplegic cerebral palsy (CP) have one arm that functions well and one that does not as a 

result of unilateral damage/infarction to the contralateral hemisphere.  They have been found 

to have increased ipsilateral corticospinal projections from the undamaged cortex (Eyre et al., 

2007). Eyre and colleagues (2007) have proposed that increased ipsilateral projections from 

the undamaged motor cortex is a consequence of perturbation of activity-dependent 

developmental processes, whereby reduction in activity in the infarcted hemisphere leads to 

increased withdrawal of its surviving contralateral corticospinal projections, which are 

displaced by more active ipsilateral projections from the non-infarcted hemisphere (Eyre, 

2007; Eyre et al., 2007).  In keeping with their hypothesis, they observed significant 

hypertrophy of the corticospinal tract arising from the non-infarcted hemisphere of children 

with unilateral brain lesions and progressive loss of the contralateral pathways from the 

affected hemisphere in response to transcranial magnetic stimulation (TMS). This plastic 

response may compound the functional impairment, since those individuals with increased 

ipsilateral projections function less well than those with preserved contralateral pathways 

from the damaged cortex (Eyre, 2007).  Although it may at first seem unlikely that activity-

driven maintenance of ipsilateral projections from the non-infarcted hemisphere is not 

associated with better function, one of the possible explanations for these findings may be 

that the afferent sensory projection from the paretic arm does not show post-natal 
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reorganisation to the non-infarcted hemisphere, but always remains directed to the 

contralateral infarcted hemisphere (Thickbroom et al., 2001).  Eyre and colleagues (2007) 

reasoned that the anomalous ipsilateral projections could therefore not establish appropriate 

linkage with the cortical and sub-cortical sensory networks which are essential for space 

perception, the planning of movements, and the guidance of actions required for effective arm 

and hand control.  

Two scales frequently used in intervention studies to measure upper limb functional ability in 

the child with CP are the Quality of Upper Extremity Skills Test (QUEST) (DeMatteo et al., 

1992); and the Melbourne Assessment of Unilateral Upper Limb Function (Melbourne 

Assessment) (Randall et al., 1999). Both these scales rely on subjective observational analysis 

of movement.  A raw score is determined and then the score is converted into a percentage 

and used as the outcome measure. During statistical analyses of outcomes, these scales are 

often treated as an interval variable, most likely due to conversion of the raw score into a 

percentage. However, the scales are criteria referenced and so do not strictly meet the 

definition of an interval variable.  Although reported validity and reliability is good the smallest 

detectable difference for both scales is greater than 7% for the QUEST and 9% for the 

Melbourne Assessment (Klingels et al., 2008). 

These two scales do allow assessment of the movement quality of the child with CP, yet they 

are based on subjective observational analysis. An objective method for quantifying movement 

is the use of three dimensional (3D) motion analysis and is considered the gold standard for 

evaluating gait function in children with CP (Gage & Novacheck, 2001). Its potential for 

objectively assessing the upper limb reaching function has been identified (Jaspers, 2011). As 

well having the potential to provide objective, sensitive measurement of upper limb reaching 

movement, 3D computed motion analysis of the upper limb has the potential to provide 

insight into movement control strategies utilised by an individual during reaching tasks.  There 

are many kinematic variables that can be utilised to quantify the characteristics of reaching. 

Most 3D motion analyses of the upper limb report kinematic profiles such as joint angle, 

angular velocities and accelerations. From these kinematic profiles additional movement 

substructures can be derived that enable movement control strategies to be computed. One of 

these derived substructures is the calculation of jerk, or movement smoothness. Calculated 

jerk from 3D kinematic analysis has potential to quantify objectively subtle and potentially 

important changes in movement characteristics making it a useful adjunct to more clinically 

orientated assessments.  The sensitivity of kinematic analyses may provide important 

information about the nature and time course of functional improvement that may not be 

observable using conventional functional assessments. Normalised jerk (NJ) and directness 
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index (DI) derived from 3D kinematic analyses have been identified as  good indicators of 

upper limb function in children with hemiplegic CP (Gibson, Hamer, Blair, Valentine, & Lay, 

2010) (see also Chapter 4), having the additional advantage of being interval variables.  

The aims of the present study were two fold. To investigate the strength of the relationship 

between the presences of ipsilateral corticospinal tract pathways, measured with TMS, and 

upper limb function in children and adolescents with spastic hemiplegic CP.  Secondly, to 

identify any associations between the kinematic measures, NJ and DI, and clinical assessments 

of upper limb function. It was hypothesised that children with persistent ipsilateral 

corticospinal projections from the non-infarcted cortex were likely to have a less functional 

upper limb than those children with preserved contralateral projections from the affected 

cortex.   

6.2  Method 

6.2.1 Design 

A cross sectional study was employed, in which each subject was examined once.  

6.2.2 Subjects 

Twenty-five subjects were recruited from the Spasticity Management Clinic at Princess 

Margaret Hospital for Children, Perth, Western Australia. The inclusion criteria were a 

diagnosis of spastic hemiplegia due to CP; aged between eight and 16 years; the presence of 

dynamic spasticity affecting function of the upper limb. Exclusion criteria included significant 

cognitive impairment or inability to complete all assessments and epilepsy.  Children were also 

excluded if they were using splinting, including LYCRA® splinting as this was thought to 

influence NJ (Elliott et al., 2011), or if they had a serious unrelated illness or abnormality 

effecting independence and activities of daily living. Ethics approval was obtained from the 

Ethics in Human Research Committee at Princess Margaret Hospital, Perth, Western Australia. 

Written informed consent was obtained from parents and verbal assent from subjects. 

6.2.3 Procedure 

Participants attended a half-day assessment at a TMS laboratory to collect motor maps and a 

3D motion analysis laboratory to collect the kinematic data for calculating NJ and DI (described 

later). Upper limb spasticity and function were assessed by an experienced occupational 

therapist blinded to the TMS and jerk outcome measures. For each subject, upper limb 

spasticity was rated using the Australian Spasticity Assessment Scale (ASAS) (Gibson et al., 

2009a).  The ASAS is a six point spasticity rating scale with validity and reliability that exceeds 
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that of previously utilised spasticity rating scales (Gibson et al., 2009a).  Upper limb function 

was assessed clinically using the Melbourne Assessment (Randall et al., 1999). This scale is a 

reliable and valid assessment of unilateral upper extremity function in children with 

neurological impairments aged from 5 to 15 years (Cusick et al., 2005; Randall et al., 2001). The 

Melbourne Assessment is based on 16 items comprising tasks that are representative of the 

most important components of unilateral upper limb function (reach, grasp, release, and 

manipulate). Most items are further subdivided into two to four sub-items each representing 

an aspect of the required movement, such as range of movement, fluency, target accuracy, 

speed, and quality of movement. The total score ranges from 0 to 122 points, with higher 

scores representing higher function. The test was administered and then scored from video 

recordings by the senior, experienced occupational therapist. 

6.2.3.1 Transcranial Magnetic Stimulation (TMS) 

The TMS studies were performed at the Australian Neuromuscular Research Institute at Queen 

Elizabeth II Medical Centre, Perth Western Australia. TMS was delivered using a MAGSTIM 200 

(Magstim Company Ltd., Whiteland, UK) magnetic stimulator. A 5cm diameter figure of eight 

coil (SPC-ENG 8616, Magstim) was used. To ensure accurate and repeatable coil placement, a 

snug fitting flexible cap was placed on the participant’s head and oriented according to 

anatomical landmarks based on the International 10-20 system of EEG electrode placement 

(Jasper, 1983). This EEG electrode placement system models the scalp as a hemisphere so that 

stimuli sites can be located using a latitude/longitude based coordinate system. The cap, pre 

marked as a grid with spacing of 1 cm in latitude and longitude, was aligned over the vertex of 

the participant. The cap was held in place by two Velcro straps.  

The motor responses for all subjects were recorded from the 1st dorsal interosseii (FDI) muscle 

on both the affected and unaffected side using surface electrodes.  Stimulus intensity was 

threshold adjusted. The cortical motor threshold was defined as the minimum intensity at 

which we visualised a clear motor evoked potential (MEP) in at least 2 out of 3 stimuli and an 

associated silent period.  Threshold was determined initially by stimulating over a site at or 

near the estimated centre of the motor area for FDI. Our initial protocol was to visualise 3 out 

of 4 stimuli; however, we found participants had low tolerance to the stimulus, thus 

necessitating adjusting our threshold exploratory procedure to 2 out of 3 stimuli. TMS was 

performed during passive state of the FDI. If no MEP was recorded then the participant was 

asked to bilaterally contract the FDI using visual biofeedback display to ensure contraction 

intensities were the same with each stimulus. Participants were instructed to contract both FDI 

muscles to 10% as indicated on the visual bar graph display. When the contraction level was 

maintained within range, a stimulus was triggered by the operator.  
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In contrast to previous studies (Garvey, Kaczynski, Becker, & Bartko, 2001), we found that 

tolerance of the TMS procedure declined sharply when stimuli above 80% were used. 

Therefore, participants performed a low-level muscle contraction, which lowers the cortical 

threshold if a motor response could not be elicited using a maximum cortical stimulus of 80% 

of stimulator output at rest. Participants contracted the FDI muscles by stretching an elastic 

band placed around their first and second fingers.  The mapping stimulus was delivered at an 

intensity of 10% above the lowest threshold obtained. The same intensity was used for 

mapping both hemispheres as the difference in threshold between hemispheres was less than 

10% in all subjects.  Failure to obtain MEPs was defined as no response to 3 stimuli at 80% of 

stimulator output. Maps were constructed from the peak-to-peak MEP amplitude and the 

silent period duration for each stimulus site. The mapping protocol was based on that 

described by (Wilson, Thickbroom, & Mastaglia, 1993). 

The latency for the strongest elicited MEP was recorded for the unaffected contralateral 

corticospinal projection, affected contralateral corticospinal projection and unaffected 

ipsilateral corticospinal projection. Poor tolerability for the TMS resulted in insufficient MEPs 

to obtain a map. In order to maximise the use of our data we determined a mathematical 

computation that compared the fastest obtained latency for the corticospinal pathways of the 

affected and unaffected hemispheres. A symmetry index (SI) and an ipsilateral index (IpsiI) 

were determined based on the presence or absence, and value of the fastest MEP from the 

contralateral and ipsilateral hemispheres. The equations for the calculation of the SI and IpsiI 

are represented in Figure 6.1 and Figure 6.2 respectively.  

The latency of the MEP for the contralateral pathway of the unaffected hemisphere is 

represented as x; y is the latency of the MEP for the contralateral affected hemisphere; and z is 

the latency of the MEP for the ipsilateral pathway from the unaffected hemisphere. 

When latencies of contralateral affected pathways were not able to be recorded then the 

value of y is ∞. In cases where latencies of ipsilateral unaffected pathways were not able to be 

recorded then the value of z is ∞. The SI compares the two contralateral pathways, whereas 

the IpsiI compares the dominance of the ipsilateral pathway to the preserved contralateral 

pathway.  

 An SI value of 0 indicates symmetry of conduction velocity of projections to the motor neuron 

pool from the contralateral affected and contralateral unaffected hemispheres. That is, the 

velocities from both the affected and unaffected corticospinal pathways to their respective 

motor neuron pools are approximately equal. A SI value of -1 indicates there is no symmetry of 

conduction velocity of projections to the motor neuron pool from the contralateral affected 
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and contralateral unaffected hemispheres that is the velocity of projections from the 

contralateral unaffected hemisphere velocity is relatively slower.   

 

 

Figure 6.1  Calculation of symmetry index 

 

The IpsiI reflects the difference between conduction velocity of the ipsilateral pathway and the 

normally occurring contralateral pathway.  In typically developing corticospinal pathways, 

where the contralateral pathway is more rapid, Ipsil takes the value of -1; in aberrant 

development the ipsilateral pathway may either have the same latency as the contralateral 

pathway (IpsiI=0) or a shorter one (IpsiI=1). 

 

 

Figure 6.2 Calculation of Ipsilateral Index 

6.2.3.2  3D Motion analysis and derived movement variables 

Kinematic measurements were obtained by a physiotherapist. Participants were seated on a 

height adjustable stool at a height adjustable table. Stool height was positioned so that the 

feet of each subject were flat on the floor. Table height was positioned at each subject’s sitting 

waist height.  The task chosen for assessment was to reach forward to a target with the 

affected arm to achieve full elbow extension with wrist extension. This task was chosen as it 

represented an item from the Melbourne Assessment. The target was a 5cm diameter button 

positioned at shoulder height and placed at the end of the subject’s available extension of the 

affected upper limb. Spherical, reflective, 10mm diameter markers were placed over the radial 

and ulna styloid processes of the affected wrist. A 12 camera VICON® MX motion analysis 

Ipsilateral  Index (IpsiI) =  𝑦 − 𝑧
𝑦 + 𝑧�  

y= latency of the contralateral affected hemisphere  

z= latency of the ipsilateral unaffected hemisphere 

 

Symmetry Index (SI) =  𝑥 − 𝑦
𝑥 + 𝑦�  

x= latency of the contralateral unaffected hemisphere  

y= latency of the contralateral affected hemisphere 
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system (Vicon Oxford Metrics Inc. U.K.) operating at 250 Hz was used to record the movement 

of the reflective markers.   

Each participant was asked to complete five trials of the task at a self-selected pace. The 

VICON® MX motion analysis system recorded the upper limb motion with the wrist joint 

trajectory (defined as the mid-point between the radial and styloid processes) reconstructed 

from the raw kinematic data. Using a custom Matlab program (Mathsworks Inc.), raw data 

were low-pass filtered (20Hz) using a recursive Butterworth filter and then processed to 

determine start and end points of the outward and the return tasks. Trajectories of the 

calculated wrist joint centre were used to compute reaching kinematics of movement time, 

task displacement, movement velocity and acceleration which were then used to calculate 

normalised 3-D jerk and associated variables following established procedures with normalised 

jerk computed as:  

√
1
2 
���𝑑𝑡 𝑗2 (𝑡)  × 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛5� /  (𝑡𝑜𝑡𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ)2� 

where j is the absolute jerk (Tresilian et al., 1997). Smoother movement generates a smaller 

number for normalised jerk (NJ) (Yan & Dick, 2006), thus the NJ score reflected level of 

movement smoothness. 

The NJ and additional  movement substructures were computed for the 3D wrist joint centre 

using custom written ‘3D Jerk Analysis’ computer software (Labview 8.2.1, National 

Instruments Inc., U.S.A.), based on 2D software used by previous authors (Thomas et al., 

2000).  

For each subject the reaching task was repeated up to 5 times during the assessment, giving up 

to 5 replicate estimates of each kinematic variable. The within subject variability for NJ and DI 

were calculated by computing the standard deviation of these (up to 5) estimates, giving rise 

to the variables vNJ and vDI, respectively.   

6.2.4 Data Analysis 

Analyses were conducted using the SPSS version 20.0 computer based package (IBM 

Corporation, 2011). Pearson’s correlation coefficients were computed to measure the 

correlations between vNJ and the Melbourne Assessment and vDI and the Melbourne 

Assessment. An independent samples t-test was used to assess the statistical significance of 

differences in variability of NJ, variability of DI and Melbourne Assessment score between 

groups defined by corticospinal symmetry and by ipsilateral index.  Statistical significance was 

defined as p<0.05. 
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6.3  Results 

Mean age for the 25 children enrolled in the study was 11 years 0 months (SD, 1 year 11 

months; range 8 to 16 years), consisting of 13 males and 12 females, 12 with a left hemiplegia 

and 13 with right hemiplegia. There were 12 children identified as MACS functional level I and 

13 MACS functional level II. Their Melbourne Assessment scores ranged from 35.25% to 

88.52% (mean 64.75%, SD 14.02) and within subject mean SD vNJ 22.92 (sd15.45) and mean 

SD vDI 0.08 (sd 0.07).  MEPs for crossed contralateral pathways from the affected hemisphere 

were unable o be obtained for 18 participants. 

Bivariate correlations between calculated movement substructures and the Melbourne 

Assessment are displayed in Table 6.1 and confirm a significant correlation between within 

subject movement variability (as measured by mean of the SD) calculated from 3D motion 

analysis of reaching and the Melbourne Assessment. 

Table 6.1 Relationship of kinematic calculated variables of vNJ and vDI to Melbourne Assessment 

 

 vNJ vDI Melbourne 
assessment 

vNJ 1.0 .500^ -.400^ 
vDI .500^ 1.0 -.475^ 
Melbourne 
assessment 

-.400^ -.475^ 1.0 

^p<0.01 

The differences in mean vNJ, mean vDI and mean Melbourne assessment between those with 

and without corticospinal tract symmetry are shown in Table 6.2.  Those without symmetry 

had higher mean values for vNJ and vDI, and a lower mean Melbourne Assessment score, 

reaching statistical significance (p<0.05) for vNJ and the Melbourne Assessment. The 

difference between the groups for vDI did not reach statistical significance. 

Table 6.2 Comparison between corticospinal tract symmetry and functional deficits – vNJ, vDI, 

Melbourne 

 

*p<0.05, #p<0.001 

 *vNJ vDI #Melbourne 

Mean (SD) Mean (SD) Mean (SD) 
No symmetry (N=19) 25.39 (15.55) 0.09 (0.08) 60.13 (12.53) 

Symmetry (N=6) 15.13 (7.23) 0.05 (0.03) 79.37 (6.62) 
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Similarly, statistically significant between group differences were found for all measures of 

function (vNJ, vDI and Melbourne Assessment) between those individuals with dominant 

ipsilateral corticospinal tracts from the unaffected hemisphere, and those with non-dominant 

ipsilateral pathways (Table 6.3) 

Table 6.3 Comparison between ipsilateral pathway dominance and functional deficits – vNJ, vDI, 

Melbourne 

*p<0.05, ^p<0.01, #p<0.001 

 

There was greater variability of NJ and DI in participants who had dominant the ipsilateral 

corticospinal pathways, with those subjects displaying least variability shown to have less 

dominant ipsilateral pathways, but weaker correlations to presence of asymmetry of the 

corticospinal contralateral pathways (Table 6.4).   

Table 6.4 Correlations between functional deficits vNJ, vDI, Melbourne Assessment and TMS 

symmetry indexes and dominant ipsilateral pathways  

*p<0.05, ^p<0.01, #p<0.001 

 

This relationship is mirrored in the positive and significant correlation of the Melbourne 

Assessment score, with those subjects with less dominant ipsilateral pathways but this time 

there was also a positive correlation with contralateral pathway symmetry, with those subjects 

with symmetry of contralateral pathways scoring higher on the Melbourne Assessment. This is 

reflected in the box and whisker plots in Figure 6.3. 

  

 #vNJ *vDI ^Melbourne 

Mean (SD) Mean (SD) Mean (SD) 
Ipsilateral pathway 

dominant (N=18) 
27.82 (15.55) 0.09 (0.08) 61.29 (13.67) 

ipsilateral pathway 

not dominant (N=7) 

10.34 (4.12) 0.04 (0.03) 73.65 (11.45) 

 
vNJ 

vDI Melbourne  

Ipsilateral pathway 
dominant (N=18) 

-0.568# -0.371* 0.427^ 

Symmetry Index 
(N=7) 

-0.234 -0.221 0.624# 
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Figure 6.3 Box and whisker plots of Melbourne Assessment in groups separated by ipsilateral dominance 
(graph 1) and symmetry (graph 2). 
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6.4 Discussion 

We have shown that TMS applied over the intact motor cortex elicits ipsilateral MEP in the 

affected hand muscles of children with hemiplegic type CP, suggesting the existence of 

corticospinal neurons establishing some connections between the intact hemisphere and the 

ipsilateral paretic hand motor neurons. This is in keeping with other studies (Eyre, 2007; 

Staudt, 2010c; Vandermeeren, Davare, Duque, & Olivier, 2009). These ipsilateral corticospinal 

projections represent abnormal projections arising from the non-infarcted hemisphere that 

were probably stabilised during the development period because of a lack of diminution by 

descending outputs that would have normally occurred as a result of crossed corticospinal 

projections (Eyre, 2003; Eyre et al., 2001). Eyre et al. 2007 have suggested that it is both the 

progressive loss of the contralateral projections and the persistence of the bilateral projections 

from the ipsilateral hemisphere that are responsible for progressive functional disability after 

the injury. Furthermore, this resultant compensatory anatomical re-organisation of cortical 

control of the involved upper limb via innervation from corticospinal neurons descending from 

the ipsilateral hemisphere may influence a child’s response to different therapies (Eyre et al., 

2007).  

