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Abstract 

Aim 

The aim of this thesis is to expand the evidence base for the long-term outcomes of children and 

adolescents with Cerebral Palsy (CP) treated with Botulinum toxin type A (BoNTA). 

Methods and Results 

Two questions are addressed in this thesis:  

1. What is the stability of motor function in children with CP treated with repeat doses of 

intramuscular BoNTA within a comprehensive clinical service? 

2. What is the muscle morphology of children treated with repeat doses of intramuscular 

BoNTA? 

 

The first question is addressed by a retrospective audit of an evidence-based clinical service in 

Perth, Western Australia (WA) of a birth cohort (2000–2009) attending a tertiary level service for 

children with CP in WA. This audit is the first to provide detailed documentation of the 

relationship between the timing of BoNTA and surgical interventions provided to children and 

adolescents across both age span and Gross Motor Functional Classification System (GMFCS) 

levels. The cohort comprises 771 patients aged 8 to 17 years. Results indicate that WA has a 

comprehensive, accurate and reliable long-term clinical database that tracks its target population 

of children and confirms the stability of the GMFCS in the majority of this highly treated 

population. A more detailed analysis was done on a subgroup of ambulant children in this cohort 

and a positive change in GMFCS level in a percentage of treated patients over time was shown 

confirming that treatment received by a subgroup of children with CP can establish a permanent 

change in GMFCS. Medical intervention management algorithms for children with CP at each 

GMFCS level were developed as guidelines for clinicians and consumers to discuss treatment 

options for their children in an Australian setting. 

The second question was addressed by a single-blind prospective cross-sectional study of 10 

participants (mean age 11 years 7 months) to determine the relationship between muscle 

histopathology and BoNTA in treated medial gastrocnemius muscles of children with CP. Open 

muscle biopsies were taken from the medial gastrocnemius muscle and vastus lateralis (control) 
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during orthopaedic surgery. Our results showed neurogenic atrophy in the medial gastrocnemius 

in six participants between four months and three years post BoNTA. Type 1 fibre loss with type 2 

fibre predominance was also seen and was significantly related to the number of BoNTA injections 

(r = 0.89, P < 0.001). We noted normal muscle histomorphology from the vastus lateralis biopsies 

in our ambulant children with CP in this study and went on to confirm that only five of these 10 

normal results fulfilled the conditions of the Brooke and Engel (BE) standard value criteria.  

Conclusion 

BoNTA is an effective evidence-based treatment for the management of hypertonia in children 

with CP. The decision to use BoNTA is guided by the model of goal-based decision making within 

the International Classification of Functioning, Disability and Health (ICF) model and with input 

from a multidisciplinary team, parent(s) and, where appropriate, the child. Independent feedback 

on the outcome of treatment with BoNTA by community providers is important before repeat 

dosing proceeds. The long-term use of BoNTA is associated with gross motor stability when used 

within evidence-based guidelines and in a model of goal-based decision making by a 

multidisciplinary team. It is important to consider rotating muscle selection or injection sites 

within the muscle or allowing longer times between injections to ensure maximal muscle recovery 

from the neurogenic atrophy effects of BoNTA on the muscle. It also important to ensure muscle 

strength is maximised post BoNTA use. It remains important to continue research into the long-

term effects of BoNTA on growing muscle.  
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Preface 

The responsibility of clinicians working in the area of Cerebral Palsy (CP) is to implement best 

practice treatments and also to conduct research that will improve the functional abilities and 

achieve the maximum potential of the children and youth. Of great importance is that this is done 

in partnership with consumers and in the context of a lifelong condition. 

Botulinum toxin is a medical intervention to improve the functional motor outcome for children 

with CP. I was fortunate to begin working in the area of paediatric rehabilitation in the mid-1990s 

and it was at this time that the first clinical outcomes of the use of Botulinum toxin type A (BoNTA) 

to reduce spasticity and improve motor function in children with CP were being published.(1) 

Proactive parents were aware of the potential benefits of BoNTA to improve motor function for 

their children and had engaged our adult neurology colleagues, who were already using BoNTA, to 

treat their children. I was fortunate to work with my adult colleagues and the team at Perth 

Children’s Hospital (PCH), formerly Princess Margaret Hospital for Children, and become a lead 

clinician in establishing the use of BoNTA in children with CP in WA in 1995. Currently I am head of 

department of Kids Rehab, the state-wide paediatric rehabilitation service at the sole tertiary 

children’s hospital for Western Australia, PCH. 

With the benefits of BoNTA to improve short-term functional outcomes for children becoming 

evidence based and further treatment options for spasticity management (selective dorsal root 

rhizotomy, intrathecal baclofen, etc.) evolving into standard care, in 2003 PCH established, with 

new recurrent government funding, a comprehensive evidence-based clinical service with an 

integrated research program for children with CP. To further develop a partnership with our 

consumers, the Kids Rehab Steering Group was established in 2015 comprising consumers, 

community members, clinicians and researchers in our department.  

As a clinical research team, we have been involved in early studies of documenting the positive 

short-term functional impact of BoNTA for children with CP.(2, 3) In the early 2000s the scientific 

literature was raising concerns regarding the long-term impact of BoNTA on growing muscles.(4, 5) 

With these new concerns on growing muscles, we directed our research attention to the short-

term impact of BoNTA on muscle growth in children.(6-14) As Kids Rehab have a population of 

children with CP treated over the long term in an evidence-based clinical program and have 

comprehensive data on treatment, it has become increasingly clear that Kids Rehab has a 

responsibility to investigate the long-term motor outcomes of this treated population and 
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contribute to the knowledge base on the long-term outcomes of BoNTA use in children with CP. It 

is a privilege to have the opportunity to complete a PhD in the area of the long-term outcome of 

use of BoNTA in children with CP.  
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Chapter 1: Introduction 

Cerebral Palsy (CP) describes a ‘group of permanent disorders of the development of movement 

and posture that are attributed to non-progressive disturbances occurring in the developing fetal 

or infant brain’.(15) CP is the most common cause of motor disorder in childhood(16) with an 

Australian prevalence of 2.1 per 1,000 live births.(17) 

The goal of interventions in children with CP is to maximise function while providing significant 

and long-lasting results. However the evidence base for all interventions in children and 

adolescents with CP is limited, and of those interventions that are proven effective, the majority 

only have evidence for short-term gains.(18) The need to provide evidence of longer-term 

outcomes of interventions for children with CP was identified as a high priority in a Delphi survey 

in Australia in 2010 of consumers, researchers and clinicians working in the area of CP(19) and 

recently by the Cerebral Palsy Research network.(20)  

Motor development is a primary concern of parents(21) and interventions including orthopaedic 

surgery and Botulinum toxin type A (BoNTA) are designed to improve motor function and prevent 

secondary impairments. BoNTA is standard care for the management of hypertonia in children 

with CP(16, 22) and is graded an effective evidence-based treatment, as identified by Novak et al.(18) 

Evidence of its benefits in managing dynamic deformity in children with CP was first documented 

in 1993.(1) BoNTA has a high safety profile and is well tolerated in children.(23-25) The short-term 

outcomes are well documented.(2, 26-33) In 2010, Molenaers et al concluded that when injected 

according to an integrated approach and started at a young age, BoNTA has the potential to 

improve overall function of children with CP.(34) However, there is little evidence on the outcome 

of repeated injections over time(35-37) and recent publications have raised concerns regarding the 

long-term effect of BoNTA on muscle size and morphology in children with CP.(4, 5)  

1.1 The Problem 

Although BoNTA has a high safety profile and is well tolerated in children, animal studies have 

indicated altered muscle structure and reduced muscle volume in BoNTA-treated muscle. 

Compared with typically developing (TD) children, children with spastic CP are known to have a 

reduction in muscle volume and muscle biopsy studies of individuals with spastic CP show a range 

of non-specific morphological abnormalities. The functional consequences of decreased muscle 

size and altered muscle morphology are diminished capacity to generate muscle force and 
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diminished maximum velocity of muscle contraction, which impact negatively on the motor 

function of the child. Repeat doses of BoNTA to the growing muscle of children with CP is now 

standard care but in view of the above concerns there is a need to provide evidence of the longer-

term outcomes of BoNTA on the motor function and muscle volume and morphology in children 

with CP. 

1.2 Significance and Purpose of the Thesis 

The aim of this thesis is to expand the evidence base for the long-term outcomes of children and 

adolescents with CP treated with BoNTA. 

The essential research questions to be addressed are:  

1. What is the stability of motor function in children with CP treated with repeat doses of 

intramuscular BoNTA within a comprehensive clinical service? 

2. What is the muscle morphology of children treated with repeat doses of intramuscular 

BoNTA? 

1.3 Synopsis of the Thesis 

A synopsis of the thesis is outlined in the concept map (Figure 1). This thesis is presented as a 

series of papers. A literature review will provide an overview of the topic (Chapter 2) followed by 

four papers (Papers 1 to 4) and a research chapter (Chapters 3 to 7). Chapter 8 brings together the 

results from all the studies and provides recommendations for clinicians and directions for further 

research. Papers 1 and 2 and Chapter 7 address research question one and Paper 3 addresses 

research question two. Paper 4 highlights the need for contemporary age-specific normative data 

from a larger number of biopsies from TD children.  
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Figure 1. Concept map of the thesis structure, main aims and conclusions. 

Chapter 1 

Introduction: Outline of the problem and research 

questions. Aims and hypothesis and significance of 

the thesis. 

There is a need to investigate the long-term use 

of BoNTA in children with CP. 

  

Chapter 2 

Review of the literature. CP classification and comorbidities. Population 

and clinical registers for CP. Hypertonia 

definitions and classification. Mechanism of 

action of BoNTA. Impact of BoNTA on muscle 

growth and volume, and muscle morphology and 

structure. 

  

Chapter 3 (Paper 1) 

Aim: To increase understanding of the long-term 

outcomes of evidence-based medical and surgical 

interventions to improve gross motor function in 

children and youth with CP. 

Conclusion: Stability of the GMFCS in the 

majority of this highly treated population is 

confirmed. 

  

Chapter 4 (Paper 2) 

Aim: To determine the motor stability of children 

GMFCS level II following long-term treatment with 

BoNTA. 

Conclusion: Children treated at a young age with 

repeated doses of BoNTA, within an integrated 

comprehensive service, maintain their functional 

motor gains at a later age. 

  

Chapter 5 (Paper 3) 

Aim: To determine the relationship between muscle 

histopathology and BoNTA in BoNTA-treated medial 

gastrocnemius. 

Conclusion: Long-term change confirmed in 

muscles with repeat treatments. 

  

Chapter 6 (Paper 4) 

Aim: To compare our normal biopsy results against 

BE standard value criteria. 

Conclusion: There is a need for contemporary 

age-specific normative data from a larger 

number of biopsies, including TD children. 

  

Chapter 7 

Establishment of Musculoskeletal algorithm via 

GMFCS level for our clinical service. 

Management algorithms assist in decision 

making for consumers, clinicians and funders. 

  

Chapter 8 

Synthesis of the results. 
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1.4 Summary of Research Methods 

Table 1. Summary of research methods for Papers 1 to 4 and Chapter 7. 

Aspect Chapter 3 (Paper 1) Chapter 4 (Paper 2 ) Chapter 5 (Paper 3) Chapter 6 (Paper 4 ) Chapter 7 

Summary Audit of a clinical population 

to contribute to the 

knowledge base on the long-

term outcomes of evidence-

based medical treatments of 

Botulinum toxin and 

orthopaedic surgery in 

children and adolescents with 

CP.  

 

Gross motor function 

profiles of children with CP 

whose first recorded GMFCS 

level was level II with their 

predicted average GMFM-66 

score on the Ontario Motor 

Growth Curves for their 

current GMFCS level. 

 

Relationship between muscle 

histopathology and BoNTA in 

treated medial gastrocnemius 

muscles of children with CP.  

 

Currently, our knowledge of 

standard data for muscle 

morphology in children is 

largely limited to the 1969 

paper of Brooke and Engel 

(BE). In Paper 3 we reported 

normal muscle morphology 

from vastus lateralis biopsies 

in ambulant children with CP. 

This report compares our 

normal biopsy results against 

BE standard value criteria. 

Algorithms of 

musculoskeletal 

management by GMFCS 

level. The development 

of these medical 

intervention 

management algorithms 

provides guidelines for 

clinicians consumers and 

funders to discuss 

treatment options for 

children in an Australian 

setting.  

Study design Retrospective audit.  Prospective cohort study.  Single-blind prospective cross-

sectional study. 

Single-blind prospective cross-

sectional study. 

Development of 

algorithms for 

musculoskeletal 

management of the 

lower limbs in children 

with CP.  

Sample 771 children with CP; birth 

cohort 2000–2009. 

28 children with CP; birth 

cohort 2000–2009 whose 

first recorded GMFCS level 

was level II. 

10 children with CP; GMFCS 

levels I–III. Open muscle 

biopsies of medial 

gastrocnemius and vastus 

muscle. 

Same as Paper 3.  769 children with CP; 

birth cohort 2000–2009. 
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Aspect Chapter 3 (Paper 1) Chapter 4 (Paper 2 ) Chapter 5 (Paper 3) Chapter 6 (Paper 4 ) Chapter 7 

Data analysis Descriptive statistics including 

frequencies and percentages 

medians, interquartile ranges 

and Odds ratios and their 

corresponding 95% 

confidence intervals were 

produced using logistic 

regression. 

Descriptive statistics 

including chi square test. 

Analysis using linear 

regression and Pearson’s 

correlation coefficients. 

Descriptive statistics including 

Spearman Rank correlation test 

and Mann-Whitney U tests.  

Descriptive statistics including 

Mann–Whitney U-tests and 

Pearson rank correlation.  

Person years were used 

as the denominator .The 

number of BoNTA and 

orthopaedic surgery 

episodes was calculated 

for each age year, 

forming the numerators 

for BoNTA and surgery in 

each year. 

Publication 

status 

Accepted for publication, 

Disability and Rehabilitation, 

July 2019. 

Published, BMC Pediatrics, 

2020. 

Published, Muscle & Nerve, 

2015.  

Published, Muscle & Nerve, 

2019.  

Chapter in doctoral 

thesis. 

Relevant 

abstracts 

Presented at NHMRC CRE hot 

topics in CP Muscle Nov 2018 

Queensland.  

Submitted July 2019 for PhD 

platform and paper at 

AusACPDM 2020. 

Will be presented as part of 

a workshop accepted at 

AACPDM Sept 2019, Los 

Angeles.  

Submitted July 2019 for PhD 

platform and paper at 

AusACPDM 2020. 

Preliminary data presented at 

AACPDM 2013, Illinois. Will be 

presented as part of a workshop 

accepted at AACPDM Sept 2019, 

Los Angeles.  

Submitted July 2019 for PhD 

platform at AusACPDM 2020. 

Submitted July 2019 for PhD 

platform.  

Will be presented as part 

of a workshop accepted 

at AACPDM Sept 2019, 

Los Angeles 

Submitted July 2019 for 

PhD platform and paper 

at AusACPDM 2020.  
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1.5 Aims and Hypotheses 

1.5.1 Botulinum Toxin and Surgical Intervention for Children and Adolescents with Cerebral 

Palsy: Who, When and Why Do We Treat? 

In Paper 1, we audit a clinical population to contribute to the knowledge base on the long-term 

outcomes of evidence-based interventions in children and adolescents with CP.  

Aims:  

 To determine if the Cerebral Palsy Mobility Service (CPMS) is a state-wide service. 

 To document the medical and surgical interventions by age and Gross Motor Functional 

Classification System (GMFCS) level. 

 To determine the GMFCS stability of our treated population. 

Hypotheses:  

 The CPMS will treat > 75% of the state-wide population of children and adolescents with 

CP. 

 This audit will show stability of the GMFCS in this highly treated population.  

1.5.2 A Prospective Study Investigating Gross Motor Function of Children with Cerebral Palsy 

and GMFCS Level II after Long-term Botulinum Toxin Type A Use 

In Paper 2, a prospective cohort study, we compare the observed gross motor function profiles of 

children with CP whose first recorded Gross Motor Function Classification System (GMFCS) level 

was level II and who are currently aged between 8 and 16 years and enrolled in the CPMS, with 

their predicted average 66 item Gross Motor Function Measure (GMFM-66) score on the Ontario 

Motor Growth Curves for their current GMFCS level. We will also measure the pain and 

participation levels of these children. 

Aim:  

 To contribute to the knowledge base on the long-term outcomes of evidence-based 

medical interventions used to improve motor function in children and adolescents with CP.  
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Research questions: 

 The primary research question is: ‘Do children treated at a young age with repeated doses 

of BoNTA within an integrated comprehensive service, maintain their functional motor 

gains at a later age?’  

 The secondary research question is: ‘What are the comorbidities, pain and participation 

profiles of these children?’ 

 

1.5.3 Muscle Histopathology in Children with Spastic Cerebral Palsy Receiving Botulinum Toxin 

Type A 

In Paper 3, a single-blind prospective cross-sectional study, we determine the relationship 

between muscle histopathology and BoNTA in treated medial gastrocnemius muscles of children 

with CP. Open muscle biopsies were taken from the medial gastrocnemius muscle and vastus 

lateralis (control) during orthopaedic surgery.  

Aim:  

 To determine the relationship between muscle histopathology and BoNTA in the BoNTA-

treated medial gastrocnemius.  

Hypothesis: 

 There will be evidence of neurogenic atrophy associated with BoNTA use and other 

morphological changes associated with spasticity. 

 

1.5.4 Normative Data of Muscle Fiber Diameter of Vastus Lateralis During Childhood: A Field 

Test 

In Paper 3 we published results reporting normal muscle histomorphology from vastus lateralis 

biopsies in ambulant children with CP. In Paper 4, we address the two questions that arose from 

Paper 3.  
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Aims:  

 To determine if these results fulfil the conditions of Brooke and Engel (BE) standard value 

criteria.  

 To determine if these results should be added to the standard values for average fibre 

diameters in children, thereby contributing to the expansion of the original standard 

values. 

Hypothesis:  

 Muscle biopsy results will fulfil the Brooke and Engel criteria.  

These results should be added to the standard values for average fibre diameter in children.  

1.5.5 Algorithm of Musculoskeletal Management in the Lower Limb of Children with Cerebral 

Palsy by GMFCS Level 

In this chapter, data from Paper 1 is utilised to develop intervention musculoskeletal management 

algorithms for children with CP at each GMFCS level. These results will provide guidelines for 

clinicians and consumers to discuss treatment options for their children in an Australian setting. 

1.6 Limitations 

This research has focused on the outcome of children with CP at the level of motor impairment 

and function. We acknowledge that CP is a complex medical condition and that while outcomes 

are influenced by the severity of the child’s motor impairment, the presence of comorbidities, 

participation in the community and home, family and context are all very important factors that 

influence the outcome.(38, 39)  

In Papers 1, 2 and Chapter 7, the study cohort consisted of children with CP born between 2000 

and 2009. The Paediatric Rehabilitation Information Systems Database (PRIS) extends from 1995 

to the present, but the birth cohort in this study was limited to 2000–2009 as the age span in this 

birth cohort range was 8–17 years, which ensured the peak gait pattern had evolved and it was 

considered feasible to ensure that cleaned and audited data was available. As a subset of children 

10 years and older are yet to receive intervention there is incomplete data for the younger 

children in that age category, hence we only present detailed intervention data by age and GMFCS 

level for children 10 years and under. We do not report any adverse side effects of BoNTA in these 

papers since there have been several recent papers on adverse events rates for BoNTA(23, 24, 40) 
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including our own.(41) While Perth is a very isolated capital city, there is a small amount of 

movement of patients across the state lines of Australia and interventions provided in other states 

are not recorded in these papers. 

In Papers 3 and 4, the major limitation of our study was that all participants required orthopaedic 

surgery for gait correction and it is noted that vastus lateralis as a monoarticular muscle is not an 

ideal control muscle in children with CP. Future research should include the study of muscle from 

young children with documented clinical response to BoNTA and no contracture. 

1.7 Ethics 

Ethics and governance approval from Perth Children’s Hospital (formerly Princess Margaret 

Hospital) and The University of Western Australia was obtained for the studies in Papers 1 and 2 

and Chapter 7: PCH Human Research Ethics Committee Reference 2016099, Title: To evaluate the 

long-term motor outcome of patients treated with Botulinum toxin within a comprehensive 

spasticity management service, UWA Reference RA/4/1/9374. 

Ethics approval and governance from Perth Children’s Hospital (formerly Princess Margaret 

Hospital) and The University of Western Australia was obtained for the studies in Papers 3 and 4: 

PCH Human Research Ethics Committee Reference 2013086, Title: Muscle pathology in children 

with cerebral palsy: Response to treatment outcomes, UWA Reference RA/4/1/4848. 

1.8 Funding Support 

An unrestricted postgraduate education and research grant from Allergan contributed to the data 

collection for Paper 2. All governance procedures for acceptance of unrestricted postgraduate 

education and research grant funding to the department were followed. This funding was directed 

to physiotherapy time to complete motor function assessments. A project grant for established 

investigators from the Princess Margaret Hospital Foundation of $25,417.00 was received to 

support the muscle biopsy study (Paper 3). There are no declarations of interest or other financial 

disclosures.  
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Chapter 2: Literature Review 

2.1 Cerebral Palsy 

2.1.1 Definition 

Cerebral Palsy (CP) is the most common physical disability in childhood and is lifelong; over 

17 million people (0.2% of the global population) have CP.(42) In Western Australia (WA) the 

prevalence of CP is approximately 2.8 per 1,000 live births.(43) The current definition of CP is ‘a 

group of disorders of the development of movement and posture, which are attributed to non-

progressive lesions of the developing fetal or infant brain’.(44) It is the most common cause of 

motor impairment in children.(45) While the early brain injury is static,(46) functional problems are 

progressive.(47),(48) Gross motor function plateaus in childhood and declines in adolescence with 

the loss of mobility and the progression of deformity.(47, 49, 50) 

The ‘five key elements’ in the description of CP are (i) that it is a group of disorders, i.e. CP is an 

umbrella term; (ii) it is permanent but not unchanging; (iii) it involves a disorder of movement 

and/or posture and of motor function; (iv) it is due to a non-progressive 

interference/lesion/abnormality; and (v) this interference/lesion/abnormality arises in the 

developing/immature brain.(51) 

In terms of economic burden, CP is the fifth most expensive health condition. The ensuing care 

incurs significant health and long-term social costs; the financial cost of CP in Australia was 

estimated to be AU$1.47 billion or 0.14% of GDP, with an average annual cost of AU$43,431 per 

person.(42) 

2.1.2 Comorbidity in Cerebral Palsy 

Associated impairments are common for children with CP; the Australian Cerebral Palsy Register 

(ACPR) reports that for those children born with CP in the period 1995–2012, at the age of five 

years almost 35% of children had a vision impairment, 11% had a hearing impairment, > 60% had a 

speech impairment, almost 30% had epilepsy and > 50% had an intellectual impairment. 

Importantly this report also showed that the proportion of children with CP who did not have a 

vision impairment, epilepsy or intellectual impairment increased over this period.(52) 
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Of concern, studies from Canada, the United States (US), the United Kingdom (UK), Taiwan and 

recently Australia have shown that low neighbourhood and family socio-economic status (SES) 

and/or low maternal education have been associated with increasing severity of motor 

impairment and/or intellectual impairment in CP.(53) It is therefore important to ensure 

interventions reach all members of the community, particularly those who are socio-economically 

disadvantaged. 

More recently researchers have started to focus on the impact of CP and its secondary 

disturbances later in life, which is of importance given the near normal life span apparent in most 

people with ambulant CP.(54, 55) McPhee et al recently published a systematic review of 

cardiovascular disease (CVD) and related risk disorders in adults with CP and reported that the 

prevalence of CVD and the risk of death secondary to CVD seems to be increased in this 

population. It is also important to determine the risk factors for CVD in adults with CP, in particular 

their overweight/obesity status.(56) 

2.1.3 International Classification of Functioning, Disability and Health 

To study the long-term outcome of individuals with CP and to take into context their motor and 

other comorbidities, it is important to ensure comprehensive and holistic tracing of the outcome. 

The International Classification of Functioning, Disability and Health, Child and Youth (ICF-CY) 

developed by the World Health Organization (WHO) illustrates the relationship between disability 

and functioning within the context of an individual’s environment.(57) The ICF assists in 

understanding the importance between participation in valued activities and roles, and the 

experience of good health and wellbeing. The ICF is a useful tool for the collection and analysis of 

information in assessing the efficacy and effectiveness of rehabilitation services and therapy 

interventions.(58) The ICF is composed of two parts: (i) functioning and disability, which encompass 

body functions and structures, activity and participation; and (ii) contextual factors, which include 

environmental and personal factors.16 This structure ensures a comprehensive and holistic 

evaluation of therapy interventions allowing assessment not only at the level of the organ 

(impairments), but also at the individual (activity limitations) and societal levels (participation 

restrictions).(59) 

Schiariti et al recently used a robust methodology in order to identify a set of multiple-item 

measures for children and youth with CP.(60) Using the ICF Core Sets as a framework, they 

recommend a toolbox that guides ‘how to measure’ the most relevant areas of functioning in CP. 
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The application of this toolbox standardises the measurement and reporting of key functional 

information in CP, facilitating international comparisons of findings across studies.(61) However, as 

Dr Charlie Fairhurst comments: 

assessments are useful, vital in many instances, they help in a whole variety of ways; but they are 

not comprehensive. Family and Patient centred care means we shouldn’t lose the paintbrush under 

the hammers, spanners and screwdrivers … there will always be the need to nurture the art of our 

multidisciplinary practice rather than focusing entirely on the science and service delivery. Skills 

that are so much more difficult to measure.(62) 

2.2 Populations and Clinical Registers for Cerebral Palsy 

2.2.1 International and Australian Registers 

Individuals with CP require medical, therapy, educational and social resources throughout their life 

span. To comprehensively track the long-term outcome of clinical interventions and research in 

individuals with CP, population-based and health data systems need to be available and 

integrated. 

Over 40 registry programs worldwide have been described in the literature, with the first 

population-based registry starting in Denmark in 1950. To date the majority of registers have been 

in developed countries but they are now expanding into low and middle income countries.(63, 64) 

The population-based registries for CP serve the purpose of a prospective longitudinal collection of 

demographic, functional severity and etiologic data.(65) This population-based data provides an 

opportunity to monitor trends, gain further understanding of causes, develop and evaluate 

preventative strategies, and assist in planning for services. 

The ACPR commenced in 2002 and is an Australia-wide collection of CP data from the states and 

territories. Information is collected on individuals with CP who were born or reside in Australia. 

Each state and territory manages their own comprehensive database and contributes a nationally 

agreed minimum dataset to the ACPR.(43) The ACPR is managed at the national level by the 

Cerebral Palsy Alliance. The Western Australian Register of Developmental Anomalies (WARDA) is 

the statutory data collection of the Department of Health WA, created in 2011. It combines the 

longstanding Birth Defects Register and Cerebral Palsy Register under new legislation. The 

Cerebral Palsy Register, now referred to as WARDA-CP, includes all individuals with CP born in WA 

from 1956 onwards, as well as those who migrate into the state. WARDA-CP enables the number 
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of children requiring services to be estimated. Information is collected on the child and their 

mother and father including the child’s name, postcode, date of birth, gender, Aboriginality/non-

Aboriginality and birth measurements. Information about the clinical features of CP and any 

associated impairments is also collected using a standardised CP description form. The 

overarching vision of both WARDA-CP and the ACPR is to assist with efforts to reduce both the 

incidence of CP and significantly enhance the quality of life of those individuals living with CP. The 

ACPR specifically states their goal is to be a ‘source of data that will support research relating to 

monitoring of CP, identifying interventions that effectively improve quality of life, identifying 

causal pathways to enable prevention and evaluating future preventative strategies.’(17, 43) 

To comprehensively track the long-term outcome of clinical interventions and research in 

individuals with CP, both population-based and health data systems need to be available and 

integrated. An example of an integrated population and health database for CP is the Cerebral 

Palsy Follow up Program (CPUP) in Sweden. CPUP was established in 1994 as a follow-up and 

healthcare program for children with CP and is a joint project between orthopaedic departments 

and child rehabilitation units. Since 2005, CPUP has served both as a multidisciplinary longitudinal 

follow-up program and a national quality registry.(66) CPUP registries have also been implemented 

in Norway, Denmark, Iceland, Scotland and parts of Australia.(66) 

2.2.2 Paediatric Rehabilitation Information System Clinical Database 

The Department of Paediatric Rehabilitation at PCH (now called Kids Rehab) has established a 

comprehensive health database for the patients enrolled in the CPMS program. This database 

records clinical status and tertiary interventions for all children within the CPMS. All BoNTA 

injections given, orthopaedic and other spasticity management interventions and functional 

outcomes are recorded.  

The CPMS database was established in 2003 with data retrospective to 1995. In 2013 this CPMS 

database was upgraded and integrated into the Paediatric Rehabilitation Information System 

(PRIS). The data entry guide for PRIS is based on the diagnostic terms used by WARDA-CP(43) and 

the Surveillance of Cerebral Palsy in Europe.(67) This upgrade allowed integration of PRIS with the 

Department of Health WA patient administration and activity database also known as the web-

based Patient Administration System (webPAS). This upgrade to an integrated PRIS means it is 

now able to provide (i) data on clinical services; (ii) accurate and timely reporting of service 

events; (iii) wait list information; (iv) key performance indicators for clinical programs; and (v) 
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capture, safe storage and retrieval of clinical information. As Head of the Department of Paediatric 

Rehabilitation, I was fortunate to have a leading role in the establishment of the CPMS and PRIS. 

WA has both a comprehensive population-based database on CP (WARDA-CP) and a health 

database of interventions provided to children with CP. These two databases function separately. 

It is important to link these databases periodically with a view to ensuring accurate and complete 

data ascertainment in both databases and reviewing the equity and efficacy of clinical services 

provided. 

The first linkage of PRIS and WARDA-CP was done as a component of Paper 1 of this PhD, 

‘Botulinum toxin and surgical intervention in children and adolescents with Cerebral Palsy: Who, 

when and why do we treat?’. PRIS was reviewed for accuracy of CP diagnosis; records were correct 

for 89% of cases in the birth cohort of 2000–2009. The remaining 11% of entries were corrected. 

PRIS was also > 90% accurate for the number of BoNTA treatments given per individual. All lower 

limb surgical data of the cohort was reviewed by chart audit and updated in PRIS ensuring 100% 

accuracy of surgical data. There was a total of 770 CPMS patients in the birth cohort for 2000–

2009. Data linkage of PRIS with WARDA-CP showed that 80% of children (768 out of 955) 

registered on the WARDA-CP statutory database had been seen by the CPMS service. The two 

children on the PRIS database but not on the WARDA-CP database were added to the WARDA-CP 

database. The confidentiality requirements of the statutory WARDA-CP database meant that the 

187 children/youth (20%) not known to CPMS could not be identified; however, 79 children (42%) 

were classified by WARDA-CP as either deceased at an early age, hypotonic CP, ataxic CP or very 

mild/minimal CP. As children within these categories are often not seen in the CPMS it can be 

considered that the CPMS provide a clinical service to 87.7% (770 out of 878) of the target 

population of children with CP in WA and therefore may be considered to provide a state-wide 

service. 

2.3 Cerebral Palsy Classification 

2.3.1 Classification of Cerebral Palsy by Movement Disorder 

CP can be classified by motor types, topographical distribution and functional motor ability. The 

major motor type in children is defined by the abnormal tonal pattern and/or the movement 

disorder the child has. The ACPR classification system includes four main subtypes: spastic, 
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dyskinetic, ataxic and hypotonic. This classification of abnormal tone is important in the evaluation 

and decision making in treatment for children with CP. 

When CP is classified according to the predominant tone abnormality (also referred to as the 

predominant motor type or PMT) spasticity accounts for 80% to 95% of cases in CP populations; 

dyskinesia (dystonia and/or chorea and athetosis) is observed in 4% to 17%; ataxia accounts for up 

to 5%; and hypotonia for 2%.(17, 68, 69) 

2.3.2 Classification of Cerebral Palsy by Topography 

Topographical descriptions of CP indicate the anatomical distribution of the neurological signs and 

motor impairment. The most common anatomical descriptions include hemiplegia, diplegia and 

quadriplegia. Notably missing from this classification is the description of the trunk and 

oropharynx involvement.(15) While these terms broadly define the anatomical areas, how these 

terms are used varies between registers. For example, the ACPR requires upper limb involvement 

to be at least as severe as lower limb involvement for their classification of quadriplegia, so their 

percentage of children with quadriplegia is lower than that reported by some other registers. The 

report of the ACPR Group in 2018 showed that for children in WA with spastic CP at age 5 years, 

37.4% had hemiplegia, 48.3 % had diplegia and 14.3 % had quadriplegia.(52) 

The Surveillance of Cerebral Palsy in Europe (SCPE) has developed an alternate method of 

classification whereby tone abnormalities are classified by limb distribution as either unilateral or 

bilateral.(70) Other CP subtypes are also present in this classification system and include dyskinetic, 

ataxic and unclassifiable.(71) 

For individuals with CP, it is important when using classification systems based on topographical 

distribution and neurological signs to also ensure a motor functional classification system is 

included.(15) 

2.3.3 Classification of Cerebral Palsy by Gross Motor Function 

The Gross Motor Functional Classification System (GMFCS) was developed in 1997 and is a 

clinically valid grading system of motor function in children with CP(72) The GMFCS was expanded 

and revised in 2008.(73) The GMFCS has been demonstrated to be a valid and reliable system of 

classifying motor function in children and adolescents with CP.(73-75) The motor classifications are 

made following observation of self-initiated movements with emphasis on sitting and walking.(76) 

There are five levels in the GMFCS: in levels I–III children are ambulant and in levels IV and V 
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children are non–ambulant.(74) The development of these curves provides a mechanism by which 

to judge the progress of a child’s motor skills over time. It is documented that gross motor 

function in children with CP improves up the age of six or seven years reaching a different plateau 

of function for each GMFCS level. This level of motor function tends to remains stable after the 

age of two at least until early adolescence.(47, 48) However, as secondary musculoskeletal pathology 

tends to increase with growth, many ambulant children with CP experience motor function 

deterioration over time.(48, 50) The GMFCS is used as a grouping variable for databases, program 

evaluation and clinical research(73) and is an important tool for families to understand their child’s 

present and future motor abilities.(77) 

2.3.4 The Gross Motor Function Measure 

The GMFCS motor development curves were developed using the Gross Motor Function Measure 

(GMFM).(78) The GMFM is the standard tool for measuring change in gross motor function over 

time for children with CP.(79) The earliest version of the GMFM with 88 items is known as the 

GMFM-88, using Rasch scoring the GMFM-66 was created to enable pseudo interval 

measurement.(80, 81) Both tools are standardised criterion referenced measurement tools designed 

to measure gross motor function over time for children with disabilities, from the age of five 

months to 16 years.(80, 82, 83) Each tool has been validated to measure change in children with CP.(78) 

The uniqueness of these tools lies in the fact that the tools provide outcome scores that reflect 

how much of an activity a child can accomplish (function) rather than how well the activity is 

performed.(80, 82) The Gross Motor Ability Estimator (GMAE), a computer program, is used to 

convert individual scores into an interval level scoring system.(80) Russell et al found the test–retest 

reliability for the GMFM-66 to be high with an ICC of 0.99.(81) 

2.3.5 Stability of the Gross Motor Functional Classification System Level 

Although the primary brain lesion responsible for CP is non-progressive, the clinical manifestations 

and especially motor function can change over the life span of the child.(84) Secondary 

musculoskeletal pathology tends to increase with growth, and ambulant children with CP can 

experience motor function deterioration over time.(84-86) 

The stability of the GMFCS classification system refers to the extent to which children remain in 

the same level of motor function over time.(76) To determine the stability of the GMFCS with 

growth, Hanna et al followed the children previously enrolled in their prospective longitudinal 
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cohort study for a further four years through adolescence and, on average, found no evidence of 

functional decline for children in GMFCS levels I and II. However, in levels III, IV and V, the average 

GMFM-66 was estimated to peak at between six and seven years before declining by clinically 

significant amounts as the adolescents became young adults.(49) It is also recognised that the 

stability of the GMFCS in children under two years of age is less than in older children.(87) 

In 2017 Alriksson-Schmidt published a retrospective cohort registry study of Children with CP in 

Sweden.(88) This study enrolled 736 children born between 1990 and 2007 and all had at least two 

GMFCS recordings. Alriksson-Schmidt confirmed the stability of the GMFCS for a large population, 

although there were a variable number of years between assessments and multiple assessors. 

When assessments performed before the age of two years were excluded there was agreement 

between the first and last GMFCS in 74% of children. It is noted that individuals classified as level I 

or V can only change in one direction and were the least likely to change level. Children in levels II 

and III had a greater propensity to change, for example of the 113 children initially classified as 

GMFCS level II, 56% remained stable, 27% changed to a lower level (better motor function) and 

17% changed to a higher level. Among the topographical classifications, children with unilateral CP 

were the most stable.  

In 2018, Palisano et al looked at the stability of GMFCS over one and two years using a process of 

consensus classification between parents and therapists. Results from this study showed that for 

children over four years of age, the GMFCS level did not change for 72.3% of the participants. 

Consensus between parents and therapists on the level of function was > 92%.(76) Neither of these 

two cohort studies reported what medical or therapeutic interventions had been provided to the 

cohorts. 

While the GMFCS is a classification system and not an outcome measure, both Alriksson-

Schmidt(88) and Gisel(89) have commented that having noted the change in GMFCS level over time 

in a percentage of patients in each level in these population cohort studies, it may be worthwhile 

studying subgroups of children with a permanent change in GMFCS in terms of comorbidities and 

the major interventions they received. 

In Paper 1 GMFCS stability and the medical interventions provided to a highly treated population 

of children with CP in WA born between 2000 and 2009 were reviewed. Of the participants, 578 

(75%) remained stable, i.e. the last GMFCS recorded by clinicians was the same as the first; 96 

(12.4%) had a lower, i.e. better, last GMFCS; and 97(12.6%) had a higher, i.e. worse, last GMFCS 

than their initial level. However, due to floor (GMFCS level I) and ceiling (GMFCS level V) effects, 
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for children with these two initial GMFCS levels their level could only change in one direction 

regardless of any change in functional status. The denominator for the proportion of participants 

with a decreasing GMFCS level should therefore be restricted to those with initial GMFCS levels II–

V and that for those with increasing levels should be restricted to levels I–IV. With these 

denominators, 23% of those with the logical possibility of lowering their GMFCS level did so, and 

14.4% with the logical possibility of increasing their GMFCS level did so. For consistency with other 

published papers on GMFCS stability,(88) GMFCS level III was chosen as our reference group, and 

children in level II had 60% reduced odds of increasing their GMFCS, i.e. getting worse, than 

children in GMFCS level III. 

2.4 Hypertonia in Cerebral Palsy 

2.4.1 Definition 

Impairment of gross motor function and abnormalities of tone are defining features of CP.(90) The 

classification of abnormal tone is important in the evaluation and decision making in treatment for 

children with CP. SCPE has developed a classification tool that utilises a decision-making process to 

determine the predominant motor type of CP(71) Reasons to treat abnormal tone, particularly 

hypertonia, include reducing pain and muscle spasms, facilitating brace use, improving posture, 

minimising contractures and deformity, facilitating mobility and dexterity, and improving ease of 

patient care as well as hygiene and self-care.(91) 

In 2003, the North American Task Force for Childhood Motor Disorders provided a set of 

definitions of hypertonia in childhood. The three major types of hypertonia – spasticity, dystonia 

and rigidity – are defined as follows. ‘Spasticity’ is defined as hypertonia in which one or both of 

the following signs are present: i) resistance to externally imposed movement increases with 

increasing speed of stretch and varies with the direction of joint movement; and/or ii) resistance 

to externally imposed movement rises rapidly above a threshold speed or joint angle. ‘Dystonia’ is 

defined as a movement disorder in which involuntary sustained or intermittent muscle 

contractions cause twisting and repetitive movements, abnormal postures or both. ‘Rigidity’ is 

defined as hypertonia in which all of the following are true: i) the resistance to externally imposed 

joint movement is present at very low speeds of movement, does not depend on imposed speed, 

and does not exhibit a speed or angle threshold; ii) simultaneous co-contraction of agonists and 

antagonists may occur, and this is reflected in an immediate resistance to a reversal of the 
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direction of movement about a joint; iii) the limb does not tend to return towards a particular 

fixed posture or extreme joint angle; and iv) voluntary activity in distant muscle groups does not 

lead to involuntary movement.(90)  

As discussed by Bar-On et al, in their review of spasticity and its contribution to hypertonia in 

CP,(92) hypertonia should however be regarded as multifactorial and that equating all resistance to 

passive motion with spasticity is erroneous. It is now recognised that the non-neural mechanical 

properties of muscle such as stiffness and viscosity are often altered in children with CP(92, 93) and 

these non-neural components affect the passive resistance component of muscle and this needs 

to be considered when clinical measures for spasticity are undertaken. Importantly being able to 

quantitatively discriminate between the neural and non-neural components of joint stiffness in 

individuals with CP is likely to enable more tailored intervention strategies but at present 

differentiation between these components is hard to achieve by common manual tests.(94, 95) 

2.4.2 Assessment of Hypertonia 

Many clinical tools have been described for the assessment of spastic hypertonia in the literature; 

however, the major assessment tools used at present are the Modified Tardieu Scale (MTS), which 

is considered valid and reliable;(96, 97) the Modified Ashworth Scale (MAS),(98) which measures 

passive resistance to motion that may or may not be caused by an increased response to 

stretch;(96) and the Australian Spasticity Assessment Scale (ASAS), which addresses some of the 

limitations of the MAS.(99) As discussed above, non-neural mechanical properties of muscle affect 

the passive resistance component of muscle and this needs to be considered when clinical 

measures for spasticity are undertaken.  

Instrumented spasticity measures are considered more objective and a recent review showed that 

manually controlled instrumented spasticity assessments that are clinically applicable are 

available, but more work needs to be done to establish their psychometric properties before 

introduction to clinical teams.(94, 100) 

The Hypertonia Assessment Tool (HAT) is a seven-item standardised clinical assessment tool used 

to differentiate the paediatric hypertonia’s. The tool contains two spasticity items, two rigidity 

items and three dystonia items.(101, 102) If dystonia is present on the HAT, more specific dystonia 

rating scales can be used such as the Barry Albright Dystonia Scale.(103) Interestingly Rice et al, in 

their recent cross-sectional study of 151 children with CP aged 2–18 years who were assessed with 



20 

the HAT, found dystonia was a very common finding in the group, who were considered to have a 

predominately spastic tone.(104) 

2.4.3 Treatment of Hypertonia 

Treatment of hypertonia in children with CP is complex. Best practice guidelines for treatment of 

hypertonia in children with CP ensure that the decision to treat uses goal-based decision making 

within the ICF model with input from both a multidisciplinary team and the parent(s).(105) 

Physiotherapy, occupational therapy and orthotics are major components of management. The 

challenge is to ensure the therapy provided is at the right intensity and at the right time for the 

right child.(106) Strengthening programs and resistance training are a particular focus of therapy 

and accepted interventions for children with CP, in particular lower limb strengthening.(107-109) 

Orthopaedic procedures cannot address tone but are important in the management of 

musculoskeletal deformity associated with the secondary complications of tone. Orthopaedic 

procedures include muscle lengthening, correction of bony deformities, tendon transfers, joint 

stabilisation and growth plate surgery. Post-operative management emphasis is on minimal 

immobilisation and early mobilisation to prevent loss of strength.(108, 111) 

Over the last 20 years there has been increased use of pharmacological intervention to manage 

hypertonia in children with CP. In 2010, the American Academy of Neurology published an 

evidence-based review of pharmacological treatment of spasticity in children and adolescents with 

CP.(22) The recommendations from this study were that for localised or segmental spasticity that 

warrants treatment, BoNTA should be offered as an effective and generally safe treatment (Level 

A). There is insufficient data to support or refute the use of phenol, alcohol or Botulinum toxin 

type B (Level U). For generalised spasticity that warrants treatment, diazepam should be 

considered for short-term treatment (Level B), and tizanidine may be considered (Level C). There is 

insufficient data to support or refute use of dantrolene, oral baclofen or continuous intrathecal 

baclofen (Level U).(22)  

In 2010 Fehling’s et al reviewed pharmacological and neurosurgical interventions for managing 

dystonia in CP concluding that for dystonia reduction, Intrathecal Baclofen (ITB) and Deep Brain 

Stimulation (DBS) are possibly effective, whereas trihexyphenidyl was possibly ineffective.(112) The 

conclusion of this review was that the majority of the pharmacological and neurosurgical 

management of dystonia in CP is based on clinical expert opinion.(112) 
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As outlined above, it can be seen that the evidence base for interventions in the management of 

hypertonia in children and adolescents with CP is limited. Of those interventions that are proven 

effective, the majority only have evidence for short-term gains. 

The need to provide evidence of longer-term outcomes of interventions for children with CP was 

identified as a high priority in a Delphi survey in Australia in 2010 of consumers, researchers and 

clinicians working in the area of CP(19) and recently by the Cerebral Palsy Research network.(113) 

2.5 Botulinum Toxin 

2.5.1 Mechanism of Action 

Botulinum toxin (BoNT) is a potent neurotoxin.(114) Botulinum toxin is derived from the gram-

positive, anaerobic bacteria Clostridium botulinum and more recently the non-clostridial bacteria 

Weissella oryzae was also found to produce BoNT.(115) Botulinum toxin for clinical use has been 

isolated from Clostridium botulinum and there are seven known immunologically distinct 

serotypes, A, B, C, D, E, F and G, but all have similar pharmacological effects.(114) Serotype A 

(BoNTA) is the most widely used Botulinum toxin in clinical medicine and includes 

onabotulinumtoxinA (Botox Allergan, CA, USA), abobotulinumtoxinA (Dysport, Ipsen Pharma) 

and incobotulinumtoxinA (Xeomin, Merz, NC, USA).(116) At PCH, only onabotulinumtoxinA has 

been used. 

BoNTA’s main therapeutic action is through binding to and entering into the peripheral 

presynaptic cholinergic terminals and cleaving SNARE proteins, which prevents the release of 

acetylcholine (ACH).(114) The main sites of action for ACH blockage are the neuromuscular junction 

and cholinergic autonomic terminals.(114) It is also recognised that BoNTA blockage of ACH release 

acts at the level of the muscle spindle reducing the muscle afferents input to the reflex arc leading 

to a reduction in the reflex arc, although the significance of this action is unclear (117) Evidence has 

emerged that BoNT also inhibits vesicular release of substance P,(118) CGRP(119) and glutamate(120) 

by the same SNARE protein complex mechanism.(115) 

Hypertonia is the major cause of motor impairment in CP(68) and intramuscular BoNTA injections 

decrease hypertonia in the targeted muscle group by inhibiting the release of ACH at the 

neuromuscular junction and suppressing muscle contraction.(26) Pain in children with CP is 

common,(121) often from muscle spasm, and research evidence shows that BoNTA may reduce pain 
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by both a reduction in muscle contractions as well as the direct blockage of the release of 

neuropeptides as outlined above.(116) 

2.5.2 Evidence for Short-term Use of BoNTA in Cerebral Palsy  

BoNTA is standard care for the management of hypertonia in children with CP(16, 22) and is graded 

an effective evidence-based treatment by Novak et al.(18) Evidence of its benefits in managing 

dynamic deformity in children with CP was first documented in 1993.(1) BoNTA has a high safety 

profile and is well tolerated in children.(23-25) The short-term outcomes are well documented and 

include reduction in muscle tone, increase in range of joint motion, improved gait patterns, 

functional improvements, and both a delay and reduction in the requirement for surgical 

interventions to treat musculoskeletal deformities when combined with conservative 

treatments.(2, 26-33, 110, 122, 123, 124) .In2010, Molenaers et al concluded that when injected according 

to an integrated approach and started at a young age, BoNTA has the potential to improve overall 

function of children with CP.(34) 

Best practice guidelines for the use of BoNTA in children with CP have evolved since it was 

introduced in 1993 and were recently summarised.(34, 105) The decision to use BoNTA is 

multifactorial and guided by the model of goal-based decision making within the ICF model and 

with input from a multidisciplinary team, parent(s) and, where appropriate, the child. Independent 

feedback on the outcome of treatment with BoNTA by community providers is important before 

repeat dosing proceeds. 

However, the majority of reported studies on BoNTA use in children with CP on which the 

evidence-based guidelines are based use either a single or one repeat dosing and there is a need 

to look further into the longer-term impact of BoNTA use.  

2.5.3 Evidence for Long-term Use of BoNTA in Cerebral Palsy and Gaps in the Evidence 

There is currently no consensus on what interval or how many times BoNTA should be 

repeated.(35) The effects of repeat injections were systematically reviewed by Kahraman et al.(35) 

They reported functional gains, especially after two injections, but noted that the effect of 

multiple repeat treatments of BoNTA remains unclear due to insufficient evidence. 

Our team at PCH has studied a select group of patients in the CPMS who have received multiple 

(up to 15) BoNTA treatments, documenting muscle volume and structure following BoNTA 
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treatment,(7-9, 14, 125, 126) and our aim in Papers 1 and 2 is to look further at the function and GMFCS 

stability of all the patients who received multiple treatments of BoNTA. 