Interventions that increase the activity of the spared contralateral corticospinal pathways can 

influence the strength and density of these pathways and reverse motor dysfunction, at least 

in animal models (Martin et al., 2011). However, the period of time that therapies were most 

effective in this animal model were immediately following the time that the corticospinal 

pathway refinement would usually be occurring. This implies that the optimal time for 

intervention in children at risk for CP would be between ages six months to one year, when 

this corticospinal tract refinement occurs (Martin et al., 2009a). However, children with 

hemiplegic CP are often not diagnosed until after 1 year of age, by which time this optimal 

period for intervention has passed. Early identification of the child at risk of CP is therefore 

vital in initiating interventions to prevent secondary impacts of aberrant corticospinal 

development. The type of interventions that would be most beneficial and the impact of these 

on changes to contralateral corticospinal pathway development require further investigation.  

Crossed contralateral pathways from the affected hemisphere could not be mapped for nearly 

three-quarters of the study participants.  Recognising that this finding seemed unusual these 

findings were discussed with international expertise regarding possible explanation for the 

results (Eyre, 2012).  It may be that there was not sufficient exploration far enough posteriorly 

with the TMS. This may in part be due to the poor tolerance for the TMS procedure in the 

cohort studied in this study. Previous investigators have found that TMS applied over the 

contralateral occipital cortex can invoke responses in the paretic hand (Basu et al., 2009). If 
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within this study exploration was extended further posteriorly and invoked a contralateral 

response from the affected hemisphere, it is still likely that the asymmetry index for these 

subjects would have been higher, as the response elicited would have been much further away 

from the site than expected.  

Skilled upper limb movements are characterised by low movement-to-movement variability 

(Rönnqvist & Rösblad, 2007). The results from this study demonstrate that altered motor 

planning is affected by the aberrant corticospinal pathway development in children with 

hemiplegic CP. This study has demonstrated that the variability of 3D kinematic measures of DI 

and NJ are significantly associated with the skill of functional reaching ability in children with 

spastic CP as measured by the Melbourne Assessment. The computed variables of NJ and DI 

represent the coordination and efficiency of the reaching movement and can provide an 

understanding of the specific deficits in physiological motor planning underlying altered 

reaching ability in children with spastic CP. In well controlled reaching movements, the motor 

program may not rely as heavily on feedback loops to correct the movements. Consequently, 

path directness for the movement will be shorter and movement will be smoother. We found 

a negative relationship between the presence of an ipsilateral dominant pathway and 

coordination of movement, whereby a dominant ipsilateral pathway resulted in less 

coordinated (more variability of jerk) and less efficient movement (greater variability in 

directness). This suggests that influence on function of a dominant ipsilateral pathway is 

greater than the presence of symmetry of contralateral pathways.  

One possible explanation for the greater motor dysfunction experienced by those individuals 

with dominant ipsilateral pathways could be due to an impairment of sensori-motor 

integration at the cortical level. A motor planning system reliant on feedback loops is also 

dependent on an intact sensori-motor feedback mechanism. An inter-hemispheric dissociation 

between sensory input and cortico-motor output in individuals with hemiplegic type CP has 

been found, whereby afferent pathways from the affected hand are directed to the 

contralateral hemisphere (Thickbroom et al., 2001). Coordination and efficiency of movement 

both rely on sensory input from the cortex and are therefore more influenced by the presence 

of the dominant ipsilateral pathway and the resultant more pronounced inter-hemispheric 

dissociation of the cortex.  In contrast, where contralateral pathways are preserved, regardless 

of symmetry, there was less of a relationship with motor coordination and efficiency. This may 

be due to presence of some inter-hemispheric association and better integration of feedback 

loops.   
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There was no distinction between the ‘pathway groups’ with respect to the Melbourne 

Assessment where a relationship between function, as measured by the Melbourne 

Assessment, was found with contralateral pathway symmetry and non-dominance of the 

ipsilateral pathway. This implies that while the Melbourne Assessment, can provide a measure 

of functional ability of the upper limb, it cannot differentiate between ‘pathway groups’, which 

may respond differently to therapy, nor provide insight into the cause of dysfunction. This 

indistinguishable difference between the Melbourne Assessment and corticospinal pathway 

groups may be explained by the fact that the Melbourne Assessment is a measure of unilateral 

upper limb function. It would be interesting to determine whether clinical assessments that 

measure bilateral hand function may have been more likely to identify a relationship with 

pathway group. 

The determination of vNJ and vDI provide a method of evaluating the impact of aberrant 

corticospinal development on upper limb function giving potential to differentiate the 

response of therapies when there is the presence of contralateral versus ipsilateral dominant 

pathways. In addition, vNJ and vDI are continuous variables and, as such, statistical evaluations 

using these measures as a value of function are potentially more robust than statistical 

analysis of the Melbourne Assessment scores.   

6.5 Conclusion 

This study provides some evidence that coordination and efficiency of movement in children 

with hemiplegic type CP is better in individuals who have symmetry of contralateral 

corticospinal pathways and who also do not have dominant ipsilateral pathways from the 

affected hemisphere. In addition, there appears to be a negative correlation between 

dominance of ipsilateral corticospinal pathways and movement coordination and efficiency, 

but not with symmetry of contralateral corticospinal, suggesting that ipsilateral dominance 

affects movement dis-coordination and inefficiency. This adds evidence to support the 

suggestion that that preventing the development of dominant ipsilateral corticospinal 

pathways is important in minimising functional impact. Whilst the inability to evoke an MEP for 

crossed contralateral pathways in a large number of participants may be indicative of aberrant 

corticospinal development, it may also be a result of the participant’s low tolerability for the 

TMS resulting in not exploring responses further enough posteriorly.  
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Chapter 7 Upper limb activity improves when therapy is 

combined with BoNTA in children with CP with some evidence of 

CNS and peripheral coordination changes. 

7.1 Introduction 

Cerebral Palsy (CP) results from a lesion to the developing brain (Bax et al., 2005). It is one of 

the most prevalent motor conditions affecting children in developed countries  (Blair & 

Watson, 2006) and presents as a heterogeneous condition, associated with varying degrees of 

motor impairment and functional limitations (Gorter, Rosenbaum, Hanna, Palisano, Bartlett, et 

al., 2004). Although the brain lesion in CP is not progressive the motor manifestations and 

musculoskeletal impairment may become progressive (Eyre et al., 2007; Graham & Selber, 

2003).  Various physiotherapy and occupational therapy interventions are used to manage the 

movement impairments seen in CP to try and prevent the secondary musculoskeletal and 

movement impairments and to optimise the child’s function, activity and participation. 

Physiotherapy, in particular, uses physical approaches to promote, maintain and restore 

physical, psychological and social well being (Anttila et al., 2008).   

Botulinum neurotoxin type A (BoNTA) is used to augment therapies in children with CP, 

particularly when spasticity is considered a major impediment to movement. The BoNTA 

temporarily paralyses overactive muscles and relieves spasticity and is the treatment option in 

the management of focal spasticity in both the upper limb and lower limb (Fehlings et al., 

2010; Love et al., 2010). There is some evidence that the temporary benefit of BoNTA can be 

extended through concomitant activity based interventions (Lowe et al., 2006; Wallen et al., 

2007a), although this evidence is also limited and requires further study (Hoare et al., 2010).  

Following a brain lesion, physio- and occupational therapy approaches to restore function are 

underpinned by the concept of neuroplasticity. That use and practice will strengthen existing 

neural connections with formation of new connections within the primary motor cortex in 

response to the voluntary motor activity (Nudo, Plautz, & Frost, 2001). Therapies, with and 

without BoNTA, have been shown to reduce the degree of impairment and improve quality of 

life (Anttila et al., 2008; Fehlings et al., 2010; Love et al., 2010). To date, there is limited 

empirical evidence that these clinical interventions result in positive neuroplastic changes to 

the motor cortex (Goldstein, 2004).  

Transcranial magnetic stimulation (TMS) is useful in investigating function of the motor cortex 

and can provide insights into both typical neuromotor maturation and the mechanisms 

underlying the motor skill deficits in children with developmental disabilities (Garvey & Volker, 
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2008). TMS is a neurophysiologic technique that allows induction of a current in the brain 

using a magnetic field to cross the scalp and skull. The TMS causes neurons in the neocortex 

under the site of stimulation to depolarise and discharge an action potential. When TMS is 

applied to the scalp overlying the homunculus of the primary motor cortex at appropriate 

stimulus intensity, it produces muscle activity in the contralateral extremity. It is possible to 

record this muscle activity as motor evoked potentials (MEPS) using electromyography 

(Pascual-Leone & Walsh, 2002).  

The latency of the MEP response can be used as an objective measure of conduction time for 

the corticospinal pathway (Pascual-Leone & Walsh, 2002). In addition, TMS can be applied 

sequentially to different scalp positions and then a muscle’s MEP from each site of stimulation 

can be recorded, hence generating a somatotopic map within the motor cortex for that muscle 

(Pascual-Leone & Walsh, 2002). Thus, TMS can non-invasively investigate neural conduction 

along the corticospinal tract and enables motor output to be mapped to a given body area. 

TMS has been used safely in children with CP to investigate corticospinal development and 

also as treatment modality (Eyre, 2007; Garvey & Volker, 2008; Gilbert et al., 2004; Kirton, 

Chen, Friefiled et al., 2008). TMS-evoked parameters appear to be a marker of some altered 

neurological function in paediatric neurological disorders (including CP) and may be sensitive 

to changes that occur after treatment (Garvey & Volker, 2008). However, TMS studies in 

children need to take into account the developmental aspects of brain maturation and how 

these aspects may impact on mapping and re-mapping outcomes (Garvey & Volker, 2008). 

TMS has been used to study neuroplasticity of the corticospinal tract following BoNTA 

interventions in adults with acquired motor disorders. For example, in adults with writer’s 

cramp and cervical dystonia, functional changes, which occurred with BoNTA therapy, were 

accompanied by changes in the corticomotor pathways. These changes reversed as the clinical 

effects of the BoNTA wore off (Byrnes et al., 1998; Thickbroom et al., 2001).  

In children with CP, abnormalities in the corticomotor projection, such as the presence of 

ipsilateral pathways (Eyre et al., 2007) may influence the central response to BoNTA injection. 

In the study in this thesis, TMS was used to investigate the corticomotor projections associated 

with the upper limb in children with spastic hemiplegia and the reorganisation that may occur 

with physiotherapy augmented with BoNTA. This provided ability to quantify and analyse any 

changes at the cortical level in relation to changes that may be evident in functional activities, 

clinical tests and tasks accomplished by the children. 
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To supplement the assessment of any changes in clinical tests, three dimensional (3D) 

kinematic analysis of reaching was utilised.  Three dimensional kinematic analysis offers a 

greater degree of objectivity than can be achieved with standard clinical measures. 

A number of variables describing movement substructures can be calculated by quantifying 3D 

motion, including movement fluency. Having quantitative measures of movement fluency are 

particularly important as these reflect coordination of movement (Fetters & Kluzik, 1996). One 

quantitative measure of movement fluency is normalised jerk (NJ). Normalised jerk is defined 

as the rate of change of acceleration, or the third derivative of angular position data, 

normalised to movement time and distance (Thomas, Yan & Stelmach, 2000). As movement 

becomes smoother with improved muscle coordination, it is reflected in the velocity and 

acceleration profiles and subsequently derived NJ.  

Calculations of movement smoothness during a reaching task have been shown to discriminate 

between children with and without neurological impairment (Chang, Tung, Wu & Su, 2005). 

Simple upper limb reaching movements have been shown to have two parts, the primary, 

ballistic controlled phase (thought to be under feed-forward, central control) and a secondary 

movement phase reflecting a corrective phase (thought to be under feedback control) 

(Thomas et al., 2000). In well controlled and skilled movement, there is an increase in the 

percentage of time spent in the ballistic primary phase and a concomitant increase in the 

smoothness of movement as measured by jerk (Thomas et al., 2000). 

The aims of this investigation were to:  

• examine the effectiveness of resistance training, augmented with BoNTA for improving 

upper limb function, coordination and efficiency of movement in children with 

hemiplegia; 

• examine the use of TMS for describing brain changes after resistance training 

augmented with BoNTA in children with hemiplegia; and 

• Better understand the neurological mechanisms underlying changes from pre- to post-

treatment, in children with hemiplegia. 

7.2 Method 

7.2.1  Participants 

Ethical approval was obtained from the Princess Margaret Hospital Ethics Committee. Written 

informed consent was obtained from all participating children and parents. Thirty one 

participants (seven to 14 years of age) with spastic hemiplegia due to CP were recruited from 
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the Spasticity Management Clinic at Princess Margaret Hospital for Children, Perth. Eligibility 

criteria included dynamic spasticity of the upper limb and no previous upper limb BoNTA. 

Exclusion criteria included significant cognitive impairment, epilepsy and an inability to attend 

all assessments. 

7.2.2  Study design 

Subjects were matched for age and baseline function as measured by the Melbourne 

Assessment and were then randomised into one of three groups:  

Group 1: Control Group, continue with their conventional therapy 

Group 2: Conventional therapy augmented with BoNTA  

Group 3: Conventional therapy with the addition of resistance training plus BoNTA  

7.2.2.1 Non-treatment protocol 

Group 1 – Control Group: The participants in the control group were managed according to 

current best practice at the time of the study. All participants were encouraged to continue 

with community-based therapy according to the current practice for upper-limb spasticity 

management for the duration of the study. In Western Australia, for this age group of 

participants, this consisted of a consultative model of service whereby participants would be 

reviewed by a local occupational therapist (two to four visits) over 3-4 months with a home-

based therapy program. This group received no upper limb BoNTA, but did receive lower limb 

BoNTA for dynamic equinus.  

7.2.2.2 Treatment protocol 

Group 2 – Conventional therapy plus BoNTA: Participants in this group continued with 

their community based therapy according to current practice in south Western Australia (as 

described above) with the addition of one series of intramuscular injections of BoNTA into 

their affected upper limb at the commencement of the study.  They also received lower limb 

BoNTA to manage dynamic equinus. 

Group 3 – Conventional therapy, resistance training plus BoNTA: This group continued 

with community based therapy according to current practice in south of Western Australia (as 

described earlier) with the addition of a resistance training based, task oriented physiotherapy 

programme commencing four weeks after UL BoNTA injection. They also received lower limb 

BoNTA to manage dynamic equinus. The resistance training programme consisted of weekly 

contact for six weeks with a physiotherapist who prescribed a resistance training programme 

that participants were required to perform at home three days a week. The therapist 
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determined one repetition max by determining the maximum weight the participant could lift 

in the desired direction for the muscle action, whilst maintaining best form. The home 

programme was then set to achieve strength/endurance training such that the exercise 

prescription was of 8 repetitions at 50-70% of repetition max determined for the individual 

participant for each activity. Four activities were determined with 2 sets of 8 repetitions with a 

minimum 90 second rest in between sets as per guidelines for strength training in children 

(Behm et al., 2008; Faigenbaum, 2000).  The resistance training was based around a functional 

resistance training load and the muscles chosen to train were based on a defined goal for that 

participant rather than a traditional strength training stimulus that would be specifically 

targeted towards one of muscular endurance, hypertrophy, maximal strength or power (Bird, 

Tarpenning, & Marino, 2005). For example, one participant identified their goal to be able to 

tie their hair in an elastic band. Limiting factors to achieving this goal were determined as poor 

elbow extensor muscle activation and decreased finger and wrist extension to open the elastic 

band. The activities for resistance training would have been elbow extension, wrist extension 

and finger extension.   

Botulinum toxin A Treatment: For both treatment groups 2 and 3, the dosage of BoNTA was 

0.5–2 U/kg body mass/upper limb muscle group, with a maximum dosage of 12 U/kg body 

mass inclusive of lower limb BoNTA administered. Upper limb muscle selection for injection 

was individualised based on clinical measures of spasticity and a review of the videotape of a 

functional assessment (–The Melbourne Assessment of Unilateral Upper Limb Function – The 

Melbourne Assessment). 

7.2.3  Assessments 

All participants were assessed at baseline (one month before injection of BoNTA) and one, 

three and six months after injection. The timing of assessments was based on the predicted 

peak and washout of the physiological effect of BoNTA (one and three months after injection, 

respectively) and the duration of functional effect (up to six months). 

7.2.3.1  Measures of impairments.  

A standard clinical examination for the upper limb of goniometry, measures of joint ROM and 

spasticity measures of the modified Tardieu (MT) (Boyd & Graham, 1999) and the Australian 

Spasticity Assessment Scale (ASAS) (Gibson et al., 2009a) were evaluated to characterise the 

degree of motor impairment prior to the intervention and to aid in the interpretation of 

findings. The ASAS and MT were used to quantify spasticity. The ASAS quantifies the degree of 

resistance to passive stretch using an ordinal scale of 0–4 with a lower score representing less 

spasticity (see Appendix C and D). The muscle groups tested included the elbow flexors, 
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forearm supinators, and wrist flexors of the affected upper extremity. The degree of passive 

range of motion at the shoulder (flexion-extension and adduction/abduction), elbow (flexion-

extension), wrist (flexion/extension) and forearm (supination) were measured with a standard 

goniometer by an occupational therapist who was blinded to group allocation.  

7.2.3.2  Measures of function and activity limitation.  

Upper limb function was assessed using the Melbourne Assessment of Unilateral Upper Limb 

Function (Melbourne Assessment) (Randall et al., 1999); and Goal Attainment Scales 

(GAS)(Kiresuk & Sherman, 1968). The Melbourne Assessment is a 16-item criterion-referenced 

tool designed for children aged 5–15 years with neurologic impairment. This tool measures 

quality of movement for reach, grasp, release, and manipulation skills using 3-, 4- or 5-point 

scales for sub-scores within each item. The authors report strong concurrent validity scores 

(0.87). Intra- and inter-rater reliability scores range from 0.96–0.98 for clinical populations 

including cerebral palsy (Randall et al., 2001). Each participant was asked to define 3-5 upper 

limb function goals to be evaluated y the AS. The goal attainment guide for each subject was 

determined by an occupational therapist (OT). The GAS score was converted to a weighted T-

score. A GAS weighted T-sore of 50 (SD 10), indicates attained goals (Kiresuk et al., 1994) 

Administration of the Melbourne Assessment and GAS was completed by the OT who was 

blinded to group allocation.   

For the 3D kinematic analysis, participants were asked to perform a ‘reaching to high target’ 

task. Each participant was seated on a height adjustable stool at a height adjustable table. 

Stool height was adjusted so that their feet were positioned flat on the floor with table height 

positioned at their sitting waist height. The task chosen for assessment was to reach forward 

to a target with their affected arm to achieve full elbow extension with wrist extension. This 

task was chosen as it represented an item from the Melbourne Assessment. The target was a 

5cm diameter button positioned at shoulder height and placed at the end of the participant’s 

available extension of the affected upper limb. Spherical, reflective, 10mm diameter markers 

were placed over the radial and ulna styloid processes of the affected wrist. A 12 camera 

VICON® MX motion analysis system (Vicon Oxford Metrics Inc. U.K.) operating at 250 Hz was 

used to record the movement of the reflective markers.   

The VICON® MX motion analysis system recorded the upper limb motion with the wrist joint 

trajectory (defined as the mid-point between the radial and styloid processes) reconstructed 

from the raw kinematic data. Using a custom Matlab program (Mathsworks Inc.), raw data 

were low-pass filtered (20Hz) using a recursive Butterworth filter and then processed to 

determine start and end points of the outward and the return tasks. Kinematic variables 
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derived for this investigation are defined in Table 7.1. (See Chapter 4 for details on calculation 

of NJ).   