2.6 Impact of Botulinum Toxin Type A on Muscle Growth and Volume in Cerebral 

Palsy 

2.6.1 Muscle Growth and Volume in Cerebral Palsy  

Compared with TD children, children with spastic CP tend to exhibit a reduction in muscle volume, 

anatomical cross-sectional area (aCSA), physiological cross-sectional area (pCSA), muscle belly 

length and muscle thickness.(13, 127) The functional consequences of decreased muscle size are 

diminished capacity to generate muscle force, diminished range of motion and/or diminished 

maximum velocity of muscle contraction.(128) Muscle pCSA is considered the best predictor of a 

muscle’s maximum force-generating capacity as it represents the total number of muscle fascicles 

working in parallel.(129) However, true pCSA requires the measurement of muscle fibre length and 

pennation angle, which cannot be easily determined in vivo.(130) Muscle volume is indicative of 

overall muscle growth and reflects the number of sarcomeres in series and in parallel;(131) 

compared with pCSA, muscle volume is more easily quantified. The majority of muscle size 

investigations have employed in vivo imaging techniques of muscle volume by magnetic resonance 

imaging (MRI) and ultrasound.(7, 132-139)  

Handsfield et al showed in their MRI study of lower limb muscles in youth with CP that muscle 

volume deficits differ significantly between muscles and there is significant heterogeneity in 

muscle across subjects.(139) Several studies in ambulant children with CP have shown the volume of 

the involved calf muscle is reduced by 26% to 57%(133, 135, 140) compared with TD children. This 

reduced muscle volume has been shown to result in reduced strength throughout the range of 

motion of the ankle.(133) Muscle atrophy in children with CP develops in the first one to two years 

of life.(141, 142) Herskind et al tracked gastrocnemius muscle volume development of young children 

with CP compared to a cohort of TD children and found the that muscle growth of children with CP 

follows that of TD children but only until 15 months of age.(142, 143) This work has been repeated by 

Willerslev-Olsen et al.(141) Barber et al have also shown the difference in calf muscle volume is 

evident early in development with a 22% reduced medial gastrocnemius volume in children with 

CP compared with TD children already present by the age of two to five years.(135) It is recognised 

that this altered muscle growth trajectory continues with a recent cross-sectional study by Noble 
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et al reporting that the increase in size of lower limb muscles relative to body mass is reduced in 

adolescents and young adults with CP.(144) As discussed by Gough and Shortland in their review of 

muscle deformity in CP, skeletal muscle growth is influenced by neuronal, endocrinal, nutritional 

and mechanical factors.(145, 146) 

2.6.2 Botulinum Toxin Effect on Muscle Growth and Volume 

Although BoNTA is an effective evidence-based treatment for the management of hypertonia in 

children with CP,(16, 22) animal and healthy adult human studies have both found muscle atrophy 

(reduction in absolute muscle volume) in response to BoNTA exposure.(147-149) BoNTA exposure in 

the muscle of children with CP results in atrophy of between 4.47% and 20.5% of injected muscle 

around five to 12 weeks after injection, depending on the muscle assessed and the measurement 

technique used.(7, 150, 151) Further studies have identified recovery with hypertrophy of injected 

gastrocnemius of 13% at 12-months post injection in children with CP, although the authors noted 

this rate of growth was smaller than that observed in TD children.(152) In their recent cross-

sectional study, Schless et al noted that the normalised medial gastrocnemius muscle volume was 

significantly lower in a cohort of children with spastic CP treated with BoNTA compared to a group 

of children matched on age and GMFCS level with spastic CP who had not been treated.(136) 

When considering the impact of the BoNTA on muscle volume it is important to also assess the 

impact on volume of the synergistic and antagonistic muscles involved. This has been shown to be 

true in animal models, with significant alterations in non-injected muscle still apparent six months 

after injection.(153) Sian Williams, when a PhD student with our team whom I supervised, showed 

that in children with CP who received serial BoNTA in the gastrocnemius muscle, there was a 

significant increase in the synergistic muscle soleus volume at five weeks after gastrocnemius 

injection.(154) This is suggested to be evidence of compensatory hypertrophy, to improve function 

of the plantar flexor group. This finding of synergistic muscle hypertrophy has recently been 

confirmed in a second separate study at six months post BoNTA(14) by Caroline Alexander, also a 

PhD student from our team whom I also supervised. Assessment of associated muscles is 

important in contributing to the understanding of the functional implications of alterations in 

muscle growth. 

Strength training is recognised as an effective intervention for improving muscular strength in 

children with CP. A recent systematic review by Gillett et al of the impact of strength training on 

skeletal muscle in children with CP has shown that there is a large effect on muscle cross-sectional 
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area following strength training with a small to moderate effect on muscle volume and 

thickness.(155),(107) A growing number of studies confirm that following strength training, people 

with CP can achieve significant strength improvements that are translatable to gains in motor 

function. Strength training has been suggested to redress the potential effect of muscle atrophy 

after BoNTA treatment. Sian William’s PhD thesis also reported that the combined intervention of 

BoNTA and strength training improved outcomes over and above BoNTA treatment alone, and no 

muscle atrophy (as measured by MRI) was reported at 14 weeks after injection.(154) 

2.7 Impact of Botulinum Toxin Type A on Muscle Morphology and Structure in 

Cerebral Palsy  

2.7.1 Muscle Morphology and Structure in Cerebral Palsy 

Muscle biopsy studies of individuals with spastic CP show a range of non-specific morphological 

abnormalities. In Barrett and Lichtwark’s systematic review on muscle morphology and structure, 

evidence of marked variability in muscle fibre size was noted, whereas reports on muscle length 

changes and variable fibre type predominance were conflicting.(127) 

The published data concerning biopsy samples of muscle morphology in children and adults with 

spasticity shows variable results;(156-158) in part the variable ambulation status of the child and the 

variability in the muscle biopsy sites contribute to this. 

2.7.2 Impact of BoNTA on Muscle Morphology and Structure 

Animal studies have shown that BoNTA treatment causes significant change in the micro structure 

of the muscle tissue and tissue organisation(147, 159) and have raised concern over the effect of 

BoNTA on muscle morphology in children, especially those treated with repeat doses.(153, 160) 

Mukund et al looked the global transcriptional profiling of rat muscle post BoNTA muscle injection; 

the acute transcriptional adaptations resembled denervated muscle with some subtle differences, 

but the muscle transcriptome returned to its unperturbed state 12 weeks after injection.(160) These 

results are in keeping with the evidence that the pharmacological effect of BoNTA washes out by 

approximately 12 weeks.(114) 

Schroeder et al(161) injected BoNTA into the lateral gastrocnemius of two healthy adult volunteers 

and documented neurogenic atrophy in the injected medial gastrocnemius at three, six, nine and 

12 months post BoNTA. Muscle biopsies of BoNTA-treated muscles in humans with underlying 
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medical conditions have shown variable outcomes. For example, Harris et al(162) reviewed muscle 

biopsies of patients with blepharospasm who were either treated or not treated with BoNTA. They 

found no consistent longstanding alterations in muscle morphology in the BoNTA-treated group. 

Similarly, Haferkamp et al showed no change in the ultrastructure of the detrusor muscle up to 11 

months post BoNTA injection in overactive neurogenic bladders.(163) In contrast, Merati et al 

studied the cricopharyngeal muscle in eight BoNTA-treated and eleven non-treated patients with 

achalasia and, although neuropathic changes were noted in the BoNTA-treated patients, the 

results were not statistically significantly different from the non-treated patients.(164) Finally, 

Schultz-Baukloh et al, in an investigation of the long-term effects of BoNTA on detrusor muscle in 

patients with myelomeningocele, found persistence of cleaved synaptosomal associated protein-

25 at 11 months post injection.(165) 

Paper 3 of this PhD, ‘Muscle histopathology in children with spastic Cerebral Palsy receiving 

Botulinum toxin type A’, is a single-blind prospective cross-sectional study of 10 participants 

(mean age 11 years 7 months) designed to determine the relationship between muscle 

histopathology and BoNTA in treated medial gastrocnemius muscle of children with CP. The 

results showed neurogenic atrophy in the medial gastrocnemius in six participants between four 

months and three years post BoNTA. Type 1 fibre loss with type 2 fibre predominance, noted in all, 

was significantly related to the number of BoNTA injections (r = 0.89, P < 0.001). The major 

limitation of our study was that all participants required orthopaedic surgery for gait correction 

and its noted that vastus lateralis as a monoarticular muscle is not an ideal control muscle  in 

children with CP. We concluded from this study, that while the impact of these changes in muscle 

morphology on muscle function in CP is not clear, it is important to consider rotating muscle 

selection or injection sites within the muscle or allowing longer time periods between 

injections.(166) 

Muscle biopsy, while the gold standard, is an invasive investigation used to study muscle 

morphology. Ultrasound technology, however, is widely available and used in clinical settings to 

visualise skeletal muscle in children. It is recognised as a highly sensitive imaging technique with 

the potential to detect structural alterations, such as muscle atrophy,(167) altered muscle echo,(168) 

diminished bone echo(169) and non-contractile muscle tissue.(170) Increased ultrasound echo 

intensity has been characterised in several neuromuscular disorders, and many investigators have 

suggested that increases in this measure are caused by disruption of normal muscle architecture 

by infiltration of fat and fibrous tissue.(169-172) These pathological changes alter the orientation of 
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reflective surfaces within a muscle and lead to an increase in ultrasound echo, wherein a muscle 

appears whiter. Muscle mean echo intensity (EI) can be quantified easily using quantitative 

grayscale analysis.(173) 

Christian Pitcher, a PhD student from our team whom I supervised, characterised the muscle 

composition of the medial gastrocnemius in children with spastic CP using quantitative ultrasound. 

Forty children aged between four and 14 years with spastic CP were assessed and children were 

grouped according to GMFCS levels I–V and compared with a cohort of age and gender matched 

TD children (n = 12). Ultrasound scans were taken of the medial gastrocnemius. Images were then 

characterised using grayscale statistics to determine mean EI and the size and number of spatially 

connected homogeneous regions (i.e. blobs). The results showed that significant differences in 

skeletal muscle composition were found between children with spastic CP and their TD peers. 

Children classified as GMFCS III consistently exhibited the highest EI and blob area.(12, 125) 

EI has been shown in stroke patients to be associated with responsiveness to BoNTA(174) and our 

group went on to look at the relationship between a cohort of children with spastic CP GMFCS 

levels I–III, level of EI in gastrocnemius muscle and the response to BoNTA.(125) In children with CP, 

EI was significantly positively associated with all clinical spasticity measures. At five weeks post 

BoNTA significant improvements in all clinical measures were observed and the EI was significantly 

increased. However, the level of EI was not associated with the clinical responsiveness of the 

gastrocnemii. 

Schless et al in their recent cross-sectional study evaluated whether recurrent BoNTA 

interventions to the medial gastrocnemius have an influence on muscle morphology, which they 

assessed using both muscle volume and EI.(136) The EI significantly differed between the cohort of 

children with spastic CP who received BoNTA and the cohort of children with spastic CP who did 

not. Multiple regression analyses of the groups revealed that BoNTA intervention history was 

significantly associated with smaller normalised medial gastrocnemius volume and higher EI.(136) 

In conclusion, as a clinical research team we had been involved in early studies of documenting 

the positive short-term functional impact of BoNTA for children.(2, 3) In the early 2000s the 

scientific literature was raising concerns regarding the long-term impact of BoNTA on growing 

muscles.(4) With these new concerns on muscle we directed our research attention to the short-

term impact of BoNTA on muscle growth in children.(6-13) It is clear from the literature there is a 

need to investigate the long-term motor outcomes in children with CP who have had multiple 

treatments of BoNTA and this PhD aims to contribute to the knowledge base in this area.  
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Introduction 

This audit aimed to increase understanding of the long-term outcomes of evidence-

based medical and surgical interventions to improve gross motor function in children and 

adolescents with Cerebral Palsy. 

Methods 

Retrospective audit of a birth cohort (2000-9) attending a tertiary service for children 

in Western Australia.  

Results 

The cohort comprises 771 patients aged 8 to 17 years. Percentage of children 

receiving no Botulinum Toxin treatments in each Gross Motor Functional Classification 

System level was: I: 40%, II: 26%, III: 33%, IV: 28% and V: 46 %. Of the total cohort 53 % of 

children received 4 or less Botulinum toxin treatments and 3.7% received more than 20 

treatments. Statistically significant difference in the rate of use of Botulinum Toxin pre and 

post-surgery (p<0.001) was documented. Children levels IV and V had 5 times the odds of 

surgery compared to children levels I-III (OR 5.2, 95% CI 3.5 to 7.8, p<0.001). For 578 (75%) 

of participants the last recorded level was the same as the first.  

Conclusion 

This audit documents medical intervention by age and Gross Motor Functional 

Classification System level in a large cohort of children with cerebral palsy over time and 

confirms stability of the level in the majority.  
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Introduction  

Cerebral Palsy (CP) describes a ‘group of permanent disorders of the development of 

movement and posture that are attributed to non-progressive disturbances occurring in the 

developing fetal or infant brain’ (1). CP is the most common cause of motor disorder in 

childhood (2) with an Australian prevalence of 2.1 per 1000 live births (3). In Western 

Australia (population 2.4million), Perth Children’s Hospital (PCH) is the sole tertiary 

paediatric hospital and the state-wide centre for the management of motor disorders in 

children and adolescents with CP aged 0-18 years. To provide comprehensive evidence 

based clinical management of children with CP, an integrated medical, surgical and allied 

health service was established in 2003 with new funding and named the Cerebral Palsy 

Mobility Service (CPMS). The CPMS uses goal-based decision making within the 

International Classification of Functioning, Disability and Health (ICF) (4) model and works 

within a multidisciplinary structure. The CPMS has a clinical database recording details of 

diagnosis, medical, surgical and therapy assessments and interventions. Data forms 

documenting Gross Motor Functional Classification System (GMFCS) levels and treatment 

details are completed by a clinician (medical, surgical or allied health) at each clinical visit 

(review or intervention) and the data is then entered by administrative staff into the 

database. This database, the Paediatric Rehabilitation Information system (PRIS), was 

established in 2003 with retrospective data entry to 1995.  

Motor development is a primary concern of parents of children with cortical injury 

(5) and interventions including orthopaedic surgery and botulinum toxin (BoNTA) are 

designed to improve motor function and prevent secondary impairments. BoNTA is 

standard care for the management of hypertonia in children with CP (2, 6) and is graded an 

effective evidence based treatment (7). Evidence of its benefits in managing dynamic 

deformity in children with CP was first documented in 1993 (8). BoNTA has a high safety 

profile and is well tolerated in children (9-11). The short-term outcomes are well 

documented (12-20). In 2010 Molenaers (21) and colleagues concluded that when injected 

according to an integrated approach and started at a young age, BoNTA has the potential to 

improve overall function of children with CP. However there is little evidence on the 

outcome of repeated injections over time (22-24) and recent publications have raised 

concern regarding the long-term effect of BoNTA on muscle size and morphology in children 

with CP (25, 26).  

The evidence base for all interventions in children and adolescents with CP is limited; 

and of those interventions that are proven effective, the majority only have evidence for 

short term gains (7). The need to provide evidence of longer term outcomes of 

interventions for children with CP was identified as a high priority in a Delphi survey in 

Australia in 2010 of consumers, researchers, and clinicians working in the area of CP (27) 

and recently by the Cerebral Palsy Research network (28). 

The GMFCS is a valid and reliable system of classifying gross motor function in 

children and adolescents (29-31). The GMFCS was developed as a grouping variable for 
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databases, program evaluation and clinical research (31) and is an important tool for 

families to understand their child’s present and future motor abilities (32). Children who 

had received Botulinum Toxin were excluded from the group of children contributing to the 

construction of the original GMFCS motor curves as it was not known how this relatively 

new intervention at the time would influence gross motor function (33). Therefore, this 

historical group can serve as a control group for our BoNTA treated patients and provides an 

indirect method of assessing long term gross motor stability of children treated with 

repeated doses of lower limb BoNTA by comparing their GMFCS stability with that of the 

original curves. Whilst the stability of an individual’s GMFCS level over time has been well 

documented (30, 31, 34, 35) since the original GMFCS publications, the relationship of 

GMFCS stability to medical treatments has not.  

In this study we audit a clinical population to contribute to the knowledge base on 

the long-term outcomes of evidence-based interventions to improve gross motor function 

in children and adolescents with CP. The specific questions are: 

1. Do we treat the state-wide population of children with CP in WA?  

2. Which lower limb medical and surgical interventions has the CPMS provided by 

age and GMFCS level to this population; and why? 

3. How does the individual’s stability of GMFCS level in our treated population 

compare with published data?  

 

Methods  

This is a retrospective audit of an evidence based clinical service in Perth, Western 

Australia. Ethics approval was obtained from the Child and Adolescent Human Research 

Ethics Committee (study number 2016099) and the University of Western Australia.  

To determine if the CPMS treats the state-wide population of children with CP in 

WA, we cross referenced data from the Western Australian Register of Developmental 

Anomalies (WARDA) and the Paediatric Rehabilitation Information system (PRIS) database.  

WARDA, established in 2011, is a statutory register of data collected by the WA 

Department of Health. It combines the long- standing WA Birth Defects and WA Cerebral 

Palsy Registers under new legislation. The WA CP Register, now referred to as WARDA-CP, 

includes all individuals with CP born in WA from 1956 onwards, as well as those who 

migrate into Western Australia. WARDA-CP enables the number of children requiring 

services to be estimated.  

The data entry guide for all the PRIS forms is based on the diagnostic terms used by 

WARDA-CP (36) and the Surveillance of Cerebral Palsy in Europe (37). After clinical review or 

medical or surgical intervention, PRIS data entry forms are completed by CPMS clinical staff 

and then entered into PRIS by administrative staff.  

The cohort of children studied in this audit included children born between 2000-

2009 inclusive with a diagnosis of CP and managed by the CPMS. Data identifying each 

eligible CPMS subject was extracted from PRIS and WARDA staff linked this file to WARDA-
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CP. WARDA-CP then returned tabulated data about the number and characteristics of non-

matched subjects to the CPMS. Prior to data analysis and linkage to WARDA-CP the PRIS 

database for this birth cohort was audited and cleaned with reference to the original clinical 

records to ensure accuracy of data.  

Intervention data extracted on Botulinum toxin (Onabotulinum toxin A (Allergan), 

BoNTA) from PRIS also included treatment site(s) and indications for use. Treatment sites 

are recorded as upper or lower limb or other (e.g. salivary glands or neck muscles). The term 

lower limb refers to injections in any muscle of the lower limb including psoas, upper limb 

includes muscles of the shoulder and all arm muscles below that level. Indication for use of 

BoNTA were recorded as ‘improve function’, ‘manage symptoms’ (including pain/ splint 

tolerance) and ‘care and comfort’. It is possible to have multiple indications for each 

treatment. The data fields documenting indications for use were introduced into the 

database only in 2013 so data for this field is incomplete.  

In view of our focus on the GMFCS in this report only the details for lower limb 

orthopaedic surgery are provided and indications for surgery are coded as hip only, gait 

only, function only or a combination. The four children in this cohort who underwent 

selective dorsal root rhizotomy, one child who received an intrathecal baclofen pump and 

44 children who had upper limb surgery were included in the analysis but are not 

individually identified in this report. Two children had spinal orthopaedic surgery. 

Data Analysis  

Data on age, type of intervention and level of GMFCS at each intervention were 

extracted from PRIS. Age was calculated from date of birth and the date of examination, 

then rounded down to whole years, grouped into intervals of five years and analysed as a 

group variable. The GMFCS level was classified according to Palisano (1997) initially and 

from 2007 to the GMFCS Extended and Revised version. (31, 38). Although the GMFCS level 

was assessed at each clinic visit, it is updated on PRIS only if the GMFCS level changes. For 

GMFCS level stability the first and last GMFCS recorded were compared. The GMFCS level 

recorded at the age immediately prior to the intervention was the GMFCS used in the 

analyses of medical and surgical interventions.  

Children and adolescents who no longer need treatment by the CPMS are discharged 

from the service but are eligible for re referral from the community if required. The reasons 

for discharge include stable function with ongoing need for treatment unlikely, patient 

deceased or, for a very small number, relocation of the family. Children can exit the service 

at any age, but this is most common for children aged over 15 years.  

Data is described using frequencies and percentages for categorical data and 

medians and interquartile ranges for continuous data (due to the skewed distributions).  

Odds ratios and their corresponding 95% confidence intervals were produced using 

logistic regression to compare surgery vs no surgery, reasons for BoNTA and GMFCS 

stability.  
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Orthopaedic surgery data is reported as rates for each GMFCS level. Firstly, a rate for 

all individuals is reported. This rate is informative for service impact indicating the rate of 

surgery per 100 individuals. Secondly the rate for those who have surgery is provided, 

reported as a rate per individual. This rate represents a typical rate for a child who has 

surgery and is more informative for individuals and their families who proceed to surgery. 

Incidence rate ratios and their corresponding 95% confidence intervals are reported, 

produced from a negative binominal model. This model was chosen as the data was over 

dispersed. The child’s age was included as an offset to account for their time “at risk” of 

surgery.  

Differences in age of first surgery and across GMFCS was assessed using the Kruskal 

Wallis test. Differences in the use of BoNTA for pre surgery compared to post surgery was 

compared using the Wilcoxon signed rank test.  

Data analysis was conducted using Stata 15 (StataCorp. 2017. Stata Statistical 

Software: Release 15. College Station, TX: StataCorp LLC). Alpha was set at 0.05. 

 

Results  

There were 771 CPMS patients in the 2000-9 birth cohort. In comparison to clinical 

records PRIS was accurate in 89% of cases for diagnosis, >90% for BoNTA and 100% for 

surgical treatment. All inaccurate entries were corrected in the PRIS database. Data linkage 

showed that 80% (768/955) of children registered on the WARDA-CP statutory database 

were also seen by the CPMS service. The two children on the PRIS database but not on the 

WARDA-CP database were added to WARDA-CP. The confidentiality requirements of the 

statutory WARDA-CP database meant that the 187 (20%) children/youth not known to 

CPMS could not be identified; however, 79 children (42%) were classified by WARDA-CP as 

either deceased at an early age, hypotonic CP, ataxic CP or very mild/minimal CP. As 

children within these categories are often not seen in the CPMS it may be concluded that 

the CPMS provides a clinical service to 87.8% (771/ 878) of the target population of children 

with CP in WA and therefore provides a state-wide service.  

Of the 771 patients in the cohort all had GMFCS and intervention data recorded. At 

the time of data extraction patients were aged between 8 and 17years, mean age 13 years 

and standard deviation 2.8years. Of the 771individuals in the cohort with recorded GMFCS 

levels, 77% had their first recorded GMFCS as I-III (i.e. ambulant) and for the remaining 23% 

of the cohort the first GMFCS recorded was IV or V (i.e. non ambulant). This distribution of 

children across GMFCS levels is consistent with national data (36).  

Figure 1 shows complete data for the distribution of use of BoNTA and surgery by 

first recorded GMFCS level for children < 5 years and for children 5-10 years of age. In 

ambulant children (GMFCS I-III) age groups, the majority (80%) had received either no 

treatment or only BoNTA by age 10. Surgical intervention (with or without BoNTA) occurred 

more frequently in children of level GMFCS IV and V compared to children GMFCS I- III, (OR 

5.2, 95% CI 3.5 to 7.8, p<0.001).  
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Figure 1. Intervention by age and GMFCS level.  

 

Further analysis of the BoNTA treatment data by age, GMFCS level and indication for 

use is shown in Table 1. Children of GMFCS I-III were more likely to have BoNTA for function 

compared to children GMFCS IV-V, with an odds ratio of 29.0 (95% CI: 12.2 to 68.9, 

p<0.001). Children of GMFCS IV or V had 35.6 increase odds of BoNTA use for care and 

comfort compared to children of GMFCS I-III (95% CI: 14.4 to 87.8, p<0.001). Pain as an 

indication could not be analysed separately as it is included in the ‘manage symptoms’ 

category.  
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Table 1. BoNTA treatment data.* The data fields documenting these indications for use were introduced into the database only in 2013 so data 

for this field is incomplete. 

 

GMFCS 

 

   

Lower Limb BoNTA 

 

Indications for use of BoNTA 

 

Level  Number  

Treated  

Age First dose  

Median (IQ Range) 

 

 Age Last dose  

Median (IQ Range) 

 

N (%) with  

BoNTA indications 

Recorded*  

Improve function Manage symptoms 

(pain/ splints)  

Care comfort  

I 216/358 3 (2-6) 10 (8-12) 114 (32) 113 7 1 

II 124/168 3.5 (2-6) 10 (7-11) 68 (40.5) 65 7 2 

III 45/67 3 (2-5) 9 (7-12) 30 (45) 26 5 4 

IV 58/81 3 (2-5) 10 (8-12.75) 34 (42) 20 8 14 

V 52/97 3 (2-5) 9.5 (7.75-12) 28 (29) 9 2 20 
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Figure 2 shows the number of BoNTA treatments in the lower limb by GMFCS level. 

The percentage of children receiving no BoNTA treatments was: GMFCS I: 40%, GMFCS II: 

26%, GMFCS III: 33%, GMFCS IV: 28% and GMFCS V: 46 %. Of the total cohort 53 % of 

children received 4 or less BoNTA treatments and 3.7 % received more than 20 treatments. 

Figure 2. Distribution of total number of lower limb BoNTA Treatments by GMFCS level.  

 
 

Figure 3 shows the distribution of limb site injected by GMFCS level at the time of 

injection. For children at all GMFCS levels more than 55% of treatments were to the lower 

limbs alone. A smaller percentage of treatments in each GMFCS level were in the upper limb 

only; GMFCS 8.7%, GMFCS II: 13.4%, GMFCS III: 10.8%, GMFCS IV: 8.2%, GMFCS: V 11.9%. 

Full details of the numbers for the category of other indications, which includes salivary 

glands and neck muscle injections, are not available but are very small in in our population.  
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Figure 3. Distribution of BoNTA Treatment site; LL lower limb, UL upper limb. 

 

 

Table 2 illustrates the surgical data by GMFCS level in greater detail. Children who 

are GMFCS V have 6 times the odds of having surgery compared to those GMFCS I (OR 6.1, 

95% CI 3.7 to 10.0, p<0.001). Children who are GMFCS V level tend to have their first surgery 

at a younger age than children in any other groups (p<0.001). Of the children who have 

surgery those who are GMFCS V have on average twice the rate of surgery with 2.8 

procedures versus only 1.4 procedures for children who are GMFCS I (IRR 2.2, 95% CI: 1.6 to 

2.8, p<0.001). The use of BoNTA is significantly greater pre surgery compared to post 

surgery (p<0.001).  
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Table 2. Distribution of lower limb surgical treatment. 

GMFCS 

Surgery 
Lower Limb BoNTA Treatment 

in Relation to Lower Limb Surgery 
Surgical Indication for the individual  

Individuals 
with LL 
surgery 

Total 
surgeries 

Surgery rate for all 
individuals 

Surgery rate for 
individuals who have 

surgery 

Age at first 
surgery 

BoNTA 
Total 

 

BoNTA 

Pre – First 
surgery 

 

BoNTA 

Post – last 
surgery 

Hip 

 

Gait 

 

Function 

 

Hip/ gait/ 

Function 

Level n n (%) n 
per 100 

individuals 

IRR 

(95% CI) 

per 
individual 

IRR 

(95% CI) 

median 
(IQR) 

median 
(IQR) 

median 
(IQR) 

median 
(IQR) 

n n n n 

I 358 57 (15.9) 79 22 
1.0 

(reference) 
1.4 

1.0 
(reference) 

8 (7, 11) 
3  

(0, 10) 

7  

(3, 11) 

0  

(0, 3) 
2 53 0 2 

II 168 44 (26.2) 66 39 
1.8  

(1.2, 2.6) * 
1.5 

1.1  

(0.8, 1.5) 
9 (6.5, 11) 

4  

(0, 12) 

6  

(2, 12) 

0  

(0, 1) 
6 33 1 4 

III 67 29 (43.3) 53 79 
3.8  

(2.5, 6.0)** 
1.8 

1.4  

(1.0, 2.0) * 
8 (4, 11) 

6  

(0, 12) 

5  

(0, 9) 

1  

(0, 3) 
11 13 0 5 

IV 81 46 (56.8) 105 130 
 6.2  

(4.2, 9.2)**  
2.3 

 1.8  

(1.3, 2.4) ** 
7 (3, 9) 

7  

(0, 14) 

3 

 (0, 8) 

0  

(0, 4) 
23 0 7 16 

V 97 52 (53.6) 145 149 
6.9  

(4.8, 9.9)** 
2.8 

2.2  

(1.6, 2.8) ** 
5 (3, 7.5) 

2  

(0, 8) 

1  

(0, 3) 

0 

 (0, 3.5) 
27 1 4 20 

IQR – Interquartile range. IRR – Incidence Rate Ratio, produced from negative binomial model. 95% CI – 95 % confidence interval.  

* p<0.05  

** p<0.001 
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The median age for first recorded GMFCS was 4 (IQ Range 2,7) for GMFCS level 1 and 

age 3 years or less for all other GMFCS levels. 109 (14%) children had their first GMFCS 

before 2 years of age and 44% of these children were recorded as GMFCS IV or V. The 

stability of the GMFCS level is shown in Table 3. For 578 (75%) of the participants the last 

GMFCS recorded by clinicians was the same as the first. Ninety-six (12.4%) of the whole 

population had a lower, i.e. better, last GMFCS and 97(12.6%) had a higher last GMFCS than 

their initial level. However, due to ceiling (GMFCS I) and floor (GMFCS V) effects, for children 

with these two initial GMFCS levels their level could only change in one direction regardless 

of any change in functional status. 

The denominator for the proportion with a decreasing a GMFCS level should 

therefore be restricted to those with initial GMFCS levels II-V and that for those with 

increasing levels should be restricted to levels I-IV. With these denominators, 23% of those 

with the logical possibility of lowering their GMFCS level did so, and 14.4% with the logical 

possibility of increasing their GMFCS level did so. For consistency with other published 

papers on GMFCS stability (35) GMFCS III was chosen as the reference group and as shown 

in Table 3 children of level GMFCS II had 60% reduced odds of increasing their GMFCS i.e. 

get worse than children of GMFCS level III. 
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Table 3. GMFCS stability.  

GMFCS 

Age at first 
GFMCS 

Age at last 
GFMCS 

GMFCS Stable Lower (better function)  Higher 

Median (IQR) Median (IQR) n Total  n (%) n (%) Lower OR (95% CI) n (%) Higher OR (95% CI) 

I 4 (2, 7) 9 (7-12) 358 305 (85.2) NA NA 53 (14.8) 0.7 (0.3, 1.3) 

II 3 (2, 7) 10 (7.75-12) 168 108 (64.3) 44 (26.2) 1.0 (0.5, 1.8) 16 (9.5) 0.4* (0.2, 0.9) 

 

III 

 

2 (2, 5) 10 (7-12.5) 67 35 (52.2) 18 (26.9) 1.0 (reference) 14 (20.9) 1.0 (reference) 

IV 2 (2, 4) 10 (8-13) 81 54 (66.7) 13 (16.0) 0.5 (0.2, 1.2) 14 (17.3) 0.8 (0.3, 1.8) 

V 3 (1, 5) 9 (7-12) 97 76 (78.4) 21 (21.6) 0.8 (0.4, 1.6) NA NA 

 

All 

 

  771 578 (75.0) 96 (12.4) - 97 (12.6) - 

NA – Not Applicable. 

* p<0.05.  

 

 



 14 

Discussion 

This audit confirms that Western Australia has a comprehensive, accurate and 

reliable long-term clinical database that tracks its target population of children with CP. 

This study documents the use of BoNTA and orthopaedic surgical interventions in a 

birth cohort of children over a 17-year time frame. The CPMS has followed best practice 

guidelines for the use of BoNTA as they have evolved since 1993 and were recently 

summarized by Strobl et al (39). The decision to use BoNTA is multifactorial and guided by 

the CPMS model of goal-based decision making within the ICF model with input from a 

multidisciplinary team, parent(s) and, where appropriate, the child. All patients who receive 

intervention through the CPMS also have community therapy providers. As well as 

community therapy, patients who receive medical or surgical intervention through the 

CPMS (including BoNTA orthopaedic upper or lower limb surgery, selective dorsal root 

rhizotomy, intrathecal pump etc) receive funding from the CPMS for extra post intervention 

therapy sessions to be provided in the community. For example, if a patient receives lower 

limb BoNTA to one or to two limbs, he/ she receives eight or 16 extra therapy sessions 

respectively. Since 2014 children who have lower limb orthopaedic surgery attend an 

intensive 6-week outpatient therapy program at our hospital commencing at six weeks post-

operatively, as well as receiving funding for additional post intervention therapy by 

community-based therapy providers. Feedback on outcome of treatment with BoNTA is 

provided independently by community providers before repeat dosing proceeds. It can be 

seen from the data that although a subgroup of patients received many treatments of 

BoNTA the majority of patients in each GMFCS level received either none or less than four 

treatments with BoNTA.  

There is currently no consensus regarding how often and how many times BoNTA 

should be repeated (22). The effects of repeat injections was systematically reviewed by 

Kahraman et al (22). They reported functional gains especially after two injections but noted 

that the effects of multiple repeat treatments of BoNTA remain unclear due to insufficient 

evidence. A select group of patients in this birth cohort who have received many BoNTA 

treatments have been part of research studies documenting muscle volume and structure 

following BoNTA (40-45), and our aim is now to look further at the function and GMFCS 

stability of all our patients who have received multiple treatments with BoNTA.  

This audit is the first to provide detailed documentation of the relationship between 

the timing of BoNTA and surgical interventions provided to children and adolescents across 

both age span and GMFCS levels. In a recent retrospective cohort register study of the use 

of BoNTA in a population of children with CP in Sweden, the rates of use of BoNTA within 

GMFCS levels were provided (46). Whilst the total rates of use of BoNTA in Sweden were 

lower than in our study, the ages and total number of treatments, indications and timing 

with respect to surgery were not reported. Our rates of use of BoNTA in children under 10 

years are similar to those used in France (47). In the study of healthcare use by individuals 

with CP in France completed by self-administered questionnaires , Roquet et al (47) showed 
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BoNTA was used in 39% of ambulant children aged 2-5 and 32% in ambulant children aged 

12-17. We transition our patients to adult health services by age 18 years and only if we 

consider ongoing intervention is needed. At present we request our adult colleagues to 

continue treatment of BoNTA in less than 10% of patients per year and the majority of these 

patients have dyskinetic CP. Interestingly Roquet et al (47) confirmed ongoing use of BoNTA 

in up to 28% of patients aged 18-24 years.  

This study has documented statistically significant difference in the use of BONTA 

pre and post-surgery and reflects well on the current recommended management algorithm 

(48). This paper confirms that our interventions are targeted at what is considered to be the 

appropriate age range with the peak number of interventions being at the times of 

significant functional change and growth, i.e. before 10 years of age.  

This audit has shown stability of GMFCS level in this highly treated population. 

Improved function (i.e. changing to a lower GMFCS) was seen in 26.2% of children GMFCS II, 

26.9% of children GMFCS III and 21.6% of individuals of GMFCS level V, whereas a decline in 

function i.e. higher GMFCS was recorded in 14.4 % of those with initial levels I-IV. Alriksson-

Schmidt (35) recently investigated the stability of GMFCS levels in a Swedish population of 

children with CP. This population was similar to our cohort, with reference to age and 

number of children, and had comparable results of rates of stability of the GMFCS (35). A 

prospective observational study looking at GMFCS stability over a 2-year period using a 

process of consensus classification between parents and therapists was recently published 

by Palisano et al (49). In children 4 years and older GMFCS level was stable in 72.3%, 

compared with 75% in our study. Neither of these two cohort studies reported the medical 

or therapeutic interventions provided to the cohorts. Whilst the GMFCS is a classification 

system, not an outcome measure, both Alriksson-Schmidt (35) and Gisel (50) have 

commented that having noted the change in GMFCS level over time in a percentage of 

patients in each level in these population cohort studies it may be worthwhile studying the 

co-morbidities and treatments received by subgroups of children with a permanent change 

in GMFCS. It is therefore important that we continue to investigate our treated population.  

 

Limitations 

This audit addresses only limited aspects of selected major interventions in a cohort 

of children with CP. In particular this study does not provide details concerning the type of 

surgery, BoNTA doses, dilutions or muscles injected, nor the use of oral medication or 

intraneural phenol to manage spasticity and other abnormal movement patterns. The bodily 

distribution of CP motor impairments and the type(s) of hypertonia e.g. dystonia and the 

comorbidities are also not available. There is incomplete data at the later end of the age 

range for children in the age categories 10 years and over and hence we only present 

intervention data by age and GMFCS level in figure 1 for children 10 years and under. We do 

not report any adverse side effects of BoNTA in this paper since there have been several 

recent papers on adverse events rates for BoNTA (9, 10, 51) including our own (52) .Whilst 
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Perth is a very isolated capital city there is a small amount of movement of patients across 

states of Australia and interventions provided in other states are not recorded in this audit. 

 

Conclusion  

This audit confirms that the CPMS assesses and manages the population of children 

and adolescents with CP in WA requiring mobility services and provides accurate tracking of 

interventions. This audit is the first to document the interventions by age and GMFCS level 

provided to a large cohort of children with cerebral palsy over time in detail and confirm 

stability of the GMFCS in the majority of this highly treated population. To better 

understand the origins of functional change it is important to compare the co-morbidities 

and interventions provided to subgroups of children with and without permanent change in 

GMFCS level. The information from this audit is useful for service planning but also 

important in discussions with families regarding the potential medical and surgical 

interventions for their child and their implications for the long-term stability of motor 

function.  
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A prospective study investigating gross
motor function of children with cerebral
palsy and GMFCS level II after long-term
Botulinum toxin type A use
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David Forbes1 and Catherine Elliott5

Abstract

Background: The aim of this study is to contribute to the knowledge base on the long-term outcomes of
evidence-based medical interventions used to improve gross motor function in children and adolescents with
Cerebral Palsy.

Method: Prospective cohort study of children with Cerebral Palsy in the birth years 2000–2009 attending a tertiary
level service for children with Cerebral Palsy who’s first recorded Gross Motor Function Classification System level
was II.

Results: A total of 40 children were eligible for the study, of whom 28 (72.7%) enrolled. The Botulinum toxin A
treatment for this cohort, (median and interquartile ranges) were: total number of lower limb Botulinum toxin A
injections 11 (6.7, 5.5); total dose of Botulinum Toxin A per lower limb treatment 6.95 u/kg (4.5, 11); and dose of
Botulinum Toxin u/kg/muscle 2.95 (2.2, 4). For all 28 subjects there was a median of 15 (8.5 to 22) Gross Motor
Function Classification System level recordings: six of the 28 children (21.4%) improved from level II to level I, the
remaining 22 children remained stable at level II (78.6%). In this highly treated population, the average 66 item
Gross Motor Function Measure score for the 22 children in level II was 72.55, which is consistent with the mean of
68.5 reported in the original Ontario cohort.

Conclusion: This cohort study has confirmed that children with Cerebral Palsy, Gross Motor Function level II treated
at a young age with repeated doses of Botulinum Toxin A within an integrated comprehensive service, maintain or
improve their functional motor level at a later age.

Background
Cerebral Palsy (CP), the most common motor disorder
of childhood, was described by Rosenbaum et al. in 2007
as a ‘group of permanent disorders of the development
of movement and posture that are attributed to non-
progressive disturbances that occurred in the developing
fetal or infant brain’ [1, 2]. The Australian Cerebral Palsy
Register has recorded the prevalence of CP as 2.1 per

1000 live births [3]. Perth Children’s Hospital (PCH),
Western Australia (WA) (population 2.4 million) is the
state centre for the management of motor disorders in
children and adolescents with CP. In 2003 following new
funding from the West Australian government an
evidence-based clinical program for children with CP in
WA was established and is known as the Cerebral Palsy
Mobility Service (CPMS). As part of the funding a data-
base, the Paediatric Rehabilitation Information System
(PRIS), was established, with retrospective data entry for
children with CP to 1995 [4]. In a recent retrospective
audit, we confirmed that the CPMS manages the state-
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wide population of children and adolescents with CP in
WA and provides accurate tracking of interventions [4].
Motor development, pain and integration into com-

munity life are primary concerns of parents of children
with CP [5] and interventions including Botulinum toxin
type A (BoNTA) and orthopaedic surgery are designed
to improve motor function to allow participation, treat
pain and prevent secondary impairments. BoNTA is an
evidence based management for hypertonia in children
with CP [2, 6, 7]. BoNTA has been used to manage
hypertonia in children with CP since 1993 [8]. BoNTA
has a high safety profile [9–11] and the short-term out-
comes of BoNTA are well documented [12–20]. Mole-
naers et al., concluded that when injected according to
an integrated approach and started at a young age,
BoNTA has the potential to improve overall function of
children with CP [21]. However as documented by Kah-
raman in their systematic review and others there is little
evidence on the outcome of repeated BoNTA injections
over time [22–24] and the long-term effect of BoNTA
on muscle size and morphology in children with CP re-
mains under investigation [25, 26].
The evidence base for interventions that are proven ef-

fective in children with CP is limited with the majority
of interventions only having evidence for short-term
gains [7]. Two recent Delphi surveys of consumers, re-
searchers and clinicians have identified the need to pro-
vide evidence of longer-term outcomes of interventions
for children with CP [27, 28].

Methods
The aim of this study is to contribute to the knowledge
base on the long-term outcomes of evidence-based med-
ical interventions used to improve motor function in
children and adolescents with CP. In this cohort study
we will compare the observed gross motor function pro-
files of children with CP whose first recorded Gross
Motor Function Classification System (GMFCS) level
was level II and who are currently aged between 8 and
16 years and enrolled in the CPMS, with their predicted
average 66 item Gross Motor Function Measure
(GMFM-66) score on the Ontario Motor Growth Curves
[29] for their current GMFCS level. We will also meas-
ure the pain and participation levels of these children.
The primary question is: ‘Do children treated at a young
age with repeated doses of BoNTA within an integrated
comprehensive service, maintain their functional motor
gains at a later age?’ The secondary question is: ‘What
are the comorbidities, pain and participation profiles of
these children?’
This prospective cohort study includes children with

CP whose first recorded GMFCS level was level II, who
are in the birth cohort 2000–2009 inclusive (aged 8–16
years at time of assessment) and currently enrolled in

the CPMS. Exclusion criteria included a lack of GMFCS
level recorded at time point 1, BoNTA treatment exter-
nal to our CPMS service, history of selective dorsal root
rhizotomy, declining to participate or inability to comply
with assessments. Data concerning enrolled children was
obtained at two time points: time point 1, the time of
entry of the child into the CPMS for treatment; and time
point 2, is at the date of motor assessments and
questionnaires.
Data for time point 1 is data taken from the CPMS

database records and includes topographical classification
(hemiplegia, diplegia etc.), comorbidities and GMFCS
level. Data for time point 2 includes the functional motor
assessments GMFCS and GMFM-66. The GMFM-66 is a
valid and reliable measure [30], we used the Gross Motor
Ability Estimator (GMAE-2) computer program to esti-
mate a total GMFM-66 score [30]. To interpret the
GMFM-66 scores, we compared the score to the predicted
GMFM-66 score for the GMFCS level on the ‘Percentiles
by Age’, Ontario Motor Growth Curves [31].
The Brief Pain Inventory – Short Form [32] was used

to record pain history. This questionnaire comprises two
parts: the first part contains eight items regarding pain
location, pain severity, analgesics used and pain relief;
the second part asks the individual about pain interfer-
ence with activities in daily life. The Participation and
Environment Measure for Children and Youth (PEM-
CY) short form was used to measure activity and partici-
pation [33]; this is a parent-report instrument that ex-
amines participation and environment factors that affect
the participation of children across three settings: home,
school and community. Parents are asked to rate their
child’s involvement in 25 activities across the three set-
tings. A questionnaire concerning medication use was
completed and anthropometric measures to calculate
body mass index (BMI) z scores were also taken. All
assessments were done by a qualified physiotherapist
(author LP) while the patient was attending an out-
patient clinic.
At time point 2, data was also extracted from PRIS

concerning the date of birth of the child and the date,
type and GMFCS level for each intervention. In view of
our focus on GMFCS in this report, the details for
BoNTA intervention data was limited to the lower limb
use. BoNTA data extracted included muscle treatment
site(s), total lower limb dose of BoNTA (u/kg), BoNTA
dose per muscle (u/kg/muscle), and indications for use
of BoNTA. Our service has only ever used Onabotuli-
num toxin (Allergan) as our BoNTA treatment. Treat-
ment sites are recorded as distal if involving muscles
that insert below the knee joint, proximal if muscles in-
sert above the knee (including psoas) and multilevel if
both distal and proximal muscles were treated. Indica-
tions for use of BoNTA were recorded as ‘improve
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function’, ‘manage symptoms’ (including pain and splint
tolerance) and ‘care and comfort’. It is possible to have
multiple indications for each treatment. The data fields
concerning indications for use were only introduced into
the database in 2013 so data for this field is incomplete.
In view of our focus on GMFCS, in this report only the
details for lower limb orthopaedic surgery are provided
and indications for surgery are coded as hip only, gait
only, function only or a combination of these.

Data analysis
Age was calculated in months and then converted to
years from the date of birth. The GMFCS level was clas-
sified initially according to Palisano (1997) and from
2007 onwards according to the GMFCS Extended and
Revised version [29, 34]. Although the GMFCS level was
assessed at each clinic visit, it is updated on PRIS only if
the GMFCS level changes. To assess GMFCS level sta-
bility, the first and last GMFCS level recorded were
compared. Children and adolescents who no longer need
treatment by the CPMS are discharged from the service
but are eligible for re-referral from the community if re-
quired. The reasons for discharge include stable function
with no further treatment considered likely to be
needed, patient deceased or, for a very small number, re-
location of the family.
Continuous variables are reported as means and stand-

ard deviations or medians and interquartile ranges
(when distributions were skewed). Categorical variables
are reported as frequencies and percentages. Relation-
ships between categorical variables (BoNTA use in
multilevel muscles vs topography, pain and BMI) were
compared using chi square test. PEMCY and topog-
raphy, GMFCS, pain and BMI (categories) was compared
using the Mann Whitney U test. PEMCY and GMFM
was analysed using linear regression and Pearsons cor-
relation coefficients. All data was analysed using Stata
14.1 (StataCorp, College Station, TX). Statistical signifi-
cance was considered p < 0.05.

Results
There were 766 children aged between 8 and 16 years at
the time of assessment. At time point 1, 163 of these
children (21.3%) were recorded at GFMCS level II.
Figure 1 outlines the patient flow through the clinical
service. There were 55 individuals potentially eligible for
enrolment in the study; of these, 15 (27.3%) were ex-
cluded as they either declined (n = 8) or they were un-
able to comply (n = 7) due to comorbidities, including
autism and intellectual disability. A total of 40 children
were eligible, of whom 28 (72.7%) were enrolled and
assessed. These 28 children represent a sample of con-
venience of the total 40 children who could be assessed

as the study was conducted over a limited time period in
a busy clinical service.
Of the 108 children no longer in the service, the ma-

jority (96 children) were discharged as their motor func-
tion was stable and it was considered they were unlikely
to require future BoNTA treatment. Of these 108 chil-
dren, only 65 (60%) had ever received BoNTA. Of these
65 children, the median (IQR [interquartile range]) age
at last dose of BoNTA was 9 (6, 11) years with a median
(IQR) of 5 (2, 12) lower limb BoNTA treatments. For
these 108 children, 24 (22%) had improved to become
GMFCS level I, 72 (67%) were stable at GMFCS level II,
and 12 (11%) deteriorated – 10 to GMFCS level III and
two to GMFCS level IV.
The median (IQR) age of the 108 excluded children

was 13.3 (11.7, 15.6) years compared with 11.5 (10, 12.7)
years of the 55 potentially eligible children. 54 of the 55
(98%) of the eligible children received BoNTA. Table 1
compares CP topography, comorbidity rates and BoNTA
use between the 55 enrolled and non-enrolled poten-
tially eligible children. These two groups were similar in
topography, age and comorbidities rate but the median
number of BoNTA treatments was lower in the non-
enrolled group.
Table 2 details CP topography predominate motor

type, comorbidities, functional levels, BoNTA dosing,
muscle injection level distribution and GMFM scores for
the 28 enrolled children. Their median (IQR) age was
10.9 (10, 11.8) years. Diplegia topography was observed
in 15 (53.6%) children and hemiplegic in 13 (46.4%) chil-
dren. Comorbidity rates were high with 15 (54%) of the
group reported to have comorbidities that included in-
tellectual disability, epilepsy and autism. The mean BMI
z score was 0.3 (SD 1.1) with 21 (75%) of the children a
normal weight for their age, 5 (17.9%) overweight and 2
(7.9%) obese.
Of the 28 children in this cohort, 27 received treat-

ment with BoNTA, the median (IQR) total dose of
BoNTA to lower limbs per treatment was 6.95 u/kg (4.5,
11) and the median (IQR) dose of BoNTA u/kg/muscle
was 2.95 (2.2, 4). The distribution of the BoNTA in the
lower limb muscles by age and topography is docu-
mented in Fig. 2. There was a higher use of BoNTA in
multilevel muscles in children with diplegia compared to
those with hemiplegia (p < 0.001). None of the 28 chil-
dren were on any additional medication to modulate
tone or movement disorders. For children with hemiple-
gia the average time between injections was 8.5 months
(SD 2.4 months) and for children with diplegia the aver-
age time between injections was 7.2 months (SD 3.6
months).
For all 28 subjects there was a median (IQR) of 15

(8.5, 22) GMFCS recordings done. Of these 28 children,
six (21.4%) improved to GMFCS level I. The average

Valentine et al. BMC Pediatrics            (2020) 20:7 Page 3 of 13



GMFM-66 centile score for age and GMFCS level for
these six children was 46, with a mean GMFM-66 score
of 86.9. The age when BoNTA treatments were received,
the recorded GMFCS and GMFM level, and the comor-
bidities of these six children are documented in Fig. 3.
Notably, five of these six individuals had a hemiplegic
distribution and only two of the six had comorbidities.
Of the 22 children who remained GMFCS level II at

time point 2, the average GMFM-66 centile for GMFCS
level II was 56.7, with a mean GMFM-66 score of 72.55
and average age of 11.2 years. Only eight of the 22 chil-
dren received the same GMFCS rating at all assessments,
with a median (IQR) of 16 (7, 19) GMFCS recordings.