Table 7.1 Definitions of Derived 3D kinematic variables 

VARIABLE  QUANTIFIES DEFINITION 

Directness Index DI Movement 

efficiency 

Total distance moved/shortest distance 

from starting point to target button. 

Normalised jerk NJ Movement 

smoothness 

Rate of change of acceleration, or the 

third derivative of displacement, 

normalised to movement time and 

distance (Thomas et al., 2000). 

 

7.2.3.3  Transcranial magnetic stimulation (TMS) 

A MAGSTIM 200 magnetic stimulator with a 5-cm diameter figure of eight coil was used to 

investigate motor cortex function. The motor responses excited from TMS of the cortex were 

recorded from both right and left first dorsal interosseous (FDI) muscles using surface 

electrodes. The motor threshold was estimated from the minimum stimulus intensity that 

resulted in an MEP. Cortical mapping was performed at a stimulus intensity of 10% above 

cortical threshold. In contrast to previous studies (Garvey et al., 2001), we found that 

tolerance of the TMS procedure declined sharply when stimuli above 80% were used. 

Therefore, if a motor response could not be elicited using a maximum cortical stimulus of 80% 

of stimulator output at rest, participants performed a low-level muscle contraction, which 

lowers the cortical threshold. Participants contracted the FDI muscles concentrically by 

stretching an elastic band placed around their first and second fingers.  

TMS maps were constructed using the mapping protocol described by Wilson et al. (Wilson et 

al., 1993). The latitude of the optimal site of stimulation (COGx) for the TMS map, expressed in 

centimetre from the vertex, was used as an index of the spatial change in corticomotor 

representation over time. This measurement is most sensitive to mediolateral shifts 

approximately following the motor strip (Wilson et al., 1993). We were also interested in 

change in volume of the motor map, as an increase in area activation occurs when a new skill 

is learnt reflecting neuroplastic changes (Wittenberg, 2010). 
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7.2.4  Assessment Timeline 

The assessments and assessment timeline are represented in Figure 7.1 and Table 7. 2.  Before 

injection of BoNTA, baseline assessments were performed. These included spasticity 

assessment and clinical function assessment, completed by an occupational therapists (SG) 

who was blinded to group allocation, and joint range of movement, muscle length, three 

dimensional (3D) upper limb motion analysis and motor mapping using TMS, performed by a 

physiotherapist (NG).  Assessments were repeated at one month, three months and six 

months after injection, resulting in four assessment collections.  

Table 7.2 Study Time Line and Assessments Completed  

 Baseline 1 month 

after BoNTA 

3 months 

after BoNTA 

6 months 

after BoNTA 

Primary Outcome Measures  

TMS1     

3D Movement 
Analysis2 

    

Melbourne 
Assessment3 

    

GAS4     

Secondary Outcome Measures  

ASAS5     

MT (R1)6     

Goniometry7     

 1 TMS - Transcranial Magnetic Stimulation; 2 3D computerised upper limb motion analysis and computed jerk; 
3Melbourne Assessment – Melbourne Assessment of Unilateral Upper Limb Function; 4GAS – Goal Attainment Scale; 
5ASAS – Australian Spasticity Assessment Scale; 6MT - Modified Tardieu (R1); 7 Goniometry - Full ROM/Muscle length 
measures 

7.2.5  Statistical analysis 

Analyses were performed using SPSS (SPSS Inc., Chicago, IL, USA). A repeated measures 

analysis of variance with multiple comparisons was performed to evaluate outcome 

assessments between the age and function matched control group to both of the treatment 

groups (before and 1 month, 3 months and 6 months after treatment). Baseline characteristics 

of treatment and control groups were compared using Kruskal-Wallis Test for age and function 

as measured by the Melbourne Assessment and chi-squared test for affected side and pathway 

type.   
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Shift in TMS maps was assessed by movement of the latitude of the centre point (COGx) of the 

TMS map, as well as change in area and volume for both the affected and unaffected 

hemisphere. Additional descriptive analyses were performed with participants allocated 

according to their group and their affected side pathway type (ipsilateral or contralateral). Due 

to the inability to obtain TMS maps for a large number of data points during the repeated 

measures time line, these data are presented descriptively and graphed within their matched 

triads (Appendix E).  

 

Figure 7.1 Consort Flow Diagram – Intention to Treat  

Analysis Phase 

Analysed (n=8)  

♦ Excluded from analysis 

(unmatched participants) (n=2) 

 

Incomplete follow up (motion 
capture equipment failure 
(N=1) 
  

Lost to follow up (N=1) 
Incomplete follow up – 
maternal illness (N=1) 
 
 

Lost to follow up (N=0) 
Incomplete follow up (N= 0) 

Analysed (n=8)  

♦ Excluded from analysis 

(unmatched participants) (n=2) 

 

Analysed (n=8) 

♦ Excluded from analysis 

(unmatched participants) (n=1) 

 

Assessed for eligibility (n=36) 

Randomised (N=31) 

Allocated to Control (group 1) 
(n=11) 

  

Allocated to Conventional 
Therapy +BoNTA (group2) 
(n=12) 

♦ Received intervention 

(n=12)  

Allocation 

Allocated to Resistance 
Training + BoNTA (group 3) 
(n=9) 

♦ Received intervention (n=9) 
 

Follow-Up Phase 

Declined (N=2) 
Unsuitable (2) 
Epilepsy (N=1) 
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7.3 Results 

Thirty-one participants were enrolled in the study. Participants were initially randomly 

allocated to Group 1, the Control or Group 2, the Conventional therapy plus BoNTA. Once 

these places were allocated, Group 3 - Resistance training plus BoNTA was allocated to 

incoming participants. This resulted in 11 participants enrolled in the Control group, 12 

participants enrolled in Group 2 and nine participants enrolled in Group 3.   Twenty four 

participants consisting of eight matched participants in each of the three groups were included 

in the final analyses. Attrition was due to loss to two participants who were  unable to attend 

follow up and five unmatched participants. (Figure 7.1). 

A Kruskal-Wallis Test revealed no (statistical or clinical significant differences in matched 

variables of baseline Melbourne Assessment Score, or age for the three groups obtained. 

There was also no statistically significant difference between the three allocation groups for 

affected side and presence of crossed corticospinal projections from the lesioned hemisphere 

in each group (determined using chi-squared test).   

Table 7.3 Demographic and baseline data of participants: mean (SD) or N  

 

Control Group 
 
N=8 

Consultative 
model +  BoNTA 
N=8 

Resistance 
training + BoNTA 
N=8 

p value 

Age (years) 11.0 (1.67) 10.8 (2.3) 11.0 (2.1) 0.838a 

Baseline 
Melbourne 
Score (%) 

59.5 (14.5) 65.0 (19.2) 62.8 (14.5) 0.741a 

Affected limb 
R:L 

6:2 4:4 5:3 0.380b 

Corticospinal 
projections to 
affected limb 
Contra:Ipsi 

3:5 2:6 2:6 0.554b 

  Kruskal-Wallis Testa ; chi-squared testb 

 

For participants who had an MRI, the location and extent of brain lesion for are described in 

Table 7.4. Within the sample, there was variability in location of the brain lesion (cortical, 

subcortical or periventricular) and the anatomical lobes involved (frontal, parietal, temporal, 

occipital). 
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Table 7.4 CNS lesion descriptions of sample for whom MRI or CT were available 

Subject 
ID  

MRI description 

1 Periventricular white matter damage on (L)  

2 (L) MCA with large lesion extending from mid aspect of temporal lobe, mid 
and posterior parietal lobe. 

4 (R) MCA infarct lesion mainly involving temporo parietal and some occipital 
lobe 

6 Gliosis (L) parieto temporal region following a vascular insult 

7 Periventricular white matter loss with associated gliosis and ex vacuole 
dilatation of the body of the right lateral ventricle in keeping with end stage 
PVL and associated Wallerian degeneration.   

9  Established (L) MCA infarct with Wallerian degeneration of the brain stem 

10 Established (R) MCA territorial infarct affecting established Wallerian 
degeneration of the brain stem 

11 (L) frontal porencephalic cyst involving posterior limb of internal capsule and 
superior aspect of left thalamus 

12  (L) fronto parietal infarct with cortical thinning, and loss of cerebral white 
matter; Associated Wallerian degeneration with small (L) cerebral peduncle 
and (L) hemipons 

14 Mild (L) PVL secondary to pre or perinatal injury 

15 (R) Anterior cerebral artery infarct involving right superior frontal gyrus, pre 
central gyrus and superior parietal lobe. 

19 (R) Sided MCA territory infarct demonstrating encephalomalacia and gliosis 
involving mainly the posterior aspect of the right frontal lobe lentiform 
nucleus and thalamus.   

20 Long standing occlusion of (L) anterior cerebral artery; excessive Wallerian 
degeneration in brain stem on (L); established macrocystic ecephalomalacia 
within (L) frontal lobe, extending to parietal lobe.  

21 Gliosis involving periventricular white matter adjacent lateral wall of the 
posterior body of left lateral ventricle. 

23 (L) Frontal porencephalic cyst associated with adjacent white matter loss. 
Wallerian degeneration of  (L) cerebral peduncle 

24 (L)MCA 

25 (L) MCA infarct and possibly some PVL 

26 (R) MCA territory infarct with associated cystic encephalomalacia in the peri-
Sylvian region, Wallerian degeneration with reduction in size of the right 
thalamus, cerebral peduncle and hemipons and a small right hemicranium 

27 There is an old infarct involving the left corona radiata, centrum semi ovale 
and minor gliosis extending into the posterior limb of the left internal capsule.  
The infarct has been incorporated into the ventricular system.  This is 
associated with mild Wallerian degeneration.  Appearances are consistent 
with a remote insult. 
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7.3.1  Impairment outcomes: Spasticity 

Table 7.5 and Table 7.6 display the results of the technical effect of the BoNTA in reducing 

spasticity in the elbow and wrist flexor groups. There was a statistically significant change 

(p<0.05) in both measures of spasticity (MT and ASAS) in both BoNTA treatment groups 

compared with controls at 1 month. Spasticity measures increased but remained below 

baseline measures for the BoNTA groups at 3 months, measured by the ASAS measure for the 

elbow and wrist flexors, but not elbow flexors using the MTS. Spasticity returned to baseline 

measures by 6 months. 

Table 7.5 Modified Tardieu (R2-R1) measures for spasticity for Elbow flexors and Wrist Flexors 

(degrees) across groups and repeated assessments of the study 

Elbow flexors 

Baseline 

Mean (SD) 

1 months 

Mean (SD) 

3 months 

Mean (SD) 

6 months 

Mean (SD) 

Control 67(41) 37(29) 52(36) 49(37) 

conventional + BoNTA 58(32) 15(38)a 26(34) 33(37) 

resistance + BoNTA 62(38) 24(38)a 57(42) 69(38) 

Wrist flexors 
    

Control 88 (9) 61 (8) 72 (9) 81 (10) 

conventional + BoNTA 91 (8) 10(6)a 34 (8)a 58 (9) 

resistance + BoNTA 96 (9) 13 (8)a 40 (10) a 84 (11) 

a p<0.05 

Table 7.6 ASAS Elbow Flexors and Wrist Flexors across groups and repeated assessments of the study 

Elbow flexors 

Baseline 

Mean (SD) 

1 months 

Mean (SD) 

3 months 

Mean (SD) 

6 months 

Mean (SD) 

Control 2.8 (0.1) 2.3 (0.3) 2.4 (0.4) 2.6 (0.3) 

conventional + 

BoNTA 
2.6 (0.1) 0.3 (0.2) a 1.1 (0.3) a 1.8 (0.2) 

resistance + BoNTA 3 (0.2) 0.4 (0.3) a 1.3 (0.4) a 2.4 (0.3) 

Wrist flexors 
    

Control 2.9 (0.1) 2.5 (0.3) 2.8 (0.3) 2.9 (0.3) 

conventional + 

BoNTA 
2.7 (0.1) 0.5 (0.3) a 1.4 (0.2) a 2.3 (0.2) 

resistance + BoNTA 3 (0.1) 0.6 (0.3) a 1.7 (0.3) a 2.9 (0.3) 

a p<0.05 
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7.3.2  Function and Activity Measures: Melbourne Assessment and GAS 

The mean and standard error for each of the Melbourne Assessments and GAS for each of the 

repeated assessments for the control group are compared with those of Group 2 and Group 3 

in Table 7.7. There were no statistically significant differences (p > 0.05) in scores recorded 

from the Melbourne Assessment for both groups that received BoNTA. Review of the 95% 

confidence intervals demonstrates that the lower confidence limit for each of the treatment 

groups at each assessments point were always within the interval between upper and lower 

bounds of the control group. However, the clinically important difference in the Melbourne 

Assessment is assessed at 9% difference in score (Klingels et al., 2008). Although not 

statistically significant, the mean change between baseline and 1 month for both BoNTA 

groups compared with controls is clinically important. There was no added benefit of 

additional resistance training to improve function as measured by the Melbourne Assessment. 

With respect to the GAS, there was a statistically significant difference in improvement at six 

months between the control group and both treatment groups that utilised BoNTA. Post hoc t-

tests revealed that the difference in GAS between the control group and the conventional 

therapy plus BoNTA was only statistically significant at 6 months follow up; whereas the 

resistance training plus BoNTA group compared with controls showed statistically significant 

improvements in their GAS at 1 month (p<0.05); 3 months (p<0.001) and this was maintained 

at six months (p<0.0005).  Although there was an improvement in GAS for both treatment 

groups utilising BoNTA over the six months, the improvement was greatest in those in the 

resistance training plus BoNTA group which was  statistically significant (p<0.05) compared to 

the conventional plus BoNTA group. Additionally, only the resistance training group showed 

clinically significant goal attainment scores where GAS T-score was greater than 50 (+/- 10). 

Figure 7.2 compares the mean GAS from the initiation of resistance training in Group 3 

(resistance training plus BoNTA) with the equivalent time point for Group 2 (conventional 

therapy plus BoNTA) and Group 1 (controls).  Over the period in which the resistance training 

occurred there was a statistically significant difference in change in GAS in favour of those 

receiving resistance training over those who did not (p<0.05). After a further 3 months (in 

which no resistance training occurred) this difference was maintained and remained 

statistically, as well as clinically, significant (i.e. mean GAS remained greater than 50). This 

demonstrates a statistically significant as well a clinically significant added benefit of resistance 

training to function and activity as measured by GAS.  
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Table 7.7 Mean and SD of Melbourne Assessment Score and GAS (matched participants only, N=24) 

and 95% confidence intervals for each group and assessment point.  

Outcome of 
Interest 

Group 1 
Control 
 
 
N=8 
mean (SD) 
[95% CI] 

Group 2 
Conventional 
Therapy + 
BoNTA 
N=8 
mean (SD) 
[95% CI] 

p value* 
Group 2 
vs. Group  
1 

Group 3 
Resistance 
Training + 
BoNTA 
N=8 
mean (SD) 
[95% CI] 

p value* 
Group 3 
vs. Group 
2 

Melbourne Assessment 

baseline 59.7 (14.1) 

[48.5-71.0] 

64.9 (19.2) 

[53.7-76.2] 

0.53 63.5 (11.0) 

[52.3-74.8] 

0.86 

1 month 64.2 (16.3) 

[56.4-75.4] 

73.4 (13.4) 

[63.9-82.1] 

0.33 72.3 (7.7) 

[62.8-81.9] 

0.85 

3 month 64.2 (17) 

[53.9-74.6] 

71.7 (15.6) 

[61.3-82.1] 

0.37 70.3 (8.2) 

[59.5-80.7] 

0.82 

6 month 66.6 (12.5) 

[58.1-75.1] 

74.6 (1.4) 

[66.2-83.1] 

0.20 66.3 (10.5) 

[57.8-74.8] 

0.15 

GAS 

baseline 20.7 (1.3) 

[19.6-21.8) 

20.1(0.5) 

[19.1-21.1] 

0.26 20.9 (2.0) 

[19.9-21.9] 

0.33 

1 month 29.2 (8.2) 

[22.5-35.9] 

29.5 (9.5) 

[22.8-36.1] 

0.95 32.3(9.6) 

[33.3-45.8] 

0.08 

3 month 31.8 (10.6) 

[24.3-39.3] 

39.5 (11.7) 

[32.1-47.0] 

0.19 53.2(8.4) 

[47.0-61.1] 

0.02 

6 month 30.3(10.0) 

[22.4-38.2] 

44.0(11.3) 

[36.1-51.9] 

0.02 58.1 (11.1) 

[49.8-64.6] 

0.02 

*dependent samples t -test 
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*p<0.001 

Figure 7.2 Change in Mean GAS (T-Score) by allocation and across follow up period.  
The period between 1 month and 3 months after injection with BoNTA is when Group 3 received the 
resistance training intervention. A T-score of 50 (SD 10), shown by indicates goal attainment. 

7.3.3  Movement analysis outcomes 

Table 7.8 and Table 7.9 display the mean and standard error for mean NJ and variability of NJ 

(vNJ) and calculated mean DI, and variability of DI (vDI) at each assessment. Figures 7.3 and 7.4 

illustrate that there was a trend towards decreased mean NJ, mean DI, vNJ and vDI but there 

was no statistically significant difference between the groups. The resistance plus BoNTA 

group showed greatest change in mean NJ after the resistance training (between the 1 month 

and 3 months post BoNTA follow up) and least variability of DI over time. Although it appears 

on the graphs that there is a difference between mean DI for the BoNTA groups at baseline, 

this difference at baseline is not statistically significant (p>0.05)  as reflected in the 95% 

confidence intervals for the means demonstrating upper and lower bounds being within the 

intervals of the control group.  
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Table 7.8 Mean and standard error of mean (SEM) Movement Analysis variables – calculated NJ 

(matched participants only, N=24) at baseline and then at 1, 3 and 6 months after BoNTA  

    

95% Confidence 
Interval 

  
Mean SEM 

Lower 
Bound 

Upper 
Bound 

Mean NJ 
Control 
N=8 

Baseline 56.3 10.3 34.1 78.5 
1 month  58.0 10.6 35.2 80.8 
3 months  62.7 8.8 43.8 81.6 
6 months  62.9 9.1 43.4 82.5 

Conventional therapy 
+ BoNTA 
N=8 

Baseline 63.3 10.3 41.1 85.5 
1 month  52.9 10.6 30.1 75.6 
3 months  53.7 8.8 34.8 72.6 
6 months  53.0 9.1 33.5 72.5 

Resistance Training + 
BoNTA 
N=8 

Baseline 60.8 11.3 36.5 85.1 
1 month  59.6 11.6 34.6 84.5 
3 months  46.7 9.6 26.0 67.4 
6 months  53.7 10.0 32.4 75.0 

vNJ 
Control 
N=8 

Baseline 17.1 4.9 6.7 27.5 
1 month  21.1 5.7 9.0 33.2 
3 months  21.2 4.4 11.8 30.5 
6 months  25.4 3.5 17.9 32.8 

Conventional therapy 
+ BoNTA 
N=8 

Baseline 22.7 5.3 11.5 34.0 
1 month  13.5 6.1 .4 26.6 
3 months  16.2 4.7 6.0 26.2 
6 months  13.6 3.8 5.5 21.6 

Resistance Training + 
BoNTA 
N=8 

Baseline 17.8 5.8 5.5 30.1 
1 month  13.6 6.7 -.7 28.0 
3 months  10.5 5.2 -.6 21.5 
6 months  13.1 4.1 4.3 21.9 
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Table 7.9 Mean and standard error of mean (SEM) Movement Analysis variables – calculated DI 

(matched participants only) 

  

Mean SEM 

95% Confidence 
Interval 

  

Lower 
Bound 

Upper 
Bound 

Mean DI 

Control 
N=8 

Baseline 1.157 .089 .967 1.347 

1 month  1.200 .051 1.091 1.309 

3 months  1.145 .087 .959 1.330 

6 months   1.233 .166 .877 1.589 

Conventional therapy + 
BoNTA 
N=8 

Baseline 1.413 .089 1.223 1.603 

1 month  1.266 .051 1.158 1.375 

3 months  1.390 .087 1.204 1.575 

6 months  1.502 .166 1.146 1.859 

Resistance Training + 
BoNTA 
N=8 

Baseline 1.264 .097 1.056 1.472 
1 month  1.254 .056 1.135 1.373 
3 months  1.235 .095 1.031 1.438 
6 months  1.185 .182 .794 1.575 

vDI  

Control 
N=8 

Baseline .057 .037 -.021 .136 

1 month  .053 .019 .013 .092 

3 months  .056 .039 -.027 .140 

6 months  .055 .037 -.024 .134 

Conventional therapy + 
BoNTA 
N=8 

Baseline .106 .037 .027 .184 

1 month  .070 .019 .030 .109 

3 months  .121 .039 .037 .204 

6 months  .111 .037 .032 .191 

Resistance Training + 
BoNTA  
N=8 

Baseline .046 .040 -.040 .132 
1 month  .056 .020 .013 .100 
3 months  .056 .043 -.035 .148 
6 months  .038 .041 -.049 .125 
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Figure 7.3 Mean NJ (primary Y axis and top set of three lines ) and vNJ (secondary Y axis and bottom set 
of three lines) across time for each of the study groups. 
Showing trend towards improved smoothness of movement and decreased variability of jerk in both 
BoNTA intervention groups. Resistance therapy group shows greatest change in improved jerk after 
resistance training, between 1 month and 3 month follow up.  

 

 
Figure 7.4 Mean DI (primary Y axis and top set of three lines) and vDI (secondary Y axis and lower set of 
three lines) across study groups. 
The control group and the resistance training group with BoNTA start with less variability than the 
conventional therapy plus BoNTA group. The conventional therapy plus BoNTA group improve 
significantly 1 month post BoNTA but this is not maintained. The resistance training plus BoNTA group 
shows improved efficiency after resistance training, between 3 months and 6 month follow up.  
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7.3.4  TMS outcomes 

We were unable to obtain maps of the affected or unaffected limb at any time point for two 

participants who were excluded from the analysis phase (Figure 7.1). The majority of the 

sample in the study presented with ipsilateral pathways from the unaffected hemisphere to 

the affected limb. Of the 24 subjects included in the analyses, only seven displayed a crossed 

contralateral pathway from the affected hemisphere to the paretic limb. We were unable to 

elicit MEPS from the affected hemisphere when there was maintenance of ipsilateral 

projections from the non affected hemisphere in any participant. Of the 24 matched 

participants, we were unable to obtain maps for twelve out of the 24 participants at baseline 

assessments. Therefore, descriptive results are presented for the TMS data.  

A representative example of results is presented graphically as a ‘matched participant triad’ for 

responses for the affected limb, with the clinical functional measures and movement analysis 

outcomes also graphically represented alongside the TMS outcomes (Figures 7.5 and 7.6).  

Appendix G contains the remainder of the matched participant triad results.  

Of the 12 participants from whom we were unable to obtain a baseline map, five were from 

the control group, five were allocated to the conventional therapy plus BoNTA group and two 

were allocated to the resistance training plus BoNTA group. A change in ability to obtain a 

response with TMS indicates improved corticomotor excitability. Four of the seven participants 

allocated to one of the BoNTA treatment groups, were able to be mapped at the one month 

post BoNTA follow-up. A response could not be elicited for any participant in the control group 

at the one month follow-up visit. One participant from the resistance plus BoNTA group 

displayed the presence of a contralateral pathway at three months post-follow-up, which we 

could not map at baseline or at one month follow-up. Those participants who had displayed 

changes in their ability to be mapped using TMS showed clinically meaningful changes in the 

Melbourne Assessment from pre- to one month post-BoNTA injection (Table 7.10). 

Inspection of the affected hemisphere map volumes of the matched triad’s who demonstrated 

a change post BoNTA shows variability in increase or decrease volume for the affected FDI 

after BoNTA injection. Of those participants who received BoNTA with their therapy, and were 

able to have their affected side mapped, five showed a decrease in map volume one month 

after BoNTA (Appendix F -matched triad 1, matched triad 4 and matched triad 5) and two 

showed an increase in map volume after BoNTA (Appendix F matched triad 2 and matched 

triad 6). 
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Figure 7.5 Clinical Function and TMS Results for Matched Triad 1  
Resistance training participant COG moves laterally after the period of resistance training. MAP volume for this participant increases in line with skill acquisition at 6 months. 
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Figure 7.6 Movement Analysis Results for Matched Triad 1 
Resistance training participant shows a more marked decrease in vNJ after the period of the resistance training than the other matched participants and a consistent and greater 
decline in vDI compared with the other matched participants.  
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Table 7.10 Characteristics of participants who showed CNS changes post-treatment 

Matched 
Triad 

Subject 
Number 

Study Group 
Allocation 

Ipsilateral or 
contralateral 
pathways 

Melbourne 
Assessment  
Baseline 

Melbourne 
Assessment 
1 month post 
BoNTA 

1 17 Conventional 
therapy plus BoNTA 

ipsilateral 42% 63% 

3 22 Conventional 
therapy plus BoNTA 

ipsilateral 59% 70% 

6 7 Conventional 
therapy plus BoNTA 

ipsilateral 69% 76% 

7 14 Conventional 
therapy plus BoNTA 

contralateral 82% 89% 

Matched 
Triad 

Subject 
Number 

Study Group 
Allocation 

Ipsilateral or 
contralateral 
pathways 

Melbourne 
Assessment  
Baseline 

Melbourne 
Assessment 
3 months 
post BoNTA 

7 8 Resistance therapy 
plus BoNTA 

ipsilateral at 
baseline, 
contralateral 
at 3 months 

67% 74% 

 

7.4 Discussion 

This study aimed to determine the mechanisms responsible for the acquisition and 

maintenance of upper limb functional gains when therapy is augmented with BoNTA.  Findings 

demonstrated that BoNTA supports upper limb resistance training particularly towards the 

achievement of individualised goal attainment. A clinically and statistically significant 

improvement in upper limb function measured by GAS was found in participants who received 

resistance training plus BoNTA with more rapid progress towards their goals, exceeding 

expected outcome one month after injections and improvements continuing to progress to six 

months, even after the reduction of spasticity due to BoNTA had worn off. The control group 

and the conventional therapy plus BoNTA group also showed improvement over the time 

course of the trial. The progress in these two groups, plus the blinding to group allocation of 

the goal setting occupational therapist suggests that the GAS provides an accurate assessment 

of progress towards goal attainment that could be expected in the absence of the added 

resistance intervention. This encourages confidence that the better than expected outcomes in 

the resistance training group receiving BoNTA was not an effect of the goals being set too low, 

or natural maturation within the six month period. Importantly, only the resistance training 

group achieved clinically meaningful changes with some exceeding expected outcomes. 
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Further support for the augmentation of therapy with BoNTA is provided by the clinically 

important (but not statistically significant) change in Melbourne Assessment scores that 

occurred in both treatment groups receiving BoNTA at the one month and three month follow 

up assessments. This was not observed in the control group.  Previous studies utilising BoNTA 

to support therapy have also found positive findings in Melbourne Assessment and GAS 

outcomes supporting the efficacy of utilising BoNTA to augment upper limb therapies 

(Sakzewski et al., 2009b; Wallen et al., 2007a). This controlled clinical trial adds to the evidence 

supporting the use of BoNTA to augment therapy to improve upper limb capability and 

performance.  It is important to note that part of this improvement might reflect the more 

frequent contact with the therapists rather than the resistance training. However previous 

studies of home programmes in children with CP utilising GAS as an outcome have observed 

meaningful gains in GAS with less frequent contact than what occurred in this study (Novak, 

Cusick, & Lannin, 2009) suggesting that it is less likely  that the frequency of contacted affected 

the outcome and it was more likely the content.   

At baseline, all groups showed poor movement fluency (high NJ and vNJ) and inefficient path 

trajectory as represented by the vDI and the mean DI greater than 1. Typically, developing 

children achieve adult levels of efficiency (DI=1) as young as six years of age, and matured 

movement fluency by 11years of age (Schneiberg, Sveistrup, McFadyen, McKinley, & Levin, 

2002) (see Chapter 2, section 2.4 for review).  Additionally, there was inequality between 

groups with mean DI at baseline. Mean DI was higher in the conventional therapy plus BoNTA 

group and this may have affected results, particularly with the small numbers in each group 

allocation.  

Upper limb function in hemiplegic CP has been shown to be associated with coordination 

rather than absolute strength (Chiu et al., 2010). Decreased variability of NJ and variability of 

DI represents improved coordination. The group results for movement coordination 

demonstrate that BoNTA augmented therapy appears to have a good effect on movement 

fluency (decreased vNJ) and movement efficiency (decreased vDI) when BoNTA is used to 

augment either conventional therapy or resistance training. The maturation of movement 

patterns pertains to learning stable coordinated patterns of movement.  The increased 

variability in a movement seen in children and during the learning of new movement skills is a 

reflection of the system’s attempts to search for optimal kinematic movement solutions during 

development and learning (Thelen et al., 1996). The high variability during development is 

thought to be refined and matured through the ‘group neuronal selection’, which involves 

synaptic connections between existing populations of neurons being reinforced or eliminated 
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through use and maturation of the CNS (Hadders-Algra, 2000; Polovina, Polovina, Polovina, & 

Polovina-Proloscic, 2010).  

The decrease in variability of NJ and DI is thought to reflect the reinforcement of synaptic 

connections between groups of neurons so that an innate repertoire of efficient motor 

strategies develops (Schneiberg et al., 2002). The high variability of NJ and DI seen in this 

study’s sample of children with CP supports the idea that this innate repertoire of efficient 

motor strategies that would usually occur with development having been disrupted. Thus, a 

reduction of vDI and vNJ is a marker of improved central processing and coordination but may 

also reflect some neuroplastic changes at higher centres. The ’group neuronal selection theory’ 

would argue that the use of BoNTA to diminish the influence of spasticity resulted in 

conditions that favoured the competition between normal movement responses and 

sensations, rather than abnormal movement responses, strengthening more normal synaptic 

connectivity. 

Although not statistically significant, it appears that resistance training augmented with BoNTA 

has a greater positive effect on movement coordination as determined by the greater decrease 

in variability in NJ and decreased variability of DI. Eccentric resistance training in children with 

hemiplegia has been found to result in improved force generation due to improved 

neurological adaptations rather than changes to muscle mechanical properties (Reid, Hamer, 

et al., 2010). It may be possible that improved movement fluency and efficiency observed in 

the resistance training with BoNTA group is due to improved neural adaptations as a result of 

the resistance training. 

In the resistance training group augmented with BoNTA, the improvement in function, as 

measured by GAS, was maintained even after the spasticity reducing effects of BoNTA had 

worn off. Little is known about the CNS changes that accompany BoNTA treatment in children 

with CP. In this study, TMS was used to assess corticospinal pathway changes following BoNTA. 

In four of the seven participants allocated to one of the BoNTA treatment groups, it was able 

to be shown that there was improved corticospinal excitability, as determined by the ability to 

map the unaffected hemisphere after injection with BoNTA. In each of these cases, change in 

corticomotor excitability was accompanied by clinically meaningful change in affected upper 

limb function as measured by the Melbourne Assessment. In addition, a shift to contralateral 

activity was observed in one subject who received resistance training plus BoNTA.  These 

findings were not observed in any of the control group participants. A shift to contralateral 

activity associated with improved function has been reported in children with hemiplegia in a 

case series of four following constraint induced movement therapy (Sutcliffe et al., 2009) in 
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which subjects participated in more hours of therapy than subjects in this study. It may be that 

if the intensity of the resistance training protocol in this study was increased further then this 

might have induced a persistence of, or change to, contralateral activity in more subjects in the 

resistance plus BoNTA group. 

The majority of participants in this study demonstrated preserved ipsilateral corticospinal 

pathways from their unaffected hemisphere to their affected limb which is in keeping with 

findings from others (Eyre, 2007). We were unable to elicit MEPS from the affected 

hemisphere when there was maintenance of ipsilateral projections from the non affected 

hemisphere in any participant. The disparity of this finding was discussed with experts in the 

field (Eyre, 2012) with the suggestion this inability to map bilateral pathways to the affected 

limb  in any participant may partly be due to the limited and conservative exploration 

employed in this study.  This study utilised conservative thresholds for mapping, as threshold 

for stimulation did not exceed 80% in any participant studied due to poor tolerance for TMS.  

 Variability and difficulty obtaining maps for the affected hemisphere in children with CP has 

been reported by others (Wittenberg, 2009a) and this may reflect the heterogeneity of 

aetiological causes of CP.  It may be that the variability of responses identified in this study 

suggests that for TMS to be a repeatable reflection of CNS changes after intervention, a 

maximal threshold for stimulation must be tolerated.   

The individual variation in change in movement analysis parameters was high in all groups, 

including the control group. This suggests that the improvement is multifactorial. Small 

numbers in each study group, accompanied by difficulty in obtaining complete data in each 

matched triad does not allow for a stepwise regression analysis to determine which factors 

determine improvement.  It may be that pre-existing level of coordination and/or, presence of 

a dominant ipsilateral pathway may affect response to therapies. Dominance of ipsilateral 

pathways has been shown to be inversely associated with function (see previous Chapter) 

(Bleyenheuft, Grandin, Cosnard, Olivier, & Thonnard, 2007; Holmström et al., 2011; Holmström 

et al., 2010). Participant motivation and fatigue levels could also have influenced variability in 

reach parameters at each testing occasions.  

The inability to obtain a statistically significant change in movement fluency in this study may 

reflect the simplicity of the task chosen for analysis. The reaching task involved a high forward 

reach to a large button, which did not necessarily require precision. A more complex reaching 

task with greater accuracy requirements may have had greater sensitivity for detecting 

change.  Children with spastic CP have shown irregular paths with increased jerk when 

accuracy requirements of a reaching task are more challenging (Chang et al., 2005) 
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The single blinded nature of the follow up and the inability to give placebo injections was also 

a limitation of this study. Participants and their families were therefore aware of their group 

assignment and there was the potential for unintentional disclosure to the outcome assessor. 

However, participants were asked not to disclose their group allocation and to my knowledge, 

all participants kept their group allocation confidential. Some protection against this potential 

source of confounding was that the 3D kinematic analyses and the TMS data were 

instrumented assessments that are resistant to bias. The weekly contact with the therapist in 

the resistance training group could have also been a confounder, by introducing an additional 

exposure (frequency of health professional contact) apart from the intervention of interest.  To 

control for this factor, a fourth study group would have been needed, one that had weekly 

contact of ‘conventional therapy with BoNTA’. This was not possible give pragmatic constraint 

of available subjects.  

7.5 Conclusion 

Findings demonstrated that resistance training with weekly contact with a therapist and a 

home programme is a feasible intervention for individuals with long-standing upper limb 

dysfunction. Children with spastic hemiplegia are able to improve their upper limb function for 

self determined tasks with resistance training that is augmented with BoNTA. This 

improvement is maintained even when the pharmacological effects of the BoNTA have worn 

off. Mechanisms underlying these improvements may be due to improved coordination and 

efficiency of movement as a result of the combined treatment of resistance training 

augmented with BoNTA affecting changes at a peripheral level and the CNS level.  

Difficulties in exploring neuroplastic changes in a condition with heterogeneous aetiologies are 

highlighted. There is a suggestion from this study that when BoNTA is used to augment 

therapy, cortical excitability is improved and this may provide a window of opportunity to 

target interventions at the peak effect of the BoNTA. This hypothesis requires further research. 

Our conclusions are tentative because of poor tolerability for TMS possibly affecting outcome 

measure and the sample size may have been too small to detect the true effect. 
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Chapter 8 General Discussion 

The studies in this thesis have focused on the peripheral and central nervous system changes 

following the use of BoNTA to augment conventional approaches to therapy and the use of 

BoNTA to augment a muscle resistance training focus to therapy.  

The investigation of the resistance training approach was underpinned by two rationales:  

1) That improving muscle neural adaptation in individuals with CP would result in improved 

coordination and upper limb function 

2) Concern regarding the weakening effect of BoNTA in an already compromised muscle.  

Consideration of the peripheral and CNS changes was considered important in trying to 

determine the mechanism responsible for maintained functional improvements in the absence 

of sustained pharmacological response of the BoNTA. 

This final chapter combines the findings and discusses the clinical implications and the 

limitations of this research.  

8.1 Synthesis of the Findings  

Augmenting therapy with BoNTA has a significant effect on functional upper limb gain in 

children with spastic hemiplegic CP. The results of Study 1, phase I (Chapter 3) contributed to 

the current evidence for the use of BoNTA to augment therapies to improve upper limb 

functional capacity. This study utilised a matched pair design, selecting subjects within a 

narrow age group, topographic distribution of the lesion and type of movement disorder in an 

effort to limit confounding influences arising from the heterogeneity of the CP population. This 

study showed significant positive outcomes for younger age children that had their therapy 

augmented with BoNTA.  One important element of the intervention strategy remained 

unanswered, namely how best to utilise the ‘window of opportunity’ afforded by the reduction 

in spasticity due to BoNTA, allowing maintenance or potential enhancement of  improvements 

in function. At the time of initiation of the study, emerging evidence from lower limb studies in 

children with CP suggested that a resistance training approach appeared to result in greater 

functional gain.  Phase II of Study 1, therefore, aimed to investigate whether addressing both 

the impairments of spasticity and muscle weakness, could enhance the improvements and 

maintenance of function beyond the pharmacological effects of the BoNTA.  The results of 

phase II of Study 1 confirmed that resistance training combined with BoNTA, resulted in 

greater improvements in function, than the conventional therapy alone and that these 
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improvements in function were maintained even after the pharmacological effect of the 

BoNTA had worn off.  

The mechanisms responsible for the maintained and continued improvement could not be 

answered by this first study. This notion provided the justification for Study 2 presented in this 

thesis: an investigation into the peripheral and CNS changes that accompany BoNTA 

augmented treatments in children with CP. The aim of this study was to determine the 

underlying mechanism(s) responsible for the changes seen in upper limb function following 

BoNTA such as those seen in Study 1.  It was unknown whether the maintained functional 

improvements after BoNTA had worn off were due to changes in the peripheral musculature, a 

reduction in how spasticity affects the muscle recruitment, changes in movement quality and 

coordination, the cortical representation of the motor patterns/limb segments and/or a 

combination of the above. 

In CP, the original neural insult does not initially greatly affect the musculoskeletal system; it is 

the subsequent aberrant use, and/or non-use that lead to further neurological and muscle 

adaptations. This further compromises upper limb dysfunction. Interventions for CP are often 

directed to the periphery to prevent secondary musculoskeletal changes but to also encourage 

appropriate use so that practice can be modelled on more typical movement behaviours. The 

rationale behind this approach is to minimise learned misuse and mal-adaptive plasticity. 

Study 2 was built around this concept and investigated the peripheral movement behaviours 

and CNS changes that accompany BoNTA augmented treatments in children with CP. 

There were a number of major themes that emerged from Study 2.  These themes 

encompassed: 

• the  importance of utilising clinically meaningful tools to measure changes resulting 

from an intervention;  

• the importance of robust, quantitative measures of upper limb function;  

• the relationship between movement behaviours and function;  

• the difficulties of researching brain changes following therapies in such an 

aetiologically heterogeneous disorder as CP;  

• the relationship between brain changes and function; and  

• the potential of older age children to continue to improve with interventions. 

Study 2 sought to determine the mechanisms responsible for improvement in function and 

investigated this through the peripheral system using 3D quantification of a reaching task.  

Quantification of movement quality was important, because early brain injuries are more 
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susceptible to 'maladaptative' plasticity, which might result in abnormal movement 

behaviours. Three dimensional kinematic analysis of reaching enables movement quality to be 

objectively measured, as well as providing insight into motor control strategies utilised by 

children with spastic hemiplegia.  