No child increased their final GMFCS level recording,
that is, deteriorated in gross motor function.
The Brief Pain Inventory – Short Form was completed

by 26 of the 28 enrolled children. Pain, other than every-
day kinds of pain such as toothache or minor headache,
was present in 10 of the 28 children (38.5%), and the
average pain rating was 3 out of 10 (SD 2.4). Of those 10
children with pain, 5 (50%) felt the pain interfered with
their general activity and rated the average amount of
interference as median (IQR) of 1(0,7). Of the 10 chil-
dren with pain, 5 (50%) had comorbidities; and of the 18
children with no pain, 10 (56%) had comorbidities, a
similar ratio. There was no association with pain being

Fig. 1 Flow diagram of enrolment
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present and a BMI in the obese or overweight range
(p = 0.157).
The median (IQR) PEM-CY scores for all of the cohort

participation in the three domains were: home 6.1 (5.4,
6.5), school 3.6 (3,4,4.6) and community 2.2 (1.6,3.0).
There was no statistically significant relationship be-
tween the PEM-CY score and topography, final GMFCS
level or pain scores, see Table 3. Correlation and linear
regression of PEM-CY and GMFM is shown in Table 4,
with no significant association between these two mea-
sures in either home or community. Interestingly there
was a statistically significant negative association be-
tween school participation and GMFM centile with a
correlation coefficient of − 0.5 (p = 0.010).

Discussion
Our study confirms that the majority of ambulant chil-
dren treated at a young age with repeated doses of
BoNTA within an integrated comprehensive service,
maintain their functional motor levels over time, as doc-
umented by the GMFCS level. The rates of pain and par-
ticipation in our cohort are similar to that documented
in other populations [35–39]. Our rates of GMFCS sta-
bility in this treated population are also similar to those
recently documented in large cohort studies [40, 41]. As
the GMFCS is a classification system rather than an

outcome measure, we used the GMFM − 66 [30] to look
at our population’s motor function in more detail. As
documented by Hanna et al. for children in GMFCS
levels I and II, the average age at which children achieve
90% of their expected limit in GMFM-66 motor ability is
5 years 2 months for GMFCS I and 4 years 11 months
for GMFCS II, they found no evidence of functional de-
cline, on average, for children in GMFCS levels I and II
[42]. The median age of our cohort at the time of
GMFM-66 assessment was 11.5 years, so it can be pre-
sumed that at the age at which we assessed GMFM-66
our patients have achieved motor stability. Importantly
we have shown that in this highly treated population,
the average GMFM-66 limit of our children in GMFCS
level II is 72.55, which is consistent with the mean of
68.5 reported by Hanna [42]. For our children who be-
came GMFCS level I, the average GMFM-66 limit was
86.9, again consistent with the average of 89.5 reported
by Hanna et al. [42] Figure 3 provided detailed informa-
tion on the small case series of patients who improved
GMFCS level following treatment in our comprehensive
service. For patients 12 and 4, both of whom have re-
ceived multiple series of BoNTA treatments, we propose
that these patients have permanently changed GMFCS
level as they had their first recordings of GMFCS level II
made after the age of 4 years, which is when the GMFCS

Fig. 2 Total number of BoNTA treatment by CP topography and age
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level is considered stable, and their GMFM-66 scores are
in the high centile range, being at the 85th and 50th cen-
tile respectively for GMFCS level.
In the original GMFCS motor curves, children who

had received BoNTA or intrathecal baclofen or who had
undergone selective dorsal root rhizotomy were ex-
cluded as it was not then known how these relatively

new interventions would influence gross motor function
[43]. This study details the BoNTA interventions pro-
vided and confirms that the majority of our highly
treated population remains at a stable GMFCS level and
with the GMFM-66 average consistent with the original
published average levels. Notably, in a significant per-
centage of our assessed population, the GMFCS

Fig. 3 Treatment details and GMFM results six individuals who improved from GMFCS II to GMFCS I, + represent BoNTA treatments
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improved over time and deteriorated in none. The deci-
sion to use BoNTA is multifactorial and guided by the
CPMS model of goal-based decision making within the
International Classification of Functioning, Disability
and Health (ICF) model with input from a multidiscip-
linary team, parent(s) and, where appropriate, the child.
In our clinical service the outcome of BoNTA treatment
is evaluated by review of the child post BoNTA treat-
ment that includes history for side effects, documenta-
tion of a technical response e.g. by change in Modified
Ashworth, Modified Tardieu assessments, or reduction
in spasm scores or Barry Albright dystonia score, and
documentation of outcome of goals. A written report is
submitted by the community therapists of the post

intervention provided and information on the outcome
of goals is also commented on in this report. Our doses
of BoNTA are low to moderate [2] and our distribution
of muscle use is similar to that of other Australian
teams. All patients who receive BoNTA in our service
must have a community therapy provider and when our
patients receive medical or surgical intervention through
our program, we also provide funding for extra post-
intervention therapy sessions from the community team.
For example, if a patient receives lower limb BoNTA to
one or to two limbs, they receive eight or 16 extra ther-
apy sessions respectively.
It is well understood that comorbidities in children

with CP affect the outcome, our rates of comorbidities

Table 3 Participation and Environment Measure for Children and Youth (PEM-CY) and the relationship with topography, GMFCS and
pain

n (%) Participation and Environment Measure for Children and Youth (PEM-CY)

Home Average School Average Community Average

median (IQR) p value median (IQR) p value median (IQR) p value

Total PEMCY Complete 25 (89%) 6.1 (5.4, 6.5) NA 3.6 (3.4, 4.6) NA 2.2 (1.6, 3.0) NA

Topography

Diplegia 14 (56.0%) 6.1 (5.2, 6.5) 0.826 3.5 (3.0, 5.0) 0.659 2.1 (1.6, 3.9) 0.510

Hemiplegia 10 (40.0%) 6.2 (5.4, 6.5) 3.8 (3.4, 4.4) 2.5 (2.1, 3.0)

GMFCS

I 5 (20.0%) 6.2 (5.4, 6.5) 0.864 3.4 (3.4, 4.4) 0.784 2.8 (1.4, 3.0) 0.634

II 20 (80.0%) 6.1 (5.3, 6.5) 3.7 (3.2, 4.6) 2.2 (1.8, 3.5)

Pain Present

0(NA) 2 (8.0%) 6.4 (6.4, 6.4) 0.397 3.7 (3.4, 4.0) 0.953 6.0 (5.2, 6.5) 0.398

1 (Yes) 8 (32.0%) 6.2 (6.0, 6.6) 3.6 (3.1, 5.1) 3.6 (3.4, 4.6)

2 (No) 15 (60.0%) 6.0 (5.2, 6.5) 3.6 (3.4, 4.6) 2.2 (1.6, 2.8)

BMI

normal weight 19 (76.0%) 6.2 (5.4, 6.5) 0.659 3.6 (3.4, 4.6) 0.903 2.2 (1.6, 3.0) 0.781

overweight 4 (16.0%) 6.0 (5.2, 6.2) 3.7 (3.2, 5.3) 2.3 (1.4, 3.8)

obese 2 (8.0%) 5.9 (5.0, 6.7) 3.7 (3.2, 4.2) 3.2 (2.1, 4.4)

Table 4 Participation and Environment Measure for Children and Youth (PEM-CY) and Gross Motor Function Measure 66 (GMFM-66)
association. GMFCS II only (n = 20)

GMFM Total Score

coefficient (95% CI) p value correlation coefficient (95% CI)

PEMCY (outcome)

Home average 0.04 (−0.02, 0.09) p = 0.146 0.34 (−0.12 to 0.68)

School average −0.05 (−0.11, 0.02) p = 0.143 −0.34 (−0.68 to 0.12)

Community average −0.02 (− 0.09, 0.05) p = 0.574 − 0.13 (− 0.54 to 0.33)

GMFM centile (predictor)

Home average 0.01 (− 0.01, 0.03) p = 0.219 0.29 (− 0.18 to 0.65)

School average −0.02 (− 0.04, − 0.01) p = 0.014 −0.54 (− 0.79 to − 0.13)

Community average −0.01 (− 0.04, 0.01) p = 0.167 −0.32 (− 0.67 to 0.14)
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are similar to that documented by Novak [44] and the
Australian Cerebral Palsy Register [45], and as expected
the rate of comorbidities in those children who im-
proved GMFCS level (33%) was lower than in those
whose GMFCS level remained stable (54%). Increasing
BMI is a significant issue for children of all abilities but
a significant further risk factor for children with a motor
impairment. Our rates of overweight and obese children
are similar to those seen in typically developing children
and children with CP [46–48].
The dimension of participation is an important inclu-

sion in the ICF [49] and as it is clear that participation
contributes to quality of life [50] an important target of
our treatment is to provide increased participation. In
our cohort of children there was no statistically signifi-
cant relationship between PEM-CY scores and topog-
raphy, final GMFCS level or pain scores. The statistically
significant negative association between school participa-
tion and GMFM is not easily understood and likely
multifactorial. Anecdotally what is seen is that children
with CP who have good motor function but not the level
of motor function equivalent to that of typically develop-
ing children are or tend to be isolated in motor-based
school activities as they cannot keep up with their peers.
It is known from recent large population cohort stud-

ies on GMFCS level stability that a percentage of pa-
tients in each GMFCS level change levels over time and
there have been recent calls in the literature to study the
comorbidities and treatments received by those sub-
groups of children with a permanent change in GMFCS
level [40, 51]. To our knowledge, this study is the first to
provide detailed information on medical interventions
and comorbidities of individuals with CP in relationship
to GMFCS level stability.

Limitations
The major limitation of this study is the absence of a
GMFM-66 assessment at time point 1. As the aim of this
study was to look at GMFCS stability in a treated popu-
lation we limited our cohort to children whose first
GMFCS level recorded was level II as these children
have potential to change GMFCS level in both direc-
tions, but motor function is not reported to decline in
adolescence [42]. Only a randomly selected 28 of the 40
eligible children were assessed. Table 1 suggests that
they may have been a relatively good outcome group,
but the differences are not marked. This study focuses
on BoNTA treatment as this is the most frequent major
intervention at this GMFCS level, in particular this study
does not provide details concerning the type of surgery.
We do not report any adverse side effects of BoNTA in
this paper since there have been several recent papers
on this subject [9, 10, 52] including our own [53]. The
impact of repeat dosing with BoNTA on muscle

structure and function has not been studied in this paper
but is recognised to be an important consideration in
the long-term use of BoNTA. We have recently
published on the impact on muscle volume and muscle
structure following repeat dosing of BoNTA and
presently we aim to minimise the dose of BoNTA used,
rotate muscle selection where possible and ensure post
intervention strength training, where appropriate [54–56].
It is now recognised that children with CP from socio-
economically disadvantaged settings are more likely to
have reduced motor functional outcomes [57]; this study
has not looked at any socio-economic determinants of
health but this would be important in future research.

Conclusion
This cohort study has confirmed that children with CP
and a GMFCS level of II treated at a young age with
repeated low to moderate doses of BoNTA within an
integrated comprehensive service, maintain their func-
tional motor gains at a later age.
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ABSTRACT: Introduction: Botulinum toxin A (BoNTA) is routine
treatment for hypertonicity in children with cerebral palsy (CP).
Methods: This single-blind, prospective, cross-sectional study of
10 participants (mean age 11 years 7 months) was done to
determine the relationship between muscle histopathology and
BoNTA in treated medial gastrocnemius muscle of children with
CP. Open muscle biopsies were taken from medial gastrocne-
mius muscle and vastus lateralis (control) during orthopedic
surgery. Results: Neurogenic atrophy in the medial gastrocne-
mius was seen in 6 participants between 4 months and 3 years
post-BoNTA. Type 1 fiber loss with type 2 fiber predominance
was significantly related to the number of BoNTA injections (r 5

0.89, P < 0.001). Conclusions: The impact of these changes in
muscle morphology on muscle function in CP is not clear. It is
important to consider rotating muscle selection or injection sites
within the muscle or allowing longer time between injections.

Muscle Nerve 53: 407–414, 2016

Cerebral palsy (CP) describes a group of perma-
nent motor disorders attributed to non-progressive
disturbances in the developing brain.1 Although the
lesions are non-progressive, the disorder(s) of move-
ment are associated with a wide variety of musculo-
skeletal disturbances that manifest as the child
matures and develops. Common motor problems
associated with CP include hypertonicity, with spas-
ticity evident in 85% of affected children,2 and mus-
cle weakness, with smaller and weaker muscles
relative to typically developing peers.3–6

Although it is recognized that the muscles of
children with CP show a range of non-specific mor-
phological abnormalities, the literature related to
muscle pathophysiology in children with CP is
inconclusive.7–11 For example, Barrett and Licht-
wark’s systematic review on muscle morphology
and structure showed evidence of marked variabili-

ty in muscle fiber size, whereas reports on muscle
length changes and variable fiber type predomi-
nance were conflicting.4

Botulinum toxin (BoNTA) is now part of stand-
ard care for managing hypertonia in children with
spastic and dystonic CP.12–15 Intramuscular injection
of BoNTA produces a reversible blockade of neuro-
muscular transmission. Evidence of its benefits in
managing dynamic deformity in children with CP
was first documented in 1993.16 Since then, many
positive outcomes have been reported, including
reduced muscle tone,17 increased range of joint
motion,17 improved gait patterns,17,18 functional
improvements,19–21 and delay and reduction in the
requirement for surgical interventions.22 Molenaers
and colleagues concluded that BoNTA injections,
when given as part of an integrated approach and
started at a young age, have the potential to
improve overall function among children with CP.23

Although BoNTA has a high safety profile and
is well tolerated in children,12,24,25 animal studies
have indicated altered muscle structure in BoNTA-
treated muscle. For example, Fortuna and col-
leagues reported data in rabbits that showed signif-
icantly decreased muscle strength and mass of the
vastus lateralis, rectus femoris, and vastus medialis
1 month after initial BoNTA injections. Further,
these decreases continued with repeat injec-
tions.26,27 Similar atrophy and decreases in muscle
mass have also been reported in the plantaris, sol-
eus, and gastrocnemius muscles of rats 10 weeks
post-BoNTA.28,29 Post-injection recovery of neuro-
muscular transmission has been reported to be
apparent by 3 months.30–32

Muscle biopsies of BoNTA-treated muscles in
humans with underlying medical conditions have
shown variable outcomes. For example, Harris
et al.33 reviewed muscle biopsies of patients with
blepharospasm who were either treated or not
treated with BoNTA. They found no consistent
longstanding alterations in muscle morphology in
the BoNTA-treated group. Similarly, Haferkamp
et al. showed no change in the ultrastructure of
the detrusor muscle up to 11 months post-BoNTA

Abbreviations: ATPase, adenosine triphosphatase; BoNTA, botulinum
toxin A; COX, cytochrome oxidase; CP, cerebral palsy; EM, electron
microscopy
Key words: botulinum toxin; cerebral palsy; hypertonia; medial gastro-
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injection in overactive neurogenic bladder.34 In
contrast, Merati et al. studied the cricopharyngeal
muscle in BoNTA-treated and non-treated patients
with achalasia and, although neuropathic changes
were noted in the BoNTA-treated patients, they
were not significantly different from the BoNTA-
naive patients.35 Finally, Schultz-Baukloh et al., in
an investigation of the long-term effects of BoNTA
on detrusor muscle in patients with myelomenin-
gocele, found persistence of cleaved synaptosomal-
associated protein-25 at 11 months post-injection.36

Recent studies have also raised concern regard-
ing the long-term effect of BoNTA on muscle size
and morphology in children with CP.37,38 There
are not only data to suggest reduced muscle vol-
ume in the injected muscle but also hypertrophy
of synergistic muscles.39 Further, Schroeder et al.40

documented neurogenic atrophy in the injected
medial gastrocnemius in 2 healthy adults at 3, 6, 9,
and 12 months post-BoNTA. Dunne et al.41 found
qualitative and quantitative needle electromyo-
graphic (EMG) evidence of denervation in the
vastus lateralis muscle of 10 subjects injected to
manage anterior knee pain. The participants had
received BoNTA between 5 and 19 months previ-
ously, and the extent of the abnormalities corre-
lated with time since injection.

Our aim was to determine the relationship
between muscle histopathology and BoNTA in the
BoNTA-treated medial gastrocnemius. It was
hypothesized that there would be evidence of neu-
rogenic atrophy associated with BoNTA use and
other morphological changes associated with
spasticity.

METHODS

Study Design. A single-blind, prospective, cross-
sectional study design was utilized. Written consent
was obtained from all parents and, whenever possi-
ble, assent from the children. Ethics approval for
the study was obtained from the human ethics

committee of Princess Margaret Hospital (1854)
and from the University of Western Australia.

Participants. Participants were recruited from the
Cerebral Palsy Mobility Service at Princess Marga-
ret Hospital between October 2010 and December
2013. Eleven children were enrolled in the study,
but the biopsies from 1 child were unsuitable for
morphometry due to freezing artifact. Table 1 lists
the characteristics of the 10 participants [4 girls
and 6 boys, mean age 11 years 7 months (SD 3
years 4 months)] who completed the study.

Inclusion criteria were as follows: a diagnosis of
spastic CP; in receipt of services from the Cerebral
Palsy Mobility Service; Gross Motor Function Classi-
fication System level I–III42; and scheduled for
orthopedic surgery for gait correction. Children
were excluded if they had received lower limb
serial casting or functional electrical stimulation in
the previous 6 months.

Procedure. Onabotulinum toxin (Botox; Allergan,
Irvine, California), with a dilution of 1–2 ml NaCl
0.9%/vial, was distributed between 2 and 4 injec-
tion sites per gastrocnemius muscle for all partici-
pants. The numbers of treatments with BoNTA
into gastrocnemius muscles are given in Table 2.
Participants also received BoNTA to other upper
and lower limb muscles as clinically indicated. This
represents the total number of injections given
over time (Table 2).

Open muscle biopsy was obtained under gen-
eral anesthesia at the time of orthopedic surgery
by the surgeon (K.S.) at Princess Margaret Hospi-
tal. Biopsies were taken from the proximal third of
the medial gastrocnemius and the middle third of
the muscle belly of the vastus lateralis muscle in all
participants. Six participants also had a second
biopsy taken from the middle third of the medial
gastrocnemius muscle.

Only the biopsies from the proximal third of
the gastrocnemius were analyzed and reported
here. The data pertaining to the middle third of
the medial gastrocnemius muscle will be reported
in a separate study. It is considered that the proxi-
mal biopsies will best correspond to the site where
BoNTA is injected.43–45 This strengthens the analy-
sis of the effect of BoNTA on the muscle morphol-
ogy, as we could not be certain that the biopsies
from the mid-gastrocnemius were at the BoNTA
injection site. No biopsies were taken from the dis-
tal gastrocnemius.

Consistent with previous muscle morphology
studies,7,46 the vastus lateralis muscle was consid-
ered the control muscle, as it is remote from the
site of the injected BoNTA and has been used as a
control in previous studies of muscle morphology
in CP.

Table 1. Participant characteristics.

Pt no.
Age

(years) Cerebral palsy GMFCS FMS

1 7 Diplegia II 4, 4, 4
2 15 Diplegia III 2, 2, 1
3 11 R hemiplegia II 5, 5, 5
4 9 Diplegia II 5, 5, 5
5 12 R hemiplegia I 6, 6, 6
6 13 L hemiplegia I 6, 5, 5
7 14 R hemiplegia I 6, 6, 6
8 13 R hemiplegia I 5, 5, 5
9 6 L hemiplegia I 6, 6, 6
10 16 L hemiplegia I 6, 6, 6

Pt, participant; R, right; L, left; GMFCS, Gross Motor Function Classifica-
tion System; FMS, Functional Mobility Scale.
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The neuropathologist was blinded to the
BoNTA history of the child. Open muscle biopsies
were collected, treated, analyzed, and stored
according to National Association of Testing
Authorities guidelines.47 The biopsies were col-
lected by a neuropathology technician trained in
snap-freezing of muscle in isopentane and liquid
nitrogen for 7-mm-thick cryostat sections. Muscle
was also retained in formalin for paraffin-
embedded processing for 4-mm-thick microtome
sections and in glutaraldehyde for electron
microscopy.

The following stains were performed: routine
hematoxylin and eosin; enzyme histochemistry
[adenosine triphosphatase (ATPase) pH 9.5, 4.6,
and 4.3] for fiber typing; metabolic stains for mito-
chondria (cytochrome oxidase, COX), glycogen,
and lipid; and a picro-Mallory stain for endomysial
fibrosis. In addition, to compare the frozen
enzyme histochemistry ATPase staining, slow
(Novocastra NCL-MHCs) and fast (Novocastra
NCL-MHCf) myosin immunohistochemical stains
were done on paraffin-embedded tissue oriented
longitudinally and in cross-section.

Measures. Muscle morphometry was performed
on all biopsies to determine the range of muscle
fiber diameter in the affected type 1 and type 2
fibers, and the ratio of type 1 to type 2 fibers in
the affected muscles. These results were also com-
pared with a normal distribution and ratios estab-
lished for normal muscle within the defined age
range.48 Muscle morphometry was performed on
ATPase stain at pH 9.5 using an established histo-

chemical technique. This stain reflects the physio-
logical differences between type 1 and type 2 fibers
and is a reliable reaction to determine fiber types.
This method was also used and reported by Brooke
and Engel in their seminal study.48 The following
parameters were assessed: the ratio of type 1 to
type 2 fibers; and the mean, maximum, and mini-
mum fiber diameters of type 1 and 2 fibers. Rou-
tine morphometric assessment was performed.

Electron microscopy (EM) was taken on all
muscle biopsies and reported on 5 of the proximal
medial gastrocnemius biopsies. Of these 5 cases, 4
were selected randomly from those participants
with neurogenic atrophy on histopathology. The
fifth case (participant 4) was selected due to evi-
dence of COX-negative fibers. Samples were fixed
in 2.5% buffered glutaraldehyde and processed
with osmication in 1% buffered osmium tetroxide
using a Leica tissue processor. The blocks were sec-
tioned, mounted on 150-mesh copper grids,
stained in saturated uranyl acetate and lead citrate,
and examined using a transmission electron micro-
scope (JEOL 1400). The digital images were cap-
tured using an 11-megapixel Gatan digital camera
mounted on the JEOL microscope.

Reliability. To test the consistency of morphomet-
ric measurement by a single operator, the same
image was measured 3 times and the results com-
pared. The mean size measurement showed a vari-
ation of <3%. The number of fibers counted
varied by 4%. The results from all measurements
were compared and showed a variation of <3% in
size and 4% in count between operators.

Table 2. Medial Gastrocnemius BoNTA history and gastrocnemius biopsy results.

Pt

Number of
BoNTA

treatments

Biopsy time
post-BoNTA

injection Biopsy results†

1 0 NA Type 2 fiber atrophy, otherwise WNL
2* 1 9 years Type 2 fiber atrophy, otherwise WNL
3* 14 4 months Chronic neurogenic process, denervation and reinnervation, fiber-

type grouping
4* 9 12 months Chronic neurogenic process, denervation and reinnervation, fiber-

type grouping, angulated fibers
5 1 3.5 months Suggestive of early denervation, widespread atrophy types 1 and 2
6* 13 10 months Chronic neurogenic process, denervation and reinnervation, fiber-

type grouping, NCAM1

7* 12 4 months Suggestive neurogenic atrophy, possible fiber-type grouping
8* 15 12 months Chronic neurogenic process, denervation and reinnervation, grouped

atrophy
9* 11 9 months Chronic neurogenic process, denervation and reinnervation, grouped

atrophy, NCAM1

10* 4 3 years Chronic neurogenic process, denervation and reinnervation, fiber-
type grouping

BoNTA, botulinum toxin A; Pt, participant; NA, not applicable; Tx, treatment; VL, vastus lateralis; mod, moderate; min, minimal; WNL, within normal limits;
NCAM, neural cell adhesion molecule.

*Received BoNTA in upper and lower limbs.
†Vastus lateralis normal in all participants.
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Data Analysis. Statistical analyses were performed
using SPSS for Windows version 19.0.0 (IBM SPSS,
Armonk, New York).49 The Spearman rank correla-
tion test was used to identify the association
between muscle fiber type and age, and muscle
fiber type and BoNTA treatment. It was also used
to determine the relationship between mean fiber
diameter and age, and mean fiber diameter and
BoNTA treatment. The total number of BoNTA
injections was determined by counting those injec-
tions in the medial gastrocnemius but also those
BoNTA injections into other muscles of the lower
and upper limb. Mann–Whitney U-tests were used
to determine potential differences in fiber-type
predominance between the highly treated (>7
total treatments of BoNTA) and less treated groups
(<7 total treatments BoNTA) for the vastus latera-
lis. Mann–Whitney U-tests were also used to deter-
mine potential differences between the number of
injections given into the medial gastrocnemius and
fiber-type predominance for the medial gastrocne-
mius. For this analysis, highly treated medial gas-
trocnemius muscle was defined as >9 treatments
of BoNTA in the medial gastrocnemius and the
less treated group was defined as <9 treatments
BoNTA in the medial gastrocnemius. Microsoft
Excel (Microsoft Corp., Redmond, Washington)
was used to create a histogram of the results as
part of the neuropathology report.

RESULTS

All 10 children had biopsies taken from the
vastus lateralis and the proximal third of the gas-
trocnemius. Table 2 lists the total number of
BoNTA treatments in the medial gastrocnemius,
per participant. All but 1 child had received previ-
ous BoNTA injections (Botox) in the gastrocne-
mius (maximum number of injections into

gastrocnemius 5 15, range 1–15). The dose of
BoNTA in gastrocnemius was 2–6 U/kg and dilu-
tion of the BoNTA was 100 U per 1 or 2 ml of
0.9% normal saline. The total number of BoNTA
injections is determined by counting the injections
into the medial gastrocnemius but also the injec-
tions in other muscles of the lower and upper
limb. Seven of the 9 children who received BoNTA
in gastrocnemius also had multiple other muscles
in the lower or upper limb injected, as clinically
indicated.

No child received BoNTA into the vastus latera-
lis. At the time of biopsy, all participants were �3.5
months post-BoNTA injection in medial gastrocne-
mius (median 9.5 months, range 3.5–112 months).

The total number of fibers measured and quan-
tified in each open muscle biopsy from the gastro-
cnemius muscles ranged from 190 to 504. The
total number of fibers measured and quantified in
each open muscle biopsy from vastus lateralis mus-
cle (control muscle) ranged from 136 to 385.

The vastus lateralis showed mild variation in
the shape and size of the muscle fibers with occa-
sional atrophic and hypertrophic type 1 and type 2
fibers. The muscle nuclei were normal in number
and peripherally located. The perimysial and endo-
mysial connective tissue was normal in appearance
with no evidence of fibrosis or inflammation. Apart
from the non-specific atrophic and hypertrophic
fibers, the vastus lateralis muscles were considered
within normal limits (Fig. 1).

We grouped the children into high and low
receivers of total BoNTA injections. Results were
compared with normal distribution and ratios
established for normal muscle within the defined
age range. Low receivers (<7 total injections) of
BoNTA were participants 1, 2, and 5 (Table 2). Of
relevance, fiber-type distributions were relatively
similar between the highly treated (>7 total
BoNTA treatments; type 2 percentage: median
58%, range 46%–67%) and less treated groups
(<7 total BoNTA treatments; type 2 percentage:
median 57%, range 39%–63%) for untreated vastus
lateralis specimens (P 5 0.83), and were within the
accepted normal range ratio of type 1:type 2
(33%:66%). Mean fiber diameters (both type 1 and
type 2) were not significantly different between the
highly treated (median type 1: 52.8 lm, range 29.7–
83.7 lm; median type 2: 37.9 lm, range 16.6–55.8
lm) and less treated (median type 1: 46.1 lm,
range 36.6–56.8 lm; median type 2 5 48.9 lm,
range 33.8–50.5 lm) groups for untreated vastus lat-
eralis specimens (both type 1 and type 2, P 5 0.67).
There was a strong positive correlation between par-
ticipant age and mean type 2 fiber diameters (r 5

0.78, P 5 0.01) in the untreated vastus lateralis;
however, only a moderate positive trend was

FIGURE 1. Vastus lateralis in cross-section in patient 9

(ATPase pH 9.5 stain). Normal ratio and distribution of type 1

and type 2 fibers. Type 1 fibers are pale (*) and type 2 fibers

are darker (**).
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observed between age and corresponding mean
type 1 fiber diameters (r 5 0.48, P 5 0.08).

As shown in Figure 2, there was a strong posi-
tive association between the number of BoNTA
injections and percentage of type 2 fibers in the
medial gastrocnemius (r 5 0.89, P < 0.001). This
finding was reinforced by the significant difference
in gastrocnemius fiber-type distribution between
the BoNTA treatment groups (P 5 0.01), with
highly treated medial gastrocnemius muscles dis-
playing a greater percentage of type 2 fibers (rang-
ing from 83% to 98%) compared with the less
treated muscles (from 44% to 69%).

Upon further examination of only highly
treated medial gastrocnemius (>9 medial gastro-
cnemius, subjects 3, 4, 6, 7, 8, and 9 in Table 2),
there remained a strong positive correlation
between number of BoNTA injections and percent-
age of type 2 fibers (r 5 0.88, P 5 0.01). However,
in the less treated muscle (N 5 4), this relation-
ship was not present (r 5 –0.63, P 5 0.18).

There was a strong negative association between
the number of BoNTA injection treatments and per-
centage of type 1 fibers in the medial gastrocnemius
(r 5 –0.89, P < 0.0001). There was also a selective
loss of type 1 fibers, ranging from only 2% to 5%
type 1 fibers remaining in some muscles. This find-
ing was reinforced by the significant difference in
gastrocnemius fiber type distribution between the 2
groups (P < 0.01), with highly treated (>9 medial
gastroceniumus BoNTA treatments) muscles display-
ing a smaller percentage of type 1 fibers (2%–17%)
compared with less treated muscles (31%–56%).
Also, in the case of medial gastrocnemius, there was
no significant relationship between fiber type and
time since last BoNTA injection (type 1 fibers: r 5

0.006, P 5 0.493; type 2 fibers: r 5 –0.006, P 5

0.493). In the medial gastrocnemius biopsies, 27.7%
of the type 1 fibers were atrophic, and 57.3% of the
type 2 fibers were atrophic.

Table 2 shows that the gastrocnemius biopsy
from participant 1, who had never received
BoNTA, showed type 2 fiber atrophy. Participant 2
who had received a single dose of BoNTA over 9
years earlier also showed only type 2 fiber atrophy.

Participant 5, who received 1 dose of BoNTA 3.5
months previously, was reported to have changes
suggesting early denervation, with widespread
atrophic type 1 and type 2 fibers. Participant 7 had
received 12 previous BoNTA treatments (with the
last dose 4 months before biopsy) showing changes
suggestive of, but not diagnostic for, neurogenic
atrophy and possible fiber-type grouping.

Of the remaining 6 participants, given between
4 and 15 doses of BoNTA, all biopsies showed
chronic neurogenic atrophy as evidenced by the
presence of denervation and reinnervation with
widespread atrophic type 1 and type 2 fibers with
focal angulation, fiber-type grouping, and grouped
atrophy.46 Notably, participant 10 was 3 years from
last BoNTA dose. Figure 3 shows evidence of neu-
rogenic atrophy in participant 8.

A single participant (9) showed increased endo-
mysial fibrosis, and there were additional findings
of 1 participant (2) with lobulated fibers, 2 partici-
pants (6 and 7) with focal active necrosis and
regenerating fibers, and 1 participant (4) with 15
COX-negative fibers. The participant with COX-
negative fibers had no clinical signs or history sug-
gestive of mitochondrial disorder.

Of the 5 EM cases reported, the gastrocnemius
muscle biopsies showed features consistent with
denervation atrophy, including atrophic fibers,
myofibrillar disorganization, redundant basal lam-
ina, cores, and wrinkling of the sarcolemmal mem-
brane (Fig. 4).

DISCUSSION

The objective of this study was to determine
the relationship between muscle histopathology
and BoNTA treatments in the medial gastrocne-
mius muscle. The hypothesis that BoNTA is

FIGURE 2. Percentage of type 2 fibers in the medial gastrocne-

mius and vastus lateralis vs. number of BoNTA treatments to

the medial gastrocnemius.

FIGURE 3. Medial gastrocnemius in cross-section in participant

8 (ATPase pH 9.5 stain). Type 1 fibers are pale (*) and type 2

fibers are darker (**). Group atrophy and hypertrophy are seen.

White arrow indicates type 2 fiber atrophy and type 2 fiber

grouping. Black arrow indicates type 1 fiber hypertrophy.
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associated with neurogenic atrophy was supported.
Specifically, there was evidence of neurogenic atro-
phy in 6 participants from 4 months through 3
years posttreatment with standard doses of BoNTA.
Further, findings were suggestive, although not
diagnostic, of neurogenic atrophy in 2 participants
(5 and 7) at 3.5 and 4 months, respectively, post-
BoNTA treatment. The results of muscle mor-
phometry also indicated type 1 fiber loss with type
2 fiber predominance related significantly to the
number of treatments of BoNTA.

The findings of neurogenic atrophy in this
study are consistent with results from 2 earlier
studies that documented evidence of denervation
in normal human muscle in response to injection
up to 12 months post-BoNTA.40,41 Given the con-
tribution of our research to the existing body of
evidence that BoNTA does not “wash-out” within 3
months, we support the view of Schroder et al.40

that rotation of muscle selection or injection sites
within the muscle or allowing a longer time
between injections should be considered.

The morphological change of type 1 fiber loss
with type 2 fiber predominance in children who
have had serial BoNTA treatments is a new find-
ing. Although previous studies of muscle in
patients with CP have shown variable nonspecific
results, including type 1 fiber predominance and
changes in muscle diameter size,7,10,11 the impact
on muscle function of type 1 fiber loss with type 2
predominance in muscle treated repeatedly with
BoNTA is unclear.

Of particular interest is participant 6, who was
age 13 years, had 13 previous injections with
significant clinical response, and showed neuro-
genic atrophy on biopsy. He went on to require 3
further BoNTA injections to the gastrocnemius
post-surgery, each with good clinical response.
Notably, this participant is currently very active; his

functional goals were based on decreasing pain
from spasm as well as maximizing speed and power
in football participation. These findings for partici-
pant 6 are clinically reassuring in that they confirm
the muscle is still responsive to BoNTA. However,
a shift toward type 1 fiber loss with type 2 fiber
predominance may have implications for reduced
muscular endurance.50

Necrosis was seen in participants 6 and 7 and
may be secondary to the denervation or to the
trauma caused by the BoNTA injection adminis-
tered at this site. Interestingly, none of our biopsies
showed significant abnormalities in interstital con-
nective tissue. This may have been related to the
high functional mobility of our participants. With
the exception of participant 1, all were ambulant
and had high Functional Mobility Scale51 scores. In
contrast, participant 1 had not engaged in active
management of her cerebral palsy for >8 years and
had been non-ambulant during this time. Before
surgery, ambulation was achieved over short distan-
ces with a K-walker. Thus, unlike the other partici-
pants, participant 1 had significant disuse atrophy
contributing to her muscle morphology. Thus, our
findings reflect those of Gough and Shortland52

that collagen fibrosis may be correlated with non-
ambulant status. Although collagen typing is of
interest, it was not the focus of our study.

The findings of this study are strengthened
through the biopsies taken from a control muscle,
the vastus lateralis. This muscle has been used as
the sample site in other biopsy studies of children
with CP.7 The normal vastus lateralis muscle mor-
phology therefore strengthens our interpretation
that changes in the medial gastrocnemius are asso-
ciated with the BoNTA treatment and not associ-
ated with primary spasticity.

As previous EMG studies have shown denerva-
tion in muscle distant to the injected muscle,53,54

it is reassuring that there was no evidence in this
study of a distant effect of BoNTA in the vastus lat-
eralis muscles, even after multiple treatments over
many years. Because all licensed BoNTA prepara-
tions have the same mechanism of action, our find-
ings may be considered generalizable across all
preparations of BoNTA.

BoNTA is now considered standard care for
management of hypertonia in children with CP
and is used throughout the world with good clini-
cal outcomes.12,14 Molenaers and colleagues con-
cluded that, when applied according to an
integrated approach and started at a young age,
BoNTA has the potential to improve overall func-
tion and limit the contractures of children with
CP.23 Further, BoNTA has a high safety profile and
is well tolerated.24,25,55

FIGURE 4. Electron microscopy of medial gastrocnemius of

participant 9, showing features in keeping with denervation atro-

phy, including atrophic fibers (black arrow) and redundant basal

lamina (white arrow).
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The participants in this study were enrolled in
a comprehensive integrated clinical service as out-
lined by Molenaers et al.23 The participants who
had received continued treatment of BoNTA did
so on the basis of good technical and functional
outcome or pain management. There were no con-
cerns by either the treating medical, orthopedic,
or allied health teams of an effect on functional
gait of excessive local muscle weakness from
BoNTA use. Gait-corrective and contracture-
management surgery was part of an integrated
plan by all treating teams. In view of our long-term
use of botulinum toxin as part of standard clinical
care and the recent concerns regarding changes in
muscle morphology seen in healthy adult muscle,
we had a duty of care to investigate further long-
term use in our clinical population.

The findings from this study make a significant
contribution to building our knowledge and
understanding of changes in muscle morphology
following repeated use of botulinum toxin.

Limitations of this Study. All participants in our
study required orthopedic surgery for gait correc-
tion. Future research should include the study of
muscle from young children with documented
clinical response to BoNTA and no contracture.

In conclusion, the presence of neurogenic atro-
phy at >12 months after injection of BoNTA and
the strong relationship to number of treatments
with BoNTA of type 1 fiber loss with type 2 fiber
predominance confirms the long-term change in
muscle with repeat treatments.

BoNTA has a major role in reducing hyperto-
nia and increasing function in children with CP;
however, it may be important to consider rotating
muscle selection or injection sites within the mus-
cle or allowing longer times between injections.
The authors thank Lisa Griffiths (Electron Microscopy Depart-
ment, Path West WA); the Princess Margaret Hospital Foundation;
Sue Anne Davidson and Roslyn Ward (Department of Pediatric
Rehabilitation, Princess Margaret Hospital); the Cerebral Palsy
Mobility Service; and the Princess Margaret Hospital clinical staff
and the children and their families who participated in this study.
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literature suggests that biopsy material may be available from typ-
ically developing children who were control patients in research
trials. This morphometric data could contribute to expanding the
normative data set.

Muscle Nerve 59:590–593, 2019

Currently, our knowledge of standard data for mus-
cle morphology in children is largely limited to the
1969 article by Brooke and Engel1 (BE) in which
they reported average fiber diameters for 16 children
aged between 3 months and 15 years in whom biop-
sies were taken for a clinical reason. This remains
the benchmark reference for neuropathologists.

In 2016, we published results reporting normal
muscle histomorphology from vastus lateralis biop-
sies in ambulant children with cerebral palsy (CP).2

This short report addresses 2 questions:

1. Do our results fulfill the conditions of BE stan-
dard value criteria? and

2. Should our results be added to the standard
values for average fiber diameters in children,
thereby contributing to the expansion of the orig-
inal standard values?

MATERIALS AND METHODS
A single-blind prospective cross-sectional study design was

used. Written consent was obtained from all parents, and,
where possible, assent was obtained from the children. Ethical
approval for the study was obtained from the human ethics
committee of Princess Margaret Hospital and from the Univer-
sity of Western Australia.

Participants were recruited from Princess Margaret Hospital
between October 2010 and December 2013. Inclusion criteria
were a diagnosis of ambulant spastic CP, Gross Motor Function
Classification System level I–III,3 and having been scheduled for
orthopedic surgery for gait correction. Children were excluded
if they had received lower limb serial casting or functional elec-
trical stimulation in the past 6 months. No child had ever
received any botulinum toxin into the vastus lateralis muscle.

Detailed report of our biopsy procedure is documented in
our original report.2 In brief, open muscle biopsies were col-
lected, treated, analyzed, and stored according to National
Association of Testing Authorities of Australia guidelines.4

The biopsies were collected by a neuropathology technician
trained in snap freezing of muscle in isopentane and liquid
nitrogen for 7-μm-thick cryostat sections. Muscle was also
retained in formalin for paraffin-embedded processing for
4-μm-thick microtome sections and in glutaraldehyde for elec-
tron microscopy. The following stains were performed: rou-
tine hematoxylin and eosin; enzyme histochemistry adenosine
triphosphatase (ATPase) pH 9.5, 4.6, and 4.3 for fiber typing;
metabolic stains for mitochondria (cytochrome c oxidase), gly-
cogen, and lipid; and a picro-Mallory stain for endomysial
fibrosis. In addition, to compare the frozen enzyme histo-
chemistry ATPase staining, slow (Novocastra NCL-MHCs;
Leica Biosystems, Wetzlar, Germany) and fast (Novocastra
NCL-MHCf; Leica Biosystems) myosin immunohistochemical
stains were performed on paraffin-embedded tissue oriented
longitudinally and in cross-section. Biopsies were taken from
the middle third of the muscle belly of the vastus lateralis mus-
cle which, although taken from the affected leg, had no evi-
dence of hypertonia in all participants.
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Light microscopy and muscle morphometry were per-
formed to determine range of muscle diameter in the type
1 and type 2 fibers. Muscle morphometry was performed on
ATPase stain at pH 9.5 by using an established histochemical
technique. This stain reflects the physiological differences
between type 1 and type 2 fibers and is a reliable reaction to
determine fiber types. This method was also used and
reported by Brooke and Engel1 in their seminal study. In addi-
tion, electron microscopy was undertaken. Excel (Microsoft,
Redmond, Washington) was used to create a histogram of the
morphometry results as part of the neuropathology report. To
test the consistency of morphometric measurement by a single
operator, the same image was measured 3 times, and the
results were compared. The mean size measurement showed a
variation of <3%. The number of fibers counted varied by 4%.
The results from all measurements were compared and
showed a variation of <3% in size and 4% in count between
operators. Statistical analyses were performed in SPSS for Win-
dows version 19.0.0 (IBM, Armonk, New York).

The BE criteria for standard muscle are defined as (1) a vari-
ability coefficient <0.25 and (2) the mean fiber diameter of the
smaller fiber type differs from that of the larger fiber type by
less than 12% of the mean diameter of the larger fiber type.1

For our patients who fulfilled the BE criteria, Mann–Whitney
U tests were used to determine whether mean fiber type diame-
ters in the original BE standard value group and the patients
from our study group were comparable. Pearson rank correla-
tion was used to determine the association between mean fiber
type diameter and age for the original BE standard group and
then for the combined group. The relationship between the
combined group mean fiber diameter and age were plotted.

RESULTS

Clinical features and muscle morphometry result
characteristics of the 10 participants (4 girls, 6 boys;
mean age 11 years 7 mo [SD 3 years 4 mo]) who com-
pleted the study are presented in Table 1. The total
number of fibers that were measured and quantitated
in each open muscle biopsy ranged from 136-385
(mean, 279). The results of biopsies taken in our popu-
lation were normal according to light microscopy, mor-
phometry, and electron microscopy; however, only 5 of

the 10 biopsies fulfilled the BE criteria. Patient 2 did
not fulfill the BE criteria because of a mildly increased
variability of coefficient factor, 3 patients (1, 9,10) did
not fulfill the BE criteria because of >12% difference
between type 1 and type 2 mean fiber diameters, and
patient 7 did not fulfill either criterion (see Table 1).
Analysis of the original BE data and the data from our
5 patients who fulfilled the BE criteria according to the
Mann–Whitney U test confirmed that there were no
significant differences between the groups in mean
fiber diameter for both type 1 (U = 36, P = 0.741) and
type 2 (U = 32, P = 0.509) fibers. Analysis of the origi-
nal BE data showed that there was a strong correlation
between mean fiber diameter and age for type 1
(R = 0.946, P < 0.001) and for type 2 (R = 0.966,
P < 0.001). When the groups were combined, the cor-
relation of fiber type diameter with age remained high
and significant with type 1 (R = 0.903, P < 0.001) and
type 2 (R = 0.909, P < 0.001). A visual comparison of
original BE data and combined data for type 1 and
type 2 fibers from all 10 patients with standard error
plotted is illustrated in Figure 1.

DISCUSSION

The BE data remain the benchmark for clinical
decision making in diagnostic neuropathology
despite being based on samples taken from a very
small number of children for clinical reasons.1

Although our population of children also had an
underlying clinical condition, the biopsied vastus
lateralis muscle was clinically normal. It is interesting
that, although all biopsies were normal according
to light microscopy, morphometry, and electron
microscopy, only 5 of the 10 met the BE criteria for
standard muscle. Factors that differ from the BE
cohort and that may have contributed to this finding
are that our biopsies were all taken from the vastus
lateralis and that our participants were older, active,

FIGURE 1. Standard values for average fiber diameters in children with standard error, a combined data set of Brooke and Engel1 and
Valentine et al.2 BE, Brooke and Engel.
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ambulant children. Other possible contributory fac-
tors are that the distribution of values in the popula-
tion may be influenced by ethnicity and/or may
change over time, often influenced by population
changes in nutrition and activity levels.5,6

Although there are many new muscle analysis
techniques,7–10 muscle morphology is used regu-
larly in neuropathology diagnosis, and this short
report highlights the requirement for contempo-
rary age-specific normative data from a larger num-
ber of biopsies from typically developing children.
From our results, it would appear that BE criteria
must be broadened, with particular reference to
increasing the normal range for mean fiber diame-
ter variation. Review of the literature suggests that
additional biopsy material is available from
patients when the biopsy was obtained from typi-
cally developing children who were control patients
in research trials; morphometric data from this
material could contribute to further expanding the
normative data set.7,11,12

Ethical Publication Statement: We confirm that we have read the
Journal’s position on issues involved in ethical publication and
affirm that this report is consistent with those guidelines.
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Chapter 7: Algorithm of Musculoskeletal Management in the Lower 

Limb of Children with Cerebral Palsy by GMFCS Level  

A research agenda for Cerebral Palsy (CP) recently developed by consumers, clinicians and 

researchers concluded that a major area of need was longitudinal studies across the clinical 

spectrum and age span.(20) Paper 1 provided detailed documentation of the relationship between 

the timing of BoNTA treatments and surgical interventions provided to children and adolescents 

across both age span and GMFCS level. The aim of this chapter is to further develop the 

information from Paper 1 on the musculoskeletal management of the lower limb in children with 

CP by age and GMFCS level. The development of this medical intervention management data for 

children with CP in each GMFCS level provides guidelines for clinicians, funding bodies and 

consumers to discuss treatment options for their children in an Australian setting. 

Algorithms for the timing of intervention for musculoskeletal management of children with CP 

have been developed;(111) however, they are for all children with CP with no discrimination 

between GMFCS level or the intervention provided to children. Multani et al published their 

algorithm for musculoskeletal management in 2019 (Figure 1).(175) This algorithm suggests that the 

majority of children receive BoNTA treatment, with the peak age of treatment being four years of 

age and equal numbers of children receiving BoNTA and surgery. This recent algorithm by Multani 

et al does not provide any information on the total amount of BoNTA or number of surgeries per 

individual over time. 

 

Figure 1: Botulinum toxin in the management of children with CP, from Multani et al.(175) 
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The algorithm in Figure 1, while possibly helpful as a general tool, is not in keeping with our results 

in Paper 1 or contemporary clinical management and supports the need to develop algorithms of 

musculoskeletal management by GMFCS level. 

In this chapter, our cohort is the same population of children and adolescents with CP in the birth 

cohort 2000–2009 as reported in Paper 1, with the exception that children who travelled overseas 

and received treatment or had subsequently been diagnosed with a neurodegenerative condition, 

i.e. not CP, were excluded, reducing the sample size by two: from 771 to 769. As documented in 

Paper 1, we confirmed that Kids Rehab has a comprehensive, accurate and reliable long-term 

clinical database that tracks its target population of children with CP and the data presented here 

represents this population data. 

The details of the methods used in the data analysis are outlined below. 

Each subject entered this cohort at birth and exited either on 18 May 2018, when the data was 

extracted, or at death if this occurred before 18 May 2018. The average age at 18 May 2018 or 

death was 12.9 years (SD 2.9 years, range 3.0 to 18.4 years). If a child was discharged, they 

continue to be counted in the denominator up to their age at 18 May 2018. 

The age recorded was 0 = birth to < 1 year, 1 = 1 to < 2 years, 2= 2 to < 3 years, etc. Person years 

were used as the denominator and were estimated from the time each individual spent in each 

age year group and then summed. Person-time is therefore an estimate of the actual time-at-risk 

in years that all subjects contribute to the study. 

For example: 

Subject A: Age at 18 May 2018 = 16. Contributed 16 years. Therefore, contributes a full year to age 

groups 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 and 15. 

Subject B: Age at 18 May 2018 = 7.5 years. Contributed 7.5 years. Therefore, contributes a full year 

to age groups 0, 1, 2, 3, 4, 5 and 6, and 0.5 years in age group 7. 

Subject C: Deceased at age 6.2 before 18 May 2018. Contributed 6.2 years. Therefore, contributes 

a full year to age groups 0, 1, 2, 3, 4 and 5, and 0.2 years in age group 6. 

The number of BoNTA and orthopaedic surgery episodes were calculated for each age year, 

forming the numerators for BoNTA and surgery in each year. A subject can therefore contribute 

multiple times to the numerator for each age year as child may have 0, 1, 2 or 3 injections per 

year. 
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The limitation of this data analysis is that it is assumed that children do not have any intervention 

before their first or last intervention with our service. While Perth is a very isolated capital city and 

we are the only treating centre in WA, there is a small amount of movement of patients between 

states meaning interventions may have been provided in other states, which would not be 

recorded in this audit. Additionally, there is a small private service in this state for young children 

with CP who require BoNTA. However, all these children are subsequently referred to the CPMS 

with their intervention history of BoNTA and surgery, which is entered into the Paediatric 

Rehabilitation Information System (PRIS) database. Despite this, it is possible a small number of 

private patient data is missing. 

A flow diagram by GMFCS level for the sample of 769 subjects is shown in Figure 2. 