A secondary objective of Study 2 was to identify kinematic variables that could be used to 

detect change in upper limb movement quality. This exploration of kinematic variables and the 

relationship to function in children with CP is described in Chapter 4. The kinematic variables 

of the wrist joint centre that were identified as being most related to clinical measures of 

upper limb  function, in children with CP, were normalised jerk (NJ) - quantifying movement 

fluency and coordination - and the directness index (DI) - quantifying movement efficiency.  A 

smaller number for NJ is indicative of movement fluency and reduction of DI (closer to one) is 

indicative of movement efficiency. These measures were further developed by investigating 

the variability of these measures, as variability of movement is related to skill, with decreased 

variability indicative of better skill performance (Rönnqvist & Rösblad, 2007).  

 Study 2 identified that children with CP show high trial to trial variability of a simple reaching 

task and the best outcome measures for use in clinical trials were a reduction in movement 

variability of NJ and reduction of variability of DI. Following interventions, reduction in 

movement variability determined from kinematic analysis, and a concomitant improvement in 

skill is considered to represent a change in the final pathway for the neurological control of the 

movement from pre-planning through to execution of the task. In this way, kinematic analyses 

provide a means of quantifying and examining movement coordination and central processing 

of movement tasks. However it is only through direct probing of the CNS that structural 

changes to the CNS can be identified. In order for the improvement to be maintained it would 

be expected that there would need to be changes at the cortical and sub-cortical levels 

responsible for motor performance, with these changes reflecting the neuroplasticity of the 

neural system.  

Neuroplasticity in children with CP is a double edged sword. Whilst neuroplasticity may be the 

foundation for improved motor task execution, maladaptive plasticity may also contribute to 

many of the negative features exhibited by individuals with CP. There is evidence that activity-

dependent neuroplasticity has the potential for a large negative impact on subsequent 

corticospinal tract formation and that this contributes to some of the aberrant signs seen in CP 

(Eyre, 2003, 2004, 2007; Eyre et al., 2007; Martin, Friel, Salimi, & Chakrabarty, 2007).  

Much of what is known about neuroplasticity is based on studies of the CNS during growth and 

development, following stroke or studies on animal models of CP. A systematic review of 
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evidence for neuroplasticity following interventions in children with CP is presented in Chapter 

5. This systematic review identified published studies of neuroplasticity in children with CP 

following contemporary approaches to treatment such as CIMT, BWST training and virtual 

reality training. There appear to be no studies investigating neuroplasticity in the more 

conventional, wide ranging approach to management. The majority of the studies included in 

the systematic review were quasi-experimental, with very small samples. It was concluded that 

this reflects the difficulty in investigating neuroplastic changes in an aetiologically 

heterogeneous disorder like CP and highlighted the need for improved collaboration between 

research centres and community providers in researching treatment induced neuroplasticity in 

children with CP. 

To contribute to the area of evidence based practice that has investigated neuroplasticity 

during rehabilitative strategies in CP, Study 2 utilised TMS to study the corticospinal projection 

of children with hemiplegia and to determine if changes occurred with BoNTA augmented 

therapies. Chapter 6 details the methods used to obtain the TMS outcome measures as well as 

describing the association between corticomotor pathway projection and upper limb function 

and movement coordination.  Results from this study showed that there was an association 

between corticomotor pathway projection and clinical assessment of function, measured by 

the Melbourne Assessment, as well as the 3D quantification of movement fluency (NJ) and 

efficiency of movement (DI). Children with hemiplegic type CP who had preserved 

contralateral corticospinal pathways showed better function, movement fluency and 

movement efficiency. Those subjects who had retained a dominant ipsilateral pathway from 

the unaffected hemisphere to the affected limb displayed poorer outcomes for function, 

movement fluency and efficiency. This adds evidence to support that preventing the aberrant 

retention of dominant ipsilateral corticospinal pathways is important to minimise functional 

deficits and maladaptive movement behaviours. 

To add further to the evidence-base, Chapter 7 details the main findings of therapies 

augmented with BoNTA in older children and the effect this had on changes at the periphery 

and CNS level. Older children were studied as the outcome measures utilised in Study 2 

required cooperation and the ability to follow instruction. Of particular interest was whether 

resistance training augmented with BoNTA would result in greater changes in function and 

neuroplastic changes. The mechanism based reasoning underpinning this approach was that in 

the time afforded by the reduction of spasticity by the BoNTA, the resistance training would 

allow for improved muscle neural adaptation and coordination resulting in improved function. 

This study demonstrated that in children who had their therapies augmented with BoNTA, 

there was a trend towards improved movement fluency (reduced NJ) and efficiency. The 
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finding of improved NJ in the children who undertook resistance training augmented with 

BoNTA, suggests that the neural adaptation that occurred is attributed to the resistance 

training with the decreased NJ representing improved central processing and coordination but 

may also reflect some neuroplastic changes at higher centres.  

Neuroplastic changes as determined by TMS were seen in some, but not all children who had 

their therapy augmented with BoNTA. These neuroplastic changes were not seen in children 

who did not receive BoNTA. This suggests that when BoNTA is used to augment therapy, that 

there is an indirect effect of the BoNTA on the CNS. The additional finding of being able to map 

a crossed contralateral pathway from the lesioned hemisphere of a participant who had 

undergone resistance training, adds some support to the rationale that the resistance training 

may effect improved corticomotor excitability. 

Each of the hypotheses and finding from the studies relating to the thesis will be discussed 

separately. 

8.1.1 Hypothesis 1 

• Function and quality of movement would improve most and be more sustained 

following resistance training with BoNTA compared with conventional therapy alone, 

or conventional therapy augmented with BoNTA. 

Hypothesis 1 was supported by Study 1 and Study 2. Findings from the studies showed that 

resistance training with BoNTA resulted in greater gains in upper limb function and activity 

than conventional therapy alone or conventional therapy augmented with BoNTA. Children in 

Study 1 who received BoNTA displayed a more rapid response to functional improvement and 

goal attainment. In Study 2, a clinically and statistically significant improvement in upper limb 

function measured by GAS was found in participants who received resistance training plus 

BoNTA, with improvements continuing to progress to 6 months, even after the reduction of 

spasticity due to BoNTA had worn off.  

The progress towards and transfer of improvement to unpractised goals suggests that some 

level of motor skill training had taken place with the resistance training augmented with 

BoNTA. Most studies examining the effects of upper limb interventions on function have 

reported that large ‘doses’ of training (up to 90 hours per week) are required to influence 

more sustained effects, particularly in older aged children with CP (Gordon & Magill, 2011; 

Sakzewski et al., 2009). The resistance training intervention in the studies in this thesis 

incorporated a regimen of practice of only 20 mins per day at a minimum of 3 days a week, 

and showed meaningful changes in function.  
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Evidence has shown that interventions augmented with BoNTA result in better improvements 

in function, but these improvements are not always maintained (Hoare et al., 2010). The 

potential for nervous system adaptation in response to resistance training, can occur within 

the descending neural tracts (Falvo, Sirevaag, Rohrbaugh, & Earhart, 2010), cortical spinal 

circuitry and the motor end plate connections between motoneurons and muscle fibres 

(Carroll, Riek, & Carson, 2002). BoNTA is also known to affect the motor end plate (Rosales, 

Arimura, Takenaga, & Osame, 1996). It may be that simultaneously targeting two key 

impairments seen in CP (spasticity and muscle weakness) has a positive compounding effect on 

muscle recruitment and ultimately function, but also in longer term maintenance of the 

positive effects of the interventions 

The finding of transfer of resistance training to untrained functional skill improvement is 

interesting. Investigations of resistance training in individuals with intact neurological systems 

have shown that resistance training induces similar corticospinal changes to those found in the 

early phase of ballistic motor learning (Classen, Liepert, Wise, Hallett, & Cohen, 1998; 

Selvanayagam, Riek, & Carroll, 2011). Resistance training is analogous to motor skill acquisition 

in that the CNS must learn to optimise muscle activation patterns to enhance torque 

production about a joint, increasing the activation of muscles that contribute to force and 

movement in the desired direction (the antagonists and synergists) and reducing the activation 

of the antagonists (Selvanayagam et al., 2011). Muscles selected for resistance training in the 

studies in this thesis were chosen by clinical assessment and included those thought to have 

most impact on a desired skill. For example, a child who wished to access their game controller 

switch more effectively would train thumb abduction and extension, finger flexion and 

extension and wrist extension. In sports movement science, there is evidence that resistance 

training of muscle has a carry-over effect in the way that muscles are recruited during related 

movement tasks (Carroll et al., 2002). This mechanism may also explain the findings observed 

with resistance training in the studies in this thesis, whereby those participants in the 

resistance training group showed carry over into their ‘related’ goal acquisition. 

Study 2 utilised older aged participants due to the nature of the outcome assessments 

required for this study. This enabled comparison of outcomes of the use of BoNTA to augment 

therapies in older children, compared with the younger cohort in Study 1. Findings 

demonstrated that even though older aged children improved when their therapy was 

augmented with BoNTA, the improvements were of less magnitude than the younger aged 

children in Study 1.  
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8.1.2 Hypothesis 2 

• Corticomotor maps would become less asymmetrical following intervention with 

BoNTA and these changes would be maintained after resistance training plus BoNTA. 

Four out of seven participants who received BoNTA demonstrated improved corticospinal 

excitability of the ipsilateral pathways of the unaffected hemisphere after injection which was 

not observed in any of the control participants who did not receive BoNTA. In each of these 

four cases, change in corticomotor excitability was accompanied by a clinically meaningful 

change in affected upper limb function as measured by the Melbourne Assessment suggesting 

a relationship between improved corticomotor excitability and function. As this improved 

excitability occurred in both conventional therapy augmented with BoNTA and resistance 

therapy augmented with BoNTA, it appears that it is the BoNTA that is affecting corticomotor 

excitability rather than the resistance training.  

A shift to contralateral activity was observed in one subject who received resistance training 

plus BoNTA. This shift occurred at the end of the resistance training phase, but was no longer 

present at the 6 month follow up assessment. This has two potential consequences. Firstly, it 

suggests that therapy has the potential to promote adaptive plasticity. Secondly, it provides 

some evidence that resistance training may affect improved neural adaptation at the 

supraspinal level, as has been observed in individuals with an intact neurological system, and 

described above. This requires further investigation in children with CP.  

Our inability to adequately answer hypothesis 2 was in part due to the difficulty in obtaining 

maps of the corticospinal pathways of a number of participants at all data collection time 

points. As has been explained in chapter 6 and 7, Study 2 utilised conservative thresholds for 

TMS mapping, as threshold for stimulation did not exceed 80% in any subjects studied, with a 

number of subjects having poor tolerance for TMS. As tolerance of TMS is important to the 

viability and validity of the obtained maps, it was also considered unethical to proceed to 

higher levels of stimulation in these children with CP. It is acknowledged that the variability 

and difficulty obtaining maps may be a reflection of the lower thresholds for stimulation 

utilised in this study compared with others. 

8.1.3 Hypothesis 3 

• There would be a relationship between quality of movement and changes in 

corticomotor maps following BoNTA. 

The inability to obtain cortical maps at each time point for each participant in the study made 

addressing this hypothesis difficult. Our inability to obtain the maps has been discussed above, 
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and in chapters 6 and 7 and in the limitations in this chapter.  It is probable that the 

conservative mapping threshold affected this outcome. However, several study findings are 

worthy of comment. There were no studies identified that have used TMS as a repeated 

measure in children with the frequency of time points that we performed the TMS. It may be 

that the variability of TMS with repeated measures is a useful baseline to understand any 

natural maturational changes that occur in brain function in children with CP. Although 

tolerance for the TMS was judged to be poor by this investigator (NG), full study participation 

was experienced, with no voluntary dropouts. This demonstrates the feasibility of performing 

repeated measure TMS in children with CP.  

It was possible to determine a relationship between quality of movement with preservation of 

crossed cortical spinal pathways from the lesioned hemisphere. This was the focus of the 

paper presented in Chapter 6. There was a negative correlation between dominance of 

ipsilateral corticospinal pathways and movement coordination and efficiency, but not with 

symmetry of contralateral corticospinal. This suggested that ipsilateral dominance affects 

movement dis-coordination and inefficiency. This adds evidence to support the idea that 

preventing the development of dominant ipsilateral corticospinal pathways is important to 

minimise functional impact. 

8.2 Clinical Implications 

To gain insight into the peripheral and CNS changes that accompany therapy provides a 

theoretical framework on which to base the choice of type of therapy in the clinical 

management of children with spasticity. In south Western Australia, conventional therapy for 

children with CP aged from 12 years upwards generally involves a consultative approach to 

their therapy intervention. This approach involves giving advice and a home programme to 

follow with face to face contact limited to between 2-4 contacts per school term 

(approximately 10 weeks). Study 2 demonstrated that children with spastic hemiplegia due to 

CP who received resistance therapy augmented with BoNTA, once a week for 6 weeks, (during 

the peak effect of the BoNTA) improved in their upper limb activity compared with those 

children in the control or conventional therapy plus BoNTA group. This study suggests that 

provision of ongoing once monthly or less therapy that lacks functional goals and rigorous 

measures of change should be questioned. 

One of the questions that is often asked in rehabilitation in CP is what interventions are 

effective and whether it matters at what age they are applied. Improvements seen in the older 

age cohort in Study 2 demonstrates that activity dependent plasticity is possible across ages. 



 

259 
 

This study highlights the importance of goal directed outcomes in older age children and that 

the GAS, in particular, is sensitive to change and amenable to blind rating. 

Common to the interventions identified in the systematic review, and also, the resistance 

training approach utilised in Study 2, is that  the intensity of application is substantially beyond 

usual and customary care in Western Australia for children aged over 12 years. Challenges to 

the provision of intensive (and novel) interventions are inevitable, as the resources required to 

implement these are greater, thus empirical evidence giving these support, as was 

demonstrated by Study 2, is important in advocating for therapy.  

Two of the key findings of this study were that function was related to corticospinal projection 

and the difficulty in changing aberrant corticospinal projection with interventions. This 

highlights the importance of early intervention to encourage preservation of crossed 

contralateral pathways to prevent the development of dominant ipsilateral pathways as 

remediation of maladaptive plasticity is difficult. 

The studies presented in this thesis adds evidence to support that movement coordination has 

an impact on upper limb function and that therapy  approaches should consider addressing the 

impairment of movement coordination to improve function. One means of doing this is to 

consider resistance training that improves neural adaptation and subsequent muscle 

recruitment. As shown by the GAS results, this is most effective when combined with a goal 

directed approach. 

8.3 Limitation of the Studies 

The limitations of the individual studies were discussed within the relevant chapters.  The main 

themes to emerge regarding the limitations revolve around the heterogeneity of the 

presentation of CP in the samples and sample size. 

Both Study 1 and Study 2 attempted to control for this heterogeneity by including only 

children with spastic hemiplegia, matching for age and initial function at baseline. Study 2 

observed differences in baseline between the groups for one of the kinematic variables (DI) 

and also small numbers of children with crossed contralateral corticospinal projections from 

the lesioned hemisphere. Matching for these variables would have been ideal after initial 

baseline measures. However, the estimated number of recruited participants in the two 

studies accounted for approximately two-thirds of appropriate age and CP classification that 

was available for recruitment in metropolitan Western Australia. This meant that additional 

matching would have resulted in even lower numbers for matched subjects.  
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While the low numbers in this study may limit the robustness of the conclusions this appears 

as a general problem across other studies in this area. As was demonstrated by the systematic 

review is Chapter 5, many of the previous studies which have investigated the neuroplastic 

effects of therapy in CP have recruited even smaller numbers. This in part reflects the difficulty 

in obtaining a homogenous sample to investigate and the large time commitment for the 

participants. This is particularly an issue in studies such as this, for which participants were 

asked to present for long assessment sessions over repeated visits.  The commitment to the 

studies by the children and their families is admirable, within the context of the everyday 

challenges of school and family life for children with CP. 

The main areas of interest of the studies in this thesis were to determine whether resistance 

training resulted in a change in function and to explore concomitant neural adaptation. This 

aspect is relatively under researched in CP. This study did not investigate absolute change in 

strength or force production following the resistance training. Resistance programmes in the 

lower limb in children with CP have been shown to improve strength, but these strength 

changes are  inconsistently related to improved function (Martin et al., 2010). In the upper 

limb, the relationship between strength and function is unclear. The studies presented in this 

thesis showed that coordination can account for up to 50 per cent of variability in function, 

with other studies demonstrating that coordination has a greater impact on function than 

strength  (BrÆNdvik, Elvrum, Vereijken, & Roeleveld, 2010; Chiu, Ada, Butler, & Coulson, 

2010). Whether or not changes in strength accompanied the treatments in these studies, or if 

strength is associated with function cannot be addressed by this study.  

The weekly contact with the therapist in the resistance training group could have been a 

confounder. There may have been an impact on the effect on outcome through the increased 

contact with a health professional. The addition of a matched group for frequency of contact 

would have helped clarify this issue, but pragmatically this would have been difficult with 

limited subjects available for recruitment and already small sample sizes in each of the other 

groups.  

8.4 Future Directions 

Obtaining objective measures of function within the clinical setting is important, so that 

measures can be robust and resistant to bias. The kinematic variables and derived measures of 

movement smoothness and efficiency obtained in this study provide robust measures of 

function; however they are not easily accessible for clinical use. Both these measures relied on 

3D motion capture systems that are expensive and require dedicated resources and space 

allocation. However, as normalised jerk is a derived variable from acceleration, it is possible 
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that a 3D accelerometer/gyroscope/inclinometer could be utilised to determine normalised 

jerk more readily in the clinical setting. Development of a clinically feasible method of 

collecting normalised jerk outcomes would be valuable for future research, as well as an 

objective clinical assessment of change following intervention. 

Maintenance of skill gain seems to depend on continued therapy exposure, particularly with 

respect to the use of BoNTA.  The length and intensity of therapies to effect more permanent 

change in motor and functional outcomes requires further assessment. 

Although therapies augmented with BoNTA appear to promote clinically relevant neuroplastic 

changes, compelling evidence from larger studies or clinical trials in humans are needed. Issues 

related to clinical methodology have been described under limitations. Fundamental issues 

such as heterogeneity of CP patient populations were highlighted. Directions for future 

research could include investigating response to therapy based on type of the brain lesion. Due 

to the heterogeneity of brain lesions seen in CP, to be achievable, this would require multisite 

research by cooperating groups.  

8.5 Conclusions 

This thesis explored 1) the effects on upper limb function, movement fluency and efficiency of 

therapies augmented with BoNTA; and 2) the peripheral and central mechanisms responsible 

for improvements in function following therapy augmented with BoNTA. The favourable 

outcome in Study 1 led to the consideration of understanding the mechanisms responsible for 

improved function. A review of the literature on the activity dependent maturation of the 

corticospinal system and resistance training and its potential to alter neural adaptation of 

skeletal muscle provided the rationale for Study 2.  Through Study 2, the objective 

measurement of movement quality in children with CP demonstrated large variability within 

subjects. Separate to, but linked with the integral work of this thesis, the best outcome 

measures for detecting clinical change in measures of movement quality were investigated.  

The main findings were as follows: 

I. An investigation into the effect on upper limb function of augmenting conventional therapy 

with BoNTA in children with spastic hemiplegia due to CP showed an advantage in that: 

• The reduction in spasticity led to clinically significant changes in upper limb function 

• In younger aged groups the significant functional improvement lasted longer than the 

duration of the pharmacological effect of the BoNTA.  

• Neuroplasticity is possible when therapy is augmented with BoNTA. 
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II. An investigation into the effect on upper limb function of augmenting resistance training 

with BoNTA in children with spastic hemiplegia due to CP showed an advantage in that: 

• Younger age children who had resistance training had greater functional 

improvements and these were achieved more rapidly, and maintained when the 

pharmacological effect of the BoNTA had worn off. 

• Older aged children who received resistance training after BoNTA had greater, and 

clinically meaningful, attainment of individualised goals. 

• Resistance training augmented with BoNTA resulted in improved quality of movement 

with improved movement fluency and efficiency. 

• It is possible for resistance training augmented with BoNTA to change corticospinal 

activity in the lesioned hemisphere. 