 

 

Figure 2: Flow diagram by GMFCS level. NA – Not Applicable 

GMFCS I 

GMFCS II 

GMFCS III 

GMFCS IV 

GMFCS V 

n = 1,979 

n = 1,094 

n = 490 

n = 594 

n = 472 

n = 66 

n = 76 

n = 53 

n = 113 

n = 143 

4,683 person years 

2,197 person years 

830 person years 

984 person years 

1,214 person years 

GMFCS NA 4 person years n = 2 n = 0 

N = 769 subjects 

7,429 entries 

LL BoNTA 

n = 4,631 episodes 

Surgery 

n = 451 

9,912 person years 

No. BoNTA or surgery 

n = 2080 

LL BoNTA only 

n = 4,593 

LL surgery only 

n = 413 

LL BoNTA & surgery 

n = 38 



80 

 

Figure 3: Rate of clinical intervention in the lower limb in all children with CP, all GMFCS levels. 

 

 

Figure 4: Rate of clinical intervention in the lower limb in children GMFCS level I. 
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Figure 5: Rate of clinical intervention in the lower limb in children GMFCS level II. 

 

 

Figure 6: Rate of clinical intervention in the lower limb in children GMFCS level III. 
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Figure 7: Rate of clinical intervention in the lower limb in children GMFCS level IV. 

Figure 8: Rate of clinical intervention in the lower limb in children GMFCS level V. 
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Figure 9: Rate of clinical intervention in the lower limb in children for BoNTA, all GMFCS levels. 

 

 

Figure 10: Rate of clinical intervention for orthopaedic surgery in the lower limb in children, all 

GMFCS levels. 
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Figures 3–10 document the rates of BoNTA and surgical intervention per 100 person years by 

GMFCS level. This detailed level of analysis provides information on rates of intervention per age 

group year, providing information for planning and funding a clinical service. For example, Figure 5 

shows 78 injections were given for every 100 children of GMFCS level II aged 6 years. The rate of 

78 injections per year may be interpreted as 78 individuals receiving one injection each, 39 

children receiving two injections, or any other combination. Figure 5 also shows that the rates of 

surgical intervention per 100 person years are very much lower than those for BoNTA per 100 

person years. 

While Figures 3–10 provide important information on the rate of intervention per age group (in 

years) for service modelling, families and children are interested in potential rates of intervention 

per person. In Figure 11 we present the total rate of intervention for children by age and all 

GMFCS levels combined. As this figure represents the proportion of medical interventions of 

BoNTA and surgery it is more comparable to the algorithm by Multani et al.(175) Figure 11 confirms 

the rates of use of BoNTA and surgery in the lower limb in children with CP in our service are very 

different across all ages compared to the Multani algorithm.(175) 

 

 

Figure 11: Rate of BoNTA and orthopaedic surgery, all GMFCS levels. 
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In conclusion, the development of the management rates of BoNTA and surgical intervention per 

100 person years by GMFCS level in Figures 3 to 10 provides new and important information for 

clinical service planning and funding models. Figure 11 provides new information for clinicians and 

consumers to better understand the rates of medical and surgical intervention in the lower limb 

over time for children with CP in a contemporary evidence-based goal-orientated multidisciplinary 

Australian setting. 
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Chapter 8: Synthesis of the Results  

The need to provide evidence of longer-term outcomes of interventions for children with CP was 

identified as a high priority in a Delphi survey in Australia in 2010 of consumers, researchers and 

clinicians working in the area of CP(19) and more recently by the Cerebral Palsy Research 

network.(113) The aim of this thesis is to expand the evidence base for the long-term outcomes of 

children and adolescents with CP treated with BoNTA.  

Motor development is a primary concern of parents of children with CP(21) and the GMFCS, which 

was developed in 1997, is a clinically valid grading system of motor function in children with CP.(72) 

It provides an important tool for families to understand their child’s present and future motor 

abilities.(77) Children who had received BoNTA were excluded from the group of children 

contributing to the construction of the original GMFCS motor curves as it was not known how this 

relatively new intervention at the time would influence gross motor function.(176)Therefore this 

historical group have provided a control group for our BoNTA-treated patients and provide an 

indirect method of assessing long-term gross motor stability of children treated with repeated 

doses of lower limb BoNTA by comparing their GMFCS stability with that of the original curves. 

While the stability of an individual’s GMFCS level over time has been well documented,(73, 75, 88, 177) 

the relationship of GMFCS stability to medical treatments has not.  

Perth, WA is one of the most isolated capital cities in the world and PCH is the sole tertiary 

hospital for WA, a combination that enables the potential for comprehensive tracking of patient 

outcome. The establishment of the CPMS in 2003 and PRIS, with data retrospective to 1993, has 

enabled an opportunity to look at long-term outcomes of children treated with BoNTA. The results 

from Paper 1 confirm that the CPMS does provide treatment to the cohort of children with CP in 

WA and that the data in PRIS is accurate, confirming that the results of this PhD provide true 

population data for the long-term outcome of children with CP. Importantly Paper 1 has also 

shown that the long-term use of evidence-based goal-directed BoNTA treatment in a 

comprehensive clinical program is associated with GMFCS stability.  

In Paper 2, a prospective cohort study, we studied motor function in more detail in a sub 

population of our birth cohort of children with CP that included children whose first recorded 

GMFCS level was level II. In this study we compared the observed gross motor function profiles of 

children with CP whose first recorded GMFCS level was level II with their predicted average 66 

item Gross Motor Function Measure (GMFM-66) score on the Ontario Motor Growth Curves(74) for 
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their current GMFCS level. Importantly we have shown that in this highly treated population, the 

average GMFM-66 limit of our children in GMFCS level II is 72.55, which is consistent with the 

mean of 68.5 reported in the historical GMFCS control group.(178)For our children who became 

GMFCS level I, the average GMFM-66 limit was 86.9, again consistent with the average of 89.5 

reported by Hanna et al. (2009).  

This cohort provides positive information on the long-term use of BoNTA in children with CP by 

confirming that children with CP and at GMFCS level II treated at a young age with repeated doses 

of BoNTA within an integrated comprehensive service, maintain their functional motor gains at a 

later age. In this study we also noted a positive change in GMFCS level in a percentage of treated 

patients over time and propose that treatment received by a subgroup of children with CP can 

establish a permanent positive change in GMFCS level. To our knowledge, this study is also the 

first to provide detailed information on medical interventions and comorbidities of individuals 

with CP in relation to GMFCS level stability. In Chapter 7, the development of medical intervention 

management algorithms for children with CP at each GMFCS level from accurate population data 

provides guidelines for clinicians and consumers to discuss treatment options for their children in 

an Australian setting. It is the aim to develop this data into a paper for publication.  

The second part of this thesis has been to determine the effect of repeated doses of BoNTA at the 

level of muscle morphology by investigating the relationship between muscle histopathology and 

BoNTA in treated medial gastrocnemius muscles of children with CP. Muscle biopsy studies in 

children with CP in the literature are very limited in number as they are difficult and involve 

collaboration between many teams. We were fortunate to have established an excellent 

relationship with our Department of Neuropathology, who were interested in the long-term 

effects of BoNTA on growing muscle and in ensuring that we were able to utilise our muscle biopsy 

data to expand the knowledge base on muscle morphology for clinical neuropathologists. While 

the hypothesis of Paper 3 was supported, the findings of neurogenic atrophy and type 2 fibre 

predominance on muscle morphology and muscle function in CP is not clear. However, the results 

from Paper 3 do provide evidence to support a change in clinical practice to ensure rotating 

muscle selection or injection sites within the muscle or allowing longer times between injections. 

Looking further at muscle morphology, this thesis has shown in Paper 4 that the BE criteria will 

need to be broadened with particular reference to increasing the normal range for mean fibre 

diameter variation. 



88 

8.1 Direction for Future Research  

Cerebral Palsy is a lifelong condition and it will be important to track the outcome of this cohort 

into adulthood. To ensure a more comprehensive measurement of functional motor outcome, our 

clinical service aims to commence using GMFM as part of routine clinical assessment. The use of 

GMFM as a clinical tool at the point of entry into the clinical service and at strategic age points 

such as 7 years, 12 years and at discharge will enable a more comprehensive interpretation of 

motor outcome in relation to medical interventions over time. 

Our service has recently established an early diagnostic clinic for babies at risk of CP based on the 

new international recommendations, and I have been fortunate to be part of the team that 

developed these recommendations.(179) As a result of this new model of care our service is now 

diagnosing babies as young as three months with CP. This early diagnosis ensures contemporary 

early interventions are provided to optimise neuroplasticity and functional outcomes to these 

young infants. This new model of care means the role of Botulinum toxin to maximise motor 

outcome can potentially be offered as early as 12 months of age. There is increasing evidence for 

the safe use of BoNTA in children under two years(180, 181, 182)and it will be important that we 

research the potential for BoNTA in this age group to maximise the long-term functional outcomes 

of children with CP. 

Recent exciting work by Smith and Dayanidhi(183, 184, 185) has suggested the reduced muscle growth 

and subsequent development of muscle contracture in children with spastic CP may be causally 

associated with a lower number of muscle stem cells (also called satellite cells). 

In conjunction with our neuropathology colleagues, we have commenced research into the 

population of satellite cells in our muscle biopsy samples of children with CP to look at the impact 

of BoNTA on this stem cell population in comparison to the normal vastus lateralis muscle.  

8.2 Conclusion 

BoNTA is an effective evidence-based treatment for the management of hypertonia in children 

with CP. The decision to use BoNTA is guided by the model of goal-based decision making within 

the ICF model and with input from a multidisciplinary team, parent(s) and, where appropriate, the 

child. Independent feedback on the outcome of treatment with BoNTA by community providers is 

important before repeat dosing proceeds. The long-term use of BoNTA is associated with gross 

motor stability when used within evidence-based guidelines and in a model of goal-based decision 
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making by a multidisciplinary team. It is important to consider rotating muscle selection or 

injection sites within the muscle or allowing longer times between injections to ensure maximal 

muscle recovery from the neurogenic atrophy effects of BoNTA on the muscle. It also important to 

ensure muscle strength is maximised post BoNTA use. It remains important to continue research 

into the long-term effects of BoNTA on growing muscle.  
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ABBREVIATIONS

BoNT-A botulinum neurotoxin A

CI confidence interval

CP cerebral palsy

MRI magnetic resonance imaging

AIM This study aimed to track alterations in muscle volume for 6 months in children with

cerebral palsy (CP) after the first exposure to botulinum neurotoxin A (BoNT-A), a commonly

used focal spasticity treatment.

METHOD Eleven ambulant children (eight males, three females) with spastic CP, mean age

8 years 10 months (SD 3y 1mo) participated. Participants received injections to the affected

gastrocnemius. The muscle volume of the gastrocnemius, soleus, tibialis anterior, and

hamstrings was measured using magnetic resonance imaging. Muscle volume was

normalized to bone length, and changes analysed relative to baseline. Assessments were

conducted 1 week before, and 4 weeks, 13 weeks, and 25 weeks after BoNT-A treatment.

RESULTS All children demonstrated positive clinical and functional gains. Muscle volume of

the injected gastrocnemius was found to be significantly reduced at 4 weeks (�5.9%),

13 weeks (�9.4%), and 25 weeks (�6.8%). Significant increases in normalized soleus muscle

volume were identified at each follow-up, while hamstrings showed significant increase at

4 weeks only.

INTERPRETATION Absolute and normalized muscle volume of the injected muscle reduces

after first BoNT-A exposure, and does not return to baseline volume by 25 weeks.

Hypertrophy is seen in the soleus up to 25 weeks; the volume of the plantar flexor

compartment is stable.

Botulinum neurotoxin A (BoNT-A) is a widely used treat-
ment for focal spasticity,1,2 a common motor impairment
seen in children with cerebral palsy (CP).3 BoNT-A has a
well-documented safety profile,4 and an array of positive
clinical and functional outcomes.1 With muscle volume in
children with CP reduced compared with their typically
developing counterparts,5,6 research has focused on the
potential for BoNT-A exposure to further reduce muscle
volume. Data from animal and healthy adult human studies
have both found muscle atrophy (reduction in absolute
muscle volume) in response to BoNT-A exposure.7–10

Muscle atrophy may significantly affect the muscle’s func-
tional ability.

Recent research has provided evidence to support the
hypothesis that BoNT-A exposure among children with
CP is associated with impaired muscle growth in the short
term. BoNT-A exposure results in atrophy of between
4.47% and 20.5% of injected muscle, between 5 and

12 weeks after injection, depending on the muscle assessed
and the measurement technique used.11–13 While the phar-
macological effect of BoNT-A washes out by approximately
12 weeks,14 it is important to understand the long-term
impact beyond this period. Studies have identified atrophy
of injected psoas of 13.8% at 6 months,11 and hypertrophy
of injected gastrocnemius of 13% at 12 months15 in children
with CP, although the authors noted this rate of growth was
reduced compared with typically developing children.
Strength training has been suggested to redress the potential
effect of muscle atrophy after BoNT-A. Williams et al.16

reported that the combined intervention of BoNT-A and
strength training improved outcomes over and above
BoNT-A treatment alone, and no muscle atrophy was
reported at 14 weeks after injection.

Although atrophy of the injected muscle is consistently
found in the first 6 months after exposure, there is no clear
consensus on the expected magnitude of this reduction.

© 2018 Mac Keith Press DOI: 10.1111/dmcn.13988 1
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This variation may stem from multiple factors, including
measurement techniques, normalization, muscles assessed,
ambulation status, BoNT-A dosage, and previous BoNT-A
exposure (which has been found to be an important factor
in predicting atrophy in animal models).8,9 While some of
these factors were well described in the aforementioned
studies, others were not, clouding interpretation.

For a greater understanding of the global impact of the
targeted intervention, assessment of the synergistic and
antagonistic muscles is required. This has been shown to
be true in animal models, with significant alterations in
non-injected muscle still apparent 6 months after injec-
tion.9 To the authors’ knowledge, only one study has done
this in children with CP, who were serial BoNT-A recei-
vers, reporting a significant increase in soleus volume at
5 weeks after gastrocnemius injection.13 This was sug-
gested to be evidence of compensatory hypertrophy, to
improve function of the plantarflexor group. The biarticu-
lar gastrocnemius acts as both a plantarflexor and a knee
flexor.17 So far no research has investigated the possibility
of compensatory hypertrophy of the hamstrings to
maintain knee flexion function. Such assessment of the
associated muscles is important in contributing to the
understanding of the functional implications of alterations
in muscle growth.

The objective of this study was to assess change in mus-
cle volume, using magnetic resonance imaging (MRI), of
the injected and synergistic muscles, after the first exposure
to clinically given BoNT-A in children with CP. Muscle
volume changes were tracked over a 6-month period, with
assessments at 4, 13, and 25 weeks, relative to baseline
(pre-BoNT-A) volume. It was hypothesized that the
injected gastrocnemius muscle would show atrophy at each
time point, with the greatest atrophy expected at 13 weeks
after injection, while hypertrophy would be found in the
synergistic muscles of the soleus and medial hamstring
group at each time point.

METHOD
This was an observational prospective cohort design.
BoNT-A for focal spasticity management in children with
CP is now best practice care;2 therefore case–control or
randomized controlled trials were not ethically appropriate.
Baseline assessments were conducted before BoNT-A
exposure, with follow-up assessments conducted at 4, 13,
and 25 weeks after injection. These time points correspond
to peak neurological effect,14 period of clinical usefulness,2

and recommended consideration for repeat injection.18

Approval was granted by the Princess Margaret Hospital/
Perth Children’s Hospital (2013085) and University of
Western Australia (RA/4/1/6780) ethics committees.

Participants were recruited from the CP Mobility Ser-
vice, Princess Margaret Hospital, Perth, Western Austra-
lia, from July 2013 until August 2015, with data
collection completed in September 2015. Children were
eligible for this study by meeting the following criteria:
(1) diagnosis of spastic CP, (2) aged between 4 and

13 years, (3) toxin-naive at time of enrolment, (4) no
previous lower limb surgery, and (5) their clinical man-
agement plan involved lower limb BoNT-A. Children
were excluded from this study if the following criteria
were met: (1) failure to comply with MRI protocol and
(2) additional interventions, beyond standard physical
therapy, during the data collection period.

In total, 22 patients were identified as eligible and
invited to participate (Fig. 1). Informed consent was pro-
vided for 13 participants, and 11 (eight males, three
females) completed baseline and at least one follow-up
assessment. Participants were aged between 5 and 13 years
(8y 10mo, SD 3y 1mo), and were classified in Gross Motor
Function Classification System level I (n=7) or II (n=4).
Seven participants were classified with diplegia, four with
hemiplegia. All participants had spasticity, as measured by
the Modified Tardieu Scale,19 of the gastrocnemius with a
mean dynamic muscle length of 18.3° (SD 10.8) plan-
tarflexion, and a mean static muscle length of 4.8° (SD 5.4)
dorsiflexion. The average height of the participants was
131.2cm (SD 11.53), and average weight was 31.8kg (SD
6.3).

Participants received ultrasound-guided injections of
BoNT-A (Botox; Allergan, Irvine, CA, USA) to the tar-
geted muscle, with a total dose of between 60 and 340
units of BoNT-A (1.6–12U/kg), using 1mL to 2mL dilu-
tion (mean 1.47mL, SD 0.51). All participants received
BoNT-A to the affected gastrocnemius (18 legs injected,
1.4–4.8U/kg). Other muscles injected were the medial
hamstrings (six legs, 1.4U/kg), tibialis posterior (two legs,
1U/kg), and rectus femoris (two legs, 0.6U/kg).

Timing for baseline assessment was a mean of
1.17 weeks (SD 1.10) before the first BoNT-A injection.
Follow-up assessments were conducted at 4.3 weeks (SD
1.1), 13.1 weeks (SD 1.2), and 24.7 weeks (SD 1.9). Seven
participants completed all follow-ups, while four completed
between one and two follow-ups (Fig. 1). All participant
data were used in the analysis assessing lower-leg muscle
volume and functional results, with sample sizes outlined
in Figure 1. For the analysis of hamstring muscle volume,
only those who did not have upper leg injections were
assessed: 12 legs were assessed at baseline, nine legs at
4.3 weeks, nine legs at 13.1 weeks, and 11 legs at
24.7 weeks.

Clinical outcomes, including technical response at the 6-
week clinical follow-up, further interventions, and adverse
events, were noted. A technical response was taken as a
reduction in the dynamic component of muscle length (the
difference between the angle of muscle reaction and passive
range of motion detected by the Modified Tardieu Scale)18

What this paper adds
• Muscle atrophy after first botulinum neurotoxin A (BoNT-A) exposure in

children with cerebral palsy is noted.

• Mild BoNT-A-induced muscle atrophy is still apparent 6 months after
BoNT-A exposure.

• Hypertrophy is evident in soleus after gastrocnemius BoNT-A exposure.

• Total plantarflexor volume is unchanged.
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of more than 5°. To assess functional mobility capacity,
the 6-minute walk test20 and Timed Up and Go21 assess-
ments were used.

A 1.5T whole-body MRI unit (Magnetom Sonato Mae-
stro Class, Siemens Medical Solutions, Erlangen, Ger-
many) was used to acquire axial scans from the iliac crest
to the ankle malleoli, using a T1-weighted spin-echo
sequence. Participants lay prone with their hips and knees
in a neutral position, with ankles in a relaxed posture.
Positioning was maintained passively.

Images were collected using a repetition time of 572ms and
an echo time of 13ms. Slices were 5mm thick, with an average
slice increment of 10.2mm (10.0mm–12.5mm). Scan matrix size
and field of view were optimized for each participant, with an
average lower-leg matrix of 256.0mm9124.5mm and field
of view of 333.1mm, and an average thigh matrix of
256.0mm9129.0mm and field of view of 343.4mm. The mean
number of slices for the lower leg was 35.2 (27–43 slices), and
for the thigh was 37.9 (27–50 slices).

MRI images were processed using Mimics (version 16.0;
Materialise, Leuven, Belgium). Muscles were manually
traced by a single, blinded assessor (CA). Bilateral muscle
volume assessments were made for participants with diple-
gia, while only the affected side was assessed for partici-
pants with hemiplegia. Muscles segmented and used for
analysis were the gastrocnemius (medial and lateral heads),
soleus, tibialis anterior, and hamstrings (biceps femoris,

semitendinosus, and semimembranosus). Muscle volume
was calculated as the product of the number of voxels in
each reconstruction and the voxel size. Muscle volumes
were analysed both as absolute volumes and as normalized
volumes to account for skeletal growth over the study per-
iod. For this, the lower-leg muscle volume was normalized
to tibia length, and hamstring volume was normalized to
femur length.13

The repeatability of this method has been previously
reported, with the intraclass correlation coefficient for
interrater and intrarater reliability being greater than 0.94
and 0.92 respectively.22 For the single assessor in this study
(CA), intrarater repeatability was assessed on a random
selection of five participants. For these participants, 10
muscles were assessed and found to possess excellent
repeatability (intraclass correlation coefficient 0.998), and a
mean measurement difference of 1mL.

Statistical analysis was conducted in Stata (StataCorp,
College Station, TX, USA) to compare each follow-up
assessment with baseline measurements. For all func-
tional and muscle volume data, mixed model analyses
were used to account for repeated measures over time
and missing data points, as well as correlation between
left and right limbs for children with diplegia. Predicted
means are presented, with 95% confidence intervals, and
one-tailed p-values. Statistical significance was accepted
at a=0.05.

Baseline assessment (n=11, 18 legs)

Exit (n=2)
• FES (1)
• Withdrew consent (1)

4.3wks follow-up (n=9, 15 legs)

13.1wks follow-up (n=8, 13 legs)

Missing data
• Missed

appointment (2)

24.7wks follow-up (n=9, 15 legs)

Missing data
• Missed

appointment (1)

Figure 1: Participant attrition and sample size at each follow-up assessment. FES, functional electrical stimulation. [Colour figure can be viewed at
wileyonlinelibrary.com]
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RESULTS
Participants
All participants showed a technical response to BoNT-A,
with the mean difference between the angle of muscle
reaction and passive range of motion measurements of the
gastrocnemius reducing from 23.1° (SD 9.5) to 12.2° (SD
6.6) at the 6-week clinical follow-up, where the mean
dynamic muscle length of the plantarflexors was 5.8° (SD
7.1) plantarflexion and mean static muscle length was 6.5°
(SD 4.6) dorsiflexion. No adverse events were reported.
Nine participants went on to receive further BoNT-A at
an average of 26.7 weeks (SD 2.0). Two participants were
deemed not to require further intervention at their 6-
month clinical follow-up, and had not received any further
intervention by their 12 month follow-up. Significant
increases in distance covered in the 6-minute walk test
were identified at 13 and 25 weeks, while significant
decreases in the Timed Up and Go time were identified at
all time points after BoNT-A exposure (Table I).

Muscle volume
Absolute changes in muscle volume are presented in
Table II. The injected gastrocnemius showed significant
atrophy at 4, 13, and 25 weeks after injection, equating to a
5.9%, 9.4%, and 6.8% reduction in muscle volume respec-
tively. The soleus showed significant hypertrophy at 4, 13,
and 25 weeks of 6.0%, 7.7%, and 10.8% respectively. The
total plantarflexor group showed significant hypertrophy at
25 weeks after injection of 5.1%. No changes were found in
the tibialis anterior. Of those who received gastrocnemius
injections only, the hamstrings showed significant hypertro-
phy at 4 (2.1%), 13 (5.7%), and 25 (7.0%) weeks.

Normalized muscle volumes are presented in Table III.
The gastrocnemius showed significant reductions of 6.7%,
10.7%, and 9.8% at 4, 13, and 25 weeks respectively. The
soleus showed significant increase in normalized muscle
volume of 5.4%, 6.1%, and 7.4% at 4, 13, and 25 weeks
respectively. No changes were identified in the total plan-
tarflexor volume or the tibialis anterior. Of those who
received gastrocnemius injections only, the hamstring
group showed a significant increase in normalized muscle
volume at the 4-week follow-up only of 5.5%.

DISCUSSION
The results support the hypothesis that muscle volume is
reduced after BoNT-A exposure. In the injected

gastrocnemius, absolute muscle volume was found to be
reduced at all time points relative to baseline, indicating
true muscle atrophy. However, a more accurate under-
standing of the magnitude muscle volume changes over
time in paediatric populations comes from assessment of
change in muscle volume relative to limb growth. Indeed,
in typically developing children one can expect hypertro-
phy over time, with the absolute muscle volume increas-
ing,22 allowing maintenance of the functional capacity of a
muscle as the child grows. Normalizing the muscle to bone
length allows skeletal growth to be taken into account.13

When assessing alterations of normalized muscle volume
of the injected gastrocnemius, reductions were found at all
time points.

On the basis of previous research, and understanding
that the period of clinical usefulness of BoNT-A is 12 to
16 weeks, peak atrophy was hypothesized to occur at
13 weeks after injection. The findings support this, with
the normalized muscle volume showing the greatest reduc-
tion (�10.7%) at 13 weeks. This suggests muscle recovery
does occur once the pharmacological effect of the BoNT-
A wears off, but that full recovery is not achieved by
25 weeks.

While normalized muscle volume provides some insight
into the functional volume change, the gastrocnemius is
not the only muscle that acts as a plantarflexor. As hypoth-
esized, normalized soleus volume showed significant
increase at follow-up assessments, resulting in no changes
to total plantarflexor volume at any stage. This finding
suggests the functional strength capacity of the plantarflex-
ors may be maintained despite gastrocnemius atrophy.
However, given the poor relationship between muscle size
and measures of muscle strength in children with CP6 and
the impact of BoNT-A exposure on muscle histology,23

further research is required to confirm this.
The observed hypertrophy of the soleus may be a com-

pensatory mechanism to maintain the role of plantarflexion
at the ankle. However, as the gastrocnemius is a biarticular
muscle, a reduction in volume also affects its role as a knee
flexor,17 which may be particularly relevant for children
with CP who often experience spasticity and functional
alterations of both the knee flexors and ankle plantarflex-
ors. This is the first study, to the authors’ knowledge, to
assess hamstring changes in response to gastrocnemius
injections and show absolute hypertrophy of the ham-
strings at all time points; although, once normalized to

Table I: The 6-minute walk test and Timed Up and Go test changes relative to baseline, with 95% confidence intervals (CI) for changes seen

Baseline (1wk before)
4.3wks follow-up 13.1wks follow-up 24.7wks follow-up

Mean (95% CI) Mean change (95% CI) p Mean change(95% CI) p Mean change (95% CI) p

6-minute
walk test
(m)

520.05 (429.52–610.58) +26.85 (�12.02 to �72.71) 0.251 +50.64 (4.56–96.72) 0.031 +52.72 (5.07–102.37) 0.030

Timed Up
and Go (s)

5.17 (4.25–6.09) �1.07 (�1.99 to �0.16) 0.021 �1.08 (�1.99 to �0.16) 0.021 �1.15 (�2.02 to �0.29) 0.009

Figures in bold type indicate statistically significant (p<0.05) values.
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femur length, muscle volume only demonstrated hypertro-
phy at 4 weeks. In simulations of the kinetics of healthy
adult knees, a reduction in gastrocnemius force has been
found to result in a substantial increase in medial ham-
string force to maintain the same knee flexion moment.17

This suggests there may be reduced capacity to generate
power at the knee as the atrophy in the gastrocnemius (and
potential reduction in force generating capacity) is not
compensated by hypertrophy in the hamstrings.

Although the sample size was small, this study met the
power required for statistical significance. However, the
small sample size of children who received injections to
the hamstrings prevented a full statistical analysis of this
group, thus limiting the application of these results to sin-
gle-level BoNT-A cases only. While the relationships
between limbs in children with diplegia were statistically
controlled for, the inclusion both of children with diplegia
and of those with hemiplegia may pose a further limitation,
as research suggests notable differences in response to
BoNT-A injections and reinjection schedules with CP sub-
type.24 This study was also limited by the lack of a com-
parison group; therefore causal links between BoNT-A
exposure and alterations in non-injected muscle groups
cannot be established. While clinical outcomes were
assessed by clinicians, informal reporting of goal-based
outcomes, and functional assessments (Timed Up and Go
test and 6-min walk test), future research would benefit
from a more comprehensive assessment of functional out-
comes including muscle strength.

The findings of this study support previous research
showing atrophy in the injected muscle. The magnitude of
this absolute reduction was less than that identified in pre-
vious research. At 4 and 13 weeks after injection, the cur-
rent study identified reductions of 5.9% and 9.4%,
compared with 11.2% and 17.6% by Park et al.,12 a differ-
ence attributed to the measurement method used, with
Park et al.12 using muscle thickness as a substitute for mus-
cle volume. At 25 weeks, the 6.8% reduction in muscle
volume is notably less than the 13.8% reduction found by
Van Campenhout et al.11 This discrepancy may be
explained by the different muscle assessed (the psoas mus-
cle, markedly different in its operating characteristics com-
pared with the gastrocnemius) and the ambulatory status of
the participants (which was not stated).

The results of this study suggest a larger reduction in
magnitude of injected muscle volume compared with that
found in previous research by Williams et al.13 With the
muscle of interest and the measurement technique used
being identical, this may be attributed to the BoNT-A his-
tory of the participants. In the current study, all partici-
pants were toxin-naive, whereas participants in the
previous study received on average 8.9 (range 2–15) injec-
tions before enrolment. This suggests that first exposure to
BoNT-A results in greater atrophy compared with subse-
quent exposure, a finding that is supported by animal mod-
els.8 The larger reduction in the injected gastrocnemius in
this study was offset by a larger magnitude increase in

normalized soleus volume, resulting in no change in the
total plantarflexor volume, which replicates the findings of
the previous body of work. Williams et al.13 did not con-
duct further follow-up assessments, so the rate of recovery
cannot be compared without further research.

No previous research has assessed the impact of gastroc-
nemius BoNT-A exposure on the hamstrings in children
with CP. While absolute hypertrophy (7.0%) was found at
25 weeks, it is notably less than the hypertrophy seen in typ-
ically developing children over the same period.22 However,
this difference may reflect a reduced rate of muscle growth
in children with CP regardless of intervention. Although
longitudinal data are not currently available on the natural
progression of muscle growth in toxin-naive children with
CP, cross-sectional research has found children with spastic
CP demonstrate reduced muscle volume from the age of 15
months,25 and that muscle volume correlates with age,26,27

which is evidence of a reduced rate of muscle development.
This study has found that, at 25 weeks, muscle volume

has not fully recovered, consistent with previous animal9,27

and human research.11 Previously published data by Barber
et al.15 found that, at 52 weeks, injected gastrocnemius
showed a 4.8% increase in normalized volume (calculated
on the basis of presented fibula lengths) in toxin-naive chil-
dren with CP. Combined, these results suggest that gastroc-
nemius atrophy recovers between 25 and 52 weeks. Indeed,
Barber et al.15 found that although no significant differences
in muscle volume were found at baseline or 52 weeks after
injections in children with CP who received a single BoNT-
A injection, those who received three injections showed
slower growth over 52 weeks compared with those who
received three injections over the same period (1.1% growth
compared with 4.8% in the single injection group, calcu-
lated on the basis of presented fibula lengths).

Understanding when full muscle volume recovery after
BoNT-A exposure occurs is important when considering
the timing of repeat injections and the functional and
long-term clinical consequences this may have. BoNT-A
has a major role in reducing hypertonia and increasing
function, as demonstrated in these children with CP; how-
ever, it may be important to consider the recovery profile
of the muscle when planning serial treatments, for example
alternating injection sites and allowing longer intervals
between reinjection.
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RESUMEN

LAS ALTERACIONES DEL VOLUMEN MUSCULAR EN NI~NOS CON PAR�ALISIS CEREBRAL DESPU�ES DEL PRIMER TRATAMIENTO CON
NEUROTOXINA BOTUL�INICA: ESTUDIO PROSPECTIVO DE 6 MESES DE SEGUIMIENTO
OBJETIVO Este estudio tuvo como objetivo identificar las alteraciones en el volumen muscular durante 6 meses en ni~nos con

par�alisis cerebral (PC) despu�es de la primera exposici�on a la neurotoxina botul�ınica tipo A (BoNT-A), el cual es un tratamiento de

la espasticidad focal de uso com�un.

M�ETODO Se evaluaron, participaron once ni~nos (ocho varones, tres mujeres) con PC Esp�astica, edad media 8 a~nos 10 meses (DS 3

a~nos 1 mes), con capacidad ambulatoria. Los participantes recibieron inyecciones en el Gastrocnemios. El volumen muscular del

gastrocnemios, s�oleo, tibial anterior e isquiotibiales, se midi�o utilizando im�agenes de resonancia magn�etica. Se normalizo el

volumen muscular a la longitud del hueso y los cambios fueron analizados relativos a los par�ametros iniciales – considerados de

base. Las evaluaciones fueron llevadas a cabo 1 semana antes, 4 semanas, 13 semanas y 25 semanas despu�es del tratamiento con

BoNT-A.

RESULTADOS Todos los ni~nos demostraron ganancias cl�ınicas y funcionales positivas. Volumen muscular del gastrocnemios, se

redujo significativamente a las 4 semanas (�5.9%), a las 13 semanas (�9.4%) y a las 25 semanas (�6.8%). Se identificaron

Aumentos significativos en el volumen del m�usculo s�oleo normalizado en cada seguimiento, mientras que los isquiotibiales

mostraron un aumento significativo solo a las 4 semanas.

INTERPRETACI�ON En general, el volumen muscular absoluto y normalizado del m�usculo inyectado se reduce despu�es de la

primera exposici�on de BoNT-A y no vuelve al volumen de la l�ınea base hasta despu�es de 25 semanas. La hipertrofia se ve en el

s�oleo hasta las 25 semanas; el volumen del compartimento flexor plantar se mantiene estable.

ALTERAC�~OES NO VOLUME MUSCULAR EM CRIANC�AS COM PARALISIA CEREBRAL AP�OS O PRIMEIRO TRATAMENTO COM
NEUROTOXINA BOTUL�INICA: UM ESTUDO PROSPECTIVO DE COORTE DE 6 MESES
OBJETIVO Este estudo visou acompanhar alterac�~oes no volume muscular por 6 meses em crianc�as com paralisia cerebral (PC)

ap�os a primeira exposic�~ao a neurotoxina botul�ınica A (NTBo-A), um tratamento comumente utilizado para espasticidade focal.

M�ETODO Onze crianc�as deambuladoras (oito do sexo masculino, três do sexo feminino) com PC esp�astica, m�edia de idade 8 anos

e 10 meses (DP 3a1m) participaram. Os participantes receberam injec�~oes no gastrocnêmio afetado. O volume muscular do

gastrocnêmio, s�oleo, tibial anterior, e posteriores da coxa foram mensurados usando imagem por ressonância magn�etica. O

volume muscular foi normalizado pelo comprimento �osseo, e as mudanc�as foram analisadas com relac�~ao �a linha de base. As

avaliac�~oes foram realizadas 1 semana antes, e 4, 13, e 25 semanas ap�os o tratamento com NTBo-A.

RESULTADOS Todas as crianc�as demonstraram ganhos cl�ınicos e funcionais positivos. O volume muscular do gastrocnêmio

injetado foi significativamente reduzido ap�os 4 (�5.9%), 13 (�9.4%) e 25 semanas (�6.8%). Aumentos significativos no volume

normalizado do s�oleo foram identificados durante todo o acompanhamento, enquanto os posteiores da coxa aumentaram

significativamente apenas em 4 semanas.

INTERPRETAC�~AO O volume muscular absolute e normalizado dos m�usculos injetados reduzem ap�os a primeira aplicac�~ao de NTBo-

A, e n~ao retornam ao volume da linha de base ap�os 25 semanas. Hipertrofia �e vista no s�oleo at�e as 25 semanas; o volume do

compartimento flexor plantar �e est�avel.

RESUMO
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ABSTRACT: Introduction: In this study we aimed to determine
the lower limb morphological characteristics of skeletal muscle of
ambulant children with spastic cerebral palsy (CP) and typically
developing (TD) children. Methods: Seventeen children with
spastic diplegic CP (10 boys and 7 girls, 5–12 years of age,
Gross Motor Function Classification System [GMFCS] level I or II)
and 19 TD children (8 boys and 11 girls, 5–11 years of age)
underwent lower limb T1-weighted MRI. Morphological character-
istics of the triceps surae, including muscle volume, anatomical
cross-sectional area, muscle length, and subcutaneous adipose
tissue, were digitally quantified, and the proportional distribution
calculated. Results: Children with GMFCS II had significantly
reduced muscle volume, cross-sectional area, and muscle length,
and increased subcutaneous fat compared with TD children. Chil-
dren classified as GMFCS II consistently exhibited the greatest
deficits in all morphology variables. Discussion: Morphological
variables were significantly different between the groups. These
alterations have the potential to influence the functional capabili-
ties of the triceps surae muscle group.

Muscle Nerve 000: 000–000, 2018

Spastic hypertonia is common in individuals with
cerebral palsy (CP),1 and evidence suggests that a
number of secondary alterations exist in the skeletal
muscle of children with CP.2 Compared with typi-
cally developing (TD) children, those with spastic CP
tend to exhibit reductions of muscle volume (MV),

anatomical cross-sectional area (aCSA), physiological
cross-sectional area (pCSA), muscle belly length
(ML), and muscle thickness.3

Understanding the gross morphology of spastic skel-
etal muscle is clinically significant due to the consider-
able impact of muscle weakness and altered muscle
function, particularly at the ankle, in individuals with
CP.3 The majority of muscle morphology investigations
have employed in vivo imaging techniques and focused
on the medial gastrocnemius,4–6 a bipennate biarticu-
lar muscle operating within the triceps surae, which
also includes the lateral head of gastrocnemius and
soleus. The triceps surae is essential for locomotion
and is theoretically capable of producing about 80% of
total plantarflexion torque for forward propulsion.7 In
spite of the triceps surae’s unequivocal role in locomo-
tion, few studies have sought to profile the morpholog-
ical characteristics of the whole triceps surae group in
children with CP.8–11

Biomechanically, muscle pCSA is considered the
best predictor of a muscle’s maximum force-generating
capacity as it represents the total number of muscle fas-
cicles working in parallel.12 True pCSA, however,
requires the determination of muscle fiber length and
pennation angle, which cannot be easily determined
in vivo.13 MV, on the other hand, is indicative of overall
muscle growth and reflects of the number of sarco-
meres in series and in parallel.14 Compared with pCSA,
MV is more easily quantified and has been validated
against measures obtained from cadaveric specimens.15

Data from 2 studies suggest that the differences in esti-
mated medial gastrocnemius pCSA are almost
completely explained by differences in MV in children
with and without CP.5,6 Furthermore, plantarflexor MV
is correlated with muscle work during walking in ambu-
latory young adults with hemiplegic cerebral palsy.16

Therefore, MV is an important morphological parame-
ter intrinsic to functional performance in children
with CP.
Magnetic resonance imaging (MRI) is considered

the “gold standard” imaging modality to assess MV.17,18

MRI also enables the estimation of ML and other mor-
phological variables, including aCSA and segmental
subcutaneous adipose tissue (SAT), which are relevant

Additional supporting information may be found in the online version of
this article.

Abbreviations: aCSA, anatomical cross-sectional area; Bm, body mass;
BMI, body mass index; BoNT-A, onabotulinumtoxin-A; CP, cerebral palsy;
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to the study of muscle growth and development in chil-
dren with CP.9,10,19,20 To date, no studies have
reported on the use of MRI to simultaneously quantify
estimates of MV, aCSA, ML, and segmental SAT in
children with CP compared with their TD peers.

The aim of this study was to quantify MRI-derived
measures of gross muscle morphology (MV, aCSA,
ML, SAT) of the lower leg in 2 groups of ambulant
children with spastic CP (Gross Motor Function Clas-
sification Scale [GMFCS] levels I and II), and com-
pare them with children with TD. A further goal was
to assess the contribution of soleus, medial gastroc-
nemius, and lateral gastrocnemius to the entire tri-
ceps surae MV. We hypothesized that children with
spastic CP would display diminished calf morphol-
ogy, including MV, aCSA and ML, and increased seg-
mental SAT volume (SATVol) compared with their
TD peers. Furthermore, children with CP classified
as GMFCS II would demonstrate greater variations in
these morphological variables than those classified as
GMFCS I.

METHODS
Participants. Participants with CP were recruited via the
spasticity management service at Princess Margaret Hospital
for Children (PMH), Western Australia. Participants were
excluded from the study if they had: (i) previous lower limb
surgery; (ii) serial casting in the previous 6 months; and
(iii) did not satisfy the level 1 (pre-pubertal) criterion of the
Tanner index of pubic hair development.21 All participants
with CP had undergone previous botulinum toxin type treat-
ments of the lower limbs, but not within the 6 months prior to
this study. A convenience sample of TD children with no
known neurological or orthopedic conditions participated as a
comparison population. Ethics approval was obtained from
the Human Research Ethics Committee at the PMH (1693/
EP) and the University of Western Australia committee
(F5143) and all parents/guardians gave informed, written
consent.

MRI Collection. MRI practice was performed to familiarize
children with the sensory and procedural environments associ-
ated with MRI. Axial single spin-echo T1-weighted MRI scans
were acquired bilaterally from the level of the ankle malleoli to
the iliac crest while participants lay prone in a 1.5-T whole-body
magnetic resonance unit (Magnetom Sonata Maestro Class; Sei-
mens Medical Solutions, Erlangen, Germany) using a 6-channel
receive-only phased-array body coil. Two overlapping scans were
collected, to visualize origin and insertions of the lower limb seg-
ment and thigh segment. Participants were positioned in neutral
hip rotation, with the knee joint fully extended and the ankle
joint positioned in resting plantarflexion (approximately 25 �

plantarflexion). Non-isotropic images of the leg were acquired
using the following scan parameters: 572-ms repetition time;
13-ms echo time; 90 � tip angle; 150-kHZ signal receiver band-
width; 260 × 160 matrix; 300-mm field of view (foot-head direc-
tion); 5-mm slice thickness; and an interslice gap of 5 mm. All
image sequences were interleaved and an elliptical filter was
applied during acquisition. The number of axial slices ranged
from 25 to 28 depending on the length of the leg, and total
acquisition time was approximately 12 minutes. Figure S1A (refer

to Supplementary Material online) displays a raw MRI acquired
from the lower leg of a child with CP.

MRI Segmentation for aCSA, MV, and SATVol. MRI data
were processed using Materialise Mimics version 16.0
(Materialise, Leuven). Isotropic voxel size (1 mm3) was
obtained using a trilinear interpolation routine. Muscles were
manually traced and segmented using a digitization tablet
(Intuos2; Wacom Technology Corp., Vancouver, Washington).
The 4 muscles segmented were the medial gastrocnemius, lat-
eral gastrocnemius, soleus, and tibialis anterior. Subcutaneous
fat of the lower leg was also segmented. The intrarater reliabil-
ity of aCSA, MV, and ML for each plantarflexor, tibialis ante-
rior, and SATVol was established by a single blinded examiner
(C.A.P.) based on manual muscle segmentation of 10 children
with CP on 2 separate occasions. Results revealed high intra-
class correlation coefficients (ICC), with all ICC values rang-
ing between 0.97 and 0.99 (95% CI). Figure S1C illustrates a
manually segmented slice from a TD participant’s leg.

The maximum aCSA of individual muscles was determined
by first identifying the axial slice that corresponded to the
greatest number of pixels, and then multiplying the number
of pixels by their spatial dimensions. After this, MV and SAT-
vol was automatically calculated by summing the number of
voxels contained within each muscle or SAT and multiplying
by the voxel dimension (1 mm3). Muscle volumes of the
3 plantarflexor muscles were summated to give a total value
representative of triceps surae volume (TSvol) and their pro-
portional contributions to TSvol were calculated. All lower
limb volumes and aCSAs were normalized to body mass
(Bm) consistent with previous morphological investiga-
tions.9,11 Figure S1D and E (online) illustrate a 3-dimensional
reconstruction of the segmented anatomy of the same
participant.

Calculation of Muscle Belly Length. Individual muscle
belly lengths were calculated by measuring the length of a
center-line fitted to the 3-dimensional reconstruction of indi-
vidual muscles. ML was normalized to tibia length, which was
estimated by measuring the linear distance from the intercon-
dylar eminence to the inferior articular surface of the tibia.
Note that this estimation represents whole muscle belly length
and not muscle fiber length.

Data Analysis. All data were analyzed using SPSS for Win-
dows version 19.0.0 (IBM SPSS, Armonk, New York). Descrip-
tive statistics and normality tests were performed on all data.
No significant interlimb muscular differences were observed
between the left and right legs of children with CP or of the
TD cohort; therefore, the data for both limbs were averaged
within group and used in the final analysis. Values of skewness
and kurtosis were outside the acceptable range for aCSA, MV,
ML, and SATVol, and therefore all dependent variables were
transformed into z-scores. A Kruskal Wallis test was used to
determine a main effect of GMFCS on aCSA, MV, ML, and
SATVol. Mann Whitney U-tests were performed to determine
pairwise, or group, differences in these variables between the
CP (GMFCS I and II) and TD cohorts. This test was also used
to determine group differences in the relative volume contri-
bution of individual muscles to TSvol. P < 0.05 was considered
significant.

RESULTS

Seventeen prepubertal ambulant children classi-
fied as spastic type CP (10 males and 7 females, aged
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5–12 years) participated along with 19 TD peers
(8 males and 11 females, aged 5–11 years). Partici-
pants with CP presented with spastic diplegia and
were classified as GMFCS22 level I (n = 10) or II
(n = 7). Groups were matched according to age and
body mass index (BMI). Refer to Table 1 for partici-
pant characteristics.

Figure 1 illustrates differences in standardized
scores of MV, aCSA, and ML of the 4 investigated
muscles for TD children and those with
CP. Children classified as GMFCS II consistently dis-
played significantly reduced MV and aCSA in each
individual muscle compared with the TD cohort.
Medial and lateral gastrocnemii ML was significantly
reduced in children of GMFCS II compared with TD
controls (Fig. 1). Children with GMFCS II also exhib-
ited significantly less MV and aCSA of the medial
and lateral gastrocnemii compared with children
classified as GMFCS I (Fig. 1). Children classified as
GMFCS I also displayed significant reductions in
muscle morphology compared with their TD peers,
specifically in MV and aCSA of the soleus and tibialis
anterior, but did not display any variation in ML
compared with their TD peers for any muscle.
Median percentage deficits of MV, aCSA, and ML in
children with GMFCS I and II compared with TD
children are presented in Table 2. When calculated
as a percentage of TD muscle, children classified as
GMFCS I displayed statistically significantly deficits in
MV of soleus, tibialis anterior, and TSVol. Children
classified as GMFCS II displayed statistically signifi-
cant deficits in the majority of muscle variables com-
pared with TD children, and those classified as
GMFCS I.

Table 3 displays the proportional distribution of
the medial gastrocnemius, lateral gastrocnemius,
and soleus to TSvol for each participant group. Chil-
dren with GMFCS II displayed the greatest contribu-
tion of soleus to TSvol, which was significantly higher
than both TD and GMFCS I. In addition, children
classified as GMFCS II displayed a smaller TSvol than
their TD and GMFCS I peers. However, when nor-
malized to Bm, TSVol of children classified as
GMFCS II was significantly different from that of TD

children but not those with GMFCS I. Last, the ratio
of SATVol:TSvol was highest for GMFCS II children
and was significantly different from that of their TD
peers.

DISCUSSION

This study has confirmed significant gross mor-
phological differences between children with spastic
CP classified as GMFCS I, or GMFCS II and their
age- and size-matched TD peers. The data indicate
that a higher GMFCS classification corresponds to
greater deficits in gross lower leg muscle morphol-
ogy in prepubescent ambulant children with spastic
diplegic CP. This finding is consistent with work by
Noble et al., who reported estimates of lower limb
MV in young adults with CP.11

Of the morphological parameters examined in this
study, MV displayed the greatest deficits compared with
TD children. Utilizing T1-weighted MRIs to assess MV
means that both healthy muscle tissue and intramuscu-
lar adipose tissue are included in the volume estima-
tion. This is especially important considering that
young people with CP are reported to have elevated
intramuscular fat11,23; therefore, the current MV results
are possibly an overestimation of healthy muscle tissue
volume. Specific to GMFCS II, the relative MV deficits
of individual muscles were comparable to existing data
for all muscles measured with the exception of lateral
gastrocnemius,8,10,11 which displayed a 54.7% deficit in
MV compared with TD children. This deficit was con-
siderably greater than that recently reported by Hands-
field et al. (35.8%).10 However, Handsfield et al. did
not distinguish between GMFCS levels of participants
in their data analysis and included children with both
hemiplegia and diplegia, which may explain the smal-
ler observed deficit in MV.10 Although it is acknowl-
edged that the sample size in our study was relatively
small, potentially limiting the generalizability of the
results, comparable studies have also included relatively
small, heterogeneous cohorts, and several studies have
included participants who have undergone orthopedic
procedures that may directly impact muscle morpho-
logical characteristics.10,11 The potential impact of
physical activity and previous treatment with botulinum

Table 1. Participants’ characteristics

GMFCS I (n = 10) GMFCS II (n = 7) TD (n = 19) P-value1

Age (years) 8 (1.6) 8 (1.3) 8 (1.4) 0.261
Sex (M/F) 6/4 4/3 8/11 —

Body mass (kg) 25.0 (4.6) 27.8 (2.5) 25.1 (4.9) 0.705
Height (m) 1.23 (0.08) 1.30 (0.06) 1.30 (0.09) 0.601
BMI (kg/m2) 15.9 (1.5) 16.2 (1.0) 15.6 (1.1) 0.923
Previous BoNT-A Tx 5.5 (3.1) 7 (1.6) — 0.887

Data expressed as median (median absolute deviation). BMI, body mass index; BoNT-A Tx, number of previous onabotulinumtoxin-A treatments adminis-
tered to gastrocnemii at time of MRI scan.
1 Calculated using Kruskal Wallis test.
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neurotoxin type A on muscle size and volume was not
directly measured in this study; however, interestingly,
Barber et al. provided evidence of alterations in muscle
growth in young children (2–5 years) with CP, estimat-
ing a 37% deficit in the medial gastrocnemius MV
compared with controls, suggesting that deficits of MV
may precede common surgical or pharmacological
interventions.6 Therefore, the issue of lack of physical
activity to initially build and maintain muscle health
and volume needs to be investigated in early interven-
tion studies.

Our study has confirmed variations in aCSA and ML
between groups. The reduction in MV of the medial
and lateral gastrocnemii and the tibialis anterior

appears to be a result of both reduced aCSA and ML,
whereas reduced soleus MV appears to be primarily
due to a reduction in aCSA. Reduced gastrocnemii ML
is consistent with previous reports demonstrating defi-
cits of between 8% and 31%.4,5,9,10,24 Alterations in ML
are thought to be indicative of contracture, defined as
the fixed shortening of a muscle in relation to the
accompanying long bone,25 which has implications for
the structural arrangement and function of muscle fas-
cicles. It should be noted, however, that clinical mea-
sures of muscle operational range of motion and
contracture were not undertaken in this study. Thus,
the length of muscle fascicles is indicative of muscle
excursion which, theoretically, is limited by the

FIGURE 1. Differences in muscle volume (MV), anatomical cross-sectional area (aCSA), and muscle length (ML) for the 4 triceps surae
muscles, (A) medial gastrocnemius, (B) lateral gastrocnemius, (C) soleus, and (D) tibialis anterior, between typically developing
(TD) children and those with cerebral palsy classified as level I or II on the Gross Motor Classification System (GMFCS). Asterisk: signifi-
cant difference compared to TD cohort; caret: significant difference between GMFCS I and II.

Table 2. Median percentage deficits in MV, aCSA, and ML relative to TD

TD Difference of GMFCS I group Difference of GMFCS II group

MV (cm3/kg) aCSA (cm2/kg) ML (%) MV (%) aCSA (%) ML (%) MV (%) aCSA (%) ML (%)

MG 1.37 0.17 54.5 −3.3 −5.4 +3.1 −35.71,2 −28.51,2 −12.31,2

LG 0.88 0.12 44.6 −22.1 −0.5 −1.6 −54.71,2 −38.81,2 −15.01

Sol 4.06 0.41 87.8 −12.81 −18.1 −12.0 −26.21 −27.61,2 −8.6
TA 1.29 0.14 73.4 −42.01 −36.9 −8.61 −32.61 −27.5 −6.91

TSVol 136.0 0.83 — −13.61 −11.8 — −34.71,2 −27.71,2

Muscle volume calculated as a percentage of MRI-estimated tibia length. MV, muscle volume; aCSA, anatomical cross-sectional area; ML, muscle belly
length; TD, typically developing; GMFCS, Gross Motor Function Classification System; LG, lateral gastrocnemius; MG, medial gastrocnemius; Sol, soleus;
TA, tibialis anterior; TSvol, triceps surae volume.
1 Significant difference vs. TD cohort (Mann Whitney U-test, P < 0.05).
2 Significant difference vs. GMFCS I and II (Mann Whitney U-test, P < 0.05).
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number of sarcomeres working in-series.14 Therefore,
muscle fascicle length is highly important in the opera-
tion of skeletal muscle, particularly biarticular muscles,
which require the preservation of operational range to
produce movement about 2 joints.26 Although ML is
not a proxy for muscle fascicle length27 the repeated
assessment of ML in children with CP may serve to
evaluate, at least at the muscular level, the clinical
effectiveness of different therapeutic interventions such
as casting, physical therapy, or onabotulinumtoxin-A
(BoNT-A), which ultimately aim to reduce the need
for orthopedic correction of muscle contractures.

Another goal of this study was to determine the pro-
portional contribution of individual MV to total
TSvol. Participants classified as GMFCS II displayed a
significantly higher proportional distribution of soleus
MV to overall TSvol compared with their TD peers
and those with GMFCS I (Table 3). According to
cadaveric data the contribution of soleus to total tri-
ceps surae mass is approximately 61% in older adult
populations.28 In young active adult males, however,
the proportional distribution was 51.8 ± 2.83%,29 con-
siderably less than that reported in the present study
(62%–69%). It is known that skeletal muscle is one of
the most adaptable tissues in the human body. Poten-
tially, the greater proportional contribution the soleus
to TSvol in GMFCS II may be a compensatory adapta-
tion related to altered function. As mentioned earlier,
the soleus is a key muscle involved in postural stability,
control, and locomotion, and therefore the relative
role of soleus may be even more pronounced in chil-
dren with smaller and short gastrocnemii.30 Further
investigation is required to determine the time course
of typical muscle growth and development, and
whether the proportional distribution of individual
muscles of the triceps changes with age, activity, neural
innervation, and/or immobilization.

It is evident that future research should consider
concurrent evaluation of architectural properties of
the triceps surae, such as fascicle length and pennation
angle to estimate pCSA, with the aim to provide a bet-
ter understanding of triceps surae morphology and
muscle force production in individuals with spastic

CP. By profiling the morphology and architectural
characteristics of individual muscles, computational
muscle modeling techniques may better explore rela-
tive skeletal muscle performance in functional motor
tasks, and assist predicative intervention modeling to
improve the functional outcomes of children with CP.
Another distinguishable variable in this study was

the normalized segmental SATVol of the lower leg.
SATVol was found to be 1.6-fold higher in the GMFCS
II cohort compared to their TD peers. In comparable
studies, Noble et al. reported a 1.9-fold increase in nor-
malized SAT of the calf in independent ambulant teen-
agers with spastic CP (GMFCS I to II) compared with a
TD cohort.19 Similarly, Johnson et al. demonstrated a
2-fold increase in thigh SAT in children with spastic
CP classified at GMFCS levels III-V.20 Their study also
identified a significant inverse relationship between rel-
ative SAT and the amount of time spent in physical
activity.20 The data further reflect considerable hetero-
geneity in the normalized TSvol and relative SATvol of
individuals classified as GMFCS I. The variability within
the SATVol and lack of distinction between the BMI of
the participant groups indicates that BMI may not be a
sensitive proxy measure for fat mass of ambulant chil-
dren with CP. Hence, caution should be taken when
interpreting BMI data and, where feasible, a more sen-
sitive measure, such as SATVol, may be employed.
Although no measures of physical activity were
recorded in this study, it is reasonable to suggest that
children classified as GMFCS II may spend less time in
physical activity, as daily walking activity has been
shown to be negatively correlated with both SAT and
functional walking ability in children with CP.31

The findings of this study reinforce previous
reports indicating gross morphological differences in
distal musculature between prepubertal children
classified as GMFCS level I or II and children with
TD. Further research is required to determine the
consequences of altered gross morphology on corre-
sponding muscle function and the impact it may
have on performance of functional tasks. Certainly,
application of MRI has the potential to improve our
understanding of the effects of growth and

Table 3. Proportional distribution of individual muscle volumes to total triceps surae volume

TD GMFCS I GMFCS II

MG (%) 23 (18–26) 25 (21–33) 20 (15–29)
LG (%) 14 (10–18) 13 (10–15) 11 (8–15)
Sol (%) 63 (58–70) 62 (55–65) 69 (60–74)1,2

TSvol (cm3) 166.3 136.01 118.11,2

Normalized TSvol (cm3/kg) 6.46 5.58 4.221

SATVol (cm3) 306.2 249.6 328
Normalized SATVol (cm3/kg) 11.34 10.84 12.93
SATVol:TSvol 1.69 2.17 3.131

Data expressed as median (range). Normalization to body mass. TD, typically developing; GMFCS, Gross Motor Function Classification System; MG,
medial gastrocnemius; LG, lateral gastrocnemius; Sol, soleus; TSvol, triceps surae volume; SATVol, segmental subcutaneous adipose tissue volume.
1 Significant difference vs. TD cohort (Mann Whitney U-test, P < 0.001).
2 Significant difference vs. GMFCS I and II (Mann Whitney U-test, P < 0.001).
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development and, importantly, the relative influence
of specific treatment modalities targeted at the mus-
cular level for children with CP.
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a b s t r a c t

The effectiveness of the plantarflexor muscle group to generate desired plantarflexion moments is mod-
ulated by the geometry of the Achilles tendon moment arm (ATMA). Children with cerebral palsy (CP)
frequently have reduced plantarflexion function, which is commonly attributed to impaired muscle
structure and function, however little attention has been paid to the potential contribution of ATMA
geometry. The use of musculoskeletal modelling for the simulation of gait and understanding of gait
mechanics, rely on accuracy of ATMA estimates. This study aimed to compare 3D in-vivo estimates of
ATMA of adults, children with CP and typically developing (TD) children, as well as compare 3D in-
vivo estimates to linearly scaled musculoskeletal model estimates. MRI scans for eight children with
CP, 11 TD children and nine healthy adults were used to estimate in-vivo 3D ATMA using a validated
method. A lower limb musculoskeletal model was linearly scaled to individual tibia length to provide
a scaled ATMA estimate. Normalised in-vivo 3D ATMA for children with CP was 17.2% ± 2.0 tibia length,
which was significantly larger than for TD children (15.2% ± 1.2, p = 0.013) and adults (12.5% ± 0.8,
p < 0.001). Scaled ATMA estimates from musculoskeletal models significantly underestimated in-vivo
estimates for all groups, by up to 34.7%. The results of this study show children with CP have larger nor-
malised 3D ATMA compared to their TD counterparts, which may have implications in understanding
reduced plantarflexor function and the efficacy of surgical interventions whose aim is to modify the mus-
culoskeletal geometry of this muscle group.

� 2018 Published by Elsevier Ltd.

1. Introduction

The Achilles tendon and the plantarflexor muscle group play a
crucial role in the functioning and regulation of gait mechanics.
The impact of this is particularly highlighted when assessing the
gait of children with cerebral palsy (CP). This neurodevelopmental
movement disorder is related to a number of skeletal muscle-
tendon unit impairments, with the plantarflexors being commonly
affected. Impairments include spasticity, reduced selective motor
control, reduced muscle volume and cross sectional area, and
altered muscle histology (Graham et al., 2016). It is well known
that children with CP have reduced plantarflexion strength (i.e.
joint moment estimates) when compared to typically developing
(TD) children (Eek et al., 2011; Wiley and Damiano, 1998). While
the aforementioned impairments are contributing factors (Elder

et al., 2003; Graham et al., 2016), current understanding of
strength impairments among this population is incomplete. One
contributing mechanism may be differences in three dimensional
(3D) Achilles tendon moment arm (ATMA) geometry.

The moment arm of any musculo-tendon unit is understood as
the ‘‘effectiveness” of skeletal muscle to generate a moment of
force about an axis of rotation (Sherman et al., 2013), and thereby
actuating the desired moment about a given joint to generate
movement. The moment of force produced by a musculo-tendon
unit is a product of the linear muscular force, and the 3D moment
arm. The 3D moment arm is the perpendicular distance between
the forces line of action and the axis of rotation. As such, alter-
ations in either of these properties will influence the moment
arm geometry. Training studies have shown that muscle hypertro-
phy increases the cross sectional area of the muscle belly, which in
turn increases moment arm length (Maganaris et al., 1998, 2000;
Sugisaki et al., 2010; Vigotsky et al., 2015). Children with CP have
smaller gastrocnemius and soleus muscle volumes and cross sec-
tional areas than TD children (Barrett and Lichtwark, 2010;
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Handsfield et al., 2016), so it is reasonable to expect that children
with CP would have smaller ATMA. Another factor influencing
the size of the ATMA is the location and orientation of the plan-
tarflexion/dorsiflexion axis of rotation which is typically assumed
to be the talocrural flexion/extension axis (Correa et al., 2011;
Sheehan, 2010). The orientation and location of this axis is dictated
by the bony geometry of the foot (Correa et al., 2011; Sheehan,
2010), and further modulated by muscle activation and loading
(Maganaris et al., 1998, 2000). Children with CP commonly demon-
strate bony deformities at the foot (Davids, 2010; Kedem, P. and
Scher, D.M., 2015; Sees and Miller, 2013), as well as abnormal mus-
cle tone and activation (Graham et al., 2016). To the authors’
knowledge, only one study has assessed ATMA geometry among
this population, finding normalised 2D ATMA of children with CP
to be smaller than their TD peers (Kalkman et al., 2017). These
results suggest that ambulatory paediatric CP populations also pos-
sess the mechanical disadvantage of short ATMA. Research has
found substantial error, of up to 40%, can result from the use of
2D methods when compared to 3D measurement techniques, as
a result of the moment arm being out of plane with the scan image
(Hashizume et al., 2012). As such, further investigation into AMTA
geometry in 3D will allow for better understanding of mechanical
disadvantages, and facilitate more precise modelling, leading to
improved clinical treatment plans for pathological populations.

Internal muscle forces can be estimated when moment arms are
known (scaled estimates or measured in-vivo) and when net joint
moments can be calculated via inverse dynamics during gait or
dynamometric assessments (Orendurff et al., 2002; Orendurff
et al., 2005). Estimation of internal muscle forces, obtained through
musculoskeletal modelling facilitate detailed exploration of muscle
mechanics underpinning pathological movement patterns typi-
cally observed among CP populations (Delp et al., 2007; Hicks
et al., 2009). While this computation method is powerful, it is
not a common measurement approach within most clinical
research settings (Correa et al., 2011; Hicks et al., 2009; Rezgui
et al., 2013). Along with factors such as computational time and
costs, one of the primary reasons for this is the sensitivity and
specificity of the modelling parameters used to represent the clin-
ical populations they are meant to measure. When in-vivo esti-
mates of a participant’s 3D moment arms are not available, it is
common for researchers to linearly scale these musculoskeletal
modelling parameters to accessible anthropometric information
such as segment lengths. Most of the regression equations avail-
able in the literature are derived from small homogenous cadaveric
populations (Arnold et al., 2010) meaning their suitability among
pathological and/or paediatric populations is questionable
(Correa et al., 2011; Hicks et al., 2009). Gastrocnemius muscle
function has been found to be highly sensitive to changes in
muscle-tendon architectural properties, including ATMA (Ackland
et al., 2012), highlighting the importance of sensitive and partici-
pant specific musculoskeletal models. It is imperative to establish
more accurate methods to correctly prepare and scale muscu-
loskeletal models that are representative of paediatric and/or
pathological populations to increase the specificity of the mechan-
ical information derived.

The primary aim of this study is to compare in-vivo 3D ATMA
estimates between adults, TD children and children with CP. It is

hypothesised that adults will possess the largest 3D ATMA esti-
mates, while children with CP will have the smallest. The sec-
ondary aim of this study is to compare 3D ATMA derived from an
established musculoskeletal model linearly scaled to tibia length
with participant specific in-vivo 3D ATMA for adults, TD children,
and children with CP. It is hypothesised no differences in 3D ATMA
estimates will be observed between methods for the adult popula-
tion, however significant differences will be found between meth-
ods for both paediatric groups.

2. Methods

Eight children with spastic CP, aged 9.7 years ( ± 2.6), and a con-
venience sample of 11 TD children, aged 8.7 years ( ± 2.3), partici-
pated. Children with CP were classified as Gross Motor Functional
Classification Scale level I (n = 4) and II (n = 4), with diplegia (n = 4)
and hemiplegia (n = 4). No children with CP had previous ortho-
paedic surgery, seven had received their first injection botulinum
toxin to the affected gastrocnemius within 6 months (mean
23.4 ± 1.5 weeks) prior to assessment while one remained toxin
naïve. All children received physical therapy as part of their routine
clinical care, and two participants utilised ankle foot orthoses as
part of their clinical management. An existing dataset of 9 healthy
adults was used (Clarke et al., 2015). Full participant characteristics
can be found in Table 1. Informed consent was obtained from
adults and parents of paediatric participants.

Participants had an MRI scan of the dominant (TD and adults) or
most affected (CP) ankle at a comfortable resting angle, with the
knee extended. For the paediatric groups, a 1.5 T whole body
MRI unit (Siemens Medical Solutions, Erlangen, Germany) was
used, employing a T1- weighted spin echo sequence; 256 � 256
matrix; 160 mm � 160 mm FOV; 3 mm slice thickness; and
3.3 mm slice gap. A mean of 18.2 slices were acquired, with a range
of 16 – 20 slices. Adult scans were conducted in a 3 T whole body
MRI unit (Philips Healthcare, Achieva, Netherlands). Adult scan
parameters can be found at Clarke et al (2015).

Scans were processed using Mimics software (version 16.0,
Materialise, Leuven, Belgium). The Achilles tendon was defined
using 7 manually digitised points. The talus was manually seg-
mented and reconstructed, with a cylinder fitted to the recon-
structed form. The bipolar axis of the cylinder was taken to
represent the flexion/extension axis of the talocrural joint
(Sheehan et al., 2007). 3D coordinates of the digitised Achilles ten-
don and the cylinder’s bipolar axis were outputted and processed
through a custom Matlab code to calculate in-vivo 3D ATMA. This
method has been validated among adult populations (Alexander
et al., 2017) and possesses established repeatability among TD chil-
dren (Lum et al., 2015). Ankle joint angles measured from the MRI
scans were operationally defined as the angle between the long
axis of the tibia and the plantar surface of the hindfoot.

Tibia length for the paediatric groups were measured from
lower leg coronal MRI. Tibial length was defined as the most supe-
rior lateral aspect of the tibial plateau, to the most inferior lateral
aspect of the fibular notch. Coronal lower leg scans were not avail-
able for the adult sample, so Grieves Reference Length was used as
a surrogate (Grieve et al., 1978).

Table 1
Participant demographics, tibia length and MRI derived joint angles **p < 0.01 compared to other groups, *p < 0.05 compared to other groups.

Gender Age (years) Tibia length (mm) MRI derived JA (*)

n m f Mean Min Max Mean Min Max Mean Min Max

Adult 9 5 4 29.3** 22.0 48.0 421.1** 370.0 480.0 �18.1 �11.7 �24.1
TD 11 5 6 8.7 5.5 11.8 274.0 215.4 329.7 �18.6 �6.7 �29.2
CP 8 7 1 9.7 5.8 13.6 275.5 240.9 328.7 �32.0* �14.6 �53.6
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Musculoskeletal modelling was conducted in OpenSim (version
3.3, SimTK, Stanford, CA, USA) (Delp et al., 2007), using a lower
limb model described by Arnold et al. (2010). The Arnold model
defines the ankle joint as a revolute joint between the tibia and
the talus with one degree of freedom (dorsiflexion/plantarflexion),
and no wrapping surfaces or via points relating. All rigid bodies and
musculoskeletal properties were manually scaled to tibial lengths.
Following model scaling, the scaled moment arms were outputted
at the same ankle joint angles measured from the MRI scans, as
shown in Fig. 1 (blue closed circle). For the purposes of this com-
parison, the soleus moment arm was selected to represent the
ATMA as it is mono-articular, thereby unaffected by knee
positioning.

The soleus insertion onto the calcaneus body in OpenSim was
adjusted in the anterior/posterior plane until the modelled
moment arm was equal to the in-vivo ATMA at the experimentally
measured joint angle (Fig. 1, red open circle). This allowed ATMA to
be estimated over the model’s plantar/dorsiflexion range of motion
(Sherman et al., 2013). To compare ATMA across all participants, a
predicted ATMA was taken at 20� plantarflexion, and normalised to
tibia length. A joint angle of 20� plantarflexion was selected as it
was similar to the mean joint angle measured, and an angle most
children with CP can achieve despite presence of spasticity or
contracture.

Participant age and tibia length, as well as MRI derived joint
angle estimates were compared using a one-way ANOVA. To com-
pare the absolute and normalised predicted ATMA at 20� plan-
tarflexion between the three groups, a one-way ANOVA was
used. To compare absolute in-vivo and linearly scaled 3D ATMA
estimates between the three groups, a SPANOVA was used. All
ANOVA’s were followed up with post-hoc analysis conducted using
Tukey’s HSD. If a significant main effect for condition was found
from the SPANOVA, two-tailed t-tests were conducted. All statisti-
cal analyses were performed in SPSS (version 23.0, IBM Analytics,
Armonk, NY, USA), with an alpha of 0.05.

3. Results

There were significant main effects in age and tibia length
(p < 0.001). Post-hoc analysis showed no significant differences in

age (p = 0.911) or tibia length (p = 0.994) between TD and CP, while
adults were significantly different than both paediatric groups for
both variables (p < 0.001). A significant main effect in MRI derived
joint angles was found (p = 0.001). Post-hoc analysis showed CP had
significantly larger joint angles compared to both TD (p = 0.003)
and adult (p = 0.003), but no significant difference was found
between TD and adults (p = 0.986) (Table 1).

The mean predicted absolute ATMA at 20� plantarflexion was
52.8 mm ± 5.62 for adults, 41.8 mm ± 5.85 for TD and
47.1 mm ± 3.50 for CP, with a significant main effect found
(p < 0.001). Post-hoc analysis showed adults had significantly larger
absolute ATMA compared to TD (p < 0.001), but no differences
were found between adults and CP (p = 0.082) or between CP and
TD (p = 0.089).

A significant main effect was found (p < 0.001) when nor-
malised to tibia length; mean normalised ATMAs were 12.5%±0.8
for adults, 15.2%±1.2 for TD and 17.2%±2.0 for CP (Fig. 2). The
post-hoc analysis showed normalised ATMA at 20� plantarflexion
were smaller among adults compared to TD (p < 0.001), and CP
(p < 0.001). CP was found to have significantly larger normalised
ATMA at 20� plantarflexion, compared to TD (p = 0.013).

When comparing the in-vivo and scaled methods for estimating
absolute ATMA, a main effect for group was observed (p < 0.001),
as was a main effect for method (p < 0.001). The interaction of
these two factors was also significant (p < 0.001) (Fig. 3). Post-hoc
analysis showed the effect of ATMA method (in-vivo or scaled)
was significantly different among adults compared to CP and TD
(p < 0.001), while the effect of method was not different between
CP and TD (p = 0.705).

Post-hoc testing revealed that absolute in-vivo 3D ATMAs were
significantly larger than the linearly scaled 3D ATMA at the same
MRI derived joint angles for all groups (p < 0.001). The mean differ-
ence was -5.8 mm for adults, �11.0 mm for TD and �15.7 mm for
CP. This corresponds to a 10.7%, 26.2%, and 34.7% underestimation
of in-vivo measurements for adults, TD and CP respectively.

4. Discussion

The primary aim of this study was to compare 3D ATMA esti-
mates for adults, children with CP and their TD counterparts. It

Fig. 1. Example output for one participant, showing the modelled ATMA derived from a linearly scaled musculoskeletal model (blue) and the subject-specific modelled ATMA
derived from the in-vivo ATMA measured from MRI scans at the subject specific joint angles, as represented by a dotted line. The dashed line represents 20� of plantarflexion.
The ATMA used for comparisons are indicated by circle. An open circle represents an in-vivo measurement, while a closed circle represents a modelled measurement. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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was hypothesised that adults would have the largest ATMA, and
children with CP would have smaller 3D ATMA than TD children,
contributing to the documented reduced ‘plantarflexor strength’
(as measured by joint moments) (Eek et al., 2011; Wiley and
Damiano, 1998). This hypothesis has been rejected with adults
showing no difference to childrenwith CP, who in turn demonstrate
larger normalised 3D ATMA of 9% or 4.3 mm, compared to their TD
counterparts. The secondary aim of this study, was to compare 3D
ATMA derived from an established musculoskeletal model linearly
scaled to tibia length with participant specific in-vivo 3D ATMA. As
hypothesised, linear scaling of an adult musculoskeletal model did
not demonstrate participant specificity for TD children or children
with CP, with scaling underestimated in-vivo 3D ATMA estimates
by 27.68% and 35.82% respectively. While scaled ATMA for adults
was also significantly smaller than in-vivo ATMA, the effect of the
ATMA method (in-vivo vs scaled) was significantly less than in
either paediatric group and is comparable to the error range
accepted in the literature of 10% (Arnold et al., 2000).

Literature suggests a peak plantarflexion moment of 0.86–
1.11Nm/kgBW for children with CP during walking gait (Adolfsen
et al., 2007; Baddar et al., 2002; Dallmeijer et al., 2011; Eek et al.,
2011; Lyon et al., 2005). Based on a 4.3 mm longer ATMA in chil-

dren with CP, the peak internal muscle force for a 30 kg child with
CP would be 62N (10%) less than an appropriately matched TD
child producing the same joint moment. Given the observed defi-
ciencies in muscle structure among children with CP (Barrett and
Lichtwark, 2010; Reid et al., 2014), a larger ATMA may in fact act
as a mechanical compensation for muscle impairments, allowing
children to maintain function. More research is required to under-
stand gait mechanics and the role of ATMA among pathological
paediatric populations as this has potential to impact surgical
treatments that could affect 3D ATMA geometry.

The underestimation of ATMA as a result of linear scaling in
musculoskeletal modelling will have significant implications on
internal muscle force estimates. For a 30 kg child with CP, these
underestimates would result in a 345N (52.83%) overestimation
of internal plantarflexor muscle force, assuming a peak plantarflex-
ion moment of 0.985 Nm/kgBW (Adolfsen et al., 2007; Baddar
et al., 2002; Dallmeijer et al., 2011; Eek et al., 2011; Lyon et al.,
2005). For a TD child of the same mass and plantarflexion moment,
internal muscle forces would be overestimated by 259N or 36.21%.
Linear scaling of adult musculoskeletal models, therefore, with
intention of estimating internal muscle forces are not appropriate
for paediatric populations.

Fig. 2. Box plot showing normalised predicted ATMA for each group at 20� plantarflexion, **p < 0.01.

Fig. 3. . Relationship between in and vivo and scaled ATMA for each group **within group t test of p < 0.01, ^^ condition effect of p < 0.01.
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This study relies on the assumption that the musculoskeletal
model correctly modelled the 3D ATMA of a paediatric CP popula-
tion through their full joint range of motion. These assumptions
are, however, generally accepted as limitations within muscu-
loskeletal modelling literature, including the assessment of chil-
dren with CP (Barber et al., 2017; Kainz et al., 2018; Rezgui et al.,
2013), where research typically calibrates the model using a single
static posture to predict dynamic parameters. It was not feasible to
measure ATMA at multiple joint angles within this study, and
exploration of appropriateness of these assumptions specifically
for children with CP is beyond the scope of this study. However,
the results suggest further research into these assumptions would
be a worthwhile pursuit, and allow for a better understanding of
the relationship between ATMA and joint angle over the range of
motion for this population. Such research would provide valuable
data for informing musculoskeletal models for this unique
population.

The findings of this study are in direct contrast to previously
presented work by Kalkman et al. (2017) who found children with
CP possessed smaller normalised 2D ATMAs when compared to
their TD peers (Kalkman et al., 2017). When comparing the pre-
sented 3D ATMA estimates from the TD population (15.2%), they
were in agreement with the published 2D ATMA estimates (16%).
However, for the paediatric CP population in this study, normalised
3D ATMA were notably larger (17.2%) than the 2D estimates
reported by Kalkman et al (14%). The participants in this study
were all high functioning and could achieve independent ambula-
tion (GMFCS I and II). Although data on bony deformities was not
available for this sample, high rates or severity of musculoskeletal
deformities may not be expected, as foot deformities are more
prevalent for children of a higher GMFCS level (Kedem, M.P. and
Scher, M.D., 2015; Rethlefsen et al., 2017). However, the rates
and severity of deformities within the sample assessed by Kalkman
et al., may contribute to the differences observed, though no infor-
mation regarding GMFCS or functional capacity of the sample
assessed by Kalkman et al is available.

Although comparison between the studies is limited by lack of
clarity around the sample assessed, the observed differences in
ATMA for the paediatric CP population may in part be to the com-
putational method used to estimate ATMAs, rather than differ-
ences in the population itself. The 2D tendon excursion method
used has been shown to result in measurement errors up to 40%
among healthy adult populations (Hashizume et al., 2012). Three
factors have been shown to contribute to these measurement
errors: (1) the flexion/extension axis is not orthogonal to the sagit-
tal plane; (2) the sagittal plane selected for analysis; and (3) visual
identification of anatomical landmarks used in the measurement.
While the second and third proposed source of error would uni-
formly affect all participants regardless of pathology, the orienta-
tion of the flexion/extension axis, given the deformities
frequently seen among children with CP, would represent a signif-
icant source of error for this population, and may explain the dif-
ferences found between previous research and results presented
here. Further research should be conducted to directly compare
reliable robust 3D methodologies, such as that employed in this
study (Alexander et al., 2017), and 2D methods among children
with CP.

While this study is, to the authors’ knowledge, the first to com-
pare linear scaling to in-vivo ATMA measurements among children
with CP, previous research has compared linear scaling to subject
specific MRI musculoskeletal models for this population. Correa
et al. (2011) found a linearly scaled model resulted in a 2.4%
( ± 3.9%) overestimation of ATMA compared to MRI derived muscu-
loskeletal model (an individualised model based on subject specific

bone geometry and muscle insertions) for four children with CP.
This suggests ATMA estimated from the MRI based musculoskele-
tal model would not correlate with the in-vivo measurements,
however important differences between the studies must be con-
sidered. The current study directly measured in-vivo ATMA using
a static, comfortable joint angle, without voluntary muscle activa-
tion or external force applied. The previous research compared the
AMTA obtained frommodelling single leg stance phase during gait.
Given the computational expense of a full MRI derived lower limb
model, simple in-vivo measurements hold strong appeal, and fur-
ther research comparing the in-vivo measurements at MRI derived
models would be beneficial.

While the mechanisms for altered ATMA cannot be determined
from the current study, potential mechanisms are worth consider-
ing. Two factors that influence the ATMA are the tendon line of
action, and the joint axis orientation and location. Research sug-
gests a muscle with a smaller cross sectional area would have
smaller 3D ATMA (Maganaris et al., 1998, 2000; Sugisaki et al.,
2010; Vigotsky et al., 2015), due to a shift in the tendon line of
action associated with reduced muscle bulk. Indeed, the smaller
muscles of children with CP (Barrett and Lichtwark, 2010; Reid
et al., 2014) was put forward as an explanation for the smaller
2D ATMA found by Kalkman et al. (2017). However, the this finding
was not upheld in 3D ATMA measurements, suggesting proximal
muscle properties are not contributing to the increased 3D ATMA
via the tendon line of action. Abnormal forces acting on the calca-
neus, including reduced external forces due to lack of heel strike at
foot contact (Falso et al., 2005; Park et al., 2006; Pauk et al., 2010),
and altered muscular forces due to spasticity, impaired neural acti-
vation, contracture and co-contraction, can result in an deformity
of the bone (Davids, 2010; Kedem, P. and Scher, D.M., 2015;
Woods et al., 2004), and may impact on tendon insertion and
therefore line of action. Similarly, bony abnormalities of the foot
may also impact on the second critical factor in ATMA length:
the location of the joint axis. Pes planovalgus, a common foot
deformity in children with CP, sees the lateral column of the foot
shorten both functionally and structurally relative to the medial
column (Kedem, P. and Scher, D.M., 2015), and may result in rota-
tion or translation of the talocrural axis. Indeed, the contrasting
findings between the 3D ATMA results of this study, and the previ-
ously reported 2D ATMA results of children with CP (Kalkman
et al., 2017) provide support for the importance of joint axis as
potential mechanism for altered ATMA geometry. Further research
into the mechanisms behind altered ATMA, as well as the impact
various surgical interventions targeting the foot and ankle may
have, is required.

This study presents two critical findings. Firstly, children with
CP were found to have significantly larger normalised 3D ATMA
when compared to TD children. This has implications for the
understanding of muscle function and torque generation at the
ankle. Secondly, as hypothesised, linearly scaled musculoskeletal
models cannot replicate in-vivo measured ATMA in TD children
or children with CP.

Future research examining the relationship between ATMA and
JA for these populations is warranted for developing appropriate
musculoskeletal models, facilitating their use in a clinical setting.
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Discovering the sense of touch: protocol
for a randomised controlled trial examining
the efficacy of a somatosensory
discrimination intervention for children
with hemiplegic cerebral palsy
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Abstract

Background: Of children with hemiplegic cerebral palsy, 75% have impaired somatosensory function, which
contributes to learned non-use of the affected upper limb. Currently, motor learning approaches are used to
improve upper-limb motor skills in these children, but few studies have examined the effect of any intervention to
ameliorate somatosensory impairments. Recently, Sense© training was piloted with a paediatric sample, seven
children with hemiplegic cerebral palsy, demonstrating statistically and clinically significant change in limb position
sense, goal performance and bimanual hand-use. This paper describes a protocol for a Randomised Controlled Trial
of Sense© for Kids training, hypothesising that its receipt will improve somatosensory discrimination ability more
than placebo (dose-matched Goal Directed Therapy via Home Program). Secondary hypotheses include that it will
alter brain activation in somatosensory processing regions, white-matter characteristics of the thalamocortical tracts
and improve bimanual function, activity and participation more than Goal Directed Training via Home Program.

Methods and design: This is a single blind, randomised matched-pair, placebo-controlled trial. Participants will
be aged 6–15 years with a confirmed description of hemiplegic cerebral palsy and somatosensory discrimination
impairment, as measured by the sense©_assess Kids. Participants will be randomly allocated to receive 3h a week
for 6 weeks of either Sense© for Kids or Goal Directed Therapy via Home Program. Children will be matched on age
and severity of somatosensory discrimination impairment. The primary outcome will be somatosensory
discrimination ability, measured by sense©_assess Kids score. Secondary outcomes will include degree of brain
activation in response to a somatosensory task measured by functional MRI, changes in the white matter of the
thalamocortical tract measured by diffusion MRI, bimanual motor function, activity and participation.
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Discussion: This study will assess the efficacy of an intervention to increase somatosensory discrimination ability in
children with cerebral palsy. It will explore clinically important questions about the efficacy of intervening in
somatosensation impairment to improve bimanual motor function, compared with focusing on motor impairment
directly, and whether focusing on motor impairment alone can affect somatosensory ability.

Trial registration: This trial is registered with the Australian New Zealand Clinical Trials Registry, registration
number: ACTRN12618000348257. World Health Organisation universal trial number: U1111–1210-1726.

Keywords: Cerebral palsy, Upper-limb, Tactile, Sensation, Somatosensory discrimination, Proprioception, Goal
directed, Home program

Background
Cerebral palsy is the most commonly occurring childhood
physical disability, and is an umbrella term covering a
variety of aetiologies with a combined prevalence of
roughly 2.1 per 1000 live births [1]. It is defined by motor
impairment arising from an injury or malformation of the
developing brain and is often accompanied by comorbidi-
ties such as impairment in sensation, perception, cogni-
tion, communication, and behaviour [2]. Hemiplegic CP
(HCP; hemiplegia) is the most commonly occurring motor
impairment subtype [3] and negatively impacts upper limb
function. Recent reports indicate that more than 75% of
children with HCP have impaired somatosensory function
[4, 5].
Somatosensory function involves the detection, discrim-

ination, and recognition of body sensations [6]. According
to the National Institutes of Health toolbox, somatosensa-
tion refers to “all aspects of touch and proprioception that
contribute to a person’s awareness of his or her body parts
and the direct interface of these with objects and the envir-
onment” p. S41 [6]. This includes body position sense,
haptic object recognition, and tactile discrimination [6].
Somatosensation guides motor function in a feed forward
manner: the more a child can perceive, the more they
explore (move), and the more they can understand and
interact with their environment [7, 8]. Ascending som-
atosensory neural pathways provide tactile and proprio-
ceptive information [9]. By monitoring these forms of
information, the central nervous system can adjust
signals to descending motor pathways during grasp and
associated manipulation of objects [10]. In the upper
limbs, both fine motor movements and tool use rely
heavily on such feedback [7, 10, 11].
A clear link exists between somatosensory deficits and

poor hand function in children with HCP [10, 12]. This
was recently demonstrated in a cross-sectional study by
Auld et al. [12] where a moderate relationship between
tactile function and hand performance was identified. Spe-
cifically, haptic object recognition and single point local-
isation had the greatest influence on unimanual capacity
while haptic object recognition and recognition of double
simultaneous stimulation had the greatest influence on

bimanual function. In this study, impairment in som-
atosensory function accounted for one third of the
variance in motor function [12]. The significant contri-
bution of somatosensation to motor function indicates
that therapeutic interventions that target somatosensa-
tion may have the potential to improve motor function
in children with HCP.
It is recognised that damage to corticomotor tracts

and thalamocortical sensory pathways both contribute to
upper limb motor impairment in hemiplegia [13–15].
Children with hemiplegia have different patterns of
brain activation than typically developing peers during
somatosensory tasks [16, 17]. The reorganization of
motor pathways is well documented in children with
hemiplegia, with a subset showing evidence of persist-
ent and predominant ipsilateral motor pathway control
of hand movements [18–27]. Such reorganization is not
always functionally advantageous: a noted decline in
affected upper limb function is associated with the
persistence of ipsilateral pathways in children who sus-
tained injury in late gestation [27]. However, studies inves-
tigating somatosensation using magnetoencephalography
(MEG), functional magnetic resonance imaging (fMRI) and
somatosensory evoked potentials (SEP) of the affected side
have demonstrated that activation of the primary somato-
sensory cortices is often still predominantly in the contra-
lateral hemisphere, and the contralateral pathway still
functions, albeit with altered responses [16, 18, 28–32].
This “interhemispheric dissociation” between somatosen-
sory inputs and motor outputs may be a significant contrib-
uting factor to the impaired integration of sensorimotor
function in a subset of children with hemiplegia [18].
Neuroplastic changes associated with improvement in

motor function have been demonstrated following motor
learning approaches such as constraint induced movement
therapy [33]. Several studies have provided a neurological
basis for pursuing somatosensory intervention to improve
upper limb function in children with HCP by demonstrat-
ing somatosensory pathways are active, albeit disorganised,
and therefore possibly treatment responsive [17, 34]. The
core principles which inform motor learning approaches to
upper-limb therapy are the same as principles of learning
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dependent neural plasticity such as repetition of a chal-
lenging but achievable task, repetitive practice and
feedback on performance [35, 36]. It is reasonable to
expect that when such principles are applied in a somato-
sensory intervention, neural plastic changes in somatosen-
sory and related regions of the brain will also be observed.
In adult stroke changes have been observed in primary
and secondary somatosensory regions and in attention
and visual regions in association with better tactile
performance [37] and training-facilitated somatosen-
sory recovery [38].
Upper limb function is recognised by experts as a high

priority area for treatment of children with hemiplegia
[39]. A large body of research has investigated therapeutic
interventions and modes of delivery to maximise out-
comes for this group of children [40]. Recent research has
predominantly focused on improving motor skills via
motor learning approaches and has demonstrated that
intensive goal-directed treatments have a positive effect
on hand function [40]. However, there is limited research
into whether reducing developmental non-use and im-
proving bimanual hand function might be more effectively
achieved by treating any sensory impairments that are
known to contribute to impaired motor function. A recent
systematic review of interventions for tactile deficits that
may be suitable for children suggested two approaches
that were effective in adults post stroke [41]. This study
aims to investigate one of those recommended: transfer
enhanced somatosensory discrimination training, known
as Sense© training [36].
The principles of Sense© training stem from theories of

perceptual learning and learning dependent neural plasti-
city [36]. Sense© training involves repeated practice dis-
criminating between graded stimuli in the somatosensory
domains: body position sense, haptic object recognition,
and tactile discrimination, using specially designed train-
ing tasks and perceptual learning [36]. In a randomised
controlled trial with cross over control, Sense© training
was found to improve somatosensory discrimination func-
tion in adults (n = 50) who were a median of 48 weeks
post stroke [36]. In this trial, 69% of stroke survivors at
least halved their somatosensory deficits post treatment,
and this was maintained at six months’ post treatment.
Survivors also achieved transfer of training effects to un-
trained tasks. Seven training principles are operationalized
in the training protocol: selection of specially designed
training tasks; goal-directed attentive exploration of
sensation without vision; feedback on the accuracy and
method of exploration by therapist/vision; calibration
of somatosensory perception via vision and/or touch of
the unaffected hand; use of deliberate anticipation tri-
als; variety of sensory tasks and practice conditions to
facilitate transfer; and repeat and progress, as outlined
in the training manual [42] and online video [43]. Sense©

is also applied to client-selected activities (occupations),
with the aim for the client to learn strategies in how to
use somatosensory skills to perform the activity most opti-
mally and to transfer these strategies and skills learnt to
untrained activities [42].
Hemiplegia can arise in infants with a variety of neuro-

logical pathologies such as white matter injuries, grey
matter injuries, malformations of the brain, as well as
focal vascular insults (seen in ~ 9% of infants with hemi-
plegia) and no cerebral pathology that can be identified
on imaging in about the same proportion [44]. It cannot
be ignored that these aetiologies are highly varied in
comparison to adult stroke survivors. Furthermore, most
children with HCP have a somatosensory system that
has never functioned normally in the extra-uterine world
while an adult stroke survivor has received an insult to a
previously well-functioning system. Nevertheless it has
been suggested that altered structural connectivity is
association with severity of deficit and functional recov-
ery [45, 46]. Despite these population differences, pilot
work for this study demonstrated that Sense© training is
feasible with children with HCP and warrants further in-
vestigation [47].
During our pilot matched-pairs controlled trial, Sense©

training was modified to increase suitability for a paediat-
ric population of children with HCP [47]. The principles
of training remain the same and children progress through
the same levels of graded somatosensory training as adults
[36]. To facilitate child engagement with the Sense© train-
ing, the principles of self-determination theory and family
centred service were incorporated into the provision of
Sense© for Kids training [48, 49]. To improve the rele-
vance of Sense© for Kids training to children with HCP
and their families further modifications were implemented
following consumer engagement [50]. Focus groups and
interviews were conducted and feedback from children
and their families were integrated into changes to Sense©
for Kids training. A consumer representative (EB) also
vetted all aspects of this protocol paper and details of the
intervention. These changes are aimed at reducing the
scheduling demands on families and increasing the educa-
tion provided to parents. Parent coaching will be used to
facilitate maximal carryover of the benefits of therapy into
everyday life following the completion of the formal inter-
vention period [51].
Our pilot work suggests that children improve in

trained somatosensory domains, motor performance,
and in trained occupational tasks [47]. A qualitative in-
vestigation of parent and child engagement suggests
that improvements were also observed in untrained
tasks requiring bimanual function. Improvements fol-
lowing Sense© training were maintained six months
after training ceased and warrant further investigation
with a larger sample [51].
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In order to test the efficacy of the Sense© for Kids train-
ing, a “best practice” comparison intervention will be used
to provide adequate control for ‘dosage’ and maintain the
external validity of this trial [52]. Further, it is considered
unethical to withhold potentially effective interventions in
controlled comparison conditions. Goal Directed Training
delivered via Home Program is an evidence based inter-
vention [40, 53] with a green light on the traffic light sys-
tem of evidence for children with HCP [54]. Because there
are no evidence based somatosensory discrimination in-
terventions for comparison, Goal Directed Training via
Home Program will act as our control. Goal Directed
Training is a motor learning approach which uses a child’s
goals to allow problem solving and indirectly elicit move-
ments needed to complete a task but does not include any
direct somatosensory training: it is therefore a ‘best prac-
tice’ control intervention incorporating common features
of Sense© for Kids training but no direct somatosensory
training [55].

Methods and design
A single blind, matched pair, prospective randomised
placebo-controlled trial with parallel groups is pro-
posed comparing the effects of Sense© for Kids discrim-
ination training with a dose matched, therapist
supported Goal Directed Training via Home Program.
The primary outcome measure is the sense©_assess
Kids to assess changes in somatosensory discrimination.
The sense©_assess Kids measures tactile registration,
tactile discrimination, haptic object recognition, and
body position sense of the upper-limb in children [56].
The secondary outcome measures are brain imaging in-
cluding functional magnetic resonance imaging (fMRI)
and diffusion MRI to observe central nervous system
(CNS) changes in response to intervention, the Assist-
ing Hand Assessment [57] to measure bimanual ability,
Goal Attainment Scaling [58] and the Canadian Occu-
pational Performance Measure [59] to monitor change
in children’s self-selected goals. This trial has been reg-
istered with the Australian New Zealand Clinical Trials
Registry, see Table 1 for trial registration data.

Interventions
Sense© for kids training description
Sense© for Kids training is a structured and graded inter-
vention program based on Sense© somatosensory discrim-
ination training [36, 42]. Sense© for Kids training will be
implemented in this study, as informed by the pilot work
that explored the efficacy of Sense© somatosensory dis-
crimination training with children with Hemiplegia [47].
Sense© for Kids training uses principles of perceptual
learning and learning dependent neural plasticity to de-
velop somatosensory discrimination capacity in aspects of
sensation [60, 61]. The aspects of somatosensation trained

are body position sense, haptic object recognition and
tactile discrimination. The principles of training are the
same as in Sense© discrimination training [36] and include
active exploration without vision, feedback on accuracy
and method of exploration, anticipation trials, calibration
with the less affected hand and with vision, repetition and
progression from large to finer differences and transfer to
occupational tasks. The equipment and training levels are
based on the work of Carey et al. [36, 42], see Table 2 for
details of the intervention.

Goal directed home program
This study will follow current best practice descriptions
of Goal Directed Training and be delivered using the
model home program approach outlined by Novak and
Cusick [62]. See Table 2 for details of the intervention.

Treatment fidelity
Two different types of intervention fidelity will be evalu-
ated in this study. The first will assess clinician adher-
ence to the active ingredients of each intervention
protocol. Fidelity checklists containing the active ingre-
dients of the respective intervention protocols have been
developed to monitor treatment delivery against a priori
criteria (see Additional file 1) [63]. Each criterion will be
measured against a four point Likert scale. Adherence to
the intervention approach will be determined by the
computation of a percentage score [64].
Each intervention session will be video recorded.

Assessment of intervention fidelity will include the
random selection of 10% of the recorded intervention
sessions, and observed by independent third-party re-
viewers trained in both intervention protocols. A fidel-
ity rating of no less than 80% will be required to
consider the intervention delivered to the intervention
prototype (i.e. with fidelity).
The second fidelity measure is aimed at intervention

receipt [63]. This will be monitored through completion
of home practice logs. Participants will be provided with
a log book to record practice sessions and note chal-
lenges and successes. In addition, parents will be asked
to video record their occupational sessions for review,
feedback and problem solving with respect to the active
ingredients of the respective intervention protocols.
These sessions will be reviewed with the treating therap-
ist during home visits weekly. Parents will be asked to
use readily available technology such as their mobile
phone, if available, for the express purpose of feedback.

Ethical considerations
The study will be undertaken at Perth Children’s
Hospital, the only dedicated children’s hospital in
Western Australia. This study has been prepared in
accordance with the principles and mandates set out in
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the Declaration of Helsinki 2008. Ethics approval has
been obtained for this study through Perth Children’s
Hospital Human Research Ethics Committees (HREC;
ethics number 2014034). Parents and children will be
provided with oral and written study information and
have the opportunity to have their questions clarified
before providing written assent/consent. Informed con-
sent will be sought from primary caregivers and assent
from child participants prior to commencement. Be-
cause children will be aged eight years and older their
assent will be required for them to be enrolled in the
study. Participation in this study is voluntary and
family’s choices will be respected. Eligibility will be de-
termined during the baseline assessment and random-
isation will occur once eligibility has been determined.
Children who receive botulinum toxin therapy will con-
tinue to receive this treatment, however their baseline
assessments will be timed at least twelve weeks post

their most recent Botulinum toxin-A injections and
these treatments will be recorded.

Primary and secondary objectives
Our primary objective is to determine whether Sense©
for Kids training, a somatosensory discrimination inter-
vention, is more effective than placebo (Goal Directed
Training via Home Programs) in improving somatosen-
sory discrimination in children with HCP.
The specific hypotheses to be tested are:

� Children receiving six weeks of Sense© for Kids
training will have higher scores on sense©_assess
Kids [56] compared to children who received dose
matched goal directed therapy via home program.

� Children receiving six weeks of Sense© for Kids
training will demonstrate changes in fMRI activation
of the somatosensory and related processing regions

Table 1 World Health Organisation required trial registry information

Data category Information

Primary registry and trial identifying number Australian New Zealand Clinical Trials Registry
ACTRN12618000348257

Date of registration in primary registry 8/03/2018

Secondary identifying numbers None

Source(s) of monetary or material support Telethon New Children’s Hospital Research Fund

Primary sponsor Perth Children’s Hospital

Secondary sponsor(s) University of Western Australia, Curtin University

Contact for public queries Ashleigh Thornton, PhD Ashleigh.Thornton@health.wa.gov.au

Contact for scientific queries Belinda McLean, Belinda.McLean2@health.wa.gov.au

Public title Discovering the sense of touch- somatosensory discrimination
training for children with cerebral palsy.

Scientific title Discovering the sense of touch: A randomised controlled trial
examining the efficacy of a somatosensory discrimination
intervention for children with hemiplegic cerebral palsy.

Countries of recruitment Australia

Health condition(s) or problem(s) studied Cerebral palsy, hemiplegia, impaired tactile discrimination, impaired
haptic object recognition, impaired limb position sense

Intervention(s) Sense© for Kids somatosensory discrimination training; Goal Directed
Therapy via Home Program

Key inclusion and exclusion criteria Inclusion: description of hemiplegic cerebral palsy, somatosensory
discrimination impairment as measured by sense©_assess kids,
aged 6-15 yrs., sufficient concentration to complete assessment.
Exclusion: absence of somatosensory impairment
fMRI safety exclusion criteria: (metal implants and implantable
devices; significant anxiety or behavioural problems; claustraphobia).