III. NJ and DI, derived from 3D kinematic analysis provides quantitative information regarding 

movement coordination and efficiency in children with hemiplegia and can be used to 

provide insights into the motor learning accompanying treatments, with implications for 

understanding relationships with corticospinal pathway projections. 

IV. Neuroplastic changes following interventions with BoNTA were found in some 

participants, primarily affecting the non-lesioned hemisphere. This highlights the 

difficulties with altering ‘maladaptive’ changes. This, together with the greater changes in 

function seen in the younger age cohort, highlights the importance of early intervention 

to prevent maladaptive neuroplasticity. 

These studies add to the body of literature regarding neuroplasticity following therapy. The 

knowledge gained from the studies in this thesis may assist in guiding clinicians’ decision 

making regarding interventions in children with spastic hemiplegia due to CP.  In particular, 

interventions that address muscle weakness and spasticity together afford greater opportunity 

to affect motor function, and prevent abnormal neural mechanisms. The findings of 

maladaptive corticospinal projections and the difficulty in altering this, provides support for 

intervening at an early age to affect movement behaviours and motor function.  
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Parent Information Sheet 

Study Titles: 

Phase A: Central motor pathways and changes that occur with Botulinum Toxin A therapy 

for upper limb spasticity in hemiplegic cerebral palsy: Pilot study  

And 

Phase B: Investigation of the functional benefit and the peripheral and central pathway 

changes that occur with strength specific training for upper limb function with and without 

Botulinum Toxin A in children with spastic hemiplegic cerebral palsy: A randomised 

controlled trial. 

Introduction 

You and your child are being invited to take part in a research study conducted by Dr Toni 

Redman (Paediatrician), Noula Gibson (Physiotherapist), Dr Jane Valentine (Paediatrician) 

and Dr Gary Thickbroom from the Centre for Neuromuscular and Neurological Disorders. It is 

important that you understand why the research is being done and what it will mean for you 

and your child before you decide on your involvement. Please take some time to read the 

following and ask questions about anything you do not understand or would like more 

information. 

Purpose of the Study? 

Children with cerebral palsy (CP) have great difficulty moving parts of their body because of 

the stiffness of their muscles. In this study we are looking at the way your child uses their 

arm, how we can improve this, and how this affects you and your child’s quality of life (QOL). 

“Quality of life” is how you think the therapy of your child affects you and your child in areas 

such as home life, school and work activities, and social situations.   

Physiotherapy has been the main form of therapy to improve your child’s ability to move 

their arm. Botulinum toxin A (BTX-A) is a promising new treatment that reduces the stiffness 

of muscles. When combined with physiotherapy, BTX-A can greatly improve how your child 

uses their arm. BTX-A is used as standard therapy in children over the age of two years with 

stiff calf muscles. There are studies currently under way looking at how BTX-A can improve 

the use of the arm. The preliminary results are promising.   
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The brain of a person with CP controls movement in a different way to a person without CP. 

While BTX-A makes muscles less stiff, we don’t know whether there are changes in the way 

the brain controls movement after BTX-A has been injected.  By studying this, we will gain a 

greater understanding of how BTX-A works, how long it lasts and so give your child the best 

possible therapy to improve the use of their arm. 

While BTX-A may help your child to move their arm, we don’t know how this affects their 

quality of life (QOL). We also don’t know how this affects your QOL. It is important to look at 

this when studying a new therapy. 

Why have you been chosen? 

You are being asked to participate as your child has the diagnosis of spastic hemiplegia due 

to CP and is aged between 7 and 14 years. We have chosen this age group as we feel they 

will be best able to perform the physiotherapy and study assessments. About 45 families will 

be involved in this study. Your participation will last for between 6 and 12 months. 

Do my child and I have to take part? 

Participation is entirely voluntary. If you do participate, you can withdraw at any time. 

Whatever your decision, please be assured that it will not affect your child’s medical and 

therapy treatment or their relationship with the medical staff. If you do decide for your child 

to take part, you will be asked to sign a consent form. 

What will happen to me and my child if we take part? 

During the study your child will be seen at the Department of Rehabilitation at Princess 

Margaret Hospital (PMH), the Centre for Neuromuscular and Neurological Disorders located 

at the Queen Elizabeth II Medical Centre, Nedlands, and the University of Western Australia. 

Clinical examinations and physiotherapy reviews will be at PMH and UWA while the TMS and 

fMRI studies will be performed at the Centre for Neuromuscular and Neurological Disorders. 

At the start of the study your child will be randomised to the treatment group (BTX-A 

injections into the arm), the strength training group or control group. In the control group, 

your child will continue to receive the current best treatment available for management of 

their upper limb spasticity (community therapy).  

At the end of 6 months, if your child is in either the strength training or community therapy 

alone group, you will have the option of continuing into the second stage of the trial. This 
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will enable your child to receive BTX-A injections into their upper limb. Their therapy will 

change from strength to community or community to strength training depending on their 

original group. 

Your child will be assessed every 6 weeks for the first 3 months, then every 3 months until 

the completion of the study. If in the treatment group, your child will also be seen 3 weeks 

after the BTX-A injections to ensure that there has been an effect.  

At each assessment you and your child will be asked to complete a brief questionnaire called 

the PedsQL. This takes approximately 5 minutes.  

This study will use two recently available new technology assessments to help us determine 

if our interventions really are useful in helping children’s arm function. 

1. Three dimensional (3D) Movement Analysis of the arm

A new method used to study the movement of various body segments is to place markers on 

landmarks on the arm and then video movement that is then analysed through computers.  

This results in a three dimensional analysis of movement that is more accurate than other 

assessments that we use. All of the study participants will have 3D movement analysis. 

. 

2. Your child will have some tests (TMS and fMRI

What does the BTX-A therapy involve? 

) looking at how their brain controls their 

muscles in their arm (see below). All of the study participants will have TMS studies. A group 

of participants will also have fMRI studies. These participants will be chosen randomly. The 

fMRI’s will be performed twice and the TMS studies on four occasions during the study.  

BTX-A (also known as BOTOX ®) is botulinum toxin A. It is a safe and effective treatment for 

spasticity (stiff muscles). BTX-A has been used for decades in adults and for over ten (10) 

years in children with very few side effects.  

BTX-A is injected directly into the muscle and temporarily blocks the nerve which is causing 

the muscle to contract abnormally. Your child will be admitted to hospital for approximately 

6 hours for the injections. Your child will require a general anaesthetic for the injections. An 

anaesthetist will meet you and your child before the procedure to explain the risks and 

obtain consent 

Occasionally the muscle weakness resulting from the BTX-A injections can be greater than 

expected. As the effect of BTX-A is temporary, muscle strength will be regained. There is 
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extensive experience in Australia and overseas to show that the dose of the drug is safe and 

has no permanent side effects. 

Occasionally children may experience general malaise and flu like symptoms after BTX-A. 

These are only temporary and wear off within a few days.  

BTX-A contains a very small amount of Human Serum Albumin (HSA) which is a blood 

product. HSA is used routinely on the hospital ward in much larger doses than contained in 

BTX-A. HSA has not been documented to transmit viruses or other infectious agents. 

What is TMS? 

TMS stands for transcranial magnetic stimulation. It is a non-invasive way of mapping the 

regions of your child’s brain that control movement. TMS does not involve needles and is 

not painful. A small disc about the size of a watch battery called an electrode will be taped to 

your child’s hand. The electrode will record the activity from the muscle. A snugly fitted cap 

will be placed on your child’s head and various spots marked on the cap. A magnetic coil will 

be placed over the marked spots and stimulate that part of the brain. Each stimulus will be 

very short, much less than 1 second and a tap on the scalp may be felt. This is not painful, 

but a noise will be heard and small movements of the hand and arm may be noticed.  

TMS has been used safely for many years in adults and more recently in children. It has not 

been documented to cause any side effects. 

What is fMRI? 

MRI stands for magnetic resonance imaging. It produces pictures of the brain using a 

magnetic field. MRI is being increasingly used in children as it is safe and can show some 

parts of the brain more clearly than other imaging techniques. 

Functional MRI (fMRI) is a form of MRI scanning which shows activity in the brain associated 

with movement. Your child will be asked to perform a simple arm movement for this test.  

You will be able to stay with your child while they have the fMRI scans. You will be asked to 

remove any metal belongings before entering the scanning room. Your child will placed on a 

flat couch with their head in a cradle. The couch moves slowly into the scanner, which is like 

a small well-lit passage. Your child will not feel anything during the scan. Intermittent 

humming or thumping noises are often heard.   

What is 3D Movement Analysis? 
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As already mentioned, a  new method used to study the movement of various body 

segments is to place markers on landmarks on the arm and then video movement that is 

then analysed through computers.  This results in a three dimensional analysis of movement 

that is more accurate than other assessments that we use. Three D movement analysis 

enables even subtle changes in movement to be detected. 

Your child will have small (about 1cm) balls taped to different pre determined landmarks on 

their arm.  Your child will them be asked to completing a reaching task and 5 video cameras 

will record the movement and send the information to the computer for analysis.  This 

procedure is safe, not invasive and does not hurt.  This technology has been used in making 

the 3D movements of the characters we now see in movies such as Lord of the Rings and 

ShreK, and has also been used in cricket to determine if bowlers are illegally throwing 

instead of bowling! 

What is PedsQL? 

PedsQL is a questionnaire that looks at quality of life (QOL). It has been used widely in 

children with all types of medical problems and disabilities. There are parent and child 

forms. Each takes approximately 5 minutes to complete. As with the other study tests, all 

information collected is confidential and identifying information (eg. name) is removed. 

What are the possible advantages or benefits of taking part? 

At present BTX-A is not routinely available as a treatment for children with spasticity of the 

upper limb

This study is different to other studies already under way using BTX-A in the upper limb. It is 

looking at how your child’s brain controls the movement of the arm as well as how BTX-A 

affects this. This knowledge will allow us to modify our current therapy to produce the best 

outcome for your child.  

. In contrast, BTX-A is now widely used for spasticity in the calf. The results of 

studies using BTX-A in the upper limb are promising. The results of this study will help show 

the benefit of BTX-A in the treatment of upper limb spasticity and, hopefully, attract 

government funding and make BTX-A readily available for all children with upper limb 

spasticity.  

This study through the strength training phase is also looking at what is the best type of 

physiotherapy intervention to improve arm function and whether BTX-A can enhance 

physiotherapy input and vice versa to best maximise the outcome for children with CP. 
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Extra appointments always provide extra opportunities for you to learn more about your 

child’s condition. 

What happens at the end of the 12 months? 

At the end of 12 months, your child completes participation in the study. We hope that the 

results of the study will contribute to getting BTX-A licensed for use in the upper limb so that 

it will be available for all children with CP.  

We also hope to be able to determine what type of physiotherapy intervention is best to 

improve arm function and if this is enhanced when combined with BTX-A. 

Is my and my child’s involvement in the study confidential? 

Yes, your child’s records will remain strictly confidential. As some of the assessment 

measures relate to ongoing care, these will be made available, with your knowledge, to 

therapists and doctors caring for your child. These results will also need to be available to 

Ethics committee members, and medicines regulatory authorities. By signing the consent 

form you agree to this access for the current study and any further research that may be 

conducted in relation to it (even if you withdraw). The information disclosed will remain 

confidential. Your child will not be identified by name in any publications or reports 

produced from this study. 

The information regarding your participation in the study will be kept in safe storage in a 

locked area of Princess Margaret Hospital for fifteen years. After this time, all information 

will be destroyed by shredding or electronically erasing. 

What will happen to the results of the research study? 

The results of this study will be submitted to national and international medicines regulatory 

authorities. The results may be discussed at scientific meetings or submitted to medical 

journals for publication in the future. Because the results need to be analysed and discussed, 

it can take quite a long time before publication can occur. If you are interested in receiving 

copies of any future publications that may result from this research you may wish to discuss 

this with the principle investigator at the end of your participation. Your child will not be 

identified in any report or publication.   
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A report of the results of this study may be published or sent to the health authorities in 

Australia and New Zealand, but the name of your child will not be disclosed in these 

documents. Your child’s name may be disclosed to the company who make Botox (Allergan 

Australia Pty Ltd). By consenting to your child’s participation in this trial, you also consent to 

the release of your medical records to the above named persons. 

Who has reviewed the study? 

This study has been reviewed by the Scientific Advisory Sub-Committee of PMH/KEMH and 

the Ethics Committee of Princess Margaret Hospital for Children.  

Contact for further information? 

When you read this information, Dr Toni Redman or Noula Gibson will discuss it with you 

further and answer any questions that you may have. If you have concerns now or at any 

time during the study, please ask the study staff as indicated below. This information sheet 

is for you to keep. 

Principle Investigators:  Dr Toni Redman Phone: (08) 9340 8886 

       Mobile: 0405 356832 

    Noula Gibson  Phone: (08) 9340 8503 

       Mobile: 0411 588917 

If you have any complaints regarding the conduct of the study please contact the Director of 

Clinical Services on (08) 9340 8222. 
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FORM OF CONSENT 

 

PLEASE NOTE THAT PARTICIPATION IN RESEARCH STUDIES IS VOLUNTARY AND SUBJECTS 

CAN WITHDRAW AT ANY TIME WITH NO IMPACT ON CURRENT OR FUTURE CARE. 

 

I .............................................................................................................................. have read 

 Given Names                                                             Surname 

the information explaining the studies entitled : 

“Central motor pathways and changes that occur with Botulinum Toxin A therapy for 

upper limb spasticity in hemiplegic cerebral palsy: Pilot study” 

and 

Investigation of the functional benefit and the peripheral and central pathway changes 

that occur with strength specific training for upper limb function with and without 

Botulinum Toxin A in children with spastic hemiplegic cerebral palsy: A randomised 

controlled trial. 

I have read and understood the information given to me.  Any questions I have asked have 

been answered to my satisfaction.  I agree to allow 

 

.................................................................................................................................................. 

(full name of participant and relationship of participant to signatory) 

to participate in the studies. 

I understand my child may withdraw from the study at any stage and withdrawal will not 

interfere with routine care. 
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I agree that research data gathered from the results of this study may be published, provided 

that names are not used. 

 

Dated ................................. day of ............................................................ 20 .......... 

 

Child’s Signature ......................................................................... 

    (Where appropriate) 

 

Parent or Guardian’s Signature .................................................... 

 

 

I, Dr Toni Redman have explained the above to the signatories who stated that he/she 

understood the same. 

 

Signature ............................................................................................... 

I, Noula Gibson have explained the above to the signatories who stated that he/she 

understood the same. 

 

Signature ............................................................................................... 
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In 2006 DMCN published an excellent critical review of instruments in the literature from 

1980 to 2004 that purported to measure spasticity in children with cerebral palsy (Scholtes, 

Becher, Beelen, Lankhorst, 2006, 48:64-73)1 and suggested that additional work is necessary 

to devise a spasticity assessment instrument that: 

complies with the concept of spasticity  

has a detailed description of procedure and grading 

is easily used in the clinical setting.  

Sanger et al.2, in the seminal article on paediatric hypertonia, had previously called for a 

better quality tool for assessment of spasticity in 2003, and apart from his recent pilot study 

using EMG, it is of interest to note that in the intervening years no further attempts to 

improve the clinical assessment of spasticity have been published. In fact our review of the 

literature up to October 2008 revealed no new clinical tools in addition to those identified by 

Scholtes et al.1. Sanger (2008) published a pilot study using EMG suggesting that there may 

be a trend towards returning to instrumented measures, however it is difficult to see the 

future applicability within the busy paediatric clinical setting. 

A frequently cited and widely accepted definition of spasticity is… 

a motor disorder characterised by a velocity-dependent increase in tonic stretch reflexes 

(muscle tone) with exaggerated tendon jerks, resulting from hyperexcitability of the stretch 

reflex, as one component of the upper motor neuron syndrome.(Lance, p485) 3  

 So why is it so difficult to assess or quantify spasticity? The answer to this question may lie 

in the failure to match test procedures to the standard definition of spasticity. The current 

tools rarely assess the velocity-dependence of the muscle response, and rarely have clear 

procedures and scoring criteria (see Table 1). 



 

286 
 

Table 1. 

Author Name Clear published 
procedure? 

Unambiguous 
 Criteria? 

Able to identify 
velocity- 
dependent 
response? 

Uninstrumented 
and procedurally 
feasible in the 
paediatric 
setting? 

Ashworth (1964)5 Ashworth Scale     

Bohannon & Smith (1987)6 Modified Ashworth Scale     

Peacock & Staudt (1991)7 Modified Ashworth Scale     

Johann-Murphy (1990)8 NYU Tone Scale     

Boyd & Graham (1999)9 Modified Tardieu Scale     

Bleck (1987)10 (Duncan) Ely Test (additional limitation 

= only for one muscle group) 

    

Sindou & Jeanmonod (1989)11 Spasticity Grading     

Jobin & Levin (2000)12 Modified Composite Spasticity Index     

Trombley (1983)13 un-named     

Peacock et al. (1987)14 un-named     

Levin & Hui-Chan (1992)15 Modified Composite Spasticity Index     

Roques et al. (1997)16 Bilan moteur test (BM-S)     

Tardieu et al. (1954)4 The Tardieu Scale     
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This literature indicates that there is a need for an instrument designed to firstly identify 

spasticity as distinct from other forms/aspects of hypertonia or its associated phenomena 

and secondly, reliably assess and quantify the severity of spasticity by providing 

unambiguous, tessellated categories defined in simple language that refers to the 

observers’ primary observations, without the use of jargon or confusing terminology.   Such 

an instrument would provide a valid means of identifying spasticity and reliably recording 

its severity.  Over the last six years we have endeavoured to provide such a tool.  The 

preliminary reliability studies of the Australian Spasticity Assessment Scale (Figures 1 and 2) 

show promise. It is currently being further tested to measure its reliability when used by 

clinicians from different professions across a wide spectrum of clinical descriptions of 

cerebral palsy. 

Australian Spasticity Assessment Scale 

0 No catch on rapid passive movement (RPM) [i.e. no spasticity] 

1 Catch occurs on RPM followed by release. There is no resistance to RPM 
throughout rest of range 

2 Catch occurs in second half of available range (after halfway point) during RPM and 
is followed by resistance throughout remaining range 

3 Catch occurs in first half of available range (up to and including halfway point) 
during RPM and is followed by resistance throughout the remaining range 

4 When attempting RPM, the body part appears fixed but moves on slow passive 
movement 

(Contracture is recorded separately) 

Figure 1.  
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Test Procedure 
Starting position: Child lies supine, at rest, attempting to relax, with head in midline, with 
minimal environmental stimulation. 

Procedure for each muscle or muscle group: 
Starting position: The muscle/muscle group to be tested is passively held in its shortest 
anatomical position (NB when testing bi-articular muscles the position of the joint above or 
below is critical. For information on position of joint above and below that being passively 
moved refer to Norkin and White17). 

Step one: The muscle/muscle group is moved passively through its full excursion from its 
shortest anatomical position. The speed is very slow. The muscle length is measured by 
available end range of the joint and is recorded in degrees of movement as R2. 

Step two: The muscle/muscle group to be tested is passively returned to its shortest 
anatomical position and followed by three rapid passive movements in the same direction as 
Step one. The speed is faster than the speed of the limb falling under the effect of gravity 
(which clinically translates to ‘as fast as the examiner can move the limb, without exerting 
force’. The movement, whilst rapid, must be gentle to ensure any velocity-dependent catch 
can be determined). If a true velocity-dependent catch is present it will be relatively consistent 
in its location within the range in all three passive muscle excursions. The point of catch on 
rapid passive movement is measured in degrees and recorded as R1. 

Step three: A fourth rapid passive movement, same starting position, same direction, same 
velocity is undertaken that not only identifies the point of catch in the arc of motion, but uses 
enough force (more than the previous three excursions) to move the muscle/muscle group 
through the catch to end range. The examiner determines the presence of resistance to the 
rapid passive movement after the point of catch (between catch and end range). 

Step four: The muscle/muscle group can now be graded using the ASAS criteria. Scores must 
not be summed. The numerical value does no more than distinguish between ordinal levels.  
Whilst a score of ‘3’ indicates more spasticity than a sore of ‘2’, a score of ‘4’ is not indicative 
of twice the spasticity of a score of ‘2’. 

In summary: 
Test Action is one slow, passive movement in the opposite direction to the main action of the 
muscle/muscle group to be tested, immediately followed by three rapid passive movements in 
the same direction, stopping at any velocity-dependent catch; followed by one more (4th) rapid 
passive movement in the same direction, pushing past the catch to determine the presence of 
resistance. 

Figure 2 

  



 

289 
 

References  

1. Scholtes, VAB, Becher, JG, Beelen, A & Lankhorst, GJ 2006, ‘Clinical assessment of 

spasticity in children with cerebral palsy – a critical review of available instruments’, 

Developmental Medicine and Child Neurology 48(1):64-73. 

2. Sanger, T, Delgado, MR, Gaebler-Spira, D, Hallett, M & Mink, JW 2003, ‘Classification 

and definition of disorders causing hypertonia in childhood’, Pediatrics 111:89-97. 

3. Lance, J 1980, Symposium synopsis. Year Book Medical Publisher, Chicago. 

4. Tardieu, G, Shentoub, S & Delarue, R 1954, ‘A la recherche d’une technique de mesure 

de la spasticite’, Revue Neurologique 91(2):143-144. 

5. Ashworth, B 1964, ‘Preliminary trial of carisprodal in multiple sclerosis’, Practitioner 

192:540-542. 

6. Bohannon, RW & Smith, M 1987, ‘Inter-rater reliability of a Modified Ashworth Scale 

of muscle spasticity’, Physical Therapy 67:206-207. 

7. Peacock, WJ & Staudt, LA 1991, ‘Functional outcomes following selective posterior 

rhizotomy in children with cerebral palsy’, Journal of Neurosurgery 74:380-385. 

8. Johann-Murphy, M 1990, ‘New York University Rhizotomy Program: Physical therapy 

rhizotomy evaluation’, Pediatric Physical Therapy 2:103-106. 

9. Boyd, RN & Graham, HK 1999, ‘Objective measurement of clinical findings in the use of 

botulinum toxin type A for the management of children with cerebral palsy’, European 

Journal of Neurology 6 (Suppl. 4):S23-S35. 

10. Bleck, EE (ed.) 1987, Orthopaedic Management in Cerebral Palsy, MacKeith Press, 

London. 

11. Sindou, M & Jeanmonod, D 1989, ‘Microsurgical dorsal rhizotomy for the treatment of 

spasticity and pain in the lower limbs’, Neurosurgery 24:655-670. 

12. Jobin, A & Levin, MF 2000, ‘Regulation of stretch reflex threshold in elbow flexors in 

children with cerebral palsy: a new measure of spasticity’, Developmental Medicine 

and Child Neurology 42:531-540. 

13. Trombley, CA (ed.) 1983, Occupational Therapy for Physical Dysfunction, Williams and 

Wilkins, Baltimore. 

14. Peacock, WJ, Arens, LJ & Berman, B 1987, ‘Cerebral palsy spasticity. Selective posterior 

rhizotomy’, Pediatric Neuroscience 13:61-66. 

15. Levin, MF & Hui-Chan, CW 1992, ‘Relief of hemiparetic spasticity by TENS is associated 

with improvement in reflex and voluntary functions’, Electroencephalographic Clinical 

Neurophysiology 85:131-142. 



 

290 
 

16. Roques, CF, Felez, A, Marque, P, Chatain, M, Condouret, J & Tuffery, RA 1997, ‘A motor 

scale for the hemiplegic patients’ motor function assessment’, Rehabilitation and 

Physical Medicine 40:147-158.  

17. Norkin, CC & White, DJ 2003, Measurement of Joint and Motion: a Guide to 

Goniometry, 3rd edn, F.A. Davis Co, Philadelphia . 

 

 



 

291 
 

APPENDIX D: The Australian Spasticity Assessment Scale:  Why introduce 

another spasticity assessment tool? 

 

Submitted to DMCN 

December 2008 

 

 

 

 



 

292 
 

The Australian Spasticity Assessment Scale:  

Why introduce another spasticity assessment tool? 

 

Sarah Love BAppSc(Physio) PGDipPhysio(Dev Paeds)     

Section Head Physiotherapist, Princess Margaret Hospital, Perth, Australia 

Curtin University of Technology, School of Physiotherapy 

 

Noula Gibson BAppSc(Physio)(Hons) PGDipPhysio(Dev Paeds) MPhysio(Dev Paeds) 

Clinical Specialist Physiotherapist, Princess Margaret Hospital, Perth, Australia 

University of Western Australia, School of Human Movement and Exercise Science 

 

Joan Cole PhD MS MEd BPT 

Emeritus Professor, School of Physiotherapy, Curtin University of Technology 

 

Nadine Williams BScience (Physiotherapy) MPhysio 

Clinical Specialist Physiotherapist, Princess Margaret Hospital, Perth, Australia 

 

Eve Blair PhD 

Adjunct Associate Professor, Centre for Child Health Research,  

The University of Western Australia  

Senior Research Fellow, Telethon Institute for Child Health Research    

Senior Research Officer, Western Australian Cerebral Palsy Register 

 

Correspondence to: 

Ms Sarah Love 

Physiotherapy Department 

Princess Margaret Hospital for Children 

GPO Box D184 

PERTH  6840 

WESTERN AUSTRALIA 

Ph +61 (8) 9340 8503 

Fax +61 (8) 9340 8597 

Word count paper: 3285 including figures but excluding Abstract.



 

293 
 

Abstract 

We sought to improve our current methods of identifying and assessing spasticity by 

developing a more valid, reliable and clinically applicable tool, the Australian Spasticity 

Assessment Scale (ASAS). A literature review identified 12 tools published in the English 

language purporting to measure, assess or describe spasticity, but none, including the most 

frequently used tool, the Modified Ashworth Scale (MAS), conformed completely to the 

definition of spasticity.  Additionally, the MAS has poor to mediocre reliability. In contrast, 

the Tardieu Scale, originally published in French, complies with the concept and definition 

of spasticity, yet appears not to be as clinically accessible or widely utilised as expected. 

This is, perhaps, due to the lengthy methodology and poorly disseminated test procedure.  

A variety of versions of the Modified Tardieu are more commonly used in Australia. We 

have developed a new tool, the ASAS, using the framework of the MAS, incorporating the 

MTS, but conforming to the definition of spasticity. An explicit yet simple, standardised test 

protocol is provided together with unambiguous, mutually exclusive scoring criteria, so that 

every muscle tested fits into only one category.   

 

 

 

Shortened title: The Australian Spasticity Assessment Scale 
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Defining spasticity 

Spasticity is a common problem associated with upper motor neuron (UMN) syndrome1 , 

with the majority (~80%) of persons with cerebral palsy exhibiting spasticity as their sole or 

primary motor impairment.2 Most clinicians specialising in the treatment of children with 

UMN lesions have little difficulty in recognising spasticity. However, perhaps partly due to 

the complexity of the underlying pathophysiology, the clinical debate, ‘What is spasticity?’ 

continues. 

A clear and unambiguous definition and description of the clinical presentation of spasticity 

in children is an essential requirement for communication, for patient selection and for 

evaluation of interventions. These descriptions and the tool used to determine them need 

to comply with the concept and definition of spasticity.  Without this, progress towards 

improved methods of intervention and management of spasticity and associated 

phenomena is restricted. 

 A frequently cited and widely accepted definition of spasticity is: 

a motor disorder characterised by a velocity-dependent increase in tonic stretch reflexes 

(muscle tone) with exaggerated tendon jerks, resulting from hyperexcitability of the stretch 

reflex, as one component of the upper motor neuron syndrome. (Lance, 1980 p128) 3  

According to this definition, spasticity is the clinical symptom of velocity-dependent 

increase in muscle tone and is assumed to be caused by an increase in stretch reflex 

activity. The seminal article by Sanger et al. 4 reiterates the velocity-dependent nature of 

spasticity by defining spasticity as one component of hypertonia in which one or both of the 

following signs are present: firstly, resistance to externally imposed movement that 

increases with increasing speed of stretch and varies with the direction of joint movement, 

and/or secondly, resistance to externally imposed movement that rises rapidly above a 

threshold speed or joint angle. 

Measuring spasticity 

Lesions of the UMN pathways result in complex motor impairment with loss of selective 

control 5 , muscle weakness, inappropriate reflex activity (spasticity)6 , loss of normal 

reciprocal inhibition7, 8 as well as abnormal co-contraction between agonist and antagonist.  
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There are many ‘non-neurologic’ components of the UMN syndrome, which confound the 

measure of spasticity. These biomechanical, physiological and subsequent changes in the 

muscle co-exist with, and are usually the sequelae of, neurogenic abnormalities and 

inactivity, but they are not the neurogenic abnormality itself. For example, changes in 

mechanical properties, such as increased atrophy of type-II muscle fibres 9, structural 

changes in type-I fibres 3, decreased number of sarcomeres and muscle contracture10 all 

contribute to increased resistance to stretch. These changes confound the measurement of 

spasticity but should not be confused with spasticity.1  

The clinician needs to appreciate the inherent differences that exist between the scientific 

definitions of hypertonia (which includes neurogenic and non-neurogenic high muscle tone 

or resistance) and spasticity because these terms are not interchangeable.11 Many methods 

of ‘spasticity’ assessment are prone to this confusion and are actually methods of 

‘hypertonia’ assessment where resistance to passive movement is measured without 

distinction between the neurogenic and non-neurogenic components of the phenomenon.  

Instrumented measures cited as the gold standard include electromyography, the dynamic 

flexiometer, the spasticity measurement system, the pendulum test and isokinetic 

dynamometers.  Whilst all have published reliability and validity, they have limitations in 

clinical usefulness as they require specialised equipment and it may be difficult to get 

cooperation in children12-14.  

The need for a valid, reliable tool to measure spasticity is threefold: to be able to 

characterise it and further our understanding of the phenomenon; to direct and improve 

clinical interventions; and to group children for aetiologic and research purposes. 

In order to comply with Lance’s clear physiological definition of spasticity3, when assessing 

muscle tone, the clinician needs to use a technique that employs different speeds of 

passive movement since there may be a certain velocity of stretch above which the tonic 

stretch reflex is produced. Other authors have shown that detection of stretch responses 

using a rapid, passive movement agrees well with assessments of spasticity using 

instrumented measures, especially at the extremes of the scale.30  

Why measure spasticity? 

Historically, spasticity was thought to be the major determinant of disability.15More 

recently, the literature has concentrated on other components of the UMN syndrome and 

shown function to be more related to strength and stiffness than to spasticity per se.16, 17, 
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15This must not be misinterpreted to mean that spasticity is not a problem. The implication 

is that whilst reduction in spasticity may not directly lead to an improvement in function, its 

reduction may create the opportunity for other impairments such as muscle weakness or 

loss of selective control to respond to specific training.17  

The most frequently cited tool used to assess of spasticity is The Modified Ashworth Scale 

(MAS) 18 (855 citations as of November 2008 Web of Science database, 

www.isiwebofknowledge.com). The test procedure is a single-velocity, passive movement 

that is recorded using an ordinal scale. It is routinely used in paediatric spasticity 

management services around the world, despite its documented limitations and generally 

modest inter-rater reliability (inter-rater intraclass correlation coefficients (ICC) below 0.75 
11,19-24).  

The MAS is based on the original Ashworth Scale (AS) 25, a single-velocity, passive 

movement at a poorly defined velocity. Because the MAS fails to encompass Lance’s 

definition of spasticity3, it, like the AS before it, is unable to differentiate spasticity from 

other causes of resistance to passive movement.  

Recognition of the shortcomings of the AS is not new.  Bohannon and Smith18 attempted to 

increase the sensitivity of the original AS by adding an extra midrange level of classification 

(1+). Haas et al.26 suggested that this only reduced the inter-rater reliability. Bohannon and 

Smith18 defined the appropriate speed as ‘maximal possible flexion to maximum possible 

extension (should take place) over the duration of one second.18 We hypothesise that the 

cause of poor inter-rater reliability of the MAS is due to a combination of poorly described 

procedure, the presence of more than one criterion within each classification category of 

the scale, and the subjectivity of the terms ‘more’ and ‘slightly increased’, introducing the 

possibility of ambiguity. Ambiguities aside, the MAS does not comply with the definition of 

spasticity as it is a single-velocity test. 

The Tardieu Scale27, 28 is the only published clinical tool identified that fully complies with 

the concept and definition of spasticity. It examines muscle response and resistance to 

passive movement at varying velocities, one of which is rapid. It is not a new scale, but it 

was not until the 1990s that the scale was published in English, became known as the 

Tardieu Scale29 and became more widely available. The Tardieu Scale quantifies muscle 

tone by measuring the intensity of muscle reaction at three specified velocities (V), taking 

note of the quality of muscle reaction (X) and the angle where muscle reaction occurs (Y). 

Most clinicians use the labels R1 and R2 when recording the muscle reaction. R1 is defined 
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by the catch resulting from the overactive tonic stretch reflex during rapid passive 

movement16, and R2 by the muscle length at the end of slow passive movement. R1 and R2 

are recorded as joint angle.16The scale contains clear descriptions for the positioning of the 

patient, the velocities for testing, and the scoring. The Tardieu Scale demonstrated greater 

reliability than MAS.30 Despite the clarity of the procedure and the construct of the test 

complying with the concept of spasticity as defined by Lance3, the Tardieu Scale has been 

found by clinicians to be cumbersome and time-consuming in its full application, and 

unsuitable for clinical use, particularly in the paediatric setting. 

The Modified Tardieu Scale (MTS)16 is clinically more useful.  Despite the published test 

protocol describing it as a single, fast-velocity test31, in clinical practice most users perform 

two speeds together and call this the MTS:  that is to say, clinicians use the MTS (R1) as it is 

published, and choose to test it immediately alongside a measure of muscle length (slow 

passive movement or R2). Comparison of the two values of R1 and R2 enable the clinician 

to gauge the presence of resistance, any change in this related to velocity, and amount of 

spasticity at several speeds.  The Web of Science database, www.isiwebofknowledge.com 

reported fewer than 26 citations of the MTS as of November 2008, while the original 

Tardieu Scale had received eight citations.  This surprisingly low citation rate suggests that 

the tool has not been widely disseminated within the clinical community, at least not by 

those who publish their research. 

Why introduce another tool to assess spasticity? 

Clear, consistent descriptions of spasticity (identification, assessment, quantification and 

distribution) allow both accurate communication between clinicians, researchers and 

consumers, and appropriate selection of children for interventions and clinical research 

trials. Instrumented measures are, of course, more valid and precise30 but they have limited 

usefulness in the everyday paediatric clinical setting. The system of spasticity description 

should be complete and accurate so as to be a useful tool for practising clinicians, but 

sufficiently simple that it could be reliably collected by clinicians with varying degrees of 

clinical experience and background.  

 Currently, no identified clinical tool demonstrates simplicity, portability and acceptable 

levels of validity and reliability.  Although validity (complying with the definition of 

spasticity) and reliability are our criteria for an appropriate tool, another important goal is 

the ability to continue to utilise our existing data:  for example to assess change within our 
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patients or compare our observations with those of other clinical services and data 

collections.    

The Australian Spasticity Assessment Scale 

The Australian Spasticity Assessment Scale (ASAS) was first disseminated and trialled in 

2004 under the name of the Australian Spasticity Assessment (ASA).31  Following discussion 

at an international workshop to define and classify CP (Bethesda, MD, USA) in July 2004, 

and further Australia-wide clinical reliability studies and feedback, the criteria of the scale 

were refined to ensure they were tessellated in nature: that is, every muscle test can be 

assigned one, and only one, grade in the scale (Figure 1). The name of the tool was also 

changed to ASAS to avoid confusion among clinicians using the criteria of the scale 

circulated prior to 2008. 

The ASAS considers the core element of spasticity, which is the behaviour of the muscle 

under rapid passive movement when compared with the behaviour of the same muscle 

under slow passive movement. This tool borrows heavily from the AS, the MAS, The Tardieu 

Scale and the MTS; however, unlike these predecessors, it combines all the important 

clinical concepts that differentiate spasticity from the other symptoms of hypertonia and 

contracture. It has a prescribed test procedure (Figure 2), is quick and easy to perform, has 

an unambiguous scoring system, and demonstrates good inter-rater reliability.  

Justification of ASAS test procedure  

Slow passive movement 

Resistance to passive movement of a limb may be due to 1) physical inertia of the limb; 2) 

mechanical-elastic characteristics of the soft tissues; or 3) tonic stretch reflexes. If spasticity 

is present the tonic stretch reflex is activated (or increases if spasticity is always present) 

with increasing speed of passive movement. The resistance to slow passive movement must 

be examined in order to be able to identify the degree of resistance due to 1) and 2) and 

hence any heightened tonic stretch response that may occur at a more rapid speed.  

Rapid passive movement 

 The point of catch on rapid passive movement is thought to measure the clinical threshold 

of the tonic stretch reflex action of the muscle and to represent spasticity. Lance and 

McLeod34 identified that within any muscle exhibiting spasticity there is a certain velocity of 
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stretch, which is critical to produce the increased tonic stretch reflex. Incremental increase 

in velocity over multiple passive movement trials can identify this threshold speed; 

however a technique of multiple passive movements that incrementally increase in velocity 

was considered too lengthy for use in paediatric clinical practice. By choosing the speed of 

the rapid passive movements to be ‘as fast as possible’ we are certain to be above the 

threshold speed which elicits the heightened response (if present). The heightened 

response may be a sudden and rapid increase in resistance, experienced as a ‘catch’. The 

use of three repetitions of this ‘fast as possible’ rapid passive movement is justified by the 

need to ensure repeatability of the catch angle (that is to say, in approximately the same 

place in the arc of movement) so as to eliminate voluntary resistance. 

Order of testing 

Assessing R2 (slow) before assessing R1 (fast) aids in eliminating the non-neural 

components of hypertonia, thereby yielding a more accurate and repeatable R1 measure of 

spasticity.35  The non-neural components of inertial stiffness and thixotropy36  can be 

reversed or overcome by a large, slow passive movement.37,38 It is proposed that this occurs 

due to cross-bridge linking of actin and myosin filaments.36, 38   Furthermore, as ambulant 

and non-ambulant children with CP have different amounts of stretch placed on their 

muscles by spontaneous activity, one way to standardise for baseline measurement of 

spasticity is to take the muscle through its full passive excursion, that is, to take R2 

measures first. This ensures that the condition of the muscle prior to testing can be 

replicated on each subsequent occasion.11It is also clinically more responsible not to move a 

child’s limb through a rapid passive movement without first knowing the full range of 

available movement.  

An ordinal but not an interval scale 

The assignment of a number for each level of spasticity within the ASAS introduces an issue 

that is the source of statistical debate.  However, we believe this is justified to improve the 

ease of scoring in the clinical setting. This is appropriate provided the guidelines are clear 

that a score of ‘4’ represents more spasticity than a score of ‘3’, but does not represent 

twice the spasticity as a score of ‘2’. The ASAS scores are ordinal values only and should not 

be summed to obtain total scores. 

  



 

300 
 

Reliability of the ASAS 

In our early attempts to establish reliability we recruited two separate groups of raters:  17 

practising clinicians of varying levels of experience and 58 undergraduate physiotherapy 

students. The recruits were asked to observe videos of clinical examinations of two children 

with different subtypes of spastic CP, and use the ASAS to rate and record the degree of 

spasticity in each muscle/muscle group. Early on we identified that experienced clinicians 

found the similarity in format to the MAS to be reassuring, and for this reason we were 

interested to include novice clinicians without extensive experience with the MAS, to 

identify whether experience with the MAS affected reliability. Frequencies, deviations and 

standard deviations were calculated. Intra-class correlation coefficients between raters 

were measured overall and separately for the two groups. Intra-class correlation co-

efficient (ICC) was the selected statistical test, as despite ICCs not being the measure-of-

agreement of choice for an ordinal variable, previous authors had use ICC to assess IRR of 

the MAS and the MTS, and comparison of results was essential. ICC (95% CI) for 

undergraduates was 0.90 (0.8, 1), and for clinicians was 0.97 (0.93, 1).  The results of this 

study are promising for inter-rater reliability, as measured by ICC, exceeding that of the 

most commonly used spasticity scoring systems, namely the MAS and the MTS.  However 

they were scored from video recordings, which removes any variability arising from the 

clinical examination itself, and considered only two children.  