Study type Single-blind randomised control trial

Date of first enrolment Anticipated 17/09/2018

Target sample size 50

Recruitment status Not yet recruiting

Primary outcome(s) sense©_assess kids, functional magnetic resonance imaging

Key secondary outcome(s) Assisting Hand Assessment, Canadian Occupational Performance
Measure, Goal Attainment Scaling.
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Table 2 TIDieR Guidelines comparing experimental and control interventions

Item Experimental intervention Control intervention

Name Sense© for Kids Goal Directed Training via a Home Program

Why Rationale: The ability to gain a sense of touch and use this
information in goal-directed use of the arm and daily activities is
supported by theories of perceptual learning and neural plasticity
and may be enhanced by addressing somatosensory discrimination
functions through intervention [36, 61]. Sense© for Kids is a struc-
tured and graded intervention program based on Sense© somato-
sensory discrimination training [36].
Theory: Underlying principles of Sense©
• Principles of perceptual learning and learning-dependent
neural plasticity inform Sense© training principles. Sense© is
based on seven principles [43], with the theory underlying
three core principles outlined. Goal directed attention and de-
liberate anticipation are important for learning and to facilitate
links to somatosensory regions of the brain. Calibration across
and within modality improve and create new somatosensory
neural connections. Graded progression within and across sen-
sory attributes and tasks are used to facilitate perceptual learn-
ing and transfer to novel stimuli [61].

Sense© Essential Elements: as applied to children with cerebral palsy:
• Active exploration without vision of new and known stimuli
where the child explores objects/textures/body positions with
focus on discriminating differences.

• Anticipation is used for previously experienced stimuli; the
child knows what to expect to feel and concentrates on
attributes of difference without vision.

• Calibration occurs within and across modalities with
comparison of what is felt by the impaired hand with the less
affected hand and with vision. The child matches what they
know from visual confirmation and calibration with the less
affected hand with their impaired hand. They are prompted to
imagine what the sensory stimulus is supposed to feel like
based on this knowledge.

• Each level of stimulus difference is trained to an accuracy level
of 75% correct responses before progressing to a more difficult
level of difference.

• Transfer to untrained tasks is facilitated by training on a large
variety of stimuli and integrating training principles into
occupational tasks important the child. Occupational tasks are
trained using grading of stimuli, feedback on distinctive
features of difference and method of exploration. Additional
information can be found in SENSe: A Manual for Therapists
[42].

Rationale: Children with CP learn movements best when they are
engaged in practicing real-life activities that are meaningful to
them, based on self-identified goals and practice occurs in real-life
environments.
Theory: Underlying principles of Goal Directed Training
▪ Dynamic systems theories of motor control, where movement
emerges as a result of the interaction between the person’s
abilities, the environment and their goal inform Goal Directed
Training.

Underlying principles of Home Programs
▪ The therapist coaches caregiver and child to build confidence
and capabilities

▪ The child and parents are more motivated by self-set goals
▪ Programs set up in the home environment are ecologically
valid
▪ Practice is embedded in family routine to permit opportunity
for functional practice

▪ Practice of a skill evolves based on performance
Goal Directed Training Essential Elements:
▪ Caregiver and child set goals about real-life activities the child
wants or needs to perform and determines with the therapist
which are realistic for intervention.

▪ Examination of the goal-limiting factors at the child, task and
environment level.

▪ Changing the task and environment to facilitate child-active in-
dependence task performance.

▪ Establishment of a child-active motor practice schedule based
on current motor performance, including intense repetition,
variation and structured feedback.

Home Program Essential Elements:
▪ Development of a collaborative partnership characterised by
empowerment of parents

▪ Therapist takes on a coaching role in partnership with the
parent as the expert in their unique context

▪ Goals are set by the child and parent
▪ A menu of tasks to practice using Goal Directed Training
principles are provided to support home practice

▪ Therapists actively support implementation to ensure the
program continues to meet family needs and help identify
successes [62].

Materials Therapist: The Sense© training kit will be required to train the
individual components of sensation. Materials for practice relating
to occupational goals will vary depending on the child’s goal e.g. If
the goal is using a knife and fork, food items with varying textures
will be required that provide the right level of difference of
somatosensory feedback during cutlery use.
A log book will be provided to all families as a reminder to
complete home practice incorporating Sense© principles into
child’s goals, and as an opportunity to increase the challenge as
the child improves.

Materials for each child will vary depending on the child’s goal and
which elements of the task and environment are being changed
to enhance independent performance e.g. If the goal is catching a
tennis ball, materials required may initially include balloons and then
light large balls as task modifications to facilitate catching practice at
the “just right challenge”.
A log book will be provided to all families as a reminder to
practice, and as an opportunity to update the home program as
the child improves.

Who CHILD: Sets functional goals with a clear somatosensory demand in
partnership with caregiver if appropriate.
THERAPIST: Identifies deficit in somatosensory function and works with
child through component training in relevant domains (body position
sense, haptic object recognition, tactile discrimination). Supports parent
with incorporating Sense© principles into child’s goals.
PARENT: Incorporates Sense© principles into child’s goal.

CHILD: Sets functional goals in partnership with caregiver if
appropriate.
THERAPIST: Determines goal limiting factors and partners with the
parent to develop a home-based practice schedule. Also offers
coaching and support via home visits
PARENT: Carries out the intervention with the child.

How Home based Home based

How much The total dose of Sense© for kids will be three hours per week for
six weeks with a home visit from a therapist for two hours a week
and the family undertaking the remaining one hour of
incorporating Sense© principles into goal practice. (same dose)

The total dose of this intervention will be three hours per week for
six weeks with a home visit from a therapist one hour a week and
the family undertaking the remaining accumulative two hours per
week of practice. (same dose)
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in response to tactile stimulation of the affected
limb. Such changes will be greater than any
activation changes seen in children who received
dose matched goal directed therapy via home
program.

� Children receiving six weeks of Sense© for Kids
training will have altered structural connectivity (as
assessed with diffusion MRI) of somatosensory
processing centres.

� Children receiving six weeks of Sense© for Kids
training will have higher scores on the Assisting
Hand Assessment [57] compared to children who
received dose matched goal directed therapy via
home program.

� Children receiving six weeks of Sense© for Kids
training will have comparable scores on the Goal
Attainment Scale [58] and Canadian Occupational
Performance Measure [59] compared to children
who received dose matched goal directed therapy
via home program.

Trial design
The Consolidated Standards of Reporting Trials (CON-
SORT statement 2010) for RCT’s of non-pharmacological
treatments will inform this single blind randomised
placebo-controlled trial with a matched pair design [65].
Matched pair designs are recommended to reduce

covariate effects and strengthen comparisons between
groups [66]. Children will be matched on age and com-
posite score [36] on the sense©_assess Kids [56]. There
will be two arms of this study, Sense© for Kids training
and a dose matched Goal Directed Training via Home
Program (Fig. 1). Children will be randomised following
baseline assessment to one of these treatment groups.
The children in the Sense© for Kids training group will
receive two therapist-directed one-hour treatment ses-
sions per week for six weeks, plus a third hour per
week of Sense© for Kids occupational training carried
out by the primary caregiver (who will receive coaching
and guidance from the therapist). Children in the Goal
Directed Training via Home Program will receive one
hour a week of therapist led Goal Directed Training
and will undertake a further two hours per week of
home practice with primary caregiver support. Differ-
ences in therapist directed therapy time exists between
these two interventions and reflect the nature of each
intervention. The total dose of therapeutic activity is
equal.

Recruitment
Children will be recruited through the cerebral palsy
mobility service at Perth Children’s Hospital, a large
state-based tertiary centre.

Table 2 TIDieR Guidelines comparing experimental and control interventions (Continued)

Item Experimental intervention Control intervention

Tailoring Because children will set their own goals, the activities pertaining
to the goal itself may differ but in all other aspects this
intervention will remain the same for all participants.

Because children will set their own goals, the activities pertaining
to the goal itself may differ but in all other aspects this
intervention will remain the same for all participants.

How well This study will seek to define and measure fidelity of the Sense©
for Kids intervention for:
• Clinician adherence to active ingredients
• Intervention receipt

There is a home program component of Sense© for Kids training
which focuses on incorporating somatosensory cues into
occupational task performance and the facilitation of goal
attainment by utilising these somatosensory cues within tasks.

This study will seek to define and measure fidelity of Goal Directed
Therapy via Home Programs for:
• Clinician adherence to active ingredients
• Intervention receipt

It is acknowledged that children receiving home programs will
have incidental exposure to sensory stimuli through movement
and interaction with objects during purposeful activity, however
these stimuli will not be emphasised nor will the process of
making sense of these somatosensory stimuli.

Fig. 1 Study design with assessment schedule. Footnote: This figure illustrates the study design and assessment timepoints. Assessment 1 = baseline,
assessment 2 = post 6 weeks of intervention, assessment 3 = 6 week follow-up, assessment 4 = 6 month follow-up and assessment 5 = 12 month
follow-up. Assessments carried out at each time-point are detailed in Table 2
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Participants

Inclusion criteria This study will include school aged
children and youth:

� With a paediatrician confirmed description of HCP
� Aged 6–15 years
� Who can follow assessment procedure (including

fMRI)
� With a confirmed impairment in somatosensory

discrimination function as assessed on the
sense©_assess_Kids.

� Who live within metropolitan Perth, Western
Australia

Exclusion criteria This study will not include children
and youth who have:

� Upper limb surgery in the 12 months preceding
baseline assessments

� MRI contraindications including: metal implants,
implantable devices, significant anxiety issues,
claustrophobia, or behavioural problems

For children in receipt of Botulinum toxin-A for
spasticity management, study commencement will begin
12 weeks after their most recent treatment to allow for
Botulinum toxin-A “washout”.

Withdrawal
Children and their families are free to withdraw at any
time. Any data collected prior to withdrawal will be
retained and used for an intention-to-treat analysis.

Allocation
Minimisation will be employed to optimise the homo-
geneity of the two groups [67]. Children will be matched
for age (± 6 months) and somatosensory discrimination
capacity composite score (mild/moderate/severe). When
a child is enrolled to the study without a match for age
and somatosensory capacity, that child will be randomly
allocated to a treatment group using an online random-
isation form by a staff member not otherwise involved in
the study. The next child enrolled who is a match for
the unmatched participant will be automatically allocated
to the alternate group. The process will be repeated for
each matched pair; the first member always being allo-
cated at random.

Blinding
The families and treating therapist(s) will not be blinded
to group allocation, but families will be blinded to the
study hypotheses. The therapist(s) responsible for assess-
ment will be blinded to group allocation. If blinding is

broken, this will be noted in the therapist’s treatment or
assessment record and reported, where possible a new
assessor will be allocated to the participant where
unblinding has occurred. To protect the blinding of as-
sessors, participants will be coached not to discuss group
allocation with assessors, and interventionists will not
discuss study hypotheses with participants.

Sample size
To determine the sample size required for this study
we used pilot data from seven children with HCP who
received the Sense© for_Kids intervention [47]. Data
from the Wrist Position Sense Test (a component of
the sense©_assess_Kids, see below) were entered into
G* Power [68] and a two tail “Means: difference be-
tween two independent groups” power calculation was
performed. With an intervention group mean of 15.94
and standard deviation 9.72; and control group mean
25.79 and standard deviation 11.93 the calculated effect
size was 0.9052. To detect this effect size, we need 42
subjects (21 in the intervention group and 21 in the
control group) to have statistical power of 0.8 at the
significance of 0.05. To account for attrition, this study
will aim to enroll 50 children, with 25 in each of the
control and intervention groups.

Retention
Participant retention will be promoted through access
to a consistent contact person to address any queries
and for coordinating assessment and intervention ses-
sions. As far as possible the booking of assessment and
intervention sessions will be flexible to meet participant
needs.

Study protocol
All outcomes will be measured within two weeks prior
to commencement, again within two weeks following
completion of intervention, then six weeks, six months
and 12 months’ post intervention (± 2 weeks; Table 2).
Assessment and intervention will take place in chil-
dren’s homes or at school, whichever is the most con-
venient for families, except for MRI assessments which
will take place at Perth Children’s Hospital. MRI data
will be acquired at all time points, except the 6 weeks
follow up.
Table 3 outlines when each outcome measure will be

obtained. Time point one is the baseline assessment,
time point 2 is at completion of 6 weeks of intervention,
time point 3 is 6 weeks’ post intervention completion
follow-up, time point 4 is 6 months post intervention
completion follow-up and time point 5 is the 12 month
post intervention completion follow-up.
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Outcome measures and procedure
Body function and structure

Sense©_assess_Kids The sense©_assess_Kids [69] is a
suite of tests which measure functional somatosensory
discrimination ability. The domains of somatosensation
measured by the sense©_assess_Kids include the Pro-
tective Touch Test [70, 71], the Tactile Discrimination
Test [72], the functional Tactile Object Recognition Test
[73] and the Wrist Position Sense Test [74]. The Protect-
ive Touch Test uses the 4.56 Semmes Weinstein mono-
filament to test tactile registration at the threshold of
protective touch. The Tactile Discrimination Test is a
forced choice test of tactile discrimination whereby chil-
dren need to indicate in a series of presentations which
surface out of three is different. The functional Tactile
Object Recognition Test is a 14-item test of haptic
object recognition with multiple versions in which chil-
dren are presented with familiar and novel objects out of
vision and indicate what they are exploring using a
response poster with pictures of all possible items. The
Wrist Position Sense Test is a measure of proprioception
in which a child’s hand is moved out of vision to 20 po-
sitions in random order in the flexion/extension plane of
movement of the wrist using a lever and a protractor
scale Children indicate where their hand is positioned
using a protractor scale immediately above their oc-
cluded hand. The sense©_assess_Kids has high reliability
and normative standards for typically developing chil-
dren aged 6–15 years [75], and demonstrated construct
validity and clinical acceptability for children with CP
aged 6–15 years [56, 76].

Magnetic resonance imaging Quantification of central
neural change in response to intervention contributes to
the understanding of the mechanisms that lead to sus-
tained functional improvements. In this trial, we aim to
quantify brain changes that accompany any clinical im-
provements. To this end, we intend on analysing three
types of MRI: structural MRI, task-based functional MRI
(fMRI), and diffusion MRI (dMRI).
MR imaging will be conducted on a 3 Tesla Siemens

Magnetom Skyra scanner (Siemens, Erlangen, Germany)

located at the Perth Children’s Hospital (PCH), Ned-
lands, Western Australia. Scan types are listed in Table 4
and detailed below. Prior to the initial scan each child
will attend an MRI preparation session. This has been
demonstrated to improve the success of sedation-free
brain MRI scanning in children [77]. The preparation
session will include watching a presentation about the
MRI experience, familiarisation with the fMRI task (see
below) and practice in a mock MRI scanner. On each ar-
rival at the PCH Radiology Department for MRI scans
children will be familiarised with the scanning proced-
ure, scanning devices, and receive 5–10 min of practice
of the fMRI task. Following the MRI, participants will
complete a simple questionnaire regarding the MRI ex-
perience including awareness of the stimuli, degree of
concentration and comfort.

Structural MRI Both high resolution T1 and T2 images
will be acquired (see Table 3). The participant will be able
to watch a DVD of choice during anatomical sequences.
Anatomical reporting will be conducted upon these im-
ages by a paediatric neuroradiologist. Baseline MRIs will
be classified using the harmonized classification of mag-
netic resonance imaging, based on pathogenic patterns
(MRI classification system or MRICS) proposed by the
Surveillance of CP in Europe network [78]. MRI Classifi-
cation will be documented for each participant and
utilised for subgroup data analysis. A paediatrician will
meet with the participant and their caregiver to discuss
anatomical findings and the primary treating physician
will be informed of these results.

Functional magnetic resonance imaging Functional
Magnetic Resonance Imaging will be utilised as an indir-
ect measure of neuronal activation in the brain in re-
sponse to a somatosensory stimulus. Functional MRI
utilizes blood-oxygen-level-dependent (BOLD) contrast
to indirectly measure neuronal activation in the brain. In
neurorehabilitation, fMRI has been utilised to identify,
quantify and map cortical activation associated with exe-
cution of particular tasks [15]. Functional MRI has also

Table 3 Outcome measures

Outcome measure Time Point ICF Domain

1 2 3 4 5

Sense©_assess_Kids • • • • • Body structure/function

Magnetic Resonance Imaging • • • • Brain structure/function

Assisting Hand Assessment • • • • • Activity

Goal Attainment Scaling • • • • • Activity and participation

Canadian Occupational
Performance Measure

• • • • • Activity and participation

Table 4 MRI scans to be acquired at each of the four time points

Type Resolution Additional Details

T1 MPR Structural 1 mm iso 3D

T2 FLAIR Structural 1 mm iso 3D

T2 Blade Structural

GRE field map 3 mm iso for EPI distortion correction

EPI Functional 3 mm iso 80 frames

EPI Diffusion 2 mm iso 8× b = 0 s/mm2

20× b = 1000 s/mm2

60× b = 3000 s/mm2

Abbreviations. MPR Multiplanar Reformatting, FLAIR Fluid Attenuation Inversion
Recovery, GRE Gradient Echo, EPI Echo Planar Imaging
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been used in research as a physiological marker of brain
plasticity in children with cerebral palsy, and small stud-
ies of motor function in children with CP have demon-
strated a significant change in task related cortical
activation following constraint-induced therapy [79, 80].
Correlation between somatosensory functional impair-
ment post-stroke and central neural changes has been
demonstrated using fMRI [36, 81].
Pre-intervention, fMRI activation patterns in re-

sponse to somatosensory stimulation of both hands will
be measured as a baseline, with focus on cortical somato-
sensory processing centres including primary somatosen-
sory cortex (S1) and secondary somatosensory cortex (S2).
Post-intervention fMRI somatosensory task-related activa-
tion will be measured and compared to pre-intervention
results as an indicator of central neural change in re-
sponse to therapy. This methodology is supported by
literature that indicates that in order to measure neuro-
plasticity with fMRI, scans should be obtained during a
task, both before and after intervention, for at least 20
people per experimental group [82].
In conjunction with the CSIRO, Florey Institute of

Neurosciences and Mental Health and La Trobe Uni-
versity, an fMRI protocol [37, 81] has been adapted for
use in children with CP. This protocol consists of two
acquisitions – one per hand. Each scan will consist of
four 30-s ‘touch discrimination’ blocks, each preceded
by a 30 s rest block. During touch discrimination
blocks, a device is used to present a textured grid to
the fingertips in a manner controlled for speed and
pressure, alternated with no stimulus. A plastic texture
grating is moved side to side across the fingertips of the
second, third and fourth digits [37, 81]. Within block,
two different plastic texture grids will be delivered, with
spacings of 1500 and 3000 μm between the gratings, al-
ternating every five seconds. These texture grids will be
presented in a different alternating order every block to
maintain attention of the participant. Participants will
be instructed to feel and pay attention to the differ-
ences between the two textures presented in each
block, but to remain still. A screen showing the words
‘FEEL’ or ‘REST’ will be shown to the participant during
these respective blocks to cue attending to the stimuli.
The pressure of stimulus delivery is calibrated at the
commencement of the scan via a weighted pulley sys-
tem. To control for movement, the participant’s hand
rests on a platform with custom openings for the fin-
gertips and is immobilised in the device as the stimulus
is moved from side to side under the fingertips. The
control ‘REST’ condition of the paradigm is no presen-
tation of the textured grid to the participant’s fingers,
though it continues to be moved at a constant speed to
the side of the participant’s hand [37, 81]. The partici-
pant lies supine throughout.

Diffusion magnetic resonance imaging Diffusion mag-
netic resonance imaging (dMRI) will be used to investi-
gate brain microstructural changes within pathways
delineated using fMRI driven diffusion tractography.
dMRI data will be acquired using a multi-shell approach,
which includes 8 non-diffusion weighted images, 20 dif-
fusion weighted images at b = 1000s/mm2, and 60 diffu-
sion weighted images at b = 3000 s/mm2. Correction for
susceptibility distortions will be performed using reverse
phase-encoded non-diffusion weighted images. Fibre
orientation distributions for tractography will be esti-
mated using multi-shell multi-tissue constrained spher-
ical deconvolution [83] implemented in MRtrix software.
Fractional anisotropy (FA) will be estimated based on
the b = 1000s/mm2 shell.

Activity
The Assisting Hand Assessment (AHA) [57] and the
Adolescent Assisting Hand Assessment (Ad-AHA) [84]
are measures of how a child with HCP or brachial plexus
palsy uses their involved hand for bimanual activity. The
AHA has been found to have good construct validity, ex-
cellent test-retest reliability (0.99) and is responsive to
change when used to assess children aged 18 months to
12 years [85]. The Ad-AHA utilises the same scoring
components as the AHA and has excellent intra-rater
(0.97) and test-retest (0.99) reliability [86]. The assess-
ments are conducted as a play session and are video re-
corded for scoring at a later time [57, 84].
The Canadian Occupational Performance Measure

(COPM) [59] is a measure of a client’s self-perceived oc-
cupational performance over time. The COPM has been
found to have good validity and reliability and is respon-
sive to change [87] and has been found to have moder-
ate reproducibility [88].
Goal Attainment Scaling (GAS) [58] is a technique

used to quantify goals set in a rehabilitation setting. This
goal setting technique enables the conversion of measur-
able goal attainment on a 5-point scale into t-scores
which are normally distributed around a mean score of
50 and a standard deviation of 10. The GAS has been
found to be a valid and reliable measure of goal attain-
ment [89] with excellent inter-rater reliability (>.90) and
satisfactory concurrent validity [90].

Descriptive measures
To describe our population the following scales and
measures will be completed at baseline.
The Gross Motor Function Classification Scale- Ex-

panded and Revised (GMFCS-E&R) [91] is a five level
scale describing gross motor function for children with
cerebral palsy aged 6–12 years and 12–18 years. The
GMFCS describes a range of abilities from level I, where
children are independently mobile, through to level V
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where children have limited ability to maintain head and
trunk postures and are dependent on wheeled mobility
with assistance from others [91].
The Manual Ability Classification Scale (MACS) [92]

is a five level scale describing the ability of children with
cerebral palsy aged 4–18 years to handle objects in
everyday activities. The MACS describes a range of man-
ual abilities from level I, where children handle objects
easily and successfully, through to level V, where chil-
dren do not handle objects and are severely limited in
their ability to perform simple actions [92].
The Communication Function Classification Scale

(CFCS) [93] is a five level scale describing the communica-
tion ability of individuals with cerebral palsy. The CFCS
describes a range of communication abilities from level I,
where children are effective senders and receivers with fa-
miliar and unfamiliar communication partners, through to
level V, where children are seldom effective senders or re-
ceivers with familiar communication partners [93].

Hypertonia assessment tool
The Hypertonia Assessment Tool (HAT) is a six-item
clinical assessment tool used to differentiate between spas-
tic, dystonic and rigid paediatric hypertonia [94]. The
HAT allows for standardization of such clinical examin-
ation, noting that mixed tone, i.e. both spasticity and
dystonia, are present in a large proportion of children with
CP [94, 95]. This information will be utilized in subgroup
analysis to evaluate whether children with certain hyper-
tonia subtypes demonstrate greater response to interven-
tion than others. In doing so, children with CP can be
directed to interventions of greatest efficacy in the future.
The HAT has good inter-rater test–retest reliability and
validity for the identification of spasticity, and moderate
agreement for dystonia [94, 95].

Selective control of upper extremity scale
The Selective Control of the Upper Extremity Scale
(SCUES) [96] is a measure of selective motor control for
the upper limbs. SCUES is a short (< 15 min) video
based assessment that is administered by an occupa-
tional therapist or physiotherapist. SCUES examines se-
lective motor control for the shoulders, elbow, wrist,
and fingers/thumb. The examiner demonstrates a move-
ment, passively moves the child to replicate the move-
ment and determine passive range of motion, then the
child replicates the movement. Performance is graded
on the presence of mirror movements, movement of
additional joints beyond target joint, presence of trunk
movement, and the extent to which actual movement is
equal to or less than passive range. SCUES has accept-
able content validity, intra-rater (> 0.75) and inter-rater
(0.72) reliability and construct validity [96].

Adverse events
Adverse events from intervention and activity based
assessment are not anticipated. Adverse events due to
imaging aspect of assessment may occur if there is a
high degree of anxiety for children about being inside
the MRI scanner. Children are not sedated during MRI
scans and this research team has developed and piloted
a familiarization package to allow children to experience
what being inside an MRI scanner is like prior to their
consenting to take part in this aspect of the study. The
MRI assessment is introduced to children in a standard
clinic room with their parents present by the staff mem-
bers who will be with them on the day of their MRI as-
sessments. All efforts will be made to help children feel
comfortable with MRI assessment, however children can
withdraw from the MRI assessment if they are experien-
cing distress and this will not limit their participation in
the rest of the study. All adverse events will be reported
to the HREC through the chief investigator who will
monitor and maintain a register of any adverse events
for reporting purposes.

Statistical methods
As outlined in the CONSORT statement reporting for
RCT’s: between group comparisons will be conducted
on intention to treat analysis [65]. Missing data arising
from incomplete observations and dropouts will be man-
aged using multiple imputations. Multiple imputations is
recommended for use in RCT’s because it avoids bias
found in last observation carried forward approaches
while maintaining power [97].
Summary statistics will be reported for each time point

for each group using means and standard deviations. For
skewed data, medians and interquartile ranges will be
reported.

Functional outcome measures
A mixed-effects model with repeated measures will be
used to assess within and between group differences. The
corresponding baseline measure will be entered as a co-
variate in the model along with age and somatosensory
capacity given these features were used in the randomisa-
tion process. The mixed model approach has the advan-
tage of allowing for correlated data (repeated measures)
and allows for missing observations within-subject. Model
assumptions will be examined and if required transforma-
tions applied or non-parametric methods employed.
Statistical significance will be set at 0.05.

Neuroimaging

Functional MRI First level statistical analyses will con-
trast blocks (FEEL > REST) on an individual subject
basis. Owing to the heterogeneous size and location of
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brain lesions seen within most cohorts, inter-subject
registration (required for voxelwise statistics) may be dif-
ficult to perform reliably [98]. We plan to address this
by performing region-of-interest analyses that measure
the interhemispheric balance of activation between the
sensorimotor cortices before and after therapy in the
same child. S1, S2, and the dorsolateral prefrontal cortex
(as delineated on single-participant templates) will be
used. First-level results from all participants will be pooled
into an analysis of variance (ANOVA), to investigate (A)
changes by time-point, to search for an overall change in
brain activation and (B) whether an interaction between
time-point and treatment exists.
Task-related fMRI is considered an important neuro-

imaging modality in researching neuroplasticity. It is
however recognised that task-related fMRI presents a
“unique set of challenges” [99] that impact data analysis
and interpretation. These challenges include but are not
limited to: fMRI result variability, inability to distinguish
the biological process that underlie changes in activation
including alternative explanations such as compensatory
activation or strategic shifts, the challenge in presenting
task equivalency, and specific challenges in data analysis
[99]. Many of these challenges of task-related fMRI are
even greater in children with cerebral palsy in compari-
son to adult populations. As a group, the brain path-
ology and morphology of children with cerebral palsy is
highly heterogeneous and often markedly abnormal
owing to the wide range of aetiological processes and
the early stage of development at which these processes
occur. Additionally, clear relationships between brain
structure and a child’s function have been challenging to
establish [98]. These factors make standard functional
neuroimaging analysis extremely challenging and at risk
of limitation in the CP population [100]. Reid et al. make
the case that multimodal imaging enables these unique
challenges to be addressed and increases the robustness
of functional neuroimaging research [99].
This study attempts to reduce the influence of Reid’s

cited confounds in a number of ways. First, we have se-
lected long block lengths to reduce effects of abnormal
haemodynamic responses. Second, we expect to scan a
meaningful number of participants to reduce bias
caused by a small number of unusual cases. Third,
participants will receive extensive task practice prior to
entering the scanner, including in a mock-scanner sce-
nario, reducing differential task anxiety and familiarity
between scans. Fourth, we have selected a task with
minimal active response required from the participant
and should not be substantially more difficult for par-
ticipants with poorer motor abilities [37, 81]. Fifth, we
avoid voxelwise analyses which may be invalidated by
pathology. Finally, fMRI analyses will be interpreted in
the context of independent clinical scores, measures of

cortical thickness, and diffusion measurements of white
matter.

Traditional diffusion MRI Traditional diffusion MRI
(dMRI) analysis methods make assumptions about brain
structure-function relationships that may not hold in the
context of significant brain pathology and cortical reorga-
nisation, as occurs in children with CP [99]. To overcome
this challenge, surface-based-fMRI guided tractography
will be utilised, as previously demonstrated in children
with CP [99], to extract thalamocortical tracts.
Mean FA will be taken for thalamocortical tracts at each

time point and entered into an ANOVA to test for (A) the
effects of time-point, to test for brain changes, and (B) a
time-point – treatment interaction, to test whether treat-
ments evoke different degrees of brain change.

Data management Data will be de-identified by way of
a code. No personal details will be recorded on any as-
sessment documents. All data will be kept in a locked
filing cabinet in a locked room or on a password pro-
tected computer in a locked room. Assessments that re-
quire identifiable video footage will be stored securely in
a locked filing cabinet in a stored room. fMRI imaging
will be stored securely on the password protected WA
Department of Health electronic radiology imaging sys-
tem. Scores and data maintained electronically will be
on computers that are password protected. No identifi-
able data will be published. Only the research team will
have access to identifiable information. No identifiable
data will be published.
To ensure data quality double data entry will be

undertaken for a random 10% of the sample. Further-
more, the investigator undertaking data consolidation
for statistical analyses will have access to the raw data
forms and will be able to review anomalies.

Monitoring This study is subject to annual review by
the Perth Children’s hospital HREC. Any changes to the
study protocol must first be submitted to the HREC for
approval before implementation. Any changes will be
communicated to investigators, participants and trial
registries by the primary investigators (BM and MBl).
Any changes to this protocol will be clearly reported in
associated publications. All adverse events and any un-
anticipated harms will be reported directly to the HREC
by the CI who will also maintain a register for the an-
nual review. Because the interventions in this study are
activity-based, have been observed to be safe and have a
duration of six weeks with no outcomes measured dur-
ing that period, a data monitoring committee will not be
utilised.
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Dissemination plan This research will be disseminated
by journal publications, workshops, conferences and
newsletters to stakeholders, including consumers, of Perth
Children’s Hospital. Authorship on publications will be
guided by the Telethon Kids Institute Responsible Practice
of Research policy.

Discussion
This study is a phase II comparative clinical trial [101],
that builds on the findings of the recently completed
phase I feasibility trial, reported by McLean et al. [47].
This comparative clinical trial will make a substantial con-
tribution to our current knowledge base by exploring the
efficacy of a somatosensory discrimination approach for
children with CP, as well as observing changes in brain
function and structure following a somatosensory inter-
vention. This study will also be the first to compare a
somatosensory intervention approach in children with
HCP with a dose matched evidence based motor function
focused intervention, in this case goal directed therapy via
home program. It will provide valuable insights into treat-
ment effectiveness and the underlying mechanism for
change in the use of somatosensory discrimination train-
ing and will add to existing literature concerning the use
of home programs. If children gain benefit from somato-
sensory discrimination training and increase their use of
their affected hand and can transfer those skills to novel
tasks, such as the children in our pilot work, this will im-
prove functional independence and long-term outcomes
for children with HCP. Understanding how a somatosen-
sory approach may impact hand use, a child’s functional
independence and self-efficacy will be an important con-
tribution. Further to this, knowing whether a home pro-
gram alone, without emphasis on sensory stimuli involved
in any purposeful activity could have an incidental effect
on somatosensory function, will also be an important find-
ing. Results of this study will be disseminated widely
through publications, international academic conferences
and elsewhere as guided by our consumer representative.

Additional file

Additional file 1: Treatment Fidelity Checklist. (XLSX 22 kb)
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IMPORTANCE Cerebral palsy describes the most common physical disability in childhood and
occurs in 1 in 500 live births. Historically, the diagnosis has been made between age 12 and 24
months but now can be made before 6 months’ corrected age.

OBJECTIVES To systematically review best available evidence for early, accurate diagnosis of
cerebral palsy and to summarize best available evidence about cerebral palsy–specific early
intervention that should follow early diagnosis to optimize neuroplasticity and function.

EVIDENCE REVIEW This study systematically searched the literature about early diagnosis of
cerebral palsy in MEDLINE (1956-2016), EMBASE (1980-2016), CINAHL (1983-2016), and the
Cochrane Library (1988-2016) and by hand searching. Search terms included cerebral palsy,
diagnosis, detection, prediction, identification, predictive validity, accuracy, sensitivity, and
specificity. The study included systematic reviews with or without meta-analyses, criteria of
diagnostic accuracy, and evidence-based clinical guidelines. Findings are reported according
to the PRISMA statement, and recommendations are reported according to the Appraisal of
Guidelines, Research and Evaluation (AGREE) II instrument.

FINDINGS Six systematic reviews and 2 evidence-based clinical guidelines met inclusion
criteria. All included articles had high methodological Quality Assessment of Diagnostic
Accuracy Studies (QUADAS) ratings. In infants, clinical signs and symptoms of cerebral palsy
emerge and evolve before age 2 years; therefore, a combination of standardized tools should
be used to predict risk in conjunction with clinical history. Before 5 months’ corrected age, the
most predictive tools for detecting risk are term-age magnetic resonance imaging (86%-89%
sensitivity), the Prechtl Qualitative Assessment of General Movements (98% sensitivity), and
the Hammersmith Infant Neurological Examination (90% sensitivity). After 5 months’
corrected age, the most predictive tools for detecting risk are magnetic resonance imaging
(86%-89% sensitivity) (where safe and feasible), the Hammersmith Infant Neurological
Examination (90% sensitivity), and the Developmental Assessment of Young Children (83%
C index). Topography and severity of cerebral palsy are more difficult to ascertain in infancy,
and magnetic resonance imaging and the Hammersmith Infant Neurological Examination may
be helpful in assisting clinical decisions. In high-income countries, 2 in 3 individuals with
cerebral palsy will walk, 3 in 4 will talk, and 1 in 2 will have normal intelligence.

CONCLUSIONS AND RELEVANCE Early diagnosis begins with a medical history and involves
using neuroimaging, standardized neurological, and standardized motor assessments that
indicate congruent abnormal findings indicative of cerebral palsy. Clinicians should
understand the importance of prompt referral to diagnostic-specific early intervention to
optimize infant motor and cognitive plasticity, prevent secondary complications, and enhance
caregiver well-being.
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A ccording to a 2007 report, “Cerebral palsy is a group of per-
manent disorders of the development of movement and
posture, causing activity limitation, that are attributed to

non-progressive disturbances that occurred in the developing fe-
tal or infant brain.”1(p9) Cerebral palsy is a clinical diagnosis based on
a combination of clinical and neurological signs. Diagnosis typically
occurs between age 12 and 24 months.2-4 The following 4 motor
types exist but may emerge and change during the first 2 years of
life: (1) spasticity (85%-91%); (2) dyskinesia (4%-7%), including dys-
tonia and athetosis; (3) ataxia (4%-6%); and (4) hypotonia (2%),
which is not classified in all countries.2 Dyskinesia, ataxia, and hy-
potonia usually affect all 4 limbs, whereas spasticity is categorized
topographically as (1) unilateral (hemiplegia) (38%) and (2) bilat-
eral, including diplegia (lower limbs affected more than upper limbs)
(37%) and quadriplegia (all 4 limbs and trunk affected) (24%).2 Co-
morbidities and functional limitations are common and disabling, in-
cluding chronic pain (75%), epilepsy (35%), intellectual disability
(49%), musculoskeletal problems (eg, hip displacement) (28%), be-
havioral disorders (26%), sleep disorders (23%), functional blind-
ness (11%), and hearing impairment (4%).5

Cerebral palsy is the most common physical disability in child-
hood, with a prevalence of 2.1 cases per 1000 in high-income
countries.6 The prevalence is declining in Australia and Europe.7,8 Ex-
act rates in countries of low to middle income are less certain9 but
appear to be higher, with worse physical disability, because of greater
infectious disease burden and prenatal and perinatal care
differences.10 The complete causal path to cerebral palsy is unclear
in approximately 80% of cases, but risk factors are often identifi-
able from history taking about conception, pregnancy, birth, and the
postneonatal period.11 The full causal path is a complex interplay be-
tween several risk factors across multiple epochs,11 including new evi-
dence suggesting that 14% of cases have a genetic component.12-14

Early diagnosis does not preclude further specific etiological inves-
tigation, and identifying a specific etiology does not then preclude
individuals from also having cerebral palsy. Genetic advances are likely
to soon amend the diagnostic process.

Our primary objective was to systematically review best avail-
able evidence for early, accurate diagnosis of cerebral palsy. Our sec-
ondary objective was to summarize best available evidence about
cerebral palsy–specific early intervention that should follow early di-
agnosis to optimize neuroplasticity and function.

Methods
We conducted a systematic review to develop an international clini-
cal practice guideline in accord with the World Health Organiza-
tion’s Handbook for Guideline Development15 and the Institute of
Medicine’s standards.16 We followed the Equator Network report-
ing recommendations outlined in the Appraisal of Guidelines, Re-
search and Evaluation (AGREE) II instrument17 and the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)
statement.18 We systematically searched MEDLINE (1956-2016),
EMBASE (1980-2016), CINAHL (1983-2016), and the Cochrane Li-
brary (1988-2016) and hand searched using the following terms: ce-
rebral palsy, diagnosis, detection, prediction, identification, predic-
tive validity, accuracy, sensitivity, and specificity. We included
systematic reviews with or without meta-analyses, criteria of diag-

nostic accuracy, and evidence-based clinical guidelines. Quality was
appraised using the Quality Assessment of Diagnostic Accuracy Stud-
ies (QUADAS) methodological rating checklist for systematic re-
views of diagnostic accuracy.19

The Grading of Recommendations Assessment, Development,
and Evaluation (GRADE) framework was used to assess quality and
formulate recommendations along a 4-part continuum, including
strong for, conditional for, conditional against, and strong against.20

As per the GRADE method, we weighed (1) the balance between de-
sirable and undesirable consequences of different management strat-
egies or not acting; (2) family preferences, including benefits vs risks
and inconvenience; and (3) cost. Recommendations were discussed
face-to-face among all authors, and the manuscript was reviewed, ed-
ited, and agreed on by all coauthors. Authors were clinicians involved
in the diagnosis of cerebral palsy, including neurologists, pediatricians,
neonatologists, rehabilitation specialists, general practitioners, neu-
roradiologists, psychiatrists, physical therapists, psychologists, oc-
cupational therapists, speech pathologists, nurses, and early educa-
tors. Individuals with cerebral palsy and parents also contributed as
equal authors, ensuring that recommendations addressed their views
and preferences.

Results
Six systematic reviews21-26 and 2 evidence-based clinical
guidelines27,28 met inclusion criteria. The methodological quality of
the evidence was very high (eTable in the Supplement), enabling
strong GRADE recommendations.20 Many standardized tools exist
that predict risk of cerebral palsy early. Best available evidence was
summarized (eTable in the Supplement), and a PRISMA diagram sum-
marized study flow (eFigure in the Supplement).

Advances in Diagnosis: Early Clinical Diagnosis
Is Now Possible
Before age 12 to 24 months was historically regarded as the latent
or silent period where cerebral palsy could not be identified accu-
rately. Experts now consider the silent period as outdated because

Key Points
Question What are the most accurate evaluations for diagnosing
cerebral palsy early?

Findings In this systematic review of the literature, we found
diagnosis can be accurately made before 6 months’ corrected age.
Before 5 months’ corrected age, magnetic resonance imaging plus
the General Movements Assessment or the Hammersmith Infant
Neurological Examination are recommended; after 5 months’
corrected age, magnetic resonance imaging (where safe and
feasible), the Hammersmith Infant Neurological Examination, and
the Developmental Assessment of Young Children are
recommended.

Meaning Early diagnosis should be the standard of care because
contemporary early interventions optimize neuroplasticity and
functional outcomes.
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cerebral palsy or “high risk of cerebral palsy” can be accurately pre-
dicted before age 6 months’ corrected age.

The 3 tools with best predictive validity for detecting cerebral
palsy before 5 months’ corrected age are (1) neonatal magnetic reso-
nance imaging (MRI) (86%-89% sensitivity),21,27 (2) the Prechtl
Qualitative Assessment of General Movements (GMs) (98%
sensitivity),21 and (3) the Hammersmith Infant Neurological Exami-
nation (HINE) (90% sensitivity)25 (eTable in the Supplement). Af-
ter 5 months’ corrected age, the most predictive tools for detect-
ing risk are MRI (86%-89% sensitivity) (where safe and feasible),
the HINE (90% sensitivity), and the Developmental Assessment of
Young Children (83% C index). High-quality evidence also indi-
cates that a trajectory of abnormal GMs or HINE scores, in combi-
nation with abnormal MRI, producing congruent findings, is even
more accurate than individual clinical assessments in isolation.21,25

To make an early clinical diagnosis before 6 months’ corrected
age, a combination of assessments with strong predictive validity
coupled with clinical reasoning is recommended. We have made 12
recommendations from best available evidence (Table 1). A highly
experienced clinical team should ideally conduct and interpret the
standardized assessments and then communicate the news com-
passionately.

Interim High Risk of Cerebral Palsy Clinical Diagnosis
When the clinical diagnosis is suspected but cannot be made with
certainty, we recommend using the interim clinical diagnosis of
high risk of cerebral palsy until a diagnosis is confirmed. We rec-
ommend specifying cerebral palsy because infants with cerebral
palsy require and benefit from different early interventions than
infants “at risk of developmental delay,” “at risk of autism,” “at risk
of harm,” or with “social risk.” When the infant is perceived to be at
risk of cerebral palsy, he or she should be referred for cerebral
palsy–specific early intervention (see the Advances in Treatment
section), with regular medical, neurological, and developmental
monitoring from the infant’s pediatrician or neurologist to assist
with forming a diagnostic picture. To assign the interim clinical
diagnosis of high risk of cerebral palsy, the infant must have motor
dysfunction (essential criterion) and at least one of the other 2
additional criteria.

Essential Criterion (Required)
Motor Dysfunction
In motor dysfunction, the infant’s quality of movement is reduced
(eg, absent fidgety GMs)29 or neurologically abnormal (eg, early ob-
servable hand asymmetry or suboptimal HINE scores).30 In addi-
tion, the infant’s motor activities may be substantially below those
expected for chronological age (eg, abnormal score on a standard-
ized motor assessment or parent and caregiver or clinical observa-
tions of head lag, not sitting, inability to grasp, or not reaching for a
toy when appropriate).

As a caveat, in milder presentations, especially unilateral cerebral
palsy, it is possible for an infant to score within the normal range on a
standardized motor assessment, while still displaying abnormal move-
ments. For example, an infant with hemiplegia might obtain a normal
fine-motor score but complete the assessment one-handed. Similarly,
an infant with diplegia may achieve normal upper limb scores and ab-
normal lower limb scores, producing a combined total motor score
within the normal range. Therefore, it is essential that assessments be

carried out by a professional skilled at determining atypical movement
from variation in typical movement.

Additional Criteria (at Least One Required)
Abnormal Neuroimaging
Abnormal MRI21,27 with or without serial cranial ultrasound in pre-
term infants21,28 may identify neuroanatomical abnormalities pre-
dictive of cerebral palsy. The most predictive patterns are (1) white
matter injury (cystic periventricular leukomalacia or periventricu-
lar hemorrhagic infarctions) (56%), (2) cortical and deep gray mat-
ter lesions (basal ganglia or thalamus lesions, watershed injury [para-
sagittal injury], multicystic encephalomalacia, or stroke) (18%), and
(3) brain maldevelopments (lissencephaly, pachygyria, cortical dys-
plasia, polymicrogyria, or schizencephaly) (9%).

Clinical History Indicating Risk for Cerebral Palsy
Preconception risks include history of stillbirths, miscarriages, low
socioeconomic status, assisted reproduction, and abnormal ge-
netic copy number variations.

Pregnancy risks include genetics, birth defects, multiples, males,
maternal thyroid disease or preeclampsia, infection, intrauterine
growth restriction, prematurity, and substance abuse.

Perinatal birth risks include acute intrapartum hypoxia-
ischemia, seizures, hypoglycemia, jaundice, and infection.

Postneonatal risks include stroke, infection, surgical complica-
tions, and accidental and nonaccidental brain injury31 occurring be-
fore age 24 months, as per the Surveillance of Cerebral Palsy Eu-
rope and Australian Cerebral Palsy Register inclusion criteria.

Two Early Detection Pathways Based on Different Risks
Half of all infants with cerebral palsy have high-risk indicators iden-
tifiable in the newborn period, enabling early screening31 (eg, pre-
maturity, atypical intrauterine growth, encephalopathy, genetic ab-
normalities, and seizures). We have described this population as
having “newborn-detectable risks for cerebral palsy,” and this path-
way occurs before 5 months’ corrected age. For the other half of all
infants with cerebral palsy, the pregnancy and labor may have ap-
peared to be uneventful,31 and parents, caregivers, or community-
based professionals first notice delayed motor milestones (eg, not
sitting at 9 months or hand asymmetry). This finding may be espe-
cially true for infants with unilateral cerebral palsy, who often mas-
ter early rudimentary motor skills, such as smiling, swallowing, and
head control, and it is not until they attempt more complex motor
skills, such as grasp, that asymmetries become observable. We have
described this population as having “infant detectable risks for ce-
rebral palsy,” and this pathway occurs after 5 months’ corrected age.
We developed a conceptual framework for early diagnosis based on
these 2 pathways to ensure that the most sensitive and specific tools
are used to reduce false-positive and false-negative results. The clini-
cal diagnostic pathway algorithm for these 2 groups varies because
the tools have different psychometric properties depending on the
infant’s age (Figure).

Determining Severity
Parents or caregivers will want to learn about the severity of their
infant’s physical disability to understand his or her capabilities to plan
their future. In infants younger than 2 years, motor severity is diffi-
cult to accurately predict for the following reasons: (1) almost half
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Table 1. Early Detection and Diagnosis Recommendations From Best Available Evidence

Recommendations Strength of Recommendations and Quality of Evidence

1.0 The clinical diagnosis of CP can and should be made as early as possible so that:
• The infant can receive diagnostic-specific early intervention and surveillance to optimize
neuroplasticity and prevent complications
• The parents can receive psychological and financial support (when available)

Strong recommendation based on moderate-quality
evidence for infant and parent outcomes

1.1 When the clinical diagnosis is suspected but cannot be made with certainty, the interim clinical
diagnosis of high risk of CP should be given so that:
• The infant can receive diagnostic-specific early intervention and surveillance to optimize
neuroplasticity and prevent complications
• The parents can receive psychological and financial support (when available)
• Ongoing diagnostic monitoring can be provided until a diagnosis is reached

Strong recommendation based on moderate-quality
evidence for infant and parent outcomes

2.0 Early standardized assessments and investigations for early detection of CP should always be
conducted in populations with newborn-detectable risks (ie, infants born preterm, infants with
neonatal encephalopathy, infants with birth defects, and infants admitted to the NICU)

Strong recommendation based on high-quality evidence
of test psychometrics

Early Detection of CP Before 5 mo CA

3.0 Option A: The most accurate method for early detection of CP in infants with newborn-detectable
risks and younger than 5 mo (CA) is to use a combination of a standardized motor assessment and
neuroimaging and history taking about risk factors

Strong recommendation based on high-quality evidence
of test psychometrics in newborn-detectable risk
populations

Standardized motor assessment
3.1 Test: GMs to identify motor dysfunction (95%-98% predictive of CP), combined with
neuroimaging

Strong recommendation based on high-quality evidence
of test psychometrics in newborn-detectable risk
populations

Neuroimaging
3.2 Test: MRI (before sedation is required for neuroimaging) to detect abnormal neuroanatomy in
the motor areas of the brain (80%-90% predictive of CP). Note that normal neuroimaging does not
automatically preclude the diagnosis of risk of CP

Strong recommendation based on high-quality evidence
of test psychometrics in newborn-detectable risk
populations

4.0 Option B: In contexts where the GMs assessment is not available or MRI is not safe or affordable
(eg, in countries of low to middle income), early detection of CP in infants with newborn-detectable
risks and younger than 5 mo (CA) is still possible and should be carried out to enable access to early
intervention

Strong recommendation based on moderate-quality
evidence of test psychometrics in newborn-detectable
risk populations

Standardized neurological assessment
4.1 Test: HINE (scores <57 at 3 mo are 96% predictive of CP)

Strong recommendation based on moderate-quality
evidence of test psychometrics in newborn-detectable
risk populations

Standardized motor assessment
4.2 Test: TIMP

Conditional recommendation based on low-quality
evidence of test psychometrics in at-risk populations

Early Detection of CP After 5 mo CA

Accurate early detection of CP in those with infant-discernible risks and age 5-24 mo can and should still occur as soon as possible, but different diagnostic tools
are required

5.0 Any infant with:
(a) Inability to sit independently by age 9 mo, or
(b) Hand function asymmetry, or
(c) Inability to take weight through the plantar surface (heel and forefoot) of the feet should receive
standardized investigations for CP

Strong recommendation based on high-quality evidence
of motor norms

6.0 Option A: The most accurate method for early detection of CP in those with infant detectable
risks older than 5 mo (corrected for prematurity) but younger than 2 y is to use a combination of a
standardized neurological assessment, neuroimaging, and a standardized motor assessment with a
history taking about risk factors

Conditional recommendation based on moderate-quality
evidence of test psychometrics in newborn-detectable
risk populations

Standardized neurological assessment
6.1 Test: HINE (90% predictive of CP). Those with HINE scores >73 (at 6, 9, or 12 mo) should be
considered at high risk of CP. HINE scores <40 (at 6, 9, or 12 mo) almost always indicate CP,
combined with neuroimaging and standardized motor assessments

Conditional recommendation based on moderate-quality
evidence of test psychometrics in newborn-detectable
risk populations

Neuroimaging
6.2 Test: MRI to detect abnormal neuroanatomy in the motor areas of the brain (sedation may be
required from >6 wk up to age 2 y). Well-defined lesions can be seen early, but subtle white matter
lesions may be difficult to detect owing to rapid growth, myelination, and activity-dependent
plasticity. Repeated MRI scans are recommended at age 2 y for infants with initially normal findings
on MRI (at 12-18 mo) but persistent motor or neurological abnormality, combined with standardized
motor assessments

Conditional recommendation based on moderate-quality
evidence of test psychometrics in newborn-detectable
risk populations

Standardized motor assessment
6.3 Test: DAYC for parents to self-report and quantify motor delay (89% predictive of CP)
Additional assessments can improve triangulation of findings
6.4 Tests: AIMS (86% predictive of an abnormal motor outcome) and NSMDA (82% predictive of an
abnormal motor outcome)

Conditional recommendation based on low- to
moderate-quality evidence of test psychometrics in
newborn-detectable risk populations

7.0 Option B: In contexts where MRI is not safe or affordable, early detection of CP is still possible in
those with infant detectable risks between 5 and 24 mo CA and should be carried out to enable
access to early intervention

Strong recommendation based on moderate-quality
evidence of test psychometrics in newborn-detectable
risk populations

Standardized neurological assessment
7.1 Test: HINE (90% predictive of CP at age 2-24 mo)
HINE scores at 6, 9, or 12 mo:
<73 Indicates high risk of CP
<40 Indicates abnormal outcome, usually CP

Strong recommendation based on moderate-quality
evidence of test psychometrics in newborn-detectable
risk populations

Standardized motor assessment
7.2 Test: DAYC to quantify motor delay (89% predictive of CP)
7.3 Test: MAI to quantify motor delay (73% predictive of CP)

Conditional recommendation based on low- to
moderate-quality evidence of test psychometrics in
newborn-detectable risk populations

(continued)
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of all infants younger than 2 years have their Gross Motor Function
Classification System (GMFCS) reclassified, (2) little natural history
data exist about infants with cerebral palsy (eg, the onset of spas-
ticity, dyskinesia, or contractures), (3) motor skills are developing,
(4) the presence or absence of hypertonia changes and evolves, and
(5) there is rapid brain growth and use-dependent reorganization
in response to caregiving and therapy. In children 2 years or older,
severity is reliably classified using the 5-level GMFCS Extended &
Revised.32 In infants younger than 2 years, prediction of motor se-
verity should be made cautiously using standardized tools, includ-
ing the cutoff scores on the HINE, combined with neuroimaging
data.25 Parents or caregivers may mistakenly assume that the diag-
nosis means their child will need a wheelchair and have an intellec-
tual disability. However, in high-income countries, population data

indicate that 2 in 3 individuals with cerebral palsy will walk, 3 in 4
will talk, and 1 in 2 will have normal intelligence.5

Determining Motor Type and Topography
The motor types and topography of cerebral palsy may emerge and
change during the first 2 years of life. Cerebral palsy can be difficult
to accurately classify early, but clinical signs exist33-37 (Table 2). For
example, the onset of spasticity may occur after age 1 year; there-
fore, the absence of early detectable spasticity does not mean that
the infant does not have spastic cerebral palsy. In addition, infants
may have more than one motor disorder because spasticity and dys-
tonia often coexist. As the infant’s voluntary activity levels in-
crease, some symptoms may resolve (eg, nonuse of a limb), while
other symptoms may worsen (eg, increased involuntary dystonic

Table 1. Early Detection and Diagnosis Recommendations From Best Available Evidence (continued)

Recommendations Strength of Recommendations and Quality of Evidence

Early Detection of Motor Severity of CP

Prognosis of long-term motor severity is most accurate in children older than 2 y using the GMFCS

8.0 In infants younger than 2 y, prognosis of motor severity predictions should be made cautiously
and always involve the use of standardized tools because incomplete development of voluntary motor
skills or abnormal tone might confound clinical observations. Motor severity of CP in those younger
than 2 y is most accurately predicted using the following:

Conditional recommendation based on low-quality
evidence

Standardized neurological assessment
8.1 Test: HINE. Cutoff scores predict the probable severity
HINE scores at 3, 6, 9, or 12 mo:
• 50-73 Indicates likely unilateral CP (ie, 95%-99% will walk)
• <50 Indicates likely bilateral CP
HINE scores at 3-6 mo:
• 40-60 Indicates likely GMFCS I-II
• <40 Indicates likely GMFCS III-V

Conditional recommendation based on moderate-quality
evidence in newborn-detectable risk populations

Neuroimaging
8.2 Test: MRI
Nonambulant CP is more likely after:
• Bilateral parenchymal hemorrhages (grade IV)
• Bilateral cystic periventricular leukomalacia (grade III)
• Brain maldevelopment
• Basal ganglia injury
Ambulant CP is more likely after:
• Unilateral lesions (grade IV hemorrhage or perinatal arterial ischemic stroke)
• Periventricular leukomalacia (noncystic)
• Moderate to severe white matter injury
Normal imaging does not preclude CP, and abnormal findings on MRI imaging does not automatically
precede CP

Conditional recommendation based on moderate-quality
evidence in newborn-detectable risk populations

Early Detection of Motor Subtype and Topography of CP

9.0 Early detection of motor subtype and topography can be difficult in those younger than 2 y, but
wherever possible it is important to identify unilateral vs bilateral CP early because the early
interventions (eg, constraint-induced movement therapy) and long-term musculoskeletal outcomes
and surveillance needs differ (eg, hip surveillance)

Conditional recommendation based on low- to
high-quality evidence

Early Intervention

10.0 The clinical diagnosis of CP or the interim diagnosis of high risk of CP should always be followed
by a referral to CP-specific early intervention (eg, constraint-induced movement therapy and hip
surveillance). Parent concern is a valid reason to trigger formal diagnostic investigations and referral
to early intervention

Strong recommendation based on low- to high-quality
evidence

Early Detection of Associated Impairments

11.0 The clinical diagnosis of CP or the interim diagnosis of high risk of CP should always include
standard medical investigations for associated impairments and functional limitations (eg, vision
impairment, hearing impairment, and epilepsy)

Strong recommendation based on high-quality
population register evidence of rates of associated
impairments

Communicating the Diagnosis Well to Parents

12.0 Parents experience grief and loss at the time of diagnosis or high-risk notification; therefore,
communication with a family should be a series of well-planned and compassionate conversations.
Communication should be face-to-face, with both parents or caregivers present (where appropriate),
private, honest, jargon free, and with empathic communication tailored to the family, followed by
written information, identification of strengths, invitation to ask questions, discussion of feelings,
recommendations to use parent-to-parent support, and arrangement of early intervention

Strong recommendation based on high-quality
qualitative parent interviews

Abbreviations: AIMS, Alberta Infant Motor Scale; CA, corrected age; CP, cerebral
palsy; DAYC, Developmental Assessment of Young Children; GMFCS, Gross
Motor Function Classification System; GMs, Prechtl Qualitative Assessment of
General Movements; HINE, Hammersmith Infant Neurological Examination;

MAI, Motor Assessment of Infants; MRI, magnetic resonance imaging;
NICU, neonatal intensive care unit; NSMDA, Neuro Sensory Motor Development
Assessment; TIMP, Test of Infant Motor Performance.
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posturing in response to voluntary movement). Wherever pos-
sible, differentiate between unilateral vs bilateral cerebral palsy early
because treatments differ.5,38

False Positives and False Negatives
Without a laboratory biomarker, an early diagnosis is not always clini-
cally clear-cut because of the possibility of false positives and false

Figure. Algorithm for Early Diagnosis of Cerebral Palsy or High Risk of Cerebral Palsy

Conduct a medical history and clinical examination
with or without investigations for etiology and
differential diagnoses (as indicated)

Newborn detectable risks Infant detectable risks

Encephalopathy History or neurological risk
factors (eg, birth defect, IUGR)

Parent identified concern Unable to sit at 9 mo or hand
asymmetry

Preterm

Risks or concerns warrant an investigation for CP

Clinical neurological examination

Neurological imaging

Motor tests

Combined assessment data indicates

<5 mo CA

3.1 GMs 4.2 TIMP

4.1 HINE

+

+

3.2 MRI

>5 mo CA

A B A B

6.3 AIMS 6.3 NSM DA 7.2 DAYC 7.3 MAI

7.1 HINE

++

6.3 DAYC

6.1 HINE

+

6.2 MRI

8.0 Determine preliminary severity of CP

9.0 Determine preliminary topography

1.1 High risk of CP

11.0 Assess for associated impairments

1.1 Definitely CP

8.1 HINE ≥40

Likely ambulant

8.1 MRI WMI

Likely nonambulant

8.1 HINE <40 8.1 MRI GMI

12.0 Communicate findings to parents compassionately

10.0 Arrange early intervention and parent support Confirm diagnosis

1.1 Definitely NOT CP

As indicated, continue testing
for differential diagnoses and
relevant associated impairments

1.1 Unclear

Monitor

A indicates the best available evidence pathway. B indicates the next best
available evidence pathway when some pathway A tools are not available. The
numerals correspond to the numbering in Table 1. AIMS indicates Alberta Infant
Motor Scale; CA, corrected age; CP, cerebral palsy; DAYC, Developmental
Assessment of Young Children; GMs, Prechtl Qualitative Assessment of General

Movements; HINE, Hammersmith Infant Neurological Examination;
IUGR, interuterine growth restriction; MAI, Motor Assessment of Infants;
MRI, magnetic resonance imaging; NSMDA, Neuro Sensory Motor Development
Assessment; TIMP, Test of Infant Motor Performance; and WMI, white matter
injury.
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negatives.22 Experienced clinicians acknowledge that, because all
infants have an expanding and changing voluntary motor reper-
toire, determining whether their current motor dysfunction is per-
manent and causing long-term activity limitations, as per the inter-
national definition,1 is difficult. False negatives can occur for the
following reasons: (1) there is a latency between the initial brain le-
sion and the later onset of clinical neurological signs (eg, exagger-
ated spasticity or dystonia from voluntary movement25), (2) ap-
proximately 10% have normal neuroimaging,27 (3) half have a
seemingly uneventful pregnancy and birth,31 and (4) one-third have
the mildest form (GMFCS I)2,32 and may initially achieve all of their
motor milestones on time, offering false reassurance about their mo-
tor development. False positives can also occur because prematu-
rity, stroke, and encephalopathy do not always result in long-term
motor disabilities.25,31 Australian cerebral palsy population register
data indicate that less than 5% of registrations are false-positive
diagnoses.2 In almost all of these instances, the infant was rediag-
nosed as having another neurological disability (eg, intellectual dis-
ability or autism), not a normal developmental outcome.11

Eighty-six percent of parents of a child with cerebral palsy sus-
pect it before the clinical diagnosis is made.39 Population data indi-
cate that seeking to avoid false-positive results by delaying diagno-
sis is harmful to parent and caregiver well-being.39 Parents and

caregivers dissatisfied with a prolonged diagnostic process are more
likely to experience depression39 and lasting anger.40 Parents and
caregivers acknowledge that, while receiving the diagnosis is al-
ways difficult, they prefer to know earlier rather than later so that
they can assist in their infant’s development.39 Early detection is im-
portant for the whole family unit because it helps foster acceptance41

and leads to increased confidence in the infant’s medical team.39

Early detection allows improved access to early intervention and ef-
ficient use of resources.

Advances in Treatment: Cerebral Palsy–Specific
Early Intervention Improves Outcomes
Neuroscience evidence indicates that brain development and refine-
ment of the motor system continue postnatally, driven by motor cor-
tex activity.42,43 Early active movement and intervention are essential
because infants who do not actively use their motor cortex risk losing
cortical connections and dedicated function.42,43 Furthermore, there
is increasing evidence that the infant’s motor behavior, via discovery
and interaction with the environment, controls and generates the
growthanddevelopmentofmuscle, ligament,andbone,aswellasdriv-
ing ongoing development of the neuromotor system.44-48

Table 2. Clinical Signs Indicating Motor Type and Topography in Infants

Unilateral Spastic Hemiplegia Bilateral Spastic Diplegia Bilateral Spastic Quadriplegia Dyskinesia Ataxia
GMs34

• Poor repertoire or cramped
synchronized GMs, followed by
absent fidgety movements plus an
asymmetry in segmental
movements (eg, wrist or hand).
Note that some cases of hemiplegic
CP may be missed by GMs

• Cramped synchronized
GMs, followed by absent
fidgety movements

• Early onset and long duration
of cramped synchronized GMs,
followed by absent fidgety
movements

• Poor repertoire GMs,
followed by absent fidgety
movements with circular
arm movements and
finger spreading

• Unknown

MRI35,36

• Focal vascular insults (24%)
• Malformations (13%)
• Unilateral hemorrhage (grade IV)
with porencephaly
• Lesions in the parietal white
matter involving the trigone
• Middle cerebral artery stroke with
asymmetry of myelination of the
PLIC

• Bilateral white matter
injury (31%-60%)
• Cystic PVL (grade II-III)
with sparse or absent
myelination of the PLIC
• Moderate to severe white
matter injury (also known
as PVE)

• Gray matter injury (34%)
• Malformations (16%)
• Cystic PVL (grade III) with
absent myelination of the PLIC
• Severe white matter injury
with or without deep nuclear
gray matter

• Gray matter injury
(21%) with thalamic and
lentiform nuclear injury

• Malformations (18%)
• Normal imaging (24%-57%)
• Cerebellar injury

HINE Scores37

50-73 <50 <50
<40 GMFCS level IV-V

<50 Unknown

Motor Tests

• Asymmetrical hand preference
• Stuck in floor sitting (ie, unable to
transition out of sitting)
• Cruises or steps consistently in
one direction or with the same leg
always leading
• Reduced variation in motor
behavior

• Good hand function
compared with lower limb
function
• Dislike or avoidance of
floor sitting
• Weight bears on toes
• Reduced variation in
motor behavior

• Head lag
• Persistent rounded back in
supported sitting
• Bilateral fisted hands
• Slow to reach and grasp with
either hand
• Reduced variation in motor
behavior

• Twisting arm or neck
postures on voluntary
movement (may be
painful)
• Finds midline play
difficult, prefers toys
positioned at shoulder
width
• Switches hands during
reaching task
• Requires a lot of extra
time to initiate movement
• Voluntary movement
and emotion worsens
postures
• Reduced variation in
motor behavior

• Nonspecific

Abbreviations: CP, cerebral palsy; GMFCS, Gross Motor Function Classification
System; GMs, Prechtl Qualitative Assessment of General Movements;
HINE, Hammersmith Infant Neurological Examination; MRI, magnetic

resonance imaging; PLIC, posterior limb internal capsule; PVE, periventricular
echogenicity; PVL, periventricular leukomalacia.
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Therefore, the clinical diagnosis of cerebral palsy or high risk of ce-
rebral palsy should always be followed by a referral for the infant to re-
ceive cerebral palsy–specific intervention and for the parents or care-
givers to receive emotional support. Family concern is a valid reason
to trigger formal diagnostic investigations and intervention referrals.

Cerebral palsy–specific early intervention maximizes
neuroplasticity42,43 and minimizes deleterious modifications to
muscle and bone growth and development.44 Before commencing
intervention, unilateral vs bilateral cerebral palsy should be identified
because treatments and long-term musculoskeletal outcomes
differ.46-48 Randomized clinical trial data are beginning to indicate the
following: (1) that infants with hemiplegic cerebral palsy who receive
early constraint-induced movement therapy (CIMT) have better hand
function than controls in the short term and probably substantially bet-
ter hand function in the long term45; (2) that infants with bilateral ce-
rebral palsy who receive regular surveillance and intervention have
lower rates of hip displacement, contracture, and scoliosis46-48 (based
on population register data); (3) that infants with any type and topog-
raphy of cerebral palsy who receive Goals–Activity–Motor Enrichment
(GAME), which is an early, intense, enriched, task-specific, training-
based intervention at home, have better motor and cognitive skills at
1 year than those who receive usual care49; and (4) that improvements
are even better when intervention occurs at home50,51 because chil-
dren learn best in supported natural settings where training is person-
alized to their enjoyment. Task-specific, motor training–based early
intervention (eg, GAME49 and CIMT45) are recommended as the new
paradigm of care for cerebral palsy because they induce neuroplas-
ticity and produce functional gains.52 Larger replication randomized
clinical trials are under way, including the following: (1) Randomised
Trial of Rehabilitation Very Early in Congenital Hemiplegia (REACH)
(ACTRN12615000180516)(n = 150)CIMTvsbimanual53 and(2)GAME
(ACTRN12617000006347) (n = 300) GAME vs usual care.54 In ad-
dition, regenerative agents to induce brain repair are being studied,
including (1) Preventing Adverse Outcomes of Neonatal Hypoxic Isch-
aemic Encephalopathy With Erythropoietin: A Randomised Controlled
Multicentre Australian Trial (PAEAN) (ACTRN12614000669695)
(n = 300) erythropoietin plus hypothermia vs hypothermia alone55

and (2) NCT02612155 (n = 160) umbilical cord blood plus hypother-
mia vs hypothermia alone.56

The aim of early intervention for children with cerebral palsy
should be to (1) optimize motor, cognition, and communication out-
comes using interventions that promote learning and neuroplastic-
ity (all have motor impairments, 1 in 2 have intellectual disability, and
1 in 4 are nonverbal5); (2) prevent secondary impairments and mini-
mize the influence of complications that worsen function or inter-
fere with learning (3 in 4 have chronic pain, 1 in 3 have hip displace-
ment, 1 in 4 have epilepsy, 1 in 4 have bladder control problems, 1 in
5 have a sleep disorder, 1 in 5 have sialorrhea, 1 in 10 are blind, 1 in 15
require tube feeding, and 1 in 25 are deaf5); and (3) promote parent
or caregiver coping and mental health to reduce stress, anxiety, and
depression, which are compounded when a behavior disorder is
present (1 in 4 have behavior disorders). Recommendations from
best available evidence are listed below.

Early Interventions to Optimize Motor, Cognition,
and Communication Skills
For motor and cognition, physical and occupational therapy inter-
ventions should use child-initiated movement, task-specific prac-

tice, and environmental adaptations that stimulate independent
task performance.52 These include Learning Games Curriculum
(diplegia),57 CIMT or bimanual (hemiplegia),45 and GAME (all
subtypes).49

For communication, speech language pathology interven-
tions should foster parent-infant transactions and provide
compensation when speech is not possible or is inadequate.
Examples include the Hanen It Takes Two to Talk and More Than
Words programs, as well as alternative and augmentative
communication.58

Interventions to Prevent Secondary Impairments
and Minimize Complications
Regarding pain, procedural pain should be avoided where possible
because untreated pain elevates the risk for long-term neuro-
pathic pain.59 Recommendations include pharmacological therapy
and environmental interventions for ongoing pain and preemptive
analgesia for procedural pain.59

Orthopedics
For hips, anteroposterior pelvic radiographs every 6 to 12 months
are recommended commencing at age 12 months. This recommen-
dation is in accord with hip surveillance guidelines.60

Neurologic
For epilepsy, standard antiepileptic pharmacological management
is recommended.5

Urinary Tract
For the bladder, medical investigations should be conducted be-
cause abnormal anatomical findings are common.5 Standard toilet
training should be provided over a longer duration because control
may take longer.5

Sleep
Forsleep,specialistassessmentsandearlytreatmentarerecommended
before secondary academic and behavioral problems emerge. Ex-
amples include sleep hygiene, parental education, spasticity manage-
ment, melatonin (2.5-10 mg), and gabapentin (5 mg/kg).5

Oral Care
For sialorrhea, botulinum toxin A, benztropine mesylate, or glyco-
pyrrolate should be considered.61

Ophthalmologic Issues
Vision can be assessed in the first 48 hours of life using the early as-
sessment of visual function in full-term newborns by Ricci et al.62

Any infant with abnormal vision at term-equivalent age should re-
ceive vision intervention and be reassessed at 3 months.63 Vision
intervention is recommended.

Feedings
For nonoral feeding, swallowing safety should be comprehensively
assessed if concerns or clinical history of pneumonia exists be-
cause it is the leading cause of death in individuals with cerebral
palsy64 and is mitigated by tube feeding.65 Weight should be mea-
sured regularly because severe physical disability elevates the risk
for malnutrition.5
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Aural
For hearing, standard early hearing accommodations are
recommended.5

Interventions to Promote Parent or Caregiver Coping
and Mental Health
Parental education in behavior management is recommended. An
example is the Positive Parenting Program (Triple P).66

Parent-child attachment interventions are also helpful. Kanga-
roo Mother Care67 and music therapy68 are examples.

Finally, parent or caregiver mental health interventions69,70 are
suggested. One such intervention is Acceptance and Commitment
Therapy (ACT).66

Discussion
Clinical Bottom Line
Infants with cerebral palsy require an early diagnosis because mo-
tor and cognitive gains are greater from diagnostic-specific early in-
tervention.

An interim diagnosis of high risk of cerebral palsy should be used
if a diagnosis of cerebral palsy cannot yet be used with certainty.

Clinical signs emerge and evolve before age 2 years. Therefore,
a combination of standardized tools should be used to predict risk.

Before 5 months’ corrected age, MRI, GMs, or the HINE are most
predictive of risk for cerebral palsy.

After 5 months’ corrected age, MRI and the HINE are most pre-
dictive of risk for cerebral palsy.

In countries of low to middle income where MRI is not avail-
able, the HINE is recommended.

Topography and severity of cerebral palsy are important to es-
tablish for clinical purposes. Magnetic resonance imaging and the
HINE provide guidance.

False positives occur less than 5% of the time with standard-
ized tools.

False negatives resulting in late diagnoses and late interven-
tion are detrimental to parents, caregivers, and infants.

Limitations
This review article has some limitations. First, our literature
search revealed that almost all studies focus on identifying cere-

bral palsy in infants with newborn discernible risks (eg, prematu-
rity and encephalopathy) because these infants are more often in
newborn follow-up. Little has been published about early diagno-
sis in the 50% of all cerebral palsy cases that are discernible later
in infancy after a seemingly uneventful pregnancy and birth
because these samples are difficult to assemble. Advances in
genetics and understanding of congenital anomalies may provide
more clues about how to identify these children earlier. Second,
no study to date has investigated the combined predictive power
of 3 or more of the individual tools identified in this review article
and represents a gap in the literature. Third, we have not
reviewed or discussed the literature about evidence-based test-
ing for other childhood disabilities on the differential diagnosis
list. Fourth, we have not provided a systematic description of the
early intervention evidence. More information on assessment
tools and early intervention is contained in a related but separate
clinical guideline that is being developed from systematic review
data.

Conclusions
Cerebral palsy or high risk of cerebral palsy can be diagnosed
accurately and early using clinical reasoning and a combination of
standardized tools. High-quality evidence indicates that, for
infants with newborn-detectable risks before 5 months’ corrected
age, the GMs assessment plus neonatal MRI is more than 95%
accurate and is thus recommended. For infants with infant
detectable risks after 5 months’ corrected age, the HINE plus neo-
natal MRI is more than 90% accurate and is therefore recom-
mended. The accuracy of these diagnostic methods in infants
with later infancy discernible risks for cerebral palsy is not yet
known, but they are conditionally recommended. Accurate early
diagnosis is possible even when assessments of GMs are not avail-
able or MRI is not safe or affordable (eg, in countries of low to
middle income) by using the HINE, which detects cerebral palsy
with more than 90% accuracy and provides objective informa-
tion about severity. Early detection of high risk of cerebral palsy,
followed by cerebral palsy–specific early intervention, is recom-
mended and should be the standard of care to optimize infant
neuroplasticity, prevent complications, and enhance parent and
caregiver well-being.
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REVIEW

What is the evidence for managing tone in young children with, or at risk of
developing, cerebral palsy: a systematic review

Roslyn Warda,b, Jess E. Reynoldsa,c, Natasha Beara,d,e,f, Catherine Elliotta,g and Jane Valentinea,b

aDepartment of Paediatric Rehabilitation, Princess Margaret Hospital for Children, Perth, Western Australia, Australia; bSchool of Paediatrics and
Child Health, The University of Western Australia, Perth, Western Australia, Australia; cSchool of Sport, Science, Exercise and Health, the University
of Western Australia, Perth, Western Australia, Australia; dTelethon Kids Institute, Perth, Western Australia, Australia; eDepartment of
Physiotherapy, Princess Margaret Hospital for Children, Perth, Western Australia, Australia; fDepartment of Clinical Research, Princess Margaret
Hospital for Children, Perth, Western Australia, Australia; gSchool of Occupational Therapy and Social Work, Curtin University, Western Australia,
Australia

ABSTRACT
Background and objectives: To conduct a systematic review of the evidence for the management of
tone in infants 0–24 months of age, with or at risk of developing cerebral palsy. Method: This review was
conducted and reported following the Preferred Reporting Items for Systematic Reviews and Meta-analyses
Statement. The Cochrane Central Register of Controlled Trials, Embase, MEDLINE, CINAHL Plus and
PsycINFO databases were systematically searched for relevant articles. Inclusion criteria were: children aged
0–24 months, identified as at risk of, or having cerebral palsy; �25% of participants �24 months, and
included a standardized assessment of tone. Only peer reviewed journal articles were considered. Eligible
studies were coded using the Oxford Levels of Evidence. Methodological quality was assessed using the
PEDro scale for randomized controlled trials and the checklist for assessing the quality of quantitative stud-
ies of Kmet, Cook and Lee for non-randomized control trials. Results: A total of 4838 studies were identi-
fied. After removing duplicates and unrelated studies, a total of 56 full text studies were reviewed. A total
of five studies met inclusion criteria, two of which were RCTs, two pre-/post-test designs and one retro-
spective case audit. Interventions included BoNT-A, Oral Baclofen, Neurofacilitation of Developmental
Reaction and Neurodevelopmental Therapy. The quality of evidence ranged from limited to moderate.
Conclusion: The management of tone in infants and young children is not well described, with a dearth
of high-level evidence to support intervention in the 0–24 month age-range. This is in contrast to a recent
review completed by Novak et al. (2013) who report high levels of evidence of interventions for children
with cerebral palsy, over 2 years of age.

� IMPLICATIONS FOR REHABILITATION

� High level of evidence to support clinical decision making for the management of tone in young chil-
dren 0–24 months is not available.

� The lack of available evidence in the management of tone of young children underpins service deliv-
ery and intervention and impacts on patient outcomes.

� In the absence of clear research evidence, the systematic application of sensitive outcome measures is
required to confirm treatment effects and generate new evidence.

� Hypertonia should not be managed in isolation. Consideration needs to be given to all components of
the ICF-CY.
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Introduction

The term Cerebral Palsy (CP) describes a group of non-progressive
movement disorders causing activity limitations as a result of a
lesion in the motor cortex of the developing brain.[1] It is the lead-
ing cause of physical disability in childhood, with clinical manifesta-
tions dependent on the type, location and extent of injury to the
central nervous system.[2] While disordered movement and posture
is the core feature of CP, it is frequently accompanied by impair-
ments in sensation, perception, communication, cognition and
behaviour, as well as secondary musculoskeletal problems.[3]

Further, although the brain lesion is described as non-progressive,
the co-occurring impairments and functional limitations change
over time.[4]

What is tone?

Abnormal muscle tone (hypertonia and hypotonia) is an estab-
lished feature of CP; and identified as a major impairment of body
function.[5] Typically, hypertonia is associated with the upper
motor neuron syndrome [6] and may be caused by spasticity, dys-
tonia or rigidity, either in combination or alone.[6–9]
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It is reported that approximately 80% of children with CP pre-
sent with hypertonia of the spastic type,[10,11] which is defined as
‘‘velocity-dependent resistance of a muscle to stretch’’.[6] Scholtes
et al. [9] identified three main groups of instruments used in the
clinical assessment of spasticity in children with CP. Group one
consists of the Ashworth Scales,[12] with a focus on grading resist-
ance to muscle stretch at one specified velocity. Group two con-
sists of the Tardieu Scales [13] where spasticity is graded through
measurement of the joint angle at a fast velocity stretch, thus
giving attention to the speed of muscle strength. The third group
Scholtes et al. [9] described as the ‘‘Other Clinical Grading
Scales’’, and differed from the other two groups of scales on the
basis of quantification or assessment technique. While a large
number of assessment tools have been developed, a recent
review of the psychometric properties of these measures indi-
cates no one measure is psychometrically more robust than the
other [14].

The reporting on the prevalence of dyskinetic CP, of which dys-
tonic CP is a subgroup, varies from approximately 4–14%.[15–17]
Dystonia is defined as ‘‘an involuntary alteration in the pattern of
muscle activation during voluntary movement or maintenance of
posture’’ [6] (p. e92). The motor impairment experienced in chil-
dren with dyskinetic CP has been identified to be more severe
than in other types of CP.[15] Scales currently used to measure
dystonia in children include the Dyskinesia Impairment Scale,[18]
the Barry Albright Dystonia Scale [19] and the Movement Disorder
Childhood Rating Scale.[20]

Why manage tone?

Current evidence-based practice principles require an understand-
ing of the influence of tone not only on an individual’s body
functions and structure, but also ones’ ability to execute tasks or
activities and participation in appropriate life situations.[21–25]
While activity and participation goals will differ dependent on
age,[26] Beckung and Hagberg [21] provide data that indicates
the severity of motor impairment in children with CP is a strong
indicator of future activity limitations and participation
restrictions.

Hypertonicity is a major contributor to secondary impairments
that may develop progressively and lead to activity limitations and
participation restrictions.[27] Secondary impairments include the
development of contractures and deformities, muscle stiffness and
abnormal motor control.[28–30] In addition, Novak et al. [31]
recently reported pain is likely to be present at all levels of phys-
ical disability and experienced by 75% of children. A correlation
between recurrent musculoskeletal pain with reduced participation
has also been reported.[27]

Given the above, the management of abnormal tone associated
with CP remains a primary focus of intervention in order to opti-
mize performance and enhance functional gains.

How we manage tone?

The goal of intervention is to promote function, increase a child’s
developmental capabilities and prevent secondary impairments
using a combination of appropriate interventions to enable indi-
viduals with CP to achieve and maintain optimal functioning and
participation at home, school and community life in interaction
with the environment.[21,32,33] This is consistent with the inter-
nationally accepted framework of the International Classification of
Function – Child and Youth (ICF-CY) [WHO, 34].

A number of spasticity management options are reported in
the literature. These include botulinum toxin serotype A (BoNT-A)

injections, intrathecal baclofen, phenol, oral medications (including
baclofen, dantroline, tizanidine, dantrolene sodium),[35] selective
dorsal rhizotomy,[36] vibration,[37] passive stretching [38] and
repetitive movement.[39] The recent review completed by Novak
et al. [40] indicated the only spasticity interventions well supported
by the evidence were BoNT-A, oral diazepam and selective dorsal
rhizotomy.

Why early intervention (0–24 months)?

Increasingly the literature advocates that to maximize function,
participation and independence throughout the lifespan, interven-
tion needs to be both targeted and grounded within principles
of neural plasticity from an early age.[28,41–43] This is based on
a growing body of evidence that the human brain is capable of
recovery after injury, with changes in brain physiology apparent
after rehabilitation.[44] Given our knowledge regarding age-
dependent characteristics of major neurological changes, the
need for not only age specific assessments but also age specific
interventions is indicated.[45] As stated by Aisen et al. [41]
‘‘Knowledge of the time course and elemental processes in the
development of the corticospinal system and its plasticity
throughout life is essential for the creation of stage-specific
rehabilitation strategies’’ (p. 850).

Research supports the need for targeted intervention during
critical periods to mitigate the consequences of CP. Given this, the
purpose of this review is to systematically examine the available
evidence, as considered within the ICF- CY framework, for the
management of tone in children 0–24 months, with or at risk of
developing, CP.

Methods

This review follows the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) statement.[46]

Eligibility criteria

To assist with the development of the search terms and subse-
quent eligibility criteria for selection of studies, the review ques-
tion was organized according to the quantitative Population,
Intervention (exposure), Comparison, Outcome, Study Design
(PICOS) framework.[47] The search included Population: Cerebral
Palsy (and other terms used to refer to this disorder; Appendix
Table A1), Intervention: an extensive list of non-medical (e.g. phys-
ical therapy, occupational therapy) and medical treatments (e.g.
Botulinum toxins, baclofen), Comparison: Nil, Outcome: measures
of tone, common assessments of tone, as well as activity and par-
ticipation measures across the ICF, and measures of family function
and maternal mental health, Study Type: all study types presenting
original data. Study type was built into the eligibility criteria stage
of the review. Refer Appendix Table A1 for a list of search terms.
Studies were only eligible for inclusion if they had �25% partici-
pants <24 months, at least n¼ 5< 24 months, the participants
had, or were at risk of developing CP, and included a standardized
assessment of tone. Where possible, searches were limited to
‘‘humans’’, and English language. Age limits were included to
infants and pre-school children (birth to 6 years) to ensure all stud-
ies with participants aged 0–24 months were captured in the
search and to allow for consistency between data bases, where
age limits were not consistent. No publication year limits were
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used. Only peer reviewed journal articles were considered for
inclusion.

An a priori decision was made to include all experimental
designs. While randomized control trials (RCT) have been heralded
as the gold standard benchmark for evaluating treatment effect-
iveness,[48] this only holds true when the criteria of adequate
recruitment numbers, blinded assessors and random allocation
have been met.[49,50] The GRADE Working Group [51] acknowl-
edges that ‘‘in some instances, observational studies may provide
better evidence’’ (p. 2). This is particularly the case when sample
size is small; and feasibility and appropriateness of an intervention
for a recipient needs to be determined.[52]

Information sources

To identify if a similar systematic review had been previously con-
ducted, electronic searches were conducted in both the Cochrane
and Database of Abstracts of Reviews of Effectiveness (DARE) data-
bases, and in Google Scholar. Manual searches of reference lists of
recently published reviews in the area were also completed. An
initial comprehensive search of scholarly literature was conducted
on 4 October 2014. The complete search strategy was repeated
and updated on 11–12 November 2015, using the following elec-
tronic databases: MEDLINE [Ovid MEDLINE(R) In-Process & Other
Non-Indexed Citations and Ovid MEDLINE(R) 1946 to Present],
Embase Classicþ Embase (1947 to 2015 November 10), PsycINFO
(1806 to November Week 1 2015), CINAHL Plus (1937–2015) and
Cochrane Central Register of Controlled Trials (Issue 10 of 12,
October 2015). On each database, publications were searched
from the earliest records until the most recent. Monthly search
update notifications were also set up to identify any new articles
added to the databases. Reference lists of selected articles were
also reviewed for novel studies. The protocol for this review has
not been published elsewhere.

Search

An initial orientation search was conducted to extract the key
search terms, which were then finalized and adapted for each
database. Key words and MeSH heading search terms were trun-
cated, exploded and adjusted with the assistance of a librarian to
comply with each of the databases (refer Appendix Table A1 for
full list of search terms). Reference lists of the included studies and
relevant review articles were manually searched for additional
articles which were not identified through the search.

Primary outcome measures of interest were any valid and reli-
able standardized measures of tone, encompassing spasticity, dys-
tonia and rigidity. These included assessments of spasticity:
Ashworth Scale, Modified Ashworth Scale (MAS), Tardieu Scale,
Modified Tardieu Scale and the Australian Spasticity Assessment
Scale, and measurements of dystonia: Barry–Albright Dystonia
Scale and the Spasm Scale. The MAS and the Ashworth Scale were
cautiously included as it has been suggested that these tools do
not comply with the concept of spasticity.[9,53,54] Despite this,
they continue to be the most frequently used and reported tool
for the clinical assessment of spasticity in children.

Study selection

Citations from all five databases were downloaded to, and man-
aged using EndNote X5. Duplicates citation records were manually
removed. Based on the eligibility criteria, three authors (N. B., J. R.
and R. W.) screened all non-duplicate titles and abstracts, identified
relevant articles and excluded irrelevant citations. Full-text articles

of all potentially relevant citations were obtained and assessed for
eligibility by the same three authors. A 100% agreement on article
inclusion status was reached.

Data extraction protocol was developed based on the guide-
lines outlined in Section 7 of The Cochrane Handbook for
Systematic Reviews of Interventions,[55] and included: participant
details, sample size, study design, outcome measures and interven-
tion (type and duration) and statistics findings. Two authors (T. B.
and J. R.) undertook data extraction using an electronic Microsoft
Excel data extraction form.

Synthesis of results and additional analyses

The studies included in the review varied in terms of study design,
type of intervention and intervention length, and outcome meas-
ures. As a result, a meta-analysis was not considered feasible and a
narrative review was undertaken to synthesize findings from the
studies. Further, no effect sizes were calculated.

Results

Study selection

Electronic searches yielded 2980 articles, after accounting for dupli-
cates (4838 articles with duplicates). Upon review of the titles and
abstracts, 2924 articles did not meet inclusion criteria. Full texts of
the remaining 56 articles were reviewed, and a total of five articles
were considered to meet inclusion criteria. Reasons for exclusion
of the 51 full text articles included: no measurement of tone
(n¼ 36), tone measurement not using a standardized assessment
tool (n¼ 2), included a standardized assessment of tone but did
not meet age inclusion (n¼ 3), no measurement of tone and did
not meet age inclusion (n¼ 6), review articles (n¼ 2), incorrect
population (n¼ 2) (Figure 1). A citation search of the eligible
articles and monthly search update notification emails did not
reveal any additional articles. A 100% agreement by the two
reviewers on article inclusion was reached at this stage.

Study characteristics

A total of 124 participants were included across the five studies
[56–60] (refer Table 1 for detailed characteristics and methods the
studies). Participants were described as having CP or as hypertonic
neonates. Two studies evaluated the effects of BoNT-A. Of the remain-
ing three studies, the effects of functional physical therapy,
Neurofacilitation of Developmental Reaction (NFDR),
Neurodevelopmental therapy (NDT) and oral baclofen were evaluated.

Types of outcome measures

Of the five studies reviewed, the outcome measures were identi-
fied, as classified according to the ICF [34] and shown in Table 2.

Body structure and function (changes in physiological systems
or anatomical structure) measures included the MAS, somatosen-
sory evoked potentials and range of motion.

In all five studies, spasticity was recorded using the MAS.
However, while Batra et al. [57] indicated the use of the MAS, the
scores provided were well above the limit for this scale. For example,
the left knee MAS for the NDT group was reported as 82.67 6 12.8.
It seems more likely to be the Modified Tardieu or Tardieu scale, but
due to ambiguity no conclusions can be made from this data.

The Modified Tardieu or Tardieu scale was not reported in any
of the studies. There were no studies in children under the age of
2 that included a dystonia measure.
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Measures of activity (execution of a task) were limited to the
gross motor function measure (GMFM) 66 or GMFM 88. The GMFM
was used in three of the five studies. Measures of participation
(involvement in a life situation) were limited to the Paediatric
Evaluation of Disability Inventory (PEDI) and only included in one
of the five studies.

Effects of intervention on tone outcomes

Tables 3 and 4 summarize the change in baseline scores, within
group and between group values for each of the interventions.
Following intervention (BoNT-A, functional therapy and oral baclo-
fen) the MAS scores decreased in three out of four studies for within
group comparisons. Shultz and Mathew [59] was the only study
that indicated no change in MAS scores. They indicated there was
no significant reduction in MAS score before and after baclofen.
Only one study had available data to show between group compari-
sons, with Tedroff et al. [60] utilizing a control group. Tedroff et al.
[60] demonstrated that between group comparisons did not show
any differences for MAS of the plantaflexors, but did for the knee
flexors with a reduction of �0.5 versus 0.2 for the treatment versus

control with p¼ 0.05. However, parametric statistics were used to
measure an ordinal scale, where the categories are not equally
spaced. This coupled with a small sample size make it difficult to
interpret the clinical meaningfulness of a 0.5 change.

The GMFM was improved from pre to post (within group com-
parison) in all three studies utilizing this outcome measure
(p< 0.05). However Tedroff et al. [60] when comparing to a control
group (between group comparison), indicated there was no statis-
tical difference. Tedroff et al. [60] demonstrated that both the con-
trol and treatment group increased in their GMFM scores over
time, but the overall between group differences were not
significant.

Similar to the GMFM the PEDI (utilized in one study only) dem-
onstrated significant increases over time for both control and
treatment groups, but did not demonstrate any between group
differences following intervention.

Risk of bias and reporting of study quality

Two authors (J. R. and N. B.) independently evaluated the risk
of bias and quality of reporting of each study. Two articles

Figure 1. Study flow diagram.

622 R. WARD ET AL.



[57,60] were rated using the PEDro Scale,[61] while three
articles [56,58,59] were rated used the quality of quantitative
studies of Kmet, Cook and Lee;[62] and reported as framed
within the GRADE guidelines.[51] Exact agreement between the
two raters for the PEDro Scale was 90% and for the Kmet
et al. Scale was 81.33%. Discrepancies between the two raters
were resolved through discussion, following which agreement
rate was 100%.

The PEDro scale contains 11 questions and is used to assess
the internal validity and interpretability of clinical trials involving
comparison of at least two interventions, systematic reviews and
evidence-based clinical practice guidelines.[63] The Kmet et al.
Scale for quantitative articles (14 questions) [62] was used to
assess articles with a single group or retrospective design.
Calculated Kmet scores were used to classify the quality of each
study as either strong (>80%), good (70–79%), adequate (50–69%)
or limited (<49%).[64] All articles were also rated using Oxford
Center for Evidence-based Medicine – Levels of Evidence (March
2009).[65] Any potential conflicts of interest or biases were noted.

The data in Table 5 show Tedroff et al. [60] utilized a RCT
design with concealed allocation. Risk of bias was indicated
through lack of blinding. While blinding of either the subjects or
the therapists was not possible due to practical reasons (treatment
group receiving BoNT-A injections), blinding of the assessors for
key outcome measures (e.g. the MAS or GMFM) was not specified.
A further study limitation included the presence of baseline differ-
ences between the two groups. Specifically, the difference for
plantar flexor tone was at a statistically significant level (p< 0.05),
as well as clinical differences in baseline for ankle dorsal extension
and the 4.3 difference in GMFM scores. Study strengths included
well reported key outcomes with between group statistical com-
parisons performed using the Mixed procedure in SAS. All drop
outs were accounted for.

Batra et al. [57] also utilized a RCT design. Again, risk of bias
was indicated through lack of blinding. Although blinding of the
therapists administering the treatment (NFDR versus NDT therapy)
could not be undertaken for practical reasons, blinding of asses-
sors was not stated in the paper. Further, baseline characteristics
could be assessed due to inaccurate reporting of the MAS scores,
as indicated through implausible values.

Study limitations included incomplete reporting. Specifically, no
information was provided for patient drop out or intention to
treat, therefore scores could not be allocated for items 8 and 9 of
the PEDro scale. Whilst suitable non-parametric statistics were pro-
vided for between group comparisons, only statistically significant
changes were noted with no comment on clinically meaningful
change.

The data in Table 6 show clear objectives were described for all
the three studies scored using the Kmet et al. Scale.[62] However,
the design of these studies did not support the research questions
under examination. Specifically, Akbari et al. [56] and Park et al.
[58] did not include a control group; and Shultz and Mathew [59]
utilized a retrospective audit, with incomplete data for many of
the participants, particularly for the MAS. The methodological limi-
tations for each study are discussed in turn.

Schultz and Mathew [59] described their inclusion criteria,
but were only able to include 29 out of 76 records. Subject
characteristics were briefly described. No baseline MAS scores
were provided which would be important to see the partici-
pant’s potential for change following Baclofen. No point meas-
ures or measures of variability were shown as the authors only
indicated if they increased, decreased or remained unchanged
for MAS scores. Although appropriate statistical methods were
applied to the data shown the MAS is not a true measure ofTa
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spasticity and may not be sensitive enough to changes in tone
for low birth weight infants. The concluding statement that
‘‘oral baclofen for preterm neonates diagnosed with hypertonia
cannot be recommended’’ (p. 199) is not supported by the
study results, with small sample sizes, retrospective design, miss-
ing data and reliance on p values to show no difference.

Akbari et al. [56] included 15 children in their study, and
excluded participants that failed to complete the treatment pro-
gram. The Gross Motor Function Classification System was used as
an outcome measure which is known to be unstable for children
under the age of 2. Analysis methods were listed but it was
unclear where parametric and non-parametric tests were applied,
with means and standard deviations reported for potentially
skewed data.

Park et al. [58] utilized 15 participants in their study but
included multiple limbs for each subject. Their analysis did not
account for this correlation. Their participant population was

diverse with children with CP under that age of 5 and subjects
with traumatic brain injury between 3 and 24 years. Further, the
functional level of the participants was not described (i.e. ambula-
tion status or GMFCS). An attempt to control for
confounding variables, such as age, was attempted in the analysis.

In conclusion, three of the studies (retrospective or pre–post)
did not offer appropriate designs to draw conclusions for a paedi-
atric population. The sample size for all studies was small, resulting
in low powered studies.

Discussion

The purpose of this systematic review was to examine the evi-
dence for managing tone in children 0–24 months with, or at
risk of developing, CP. Of the five studies that met inclusion
criteria, two were RCTs, two were pre–post designs and one

Table 2. Interventions, outcomes measures and quality of evidence (by design, author).

Study Intervention Dosage
Outcome measures Level of evidence

Impairment Activity Participation Oxford PEDRO/KMET Rating

Batra et al. (2012) NFDR versus NDT 3 sessions/week, 40 mins,
3 months

MAS GMFM Nil 2 4/10a Mod

Tedroff et al. (2010) BoNT-Aþ stretching
versus stretching
alone

15 min daily stretching,
BoNTA 6 month intervals,
6 units Botox(Allergan)/kg
body weight, diluted to
50 U/mL per affected limb
in gastrocnemius

MAS, RoM GMFM PEDI 2 6/10a Mod

Akbari et al. (2009) Functional Therapy
Program

24 sessions over 12 weeks
(90 min sessions)

MAS GMFM Nil 4 50%b Adequate

Park et al. (2002) BoNT-A 4–6 U/kg, 50–200 IU MAS, SSEPs Nil Nil 4 68%b Adequate

Schulz et al. (2012) Oral Baclofen Varies MAS Nil Nil 4 27%b Limited
a PEDRO.
bKMET.

Table 3. Comparison of outcomes for RCTs.

Study Outcome
Group/sample
size (n)

Follow up
period

Baseline
(mean)

Change from base-
line score (mean)

Within Group(p
value)

Between group (p
value)

Batra et al. (2012) MAS Unknownoverall
n¼ 30

3 months NA NA NA NA

GMFM (total) NFDR 3 months 3.4 48.9 Not provided 0.001
NDT 14.1 20.06

Tedroff et al. (2010) MAS Con (9) 3.5 years 2.6 �0.3 >0.05 >0.05
Plantarflexors Treat (6) 3.3 �1.0 0.04
MAS Con (9) 3.5 years 1.8 0.2 >0.05 0.05
Knee flexors Treat (6) 2.2 �0.5 >0.05
GMFM – 66 Con (9) 3.5 years 42.9 20.9 <0.001 >0.05

Treat (6) 47.2 23.6 0.002
PEDI Con (9) 1 year Not Not >0.05 >0.05

Treat (6) 3.5 years provided provided

Con: control; Treat: Treatment; NA: Not applicable, reported using MAS, however implausible MAS scores provided in tables; Unknown – sample size breakdown for
control and treatment groups not specified; NFDR: Neurofacilitation of Developmental Reaction; NDT: Neurodevelopmental Therapy.

Table 4. Comparison of outcomes for pre/post designs.

Study Outcome sample size (n) Follow-up period Baseline (mean) Post-treat score (mean) Within group (p value)

Akbari et al. MAS Quadriceps 15 12 weeks 1.93 0.87 0.0001
GMFM 88 (total) 15 12 weeks 30.52 49.27 0.0001

Park et al. MAS Ankle, wrist
and fingers

27 7 days Not provided �36 months: 13/17¼ 76%
>36 months: 8/20¼ 40%

<0.05

Con: control; Treat: Treatment; NA: Not applicable. Reported using MAS, however implausible MAS scores provided in tables; Unknown: sample size breakdown for con-
trol and treatment groups not specified; NFDR: Neurofacilitation of Developmental Reaction; NDT: Neurodevelopmental Therapy.
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was a retrospective file audit. Five interventions were reported
and included – functional physical therapy, Neurofacilitation of
Developmental Reaction (NFDR), Neurodevelopmental
Therapy (NDT), oral baclofen and botulinum toxin
(BoNT-A). The quality of these studies ranged from poor to
moderate.

The findings of this review indicate the management of tone in
infants and young children is not well described, with a dearth of
high-level evidence to support intervention in the 0–24 months
age-range. The need for well-designed studies focused on the
management of tone in children 0–24 months of age, is critical.
This is in contrast to a recent review of the literature completed
by Novak et al. [40] who report high levels of evidence of inter-
ventions for children with CP, over 2 years of age.

Numerous explanations for the lack of high level evidence to
support intervention in the 0–24 months age range need to be
considered, and include: Diagnosis of CP in the early years has
been characterized by poor sensitivity and specificity, with high
levels of false positives.[66] This has led to the diagnosis of CP typ-
ically occurring in the toddler years,[31] using multiple measures
to identify pathogenesis, impairment and functional limitations.[66]
The literature also indicates the reliable assessment of spasticity is
difficult, particularly in young children. This is supported by the
findings of Hedstrom et al. [67] who report a high proportion of
missing data associated with the age range 1–5 years, in the
reporting of MAS. They hypothesized this may be due to ‘‘. . . diffi-
culties in the cooperation of small children. . .’’ (p. 71). Further,

while it is recognized that variability in tone associated with devel-
opment trajectories influences treatment decisions, limited data
regarding the longitudinal development of spasticity in children is
available.[7] In addition, the relationship of spasticity to functional
outcomes in younger children has yet to be established.[68] Finally
limitations of some treatment options (such as BoNT-A) are due to
off-label restrictions.

The evidence for managing tone in early intervention

Of the five papers included in this review, only one [60] repre-
sented a randomized control trial aimed at evaluating an interven-
tion with a sufficient body of evidence, for the management of
spasticity in children with CP.[40] Tedroff et al. [60] reported
reduced muscle tone and arrested the progress of contractures,
following repeated BoNT-A injections in the gastrocnemius muscle,
in conjunction with a stretching programme, during the period of
transition from crawling to independent walking.