To test the generalisability of these results, further studies were conducted in the clinical 

setting rather than from video, and a wider range of subtypes of spastic CP, across all 

GMFCS levels (n=3 raters ; n=23 children; n=322 muscle groups) were considered. 

Of the 322 muscle groups tested a score was missing from one or more of the raters for 

eight muscles. Of the remaining 314 muscle groups, there was complete agreement in ASAS 

score between 3 observers for 238 (75.8%); only two observers agreed on the ASAS score 

for a further 70 (22.3%); however, disagreements tended to be by one category only.  Again 

ICC was calculated for comparison with the literature (ICC=0.876 [95%CI 0.858 - 0.893], 

although the statistic of interest is Kappa (Table 1). Kappa  at 0.7 demonstrates substantial 

agreement (Table 2).  

The kappa calculation assumes choice from four categories, whereas, in fact, ASAS has five 

categories; hence this calculation showing ‘substantial agreement’ is a slight 

underestimation. 
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Muscle Group 

Table 1. IRR, in which 3 raters score the ASAS of muscle groups (R and L) of 23 children with 

spastic CP. 

n  

scores used 

n  

observations 

n 

missing 

K se 

UL muscle groups 

Biceps 4 135 3 0.65901 0.061553 

Wrist flexors 4 138 0 0.71355 0.070718 

pronators 4 138 0 0.59639 0.056359 

All UL muscles 4 135 3 0.65515 0.034129 

LL Muscle groups 

Adductors  4 136 2 0.64026 0.052240 

Hamstrings 4 137 1 0.70153 0.063197 

Gastrocs 5 137 1 0.60039 0.056139 

Tib Post 5 137 1 0.71553     0.071088 

All LL muscles 5 547 5 0.70128     0.026745 

ALL 5 958 8 0.70743 0.021139 

 

Table 2 Interpretation of Kappa (Landis & Koch, 1977)   

 κ Interpretation 

< 0 No agreement 

0.0–0.20 Slight agreement 

0.21–0.40 Fair agreement 

0.4–0.60 Moderate agreement 

0.6–0.80 Substantial agreement 

0.81–1.00 Almost perfect agreement 
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Conclusion 

The ASAS has face validity because it compares the muscle response to slow passive 

movement with the muscle response to rapid passive movement and hence complies with 

Lance’s definition of spasticity.3 The ASAS examination, repeated for each muscle group, 

provides all the information required to record the relative severity of spasticity between 

muscles or muscles groups, as well as over time. It requires neither specialised equipment nor 

unusual or lengthy examination techniques.   

The scoring criteria [Figure 2] are mutually exclusive for each muscle or muscle group – though 

different muscle groups within each limb may meet the criteria for different grades. The 

appropriate criterion can therefore be selected for each muscle/ muscle group on the basis of 

routine clinical examination.  

The ASAS is a tool designed to define and quantify spasticity without the use of jargon or 

confusing terminology. It quantifies the clinical description of spasticity with reliability, by 

using an ordinal scale of unambiguous criteria, which require no interpretation because it asks 

clinicians for their primary observations concerning tonal abnormality in each muscle group or 

muscle group. This feature, of recording primary observations rather than interpretations, 

should improve inter-rater agreement of the description of spasticity in the child with CP.  Our 

raters have demonstrated substantial inter-rater agreement, reaching an overall ICC value of 

0.88 (95% 0.86-0.89) and kappa 0.7, exceeding that in any other published report of reliability 

of an uninstrumented spasticity assessment tool.  

  



 

303 
 

Test Procedure 

Starting position: Child lies supine, at rest, attempting to relax, with head in midline, with 

minimal environmental stimulation. 

Procedure for each muscle or muscle group: 

Starting position: The muscle/muscle group to be tested is passively held in its shortest 

anatomical position (NB when testing bi-articular muscles the position of the joint above or 

below is critical. For information on the position of the joint above and below that being 

passively moved refer to Norkin and White32). 

Step one: The muscle/muscle group is moved passively through its full excursion from its 

shortest anatomical position. The speed is very slow. The muscle length is measured by the 

available end range of the joint and is recorded in degrees of movement as R2. 

Step two: The muscle/muscle group to be tested is passively returned to its shortest 

anatomical position and followed by three rapid passive movements in the same direction as 

Step one. The speed is faster than the speed of the limb falling under the effect of gravity 

(which clinically translates to ‘as fast as the examiner can move the limb, without exerting 

force’. The movement, whilst rapid, must be gentle to ensure any velocity-dependent catch 

can be determined). If a true velocity-dependent catch is present it will be relatively consistent 

in its location within the range in all three passive muscle excursions. The point of catch on 

rapid passive movement is measured in degrees and recorded as R1. 

Step three: A fourth rapid passive movement, from the same starting position, same direction 

and same velocity, is undertaken that not only identifies the point of catch in the arc of 

motion, but uses enough force (more than the previous three excursions) to move the 

muscle/muscle group through the catch to end range. The examiner determines the presence 

of resistance to the rapid passive movement after the point of catch (between catch and end 

range). 

Step four: The muscle/muscle group can now be graded using the ASAS criteria. Scores must 

not be summed. The numerical value does no more than distinguish between ordinal levels.  

Whilst a score of ‘3’ indicates more spasticity than a sore of ‘2’, a score of ‘4’ is not indicative 

of twice the spasticity of a score of ‘2’. 

In summary: Test Action is one slow passive movement in the opposite direction to the main 

action of muscle/muscle group to be tested, immediately followed by three rapid passive 

movements in the same direction, stopping at any velocity-dependent catch; followed by one 

more ( 4th) rapid passive movement in the same direction, pushing past the catch to determine 

the presence of resistance. 

Figure 1 
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Australian Spasticity Assessment Scale 

Love SC, Gibson N, Watson L, Blair E 

 

 0  No catch on rapid passive movement (RPM) [i.e. no spasticity] 

 

1 Catch occurs on RPM followed by release. There is no resistance to RPM throughout 

rest of range 

 

2 Catch occurs in second half of available range (after halfway point) during RPM and is 

followed by resistance throughout remaining range 

 

3 Catch occurs in first half of available range (up to and including halfway point) during 

RPM and is followed by resistance throughout the remaining range 

 

4 When attempting RPM, the body part appears fixed but moves on slow passive 

movement 

 

(Contracture is recorded separately) 

Figure 2. 
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APPENDIX E: American Academy of Neurology Levels of Evidence 
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AAN Classification of Evidence for Therapeutic Intervention 
 
 
Class I: Randomized, controlled clinical trial with masked or objective outcome assessment, in 

a representative population. Relevant baseline characteristics are presented and substantially 

equivalent among treatment groups or there is appropriate statistical adjustment for 

differences. The following are required: (a) concealed allocation; (b) primary outcome(s) 

clearly defined; (c) exclusion/inclusion criteria clearly defined; and (d) adequate accounting for 

drop-outs (with at least 80% of enrolled subjects completing the study) and cross-overs with 

numbers sufficiently low to have minimal potential for bias.  

Class II: Prospective matched group cohort study in a representative population with masked 

outcome assessment that meets b-d above OR a RCT in a representative population that lacks 

one criteria a-d.  

Class III: All other controlled trials (including well-defined natural history controls or patients 

serving as own controls) in a representative population, where outcome is independently 

assessed, or independently derived by objective outcome measurement. 

*Class IV: Studies not meeting Class I, II, or III criteria, including consensus, expert opinion, or a 

case report. 

 

*Objective outcome measurement: An outcome measure that is unlikely to be affected by an 

observer’s (patient, treating physician, investigator) expectation or bias (e.g., blood tests, 

administrative outcome data). 

 

Classification of Recommendations 

A = Established as effective, ineffective, or harmful (or established as useful/predictive or not 

useful/predictive) for the given condition in the specified population. (Level A rating requires 

at least two consistent Class I studies.**)  

B = Probably effective, ineffective, or harmful (or probably useful/predictive or not 

useful/predictive) for the given condition in the specified population. (Level B rating requires 

at least one Class I study or two consistent Class II studies.)  

C = Possibly effective, ineffective, or harmful (or possibly useful/predictive or not 

useful/predictive) for the given condition in the specified population. (Level C rating requires at 

least one Class II study or two consistent Class III studies.)  
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U = Data inadequate or conflicting; given current knowledge, treatment (test, predictor) is 

unproven. (Studies not meeting criteria for Class I–III). 

 

**In exceptional cases, one convincing Class I study may suffice for an “A” recommendation if 

(1) all criteria are met and/or (2) the magnitude of effect is large (relative rate improved 

outcome > 5 and the lower limit of the confidence interval is > 2). 

 

 

Getchius, T. S. D., Moses, L. K., French, J., Gronseth, G. S., England, J. D., & Miyasaki, J. (2010). 

AAN guidelines. Neurology, 75(13), 1126-1127. doi: 10.1212/WNL.0b013e3181f4d883
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APPENDIX F: Inter-Subject Kinematic Variable Results and Correlations with 

Melbourne Assessment and Highest ASAS Score 
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Inter subject mean and standard deviation of kinematic variables and the variability (mean 

of within individual SD) for all observations (N=15) 

Variable Acronym Mean Std Dev 

Mean Movement Time mMT 1.20 0.21 

Variability in Movement Time vMT 0.19 0.08 

Mean Directness Index mDI 1.31 0.23 

Variability in Directness Index vDI 0.09 0.09 

Mean percentage of distance in 

primary movement 

m%dist1° 75.35 11.98 

Variability in percentage of 

distance in primary movement 

v%dist1° 12.30 7.94 

Mean percentage of time in 

primary movement 

m%time1° 56.87 11.91 

Variability in percentage of 

time in primary movement 

v%time1° 12.65 4.78 

Mean Normalised jerk mNJ 30.63 14.5 

Variability in Normalised jerk vNJ 14.97 7.79 

Mean percent of jerk in primary 

movement 

m%jerk1° 50.53 16.49 

Variability in percentage of jerk 

in primary movement 

v%jerk1° 18.16 7.49 

Mean Peak velocity mPV 736.78 256.05 

Variability in Peak velocity vPV 123.08 69.69 
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Correlation with Melbourne Assessment and Highest ASAS score 

Significant correlations are in bold. 

 

 

Pearson 
Correlation 
with  
Melbourne 
Score 
 p value 

Spearman 
Correlation 
with  
Highest 
ASAS 

p value 
Mean Movement Time mMT -0.161 0.13 0.14 0.17 

Variability in 

Movement Time 

vMT 

-.0251 0.01 0.12 0.26 

Mean Directness Index mDI -0.426 <0.0001* -0.07 0.49 

Variability in 

Directness Index 

vDI 

-0.491 <0.0001 -0.18 0.09 

Mean percentage of 

distance in primary 

movement 

m%dist1° 

0.294 0.004 0.06 0.58 

Variability in 

percentage of distance 

in primary movement 

v%dist1° 

-0.057 0.59 -0.06 0.55 

Mean percentage of 

time in primary 

movement 

m%time1° 

0.187 0.08 -0.01 0.92 

Variability in 

percentage of time in 

primary movement 

v%time1° 

0.101 0.34 -0.07 0.50 

Mean Normalised jerk mNJ -0.307 0.003 0.03 0.76 

Variability in 

Normalised jerk 

vNJ 

-0.257 0.01 0.01 0.91 

Mean percent of jerk in 

primary movement 

m%jerk1° 

0.08 0.45 0.001 1.00 

Variability in 

percentage of jerk in 

primary movement 

v%jerk1° 

0.062 0.56 -0.06 0.57 

Mean Peak velocity mPV -0.057 0.63 -0.061 0.56 

Variability in Peak 

velocity 

vPV 

-0.289 0.006 0.068 0.51 
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APPENDIX G: Matched Triad Results (Graphed) 
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  Clinical Assessments and   TMS Results for Matched Triad 1  
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Movement Analysis Results for Matched Triad 1 
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Clinical Assessments and   TMS Results for Matched Triad 2 
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Movement Analysis Results for Matched Triad 2  
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Clinical Assessment and TMS Results for Matched Triad 3  

 

 

Unable to obtain map affected limb for participant in Control and Resistance plus BoNTA group.  
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 Movement Analysis Results for Matched Triad 3  
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 Clinical Assessment and TMS Results for Matched Triad 4 

  

 

TMS faulty at 1 month follow up for control participant collection 
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Movement Analysis Results for Matched Triad 4  

   

   



 

326 
 

 Clinical Assessment and TMS Results for Matched Triad 5 

  

Unable to obtain map for affected limb for participant in Resistance + BoNTA group.  
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Movement Analysis  Results for Matched Triad 5  
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Clinical Assessment and TMS Results for Matched Triad 6 

  

 

Unable to map for affected limb of Control and resistance +BoNTA participants 
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Movement Analysis Results for Matched Triad 6  
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Clinical Assessment and TMS Results for Matched Triad 7   

 

Movement Analysis and TMS Results for Matched Triad 7  Both ipsilateral and contralateral pathway is evident post intervention for the BoNTA+ resistance participant represented by BoNTA+reistance_2 on the graphs with 
large circle.  
No affected or unaffected limb pathway is able to be mapped for the control participant at any repeated measure time point even at 80% threshold with facilitation. 
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Movement Analysis and TMS Results for Matched Triad 7  
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Clinical Assessment and TMS Results for Matched Triad 8 

 

BoNTA+ resistance participant mother ill and unable to attend 6 month follow up.   
No affected pathway is able to be mapped for the resistance plus BoNTA participant at 1 month follow up time point even at 80% threshold with facilitation. 
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Movement Analysis and TMS Results for Matched Triad 8  
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APPENDIX H: Examples of Activity and Performance Goal Attainment Scales
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Example 1 

 
Goal 1: To be able to skip rope 
-2 Unable to swing rope over head 
-1 Able to swing rope over head and jump – jumps disjointed/uncoordinated 
0 Able to jump rope smoothly up to 3 jumps 
+1 Able to jump rope smoothly up to 3 – 10 jumps 
+2 Able to jump rope smoothly greater than 10 jumps 
 
Goal 2:  Able to complete entire length of monkey bars 
-2 Able to complete 3 bars – one together 
-1 Able to complete ½ length of bars – one together. 
0 Able to complete entire length of bars – one together 
+1 Able to swing through bar to bar – ½ length. 
+2 Able to swing through bar to bar entire length. 
 
Goal 3: To be able to do up jean/jacket zips of all stiffness/tightness 
-2 Able to put zip in place but not initiate pull of zip 
-1 Able to put zip in place and pull zip up if only requires 25% of strength 
0 Able to put zip in place and pull zip up if only requires 50% of strength to 

complete 
+1 Able to put zip in place and pull zip up if only requires 75% of strength to 

complete 
+2 Able to put zip in place and pull zip of even very tight zippers 
 
Goal 4: To be able to cut meat 
-2 Able to cut up soft veges and bread, (L) hand fork, (R) hand knife 
-1 Able to cut up sausages, (L) hand fork, (R) hand knife 
0 Able to cut up soft tender steak, (L) hand fork, (R) hand knife 
+1 Able to cut up tough steak, (L) hand fork, (R) hand knife 
+2 Able to carve a roast 
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Example 2 
 
Goal 1: To be able to do up small tight buttons 
-2 Able to do up large  buttons 
-1 Able to do up small , buttons, loose button hole 
0 Attempts to do up tight, small buttons by holding with (R) and feeding 

through with (L) but successful only 10% of the time 
+1 Attempts to do up tight, small buttons by holding with (R) and feeding 

through with (L) but successful up to 30% of the time 
+2 Attempts to do up tight, small buttons by holding with (R) and feeding 

through with (L) but successful up to 50% of the time 
 
Goal 2: To be able to rule a straight line  
-2 Able to rule a line 20% of the time without ruler slipping 
-1 Able to rule a line 20%-50% of the time without ruler slipping 
0 Able to rule a line 50%-75% of the time without ruler slipping 
+1 Able to rule a line 75-90% of the time without ruler slipping 
+2 Able to rule a line all of the time without ruler slipping 
 
Goal 3: To be able to get shoes and socks on 
-2 Able to get socks on <10% of the time 
-1 Able to get socks on 10%- 25% of the time 
0 Able to get socks on 25%-50% of the time 
+1 Able to get socks on 50%- 75% of the time 
+2 Able to get socks on all the time 
 
Goal 4: To be able to use a knife and fork appropriately at meal times 
-2 Only uses a fork in his (R) hand or fingers to eat meals 
-1 Will hold a fork in his (R)  hand and use a knife in (R) hand to scoop food onto 

fork  with prompting 75-100% of the time 
0 Will hold a fork in his (R)  hand and use a knife in (R) hand to scoop food onto 

fork  with prompting 50-75% of the time 
+1 Will hold a fork in his (R)  hand and use a knife in (R) hand to scoop food onto 

fork  with prompting 25-50% of the time 
+2 Will hold a fork in his (R)  hand and use a knife in (R) hand to scoop food onto 

fork  with prompting 25-50% of the time 
 
Goal 5: To be able to open a freddo frog 
-2 Attempts to open, successful 10% of the time 
-1 Attempts to open, successful 10%-25% of the time 
0 Attempts to open, successful 25%- 50% of the time 
+1 Attempts to open, successful 50%-75% of the time 
+2 Attempts to open, successful 75%-100% of the time 
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Example 3 
 
Goal 1: To be able to use a knife and fork appropriately at meal times 
-2 Only uses a fork in his (L) hand or fingers to eat meals 

 
-1 Will hold a fork in his (L)  hand and use a knife in (R) hand to scoop food onto 

fork  with prompting 75-100% of the time 
0 Will hold a fork in his (L)  hand and use a knife in (R) hand to scoop food onto 

fork  with prompting 50-75% of the time 
+1 Will hold a fork in his (L)  hand and use a knife in (R) hand to scoop food onto 

fork  with prompting 25-50% of the time 
+2 Will hold a fork in his (L)  hand and use a knife in (R) hand to scoop food onto 

fork  with prompting 25-50% of the time 
 
Goal 2: To be able to tie shoe laces independently 
-2 Kyle is able to tie a knot in his shoe laces, without  verbal prompts  
-1 Kyle is able to tie his shoe laces, with physical assistance for 75-100% of the 

task 
0 Kyle is able to tie his shoe laces, with physical assistance for 50-75% of the 

task 
+1 Kyle is able to tie his shoelaces with physical assistance for less than 50% of 

the task 
+2 Kyle can tie his shoe laces 
 
Goal 3:  For Kyle to be able to take an overhead mark with two hands 
-2 Kyle is able to mark a foot ball on his chest (100% 0f the time) 
-1 Kyle actively extends (L) upper limb above his head to attempt to mark 

overhead 
0 Kyle actively extends both  upper limbs above his head to attempt to mark 

overhead but marks on his chest 75-100% % of the time. 
+1 Kyle actively extends both  upper limbs above his head to attempt to mark 

overhead but marks on his chest 50-75% of the time 
+2 Kyle actively extends both  upper limbs above his head to attempt to mark 

overhead but marks on his chest less than 505 0f the time. 
 
Goal 4:  For Kyle to be able to hold a cup with his (R) hand and pour a drink with his (L) without spilling it. 
-2 Unable to hold a cup with the (R) and pur drink, Mum does it 100% of the 

time 
-1 Able to hold a cup with the (R) hand and pour a drink from a ¼ filled 2 Litre 

container, spilling less than 50% of the time 
0 Able to hold a cup with the (R) hand and pour a drink from a ¼ filled 2 Litre 

container, rarely spilling 
+1 Able to hold a cup with the (R) hand and pour a drink from a ½  filled 2 Litre 

container, spilling less than 50% of the time 
+2 Able to hold a cup with the (R) hand and pour a drink from a ½  filled 2 Litre 

container, rarely spilling. 
 
 