Further, support for the use of BoNT-A in managing muscle tone
in children younger than 24 months is offered by the work of Park
et al.[58] They reported not only improved cortical somatosensory-
evoked potentials and reduced spasticity following BoNT-A injec-
tions, but additionally, greater improvements were seen in the par-
ticipants aged �36 months as compared with participants >36
months of age. The authors conclude this finding is associated with
greater neural plasticity in younger children. However, the pre-test,

Table 5. PEDro scale.

Batra et al.
(2012)

Tedroff et al.
(2010)

Eligibility criteria were specified
Subjects were randomly allocated to groups (in a crossover study, subjects were randomly allocated an

order in which treatments were received)
1 1

Allocation was concealed 1
The groups were similar at baseline regarding the most important prognostic indicators
There was blinding of all subjects 1
There was blinding of all therapists who administered the therapy
There was blinding of all assessors who measured at least one key outcome
Measures of at least one key outcome were obtained from more than 85% of the subjects initially

allocated to groups
1

All subjects for whom outcome measures were available received the treatment or control condition as
allocated or, where this was not the case, data for at least one key outcome was analyzed by
‘‘intentionto treat’’

1

The results of between-group statistical comparisons are reported for at least one key outcome 1 1
The study provides both point measures and measures of variability for at least one key outcome 1 1

Table 6. Kmet et al. Scale.

Akbari et al.
(2009)

Schulz et al.
(2012)

Park et al.
(2002)

1 Question/objective sufficiently described? 2 2 2
2 Study design evident and appropriate? 0 0 1
3 Method of subject/comparison group selection or source of information/input variables

described and appropriate?
1 1 0

4 Subject (and comparison group, if applicable) characteristics sufficiently described? 2 1 1
5 If interventional and random allocation was possible, was it described? N/A N/A N/A
6 If interventional and blinding of investigators was possible, was it reported? N/A N/A N/A
7 If interventional and blinding of subjects was possible, was it reported? N/A N/A N/A
8 Outcome and (if applicable) exposure measure(s) well defined and robust to

measurement/misclassification bias? means of assessment reported?
1 0 2

9 Sample size appropriate? 1 0 1
10 Analytic methods described/justified and appropriate? 0 1 1
11 Some estimate of variance is reported for the main results? 1 0 2
12 Controlled for confounding? 0 0 1
13 Results reported in sufficient detail? 1 1 2
14 Conclusions supported by the results? 2 0 2
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post-test study design and small sample size indicate these findings
need to be considered exploratory and treated with caution.

While the mechanism by which spasticity affects cortical som-
atosensory evoked potentials is not clear, and the methodological
rigour of this study is moderate, when considered within the exist-
ing body of high quality evidence for children with CP older than
24 months, the work of Tedroff et al. [60] and Park et al. [58] make
a contribution to the growing body of research that indicates early
intervention needs to be both targeted and grounded within prin-
ciples of neural plasticity from an early age to maximize function,
participation and independence throughout the lifespan.

Botulinum toxin serotype A (BoNT-A) is currently licensed for
the treatment of spasticity in children older than 2 years.
Therefore, the use in younger children is ‘‘off label’’.[69] While
BoNT-A has a good safety record, the United States Food and
Drug Administration have received reports of systemic adverse
events in older children.[70] Reported adverse events in older chil-
dren and adults include respiratory compromise, vomiting and
generalized or focal weakness.

Pascual-Pascual and Castroviejo [69] retrospectively reviewed
the safety data of 74 infants treated with BoNT-A between 12 and
24 months of age. They reported adverse events, that consisted or
mild or focal generalized weakness, were described in 3.6 and
6.5% of those treated within 12 and 24 months, respectively. The
average starting dosed was 6.55 U/kg body weight BoNT-A within
the first year of life and 8.4 U/kg body weight BoNT-A in the
second year of life.

The findings of Pascual-Pascual and Castorviejo [69] indicate
the rate and severity of adverse events is not related to age, and
that the profile of risk when weighted against the potential
improvement in muscle function, warrants further investigation.

Managing tone within the ICF framework: outcome measures

Endorsement of the World Health Organisation International
Classification of Functioning, Disability and Health (ICF) framework
has facilitated universal acceptance of the need to adopt a range
of outcome measures that enable the assessment of the respon-
siveness of an intervention across the ICF domains, including the
extent and nature of impairments, activity limitations and role
restrictions in children with CP.[71–73]

All the five papers in this review included outcome measures
focused on body structure and function, three included additional
measures at the level of activity (GMFM), while only one paper
[60] included measures across all three domains of impairment,
activity and participation.

Body structure and function: assessment of tone
All the five studies reported the measurement for tone was based
on the MAS, with two indicating the MAS was used to specifically
measure spasticity. However, Scholtes et al. [9] in their review of
the spasticity scales report the only suitable measure of spasticity
is the Tardieu Scale ‘‘because it measures a velocity dependent
resistance at three specified velocities’’.

Even though the MAS does not comply with the concept of
spasticity it continues to be used.[74] None of the identified stud-
ies reported using the Tardieu, which may be due to the compre-
hensive and time consuming scoring system.[9]

Activity and participation
Hypertonia should not be managed in isolation.[5,68] Current evi-
dence-based practice principles require an understanding of the
influence of tone not only on an individual’s body functions and

structure, but also ones’ ability to execute tasks or activities and par-
ticipation in appropriate life situations. Further, the role of environ-
mental factors, including the social and attitudinal environments in
which children live, has an impact on activity and participation.[75]

In 2011, Debuse and Brace [76] undertook a systematic review
to identify psychometrically robust and clinically practical measures
of activity and participation for children with CP. Two measures:
The Gross Motor Function Measure (GMFM),[77] 88-item version
(GMFM-88) and 66-item version (GMFM-66); and the PEDI
(Paediatric Evaluation of Disability Inventory),[78] were found to
have solid psychometric properties and responsive to change. The
GMFM [77] is a measure of gross motor function that measures
level of difficulties in performing activities such as lying, rolling,
walking, running and jumping. The PEDI [78] is a parent-reported
measure that examines motor and self-care, as well as participa-
tion. The findings of Debuse and Brace [76] are also supported by
Rozkalne and Bertule.[72] It is worth noting that despite the
robustness of these measures the PEDI is normed for
children 6 months–7.5 years, thus excluding a percentage of the
population of interest to this review. Further, the 0–2 years age
range of the GMFM represents only 4% of the total sample size.

Three of the five papers [56,57,60] in this review reported the
use of the GMFM and only one included the PEDI.[60] Whilst it is
noted this is a psychometrically robust measure of gross motor abil-
ity and well accepted as a measure of activity, the test is conducted
under specific test conditions. It does not assess the interaction
between ability and contextual factors, such as the environment.

Environment
The importance of enriched environments in facilitating optimal
brain injury recovery, for children at high risk of CP, was high-
lighted in a recent systematic review.[79] Morgan et al. [79] pro-
pose an operational definition for enriched environments as,
‘‘. . .interventions that aim to enrich at least 1 of the motor, cog-
nitive, sensory or social aspects of the infant’s environment for
the purposes of promoting learning’’ (p. e737). Within this defin-
ition parent training is considered an environmental adaptation
representing a form of ‘‘motor-specific enrichment’’.

In this current review, one study reported actively engaging
with parents in goal setting at all stages of the program, whilst
administering a functional physical therapy program.[56]
Unfortunately, no outcome measures are provided on the attain-
ment of the functional goals and there is insufficient information
provided on the approach to parent training.

Finally, evaluation of the social aspects of the infant’s environ-
ment; and the influence of the parent-infant dyad and relationship
patterns, remains a gap in the literature. One particular RCT study,
excluded from this review due to failure to include measures of
tone,[80] evaluated the effects of an early intervention program
(Neonatal Behavioural, combined with a parent–infant relationship
component) to a control group (routine medical nursing care) in
low birth weight infants. Oghi et al. [80] reported no difference
between the groups with respect to motor outcomes. However, a
difference between the two groups was reported on the measures
affecting the parent–infant dyad, including Orientation and State
Regulation. Given the importance of maternal mental health and
well-being, and the influence of a child’s behaviour on family func-
tioning [81] inclusion of outcome measures describing these rela-
tionships, is required.

Limitations of the review

The purpose of this review is to examine the evidence for manag-
ing tone in children 0–24 months, with or at risk of developing CP.
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Several studies had to be excluded from this review because they
did not meet the inclusion criteria of including a measure of tone.
This resulted in the exclusion of papers focusing on improving
motor outcomes to optimize performance and enhance functional
gains, including treadmill training [82] and parent–infant
relationships.[81]

Further, the exclusion of papers due to the failure to include a
measure of tone highlighted the need for more detailed reporting
of spontaneous, generalized movements of young infants. This is
particularly relevant given the diagnosis of CP is typically made in
the toddler years;[31] and the increased recognition of the predict-
ive validity of spontaneous generalized movements for CP.[83]

Conclusions

This systematic review did not find high levels of evidence to sup-
port clinical decision making for the management of tone in chil-
dren 0–24 months of age. Given the growing body of evidence
that the human brain is capable of recovery after injury, with
changes in brain physiology apparent after rehabilitation, further
research with equal emphasis on impairment, activity and partici-
pation is required. This includes the need to quantify hypertonia
and to document functional changes in motor performance follow-
ing intervention.

Evidence-based practice requires the integration of best avail-
able evidence, patient values and goals and clinical expertise.[83,
84] Without high level research evidence clinicians are unable to
confidently integrate research into clinical decision making. In the
absence of clear research evidence, the systematic application of
sensitive outcome measures is required to confirm treatment
effects and generate new evidence.[40]
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Appendix

Table A1: Medline Search Strategy.

Population Intervention Comparison Outcome Limits

Cerebral Palsy/ Non-Medical Nil Muscle tonus/ All Infant: 0–23
Cerebral Pals$.mp exp Physical therapy modalities/ (Muscle adj ton$).mp months
Hemiplegia/ (Physical adj therap$).mp Muscle hypertonia/ Preschool: 2–5 years
Hemiplegi$.mp Physiotherap$.mp Hyperton$.mp Human
Quadriplegia/ Occupational therapy/ Muscle spasticity/ English
Quadriplegi$.mp (Occupational adj therap$).mp Spastic$.mp
Monoplegi$.mp (Functional adj electrical adj stimulation).mp (Ashworth adj Scale).mp
Triplegi$.mp (Electrical adj stimulation).mp (Modified adj Ashworth adj Scale).mp
(Neonatal adj stroke).mp
(Intraventricular adj

h$emorrhage).mp
(Brain adj injury).mp
(Hypoxic adj ischemic adj
encephalopathy).mp
(Periventricular adj leukomala-

cia).mp
Exp Infant, Low Birth Weight/
Exp Infant, Premature/

(Neuromuscular adj electrical adj stimulation).mp
Cast$.mp
Exp Orthotic devices/
Orthot$.mp
Orthos$.mp
Brace$.mp
(Sensory adj integration).mp
NDT.mp
(Neurodevelopmental adj treatment).mp
(Neuro-developmental adj treatment).mp
Bobath.mp
(Early adj intervention).mp
(Goal adj directed adj training).mp
Hippotherap$.mp
Hydrotherap$.mp

(Tardieu adj Scale).mp (Modified adj Tardieu adj
Scale).mp (Australian adj Spasticity adj

Assessment adj Scale).mp
Dystonia/
Dystoni$.mp
(Barry-Albright adj Dystonia adj Scale).mp
(Spasm adj Scale).mp
Muscle rigidity/
Rigidity.mp
Exp Muscle strength
exp Movement/
Motor skills/
Motor activity/
(Motor adj development).mp
(motor adj learning).mp

(Home adj program).mp (motor adj outcome).mp
(Constraint adj induced adj therapy).mp Exp Pain/
(Constraint adj induced adj movement adj
therapy).mp

Pain.mp
Activity.mp

(Bimanual adj therapy).mp Function.mp
(Conductive adj education).mp
Positioning.mp
(Treadmill adj training).mp
Vojta.mp

Participat$.mp
(Quality adj of adj li$).mp
(Activities adj of adj Daily adj Living).mp
environment$.mp

(Robotic adj gait adj training).mp (personal adj factor$).mp
Medical (Family adj function).mp
Exp Botulinum toxins/ (Attachment adj disorder).mp
Botulin$.mp (Maternal adj mental adj health).mp
Botox.mp (Enriched adj environment).mp
Bont-a.mp
Baclofen.mp
Rhizotomy/
(Selective adj dorsal adj rhizotomy).mp
Exp Orthopedic procedures/
(Orthop$edic adj surg$).mp
Tizanidine.mp
Phenol.mp
Dantrolene.mp
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Protocol

AbstrACt
Objectives Congenital hemiplegia is the most common form 
of cerebral palsy (CP). Children with unilateral CP show signs 
of upper limb asymmetry by 8 months corrected age (ca) but 
are frequently not referred to therapy until after 12 months ca. 
This study compares the efficacy of infant-friendly modified 
constraint-induced movement therapy (Baby mCIMT) to infant 
friendly bimanual therapy (Baby BIM) on upper limb, cognitive 
and neuroplasticity outcomes in a multisite randomised 
comparison trial.
Methods and analysis 150 infants (75 in each group), 
aged between 3 and 6 months ca, with asymmetric brain 
injury and clinical signs of upper extremity asymmetry will 
be recruited. Children will be randomised centrally to receive 
equal doses of either Baby mCIMT or Baby BIM. Baby mCIMT 
comprises restraint of the unimpaired hand using a simple 
restraint (eg, glove, sock), combined with intensive parent 
implemented practice focusing on active use of the impaired 
hand in a play-based context. In contrast, Baby BIM promotes 
active play requiring both hands in a play-based context. 
Both interventions will be delivered by parents at home with 
monthly home visits and interim telecommunication support 
by study therapists. Assessments will be conducted at study 
entry; at 6, 12 months ca immediately postintervention 
(primary outcome) and 24 months ca (retention). The primary 
outcome will be the Mini-Assisting Hand Assessment. 
Secondary outcomes include the Bayley Scale for Infant and 
Toddler Development (cognitive and motor domains) and 
the Hand Assessment of Infants. A subset of children will 
undertake MRI scans at 24 months ca to evaluate brain lesion 
severity and brain (re)organisation after intervention.
Ethics and dissemination Full ethical approvals for this 
study have been obtained from the relevant sites. The findings 
will be disseminated in peer-reviewed publications.
trial registration number Australian and New Zealand 
Clinical Trials Registry: ACTRN12615000180516, Pre results.

IntrOduCtIOn
Congenital hemiplegia occurs in over 
1 million children under 21 years of age in 
the industrialised world.1 Congenital hemi-
plegia, frequently termed unilateral cerebral 
palsy (UCP), is characterised by a unilateral 
or asymmetric brain injury occurring around 

the time of birth, impacting development of 
hand skills and motor abilities on one side. 
Cerebral palsy is the fifth most costly health 
condition.2 Therefore, early interventions 
that mitigate the brain injury and improve 
early hand function and later vocational and 
life outcomes are urgently needed. Children 
with congenital unilateral or asymmetric brain 
lesions frequently develop hemiplegia with 
major limitations in the use of their impaired 
hand, which results in poor bimanual coor-
dination and impacts on the performance of 
daily activities in home, school and commu-
nity life.

Currently, two very different intensive 
therapy approaches are used each with good 
evidence of improving outcomes for school-
aged children with CP.3 Traditional upper 
limb therapy adopts a bimanual approach 
(BIM) which aims to improve the use of the 
impaired hand as an assisting hand in play 
and functional daily activities.4 More recently, 
modified constraint-induced movement 
therapy (mCIMT) has been introduced, 

strengths and limitations of this study

 ► This study is an adequately powered randomised 
comparison trial of two alternate approaches to 
early intervention for infants at high risk of unilateral 
cerebral palsy.

 ► Primary outcomes are video recorded and assessed 
by a rater masked to group allocation.

 ► At 24 months (corrected age) brain (re)organisation 
will be compared for infants who receive alternate 
treatments.

 ► A controlled trial is not feasible or ethical.
 ► There are limited data published on variations in 
postural upper limb asymmetries and hand function 
for infants under 12 months of age with which to 
compare our data.
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which employs a unimanual approach whereby the unim-
paired hand is constrained in a glove to encourage inten-
sive unimanual training of the hemiplegic arm.5 There 
is speculation that BIM may benefit later bimanual coor-
dination, whereas mCIMT may achieve earlier capability 
in the hemiplegic hand due to specificity of training. 
Other conclusions have been drawn from animal studies 
hypothesising that early mCIMT may have a deleterious 
effect on brain reorganisation (overlateralisation of corti-
cospinal pathways), whereas equal training of both hands 
may reduce such an effect.4 To date, however, neither 
of these approaches have been tested or compared in 
a definitive randomised controlled trial (RCT) in very 
young infants with asymmetric brain lesions. This RCT, 
the Rehabilitation EArly for Congenital Hemiplegia 
(REACH) study, will directly compare an intensive infant 
friendly one-handed approach using mCIMT, called ‘Baby 
mCIMT’, to an equally intensive two-handed (bimanual) 
approach, called ‘Baby BIM,’ in very young infants with 
unilateral or asymmetric brain lesions and clinical signs 
of unilateral CP.

AIMs And hypOthEsEs
broad aim
To conduct a multisite RCT in four states, in Queensland, 
New South Wales, Western Australia and Victoria 
(Australia) with 150 infants (75 in each group) with 
asymmetric brain lesions (congenital or acquired prior 
to 6 months ca) and clinical signs of UCP. This study 
will determine whether Baby mCIMT is more effective 
than Baby BIM in improving infants’ ability to use their 
impaired hand in bimanual play activities (Mini-Assisting 
Hand Assessment (Mini-AHA)) at 12 months corrected 
age (ca). The secondary outcomes will test the differential 
effect of each approach on fine motor (Hand Assessment 
of Infants (HAI)) and Bayley Scale for Infant and Toddler 
Development (Bayley-III; motor and cognitive domains) 
at 12 and 24 months ca. in addition to symmetry of the 
corticospinal pathway development and its relationship 
to bimanual activities at 24 months ca.

Major hypothesis to be tested
H1 Baby mCIMT improves the symmetrical development 
of reach and grasp (unimanual capacity, HAI) to a greater 
extent than Baby BIM leading to better bimanual coordi-
nation (Mini-AHA) at 12 months ca.

secondary hypotheses
H2 Baby mCIMT is more effective than Baby BIM in 
enhancing fine motor and cognitive development at 12 
and 24 months ca (Bayley-III) and better participation in 
play, self-care activities and social functioning (Pediatric 
Evaluation of Disability Inventory Computer Adapted 
Test (PEDI-CAT)).

H3neuroplasticity of the key motor networks, as 
measured by structural connectivity, is enhanced and 
associated with improved bimanual function at 24 months 

ca in infants undertaking Baby mCIMT compared with 
those receiving Baby BIM therapy.

The primary aim of our study is to test the major 
hypotheses in an RCT conducted according to Consoli-
dated Standards of Reporting Trials (CONSORT) guide-
lines6 where we aim to determine if Baby mCIMT confers 
superior and lasting benefits on use of the impaired hand 
in bimanual activities over Baby BIM therapy.

Our secondary aim is to determine if there is a differ-
ential impact of Baby mCIMT and Baby BIM on early 
cognitive and fine motor development (Bayley-III) and 
better participation in play, self-care activities and social 
functioning (PEDI-CAT) in association with early brain 
reorganisation (diffusion MRI (dMRI) at 24 months ca). 
Enhancing our understanding of the neural mechanisms 
underlying early development of upper limb function and 
bimanual coordination according to the type of interven-
tion will provide important evidence as to the mechanisms 
underlying children’s responses to the type of interven-
tion and the impact on early brain development. To 
achieve this, we will use dMRI and structural connectivity 
analyses to evaluate white matter development in motor 
networks controlling movement in infants receiving Baby 
mCIMT or Baby BIM therapy at 24 months.

This clinical trial will be conducted across four states of 
Australia where there is access to populations of infants 
with hemiplegia through respective state-wide rehabilita-
tion services and the Australian Cerebral Palsy Register 
(ACPR).7 Children with hemiplegia usually attend regular 
schools; however, severity of their hemiplegic arm impair-
ment reduces independence in activities of daily living, 
compromises participation in education and leisure and 
can influence their later vocational aspirations. Very early 
rehabilitation with the most effective therapy that leads 
to sustained improvements in function and neurological 
structure could have profound effects on later participa-
tion offering a cost-effective and timely model of care. 
Improving our understanding of the mechanisms of 
response to therapy is essential to providing effective and 
timely treatment to achieve sustained outcomes.

Evidence for mCIMT and bimanual upper limb rehabilitation in 
congenital hemiplegia
Our meta-analysis reported the efficacy of interventions 
on improving upper limb dysfunction for school-aged 
children with hemiplegia.3 There was moderate to strong 
evidence that the original approach to CIMT (with a long 
cast on the unimpaired arm combined with intensive 
shaping) or modified CIMT (using a glove on the unim-
paired hand with activity-based training) was more effec-
tive than usual care to improve the quality and efficiency 
of arm movement. When mCIMT was compared with an 
equal dose of bimanual therapy at school age, there were 
differential effects related to the specificity of training.8 It 
remains unclear, however, whether one approach is supe-
rior in infants as the majority of studies did not include 
children under 1 year of age. Despite the philosophical 
preference for very early intervention to optimise brain 
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neuroplasticity, there is limited research on early upper 
limb rehabilitation for infants less than 12 months ca.9 It 
is important to test the efficacy of these two approaches 
to upper limb therapy in young infants where there is 
greater potential to harness neuroplasticity.

Cortical reorganisation after an early brain lesion: a critical window
For infants with early brain lesions, there are important 
phases of sensorimotor reorganisation in the first year10 
with two main types of brain reorganisation.11 Ipsilesional 
reorganisation (ie, reorganisation within spared cortical 
tissue of the damaged hemisphere) allows the damaged 

motor cortex to become reconnected to the spinal cord, 
as observed in adults following stroke.12 Contralesional 
reorganisation (ie, reorganisation in the undamaged 
cortex) occurs when existing ipsilateral motor projections 
remain intact instead of becoming retracted within the 
first months of life. This alternate type of reorganisation 
occurs in very early brain lesions11 and can lead to severe 
motor impairment due to dissociation of the primary 
sensory and motor pathways13 14 (figure 1. It is proposed 
that the first 3–6 months following an asymmetric brain 
lesion provides a critical opportunity for interventions 
to influence lateralisation of the corticospinal (CS) 

Figure 1 CONSORT flowchart. ACPR, Australian Cerebral Palsy Register; BIM, bimanual approach; CONSORT, Consolidated 
Standards of Reporting Trials; DASS, Depression Anxiety Stress Scale; mCIMT, modified constraint-induced movement therapy; 
EA-SR, Emotional Availability Self-Report Scale; PRIME-G, Pediatric Rehabilitation Intervention Measure of Engagement 
General Research Version. 
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pathways.15 When sparing of the CS tract is present, 
early intervention may shape cortical reorganisation and 
improve outcomes.

To date, there is limited human evidence to deter-
mine which interventions lead to ipsilesional rather than 
contralesional reorganisation. Animal studies provide 
strong evidence that the type of training (mCIMT or 
BIM) may differentially impact early brain (re)organisa-
tion in infants with asymmetric brain lesions.16 A review of 
feline model studies supports the initiation of prehensile 
training in infants before 6 months.17 This review indi-
cated a strong correlation between activation of the CS 
tracts and strength of synaptic connections with spinal 
motor circuits supporting the hypothesis that early brain 
damage might initiate a vicious cycle where damaged CS 
tracts are competitively disadvantaged from maintaining 
spinal synapses, resulting in secondary reductions in 
these connections.17 More recently, the same research 
group examined whether targeted activation of spared 
CS tracts led to functional improvement by exploring the 
effects of early intervention in cats with M1 inactivation.16 
Three groups were studied: (1) early restraint alone with 
no training of the impaired limb which equals infant 
age forced use; (2) early restraint plus training which 
equals infant CIMT and (3) late restraint plus training, 
which equals restraint and training at feline adolescence. 
Outcomes measured were: (1) CS tract connections, (2) 
M1 motor maps and (3) motor performance. Restraint 
alone was able to restore CS tract connectivity yet failed to 
impact M1 motor maps or motor function. Late training 
impacted both CS tract connectivity and motor maps but 
failed to induce significant functional recovery. The only 
intervention resulting in major improvements in all three 
measures of outcome was early restraint combined with 
training.16 These animal data support infant mCIMT for 
rehabilitation of children with asymmetric brain lesions.

Evidence from advanced brain imaging in children with congenital 
hemiplegia
The importance of a multilevel network in the reorgani-
sation of the CS system has been suggested by our work 
in children with congenital hemiplegia.18 The devel-
oping connectivity and symmetry of the thalamocortical 
pathways connecting M1 with the motor thalamus is as 
important as the symmetry of the CS tracts for unimanual 
capacity and bimanual coordination.18 19 High Angular 
Diffusion Imaging was performed to evaluate symmetry 
in the CS (motor) and thalamocortical (sensorimotor) 
tracts. Surprisingly, microstructural measures of the senso-
rimotor thalamic tracts were more significantly correlated 
with paretic hand function than those of the CS tracts. 
These data suggest functional outcome is not only related 
to the integrity of the CS tract but also requires feedback 
from sensory systems to shape the motor cortex and 
underlying pathways.15 18

To date, upper limb rehabilitation studies have focused 
on interventions to promote activation of the motor 
tracts alone with little regard to a balance of input to and 

from the sensory tracts.3 18 These data on rehabilitation 
and (re)organisation in UCP support a two-handed or 
bimanual approach to early rehabilitation. As evidence 
supports alternative approaches, mCIMT from animal 
studies and BIM from advanced MRI, in addition to 
the marked lack of evidence for an effective treatment 
for infants at risk of hemiplegia,20 there is an urgent 
need for further randomised clinical trials. The study 
proposes a direct comparison between the two alternative 
approaches (Baby mCIMT and Baby BIM) in very young 
infants at risk of hemiplegia.

MEthOds
Full ethical approvals for this study have been obtained 
from the relevant sites in Queensland, Perth, Melbourne 
and New South Wales. Written and informed consent 
will be obtained from all parents or guardians of partici-
pants before entering the trial. This trial has been regis-
tered with the Australian New Zealand Clinical Trials 
Registry (ACTRN12615000180516).21 This study protocol 
is reported according to the Standard Protocol Items: 
Recommendations for Intervention Trials statement 
(SPIRIT; 2013).

study design
A single-blinded randomised comparison trial will 
compare Baby mCIMT and Baby BIM in infants with 
congenital or early acquired hemiplegia with unilateral 
or asymmetric brain lesions according to CONSORT 
guidelines (see figure 1).

recruitment
Participants
One hundred and fifty infants aged between 3 and 6 
months ca at study entry with unilateral or asymmetric 
brain lesions (identified on cranial ultrasound or MRI) 
prior to 12 weeks post-term and clinical signs of hemi-
plegia will be recruited. These infants will be identified 
from neonatal follow-up clinics at the following sites 
in four states of Australia: in Queensland at The Lady 
Cilento Children’s Hospital (LCCH), Royal Brisbane and 
Women’s Hospital, Mater Mothers Hospital, Sunshine 
Coast University Hospital and the Gold Coast University 
Hospital; in New South Wales at The Cerebral Palsy Alli-
ance and the Children’s Hospital at Westmead, Sydney; 
in Victoria at The Royal Children’s Hospital and Monash 
Medical Centre Melbourne and in Western Australia 
at The Perth Children’s Hospital and the King Edward 
Memorial Hospital for Women, Perth, in addition to the 
ACPR. It is predicted that 364 infants will be born with 
asymmetric brain injuries over the 2 years of recruitment, 
so that recruitment of 150 infants (41% of eligible) is 
feasible.

Inclusion criteria
Participants will be recruited at ≤6 months ca (+14 days), 
have English spoken in the family and have the following 
by 6 months (+14 days) ca:
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1. Asymmetric brain lesion identified on cranial ultra-
sound or MRI including asymmetric (one-sided or more 
involved on one side) or unilateral brain injury including:

 ► Preterm or term arterial stroke;
 ► Grade III or IV intraventricular haemorrhage;
 ► Asymmetric periventricular leucomalacia;
 ► Asymmetric deep grey matter lesions;
and
2(a): Absent Fidgety Movements on General Move-

ments Assessment (GMs) at 12 weeks ca;
or
2(b): Abnormal Hammersmith Infant Neurological 

Examination (HINE) between 18 to 26 weeks ca; the 
Hammersmith Infant Neurological Evaluation (HINE) is 
a standardised neurological examination of cranial nerve 
function, posture, quality and quantity of movement, tone 
and reflexes and reactions, which has numeric scoring. A 
HINE score at 3 months <57 is 96% predictive of cerebral 
palsy.22–25

and
3. Asymmetry of upper limb reach and/or grasp on 

the HAI (>3 point difference) that is congruent with the 
asymmetry found on the early cranial ultrasound (CUS) 
or brain MRI (ie, opposite to likely side of the lesion).

Exclusion criteria
Infants will be excluded if they have:
1. Epilepsy uncontrolled by medication as this would be 

a confounder;
2. Retinopathy of prematurity > grade two or cortical 

blindness whereby visual tracking on clinical assess-
ment is not possible will be excluded;

3. Ventriculo-peritoneal shunts.

Confirmation of diagnosis/motor distribution
At 12 months ca, the diagnosis of congenital hemiplegia 
or UCP will be confirmed by a paediatrician, rehabilita-
tion physician or neurologist using a structured proforma 
of motor type and distribution. HINE will be performed 
at 12 and 24 months ca.

Brain MRI at 24 months ca will assess asymmetry of 
corticospinal and thalamocortical tracts and unilateral/
bilateral brain lesions using both a semiquantitative 
scale26 and quantitative analysis of microstructure on 
dMRI, which will enable secondary subgroup analysis 
(unilateral/asymmetric bilateral).

Comorbidities
Presence and severity of epilepsy (controlled by medica-
tion), visual fields (hemianopia) and/or hearing deficits 
will be assessed by a medical physician at 12 months ca.

Randomisation process
Children will be randomised centrally at the Queensland 
site to receive either Baby mCIMT or Baby BIM using a 
concealed centralised electronic allocation system deter-
mined by non-study personnel. After baseline assessment 
and informed consent, children will be stratified centrally 
for age at entry (3-4/5-6 months), gender (male/female), 

side of lesion (right/left) then randomised. Allocation 
will be confirmed to the local study therapist from the 
central study coordinator after the participant has been 
enrolled and baseline data have been collected.

Blinding
Structural MRI data will be qualitatively and quantitatively 
analysed at 24 months ca by a child neurologist masked 
to group allocation and previous history. Data for the 
Mini-AHA and Small-kids AHA at 12 and 24 months ca, 
respectively, will be rated from videos by an independent 
accredited rater masked to group allocation. Analyses will 
be performed using coded study allocation.

Study procedure
Study interventions

i. Infant-friendly modified constraint-induced 
movement therapy (Baby mCIMT): comprises 
restriction of use of the unimpaired limb using a 
simple restraint such as a glove, sock or sleeve with a 
bag clip combined with intensive play-based activity 
with the hemiplegic arm (table 1).

Theoretical framework of Baby mCIMT: Baby mCI-
MT27 is a further modification of mCIMT,28 adapted 
to very young babies at high risk of developing unilat-
eral CP. In the present clinical trial, Baby mCIMT has 
been designed in close collaboration with Professor 
Ann-Christian Eliasson who developed Baby CIMT 
and eco-CIMT.9 29 Baby mCIMT aims to improve the 
ability of the ‘impaired’ hand at a very early age, when 
movement skills are developing and when neural plas-
ticity may allow interventions to be more effective.17 
To achieve this, some ‘restraint’ of the non-impaired 
hand is typically needed during the practice time. 
Children are stimulated to use the impaired hand 
through presentation of a carefully selected set of 
age appropriate and engaging toys and play objects. 
Practice will be implemented in infants’ daily environ-
ments by their parents under the guidance of study 
therapists.
Baby mCIMT considers both developmental and abil-
ity constraints as well as perceptual, cognitive and 
environmental influences on the use of the impaired 
arm/hand. Physical assistance will be kept to a min-
imum but may be used judiciously to facilitate Baby 
mCIMT. Toys/tasks will be carefully selected for their 
developmental, therapeutic and engaging properties, 
and the environment may be manipulated to support 
the child with achieving unimanual skill development.
Baby mCIMT is approached from a number of differ-
ent perspectives:

 – For children with UCP, the ability to use their 
involved hand for reaching, grasping and object 
manipulation does not develop at the same rate 
or in the same way as that of their non-involved 
(preferred) hand. The impact of unilateral 
impairment on hand use needs to be considered 
to organise the intervention both from a 
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developmental perspective and also to target the 
correct motor ability level.

 – Children’s interests, motivation, cognitive 
and perceptual capacities, will be important 
considerations when selecting toys/tasks to 
promote use of the impaired hand/arm.

 – Parents will be supported to carry out Baby 
mCIMT at home with monthly home visits by an 
occupational therapist or physiotherapist trained 
in the implementation of the intervention, 
remote contact (Skype/Facetime/WhatsApp 
or telephone) between home visits and written 
material.

ii. Baby BIM: comprises play-based activity designed 
to encourage the use of both the impaired and 
unimpaired upper limbs during bimanual activities.

Theoretical framework of Baby BIM: In contrast to 
Baby mCIMT, Baby BIM uses an approach that en-
courages the two hands to be used together with a 
focus on developing bimanual skills. Bilateral arm 
movements are the predominant pattern of upper ex-
tremity movements in the first year of life,30 as humans 
are essentially bimanual beings. The developmental 
sequence of bimanual skills observed during infancy 
are related to the infant’s postural, sensory, perceptual 
and cognitive development as well as unilateral hand 
skill development.31 It is currently not known whether 
improvements in unilateral hand skill development 
will automatically lead to improvement in bimanual 
performance or whether focussing on developing spe-
cific bimanual skills would be more effective.
Similar to Baby mCIMT, Baby-BIM is designed for very 
young children up to approximately 12 months ca who 
have or who are ‘at risk’ of developing UCP. Baby BIM 
aims to improve the ability of the involved hand at a 
very early age, when movement skills are developing 
and when neural plasticity may allow interventions to 
be more effective.17

Baby BIM considers both developmental and ability 
constraints as well as perceptual, cognitive and envi-
ronmental influences that may impact the use of two 
hands. Physical assistance may be used judiciously to 
encourage motor activity. Toys and tasks are carefully 
selected for their developmental, therapeutic and en-
gaging properties, and the environment may be ma-
nipulated to support the child undertake bimanual 
activity.
Baby BIM is approached from a number of different 
perspectives:

 – An understanding of the bimanual motor actions 
which exist at different ages is required.

 – For children with UCP, the ability to use their 
involved hand for reaching, grasping and object 
manipulation does not develop at the same rate 
or in the same way as that of their uninvolved 
hand. The impact of the unilateral impairment 
on bimanual hand use needs to be considered 
to organise the intervention both from a It
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developmental perspective and also to target the 
correct motor ability level.

 – Children’s interests, motivation, cognitive and 
perceptual capacities, which develop over this 
first year of life, are important considerations 
when selecting toys/tasks to promote bimanual 
skills.

 – Parents are supported to carry out Baby 
BIM at home with monthly home visits by an 
occupational therapist or physiotherapist trained 
in the delivery of the intervention, remote contact 
(Skype or telephone) and written material.

Implementation of Baby mCIMT and Baby BIM
Preparation and planning of intervention sessions will 
be an important part of implementing both the Baby 
mCIMT and Baby BIM programmes. Study therapists 
will be provided with comprehensive Baby mCIMT and 
Baby BIM manuals developed by the REACH investi-
gators to help guide their intervention sessions. The 
manuals will include important background knowledge 
about the typical sequence of upper limb develop-
ment from zero to 12 months. Three ability levels have 
been developed for the Baby mCIMT and Baby BIM 
programmes to guide intervention implementation 
based on ability levels observed when completing the 
HAI.32 These are:

Level 1: Reaching and early grasping
Level 2: Grasping
Level 3: Refinement of grasp and object manipulation

Although these levels are age related in typically devel-
oping infants, the motor, cognitive and developmental 
level of each child with or at risk of UCP needs to be the 
primary consideration in identifying the appropriate 
level at which to target Baby mCIMT or Baby BIM. For 
each of the three ability levels, comprehensive informa-
tion is provided in the intervention manuals to guide 
therapy. This includes: (1) an overview of development 
of unimanual or bimanual ability at this level, (2) an over-
view of perceptual and cognitive influences, (3) princi-
ples of intervention at that level for each model and (4) a 
table providing specific treatment strategies organised by 
person, environmental and task considerations for each 
skill.

Using these levels aims to facilitate selection of 
important actions to practice at the right ability level to 
support the development of unimanual and/or bimanual 
skills.33

Use of assessment information for treatment planning
Information from completing the HAI and clinical obser-
vations of posture and movement will be used to identify 
the level at which unilateral and bimanual play activities 
should be targeted.27

 ► Young babies (3–4 months of age) and babies whose 
HAI result shows they may not have the ability to grasp 
with the involved upper limb will commence at level 1.

 ► Babies whose HAI result shows they have rudimentary 
grasping skills with the involved upper limb will start 
at level 2.

 ► Babies whose HAI result shows that they have good 
grasping skills in the involved upper limb and require 
further skill development will start at level 3.

 ► Over the course of the intervention period, as the 
infant develops new hand skills, they will be progressed 
through the levels of ability to ensure the continued 
‘just right challenge’ and to continue to refine and 
improve the child’s hand and arm ability.

Venue: home programme is optimal for best practice
The most effective partnership-based home programmes 
include five steps: (1) establishing a collaborative part-
nership, where the parent is the expert in knowing 
their child and their home environment; (2) having the 
child and family (not the therapist) set goals about what 
they would like to work on in the home environment; 
(3) establishing the home programme by choosing 
evidence-based interventions that match the child and 
family goals and empowering the parents to devise or 
exchange the activities to match the child’s preferences 
and the unique family routine; (4) providing regular 
support and coaching to the family to identify the 
child’s improvements and adjust the complexity of the 
programme as needed and (5) evaluating the outcomes 
collaborative.34 This study will adopt these evidence-
based principles in the development of the home 
programme.

Intensity of intervention
The REACH trial requires parents to complete play 
sessions to provide a specific dose of intervention per day, 
with the same dose in both Baby mCIMT and Baby BIM 
models of intervention. The proposed optimal dosage 
varies according to age, as follows:

 ► Infants aged 3–6 months ca: 20 min per day, 5 days per 
week;

 ► Infants aged 6–9 months ca: 30 min per day, 5 days per 
week;

 ► Infants aged 9–12 months ca: 40 min per day, 5 days 
per week.

The dosage does not need to be completed in one 
session. Play sessions may be spread over the day. For 
example, a child of 10 months may have four sessions 
of 10 min to achieve 40 min of intervention per day. 
To date, there are no evidence to support the optimal 
dose for intervention according to the child’s age. The 
session times proposed in the REACH trials are shorter 
than those used with older children because: (1) babies’ 
attention spans are short and (2) small doses allow time 
for families to attend to the multiple demands on their 
time and to fit intervention between other needs such as 
feeding, physical care and sleeping. The total overall dose 
will be 70 to 89.2 hours by 12 months ca depending on 
infant’s age at the time of recruitment (between 3 and 
6 months ca).
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Procedures for both interventions
Baby mCIMT and Baby BIM will be implemented by 
parents in the home environment, supported by an 
occupational therapist or physiotherapist trained in 
the delivery of each intervention. Home visits will be 
conducted once per month from the time of recruit-
ment until 12 months ca. At the initial home visit baseline 
assessments will be completed following which infants will 
be randomised to one of the two interventions. A further 
aim of the initial home visit is to understand the family 
environment and determine the learning and support 
needs of the family, provide education about the interven-
tion to which the infant has been allocated and establish 
a home programme. Subsequent home visits will occur 
once per month and are expected to range between 1 
to 1.5 hours duration. During the home visit, therapists 
will collect information since the previous visit or remote 
contact with the family, review the home practice diary 
and home programme, complete a play session in collab-
oration with the family and plan and document the next 
focus areas for intervention. Two weeks after each home 
visit, the therapist will contact the family via Skype or tele-
phone, depending on the preferences of the family. The 
aim of this contact is to support the family in the delivery 
of the home programme, review the infant’s progress and 
update the home programme as required.

Both programmes have: (1) the same dosage, (2) 
varied construct and (3) are delivered by parents in the 
home environment with the support of an occupational 
therapist or physiotherapist. To ensure the same treat-
ment dose is delivered within and between each treat-
ment arm, a range of strategies will be implemented. 
The intervention manuals developed for Baby mCIMT 
and Baby BIM clearly describe the treatment dose and 
scheduling. Computerised scheduling will be established 
in a Research Electronic Data Capture (REDCap) data-
base, which will provide therapists with a prompt for 
intervention contacts. At the completion of each home 
visit and remote contact, the therapist will complete an 
online questionnaire (Qualtrics) which will record any 
deviations from the dose protocol and reasons and the 
amount of contact time provided. The questionnaire will 
further prompt therapists about the scheduling for the 
next contact with the participant. In planning for any 
potential setbacks, more than one therapist at each site 
will be trained to deliver each intervention. In the case 
of a missed home visit or remote contact, therapists will 
reschedule the appointment within a 2-week time frame. 
Each family will complete a home practice diary, which 
will be reviewed by the therapist at each home visit and 
uploaded on a central database (REDCap). The home 
practice diary will record the amount of daily home prac-
tice (in minutes), the activities practised and any ques-
tions for the therapist at the subsequent contact.

Role of the study therapist
Consistent with the principles of shared decision-making,35 
the therapist will work in partnership with the family to 

determine how and when intervention will be under-
taken so as to accommodate daily family routines while 
adhering to intervention protocol. Ensuring that the 
parent feels emotionally supported, the therapist will 
provide the rationale for the specific intervention being 
undertaken. Drawing on the parent’s knowledge of the 
child together they will tailor the activities relevant to 
either Baby mCIMT or Baby BIM. Through informa-
tion exchange, the therapist will situate the solutions for 
how to progress the intervention with the family thereby 
reinforcing a sense of self efficacy in the delivery of the 
intervention.36 Along with adopting a solution-focused 
coaching approach37 during home visits, the therapist will 
remain in regular telecommunications contact to help 
resolve any implementation challenges as these may arise.

Positioning the infant for the therapy programme
During study intervention, the infant should be in as 
upright and stable a position as possible. This allows the 
infant to more easily use goal-directed arm movements 
with their attention focused on the play situation.38 At 
times, in the HAI first ability level, play in semisupine 
nestled in the parent’s lap and facing the parent may 
be used to orient infants towards toys and other play 
objects. The prone position should be avoided as this 
is a difficult position in which to encourage unimanual 
or bimanual skills. A baby chair/high chair is preferable 
for the programme once an infant has head control in 
supported sitting and when the baby only needs to be 
held around the trunk when sitting on a lap. The infant 
should be stable when using an infant seat, and appro-
priate supports may be required to improve stability. The 
child should not be practising sitting balance when the 
focus is on use of upper limbs and hands as the quality 
of postural control is known to influence exploration 
and the quality of object manipulation.39 40 A table at the 
appropriate height and close to the body is also encour-
aged as it is useful for eliciting grasp of toys placed in 
various positions.

Supporting the parent–infant relationship and parent mental health
Both interventions will be conducted in a manner consis-
tent with supporting parental mental health and sensitive, 
responsive parenting. Dr Koa Whittingham, a registered 
clinical and developmental psychologist and investigator 
on this project, is responsible for developing the parental 
mental health and parenting support component of 
the intervention manuals, for training all of the ther-
apists in parental mental health and parenting support 
and for providing ongoing mentorship and advice to 
therapists as needed throughout the trial. The parental 
mental health and parenting support components will 
be developed grounded in three key theoretical frames: 
the emotional availability literature,41 the grief and loss 
literature including chronic sorrow theory42 and Accep-
tance and Commitment.43 Training will focus on enabling 
therapists to better support parental grief and to recog-
nise and support responsive parenting. If parental mental 
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health or the parent–infant relationship is found to be 
a significant concern, either arising directly from ther-
apist–parent contact or from parental scores on the 
Depression Anxiety Stress Scale (DASS) or Emotional 
Availability Self-Report Scale (EA-SR), then appropriate 
referral options will be discussed with the parent.

Delivery and fidelity
The United States National Institute of Health 
Behaviour Change Consortium has recommended a 
model of fidelity comprising five areas for consider-
ation.44 The five areas encompass study design, training 
of intervention providers, treatment delivery, treatment 
receipt and enactment. While this model was developed 
for psychological interventions, it has been adopted in 
rehabilitation focused research.45 46 The model provides 
an overarching framework for addressing fidelity in the 
current study. All therapists implementing Baby mCIMT 
and Baby BIM will participate in standardised training. 
Training will include certification in conduct of the HAI 
(2 days), Mini-AHA if not already certified (3 days) and 
intervention delivery and study procedures (2 days). 
The standardised training for intervention delivery and 
study procedures will be video recorded to be used if new 
study therapists require training over the 4-year study 
period. Standardised training manuals will be provided 
for each study therapist. The standardised training will 
include both didactic and interactive elements encom-
passing the rationale underpinning each intervention, 
engaging and working effectively with families, prin-
ciples of family-centred practice and coaching, infant 
ability levels determined through the HAI, interven-
tion planning, toy selection, implementation of Baby 
mCIMT and Baby BIM including video case vignettes. 
In addition, therapists will be familiarised with the inter-
vention manuals and a series of nine worksheets that 
will be used in the implementation of each intervention 
protocol to further enhance standardisation of interven-
tion delivery. Four of these worksheets are for the study 
therapists to prompt the delivery of essential elements 
of the intervention. These include a mind map to guide 
therapists in provision of necessary information about 
each intervention to the parent, a guide and checklist 
for structuring home visit sessions, a standardised home 
programme template and questionnaire completed by 
the study therapist at the conclusion of each home visit 
to reflect on their performance and engagement with 
the family.

A questionnaire using a five-point Likert scale developed 
for the study will evaluate the therapists’ self-perceived 
knowledge, skills, beliefs and confidence in delivering 
each intervention. This will be administered prior to and 
at the completion of the standardised training, and then 
at 6, 12, 18 and 24 months post to monitor any poten-
tial drift and implement booster sessions if indicated. 
Monthly Skype/web-based meetings among study ther-
apists will occur to provide ongoing mentorship and 
support to implement the interventions. Each study 

therapist will have a chief investigator at their local site to 
provide support, supervision and mentorship.

A provider delivery observational checklist will be 
developed to evaluate treatment adherence, treatment 
differentiation and therapist competence in delivery of 
core intervention components. Essential and proscribed 
elements of each intervention will be defined based on 
the intervention manuals and training resources. Core 
elements will be worded into observable actions and 
behaviours to reflect both adherence to the protocol 
and the quality by which the interventions have been 
delivered (competence items). A coding manual will be 
developed for each item on the checklist. Content validity 
of the checklist will be determined by an expert panel 
comprising REACH study investigators and developers 
of the intervention manuals and standardised training. 
To determine if the items measure what they intend (ie, 
adherence, competence, treatment differentiation), an 
expert panel comprising REACH study investigators will 
review each item in the checklist. Inter-rater and intra-
rater reliability will be established.

Study therapists will videotape all home visit sessions. 
Videotaped sessions will be uploaded centrally 
(Queensland site). The first two home visits for each ther-
apist delivering each intervention will be reviewed inde-
pendently by two study investigators at the Queensland 
site against the Provider Delivery Observational Check-
list. A random sample of videos will then be selected over 
the course of the study so that approximately 10% of each 
therapists’ intervention sessions will be evaluated using the 
Provider Delivery Observational Checklist. A threshold of 
80% compliance to checklist items will be applied and 
deviations in excess of this will result in feedback to the 
study therapist’s local site supervisor. The supervisor and 
study therapist will then review and determine strategies 
to mitigate further deviations from protocol.

A range of strategies will be employed by the study ther-
apists for monitoring and improving the receipt of treat-
ment. Worksheets developed to enhance the parents’ 
delivery of the intervention include a guide to preparing 
for a play session, choice of restraint (for Baby mCIMT 
group only), a mind map (Are you ready to play?) to 
prompt parents around the optimal time and environ-
ment to play with their child and a mind map (How did the 
session go?) to encourage parents to reflect on their play 
session with their child. As part of the structured home 
visit, study therapists will ask the parents to demonstrate 
the intervention activities they have been practising with 
their child and the toys they have selected. Therapists will 
provide feedback on parent performance and highlight 
the child’s progress. As the child progresses in develop-
ment of their hand skills, therapists will provide demon-
stration of the next stage/goals of therapy and discuss 
features of objects/toys that may elicit the behaviours 
that are being targeted. Therapists will employ coaching 
strategies with the families to help them consider toys/
objects they could use in their own environment. Collab-
orative discussions will enable therapists to determine if 
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the parents understand the next therapy goals. Families 
may videotape their child during the session as a prompt 
to assist them in the delivery of the treatment in between 
therapist contacts.

Parents will be independently interviewed when their 
infant at baseline, midway through each infant’s inter-
vention period and at 12 months ca to determine how 
they are reacting to the intervention requirements, the 
extent to which delivery is feasible in their family context 
and their reaction to changes they may have observed in 
their child. This interview will follow parent’s comple-
tion of the Pediatric Rehabilitation Intervention Measure 
of Engagement (General Research Version) (PRIME-
G). The PRIME-G has been developed to gain parent’s 
perspective on their own engagement in their children’s 
therapy.

Intervention content and implementation
Details of the implementation of Baby CIMT and Baby 
BIM are presented according to the

template for intervention description and replication 
(TIDieR) checklist and guide in Table 1.47

Concurrent therapies
Concomitant interventions (eg, PT, OT) provided during 
the study period until 24 months ca will be recorded using 
a logbook. Infants are not expected to receive intramus-
cular botulinum toxin A to the upper limb as it has not 
received regulatory approval for infants with CP less than 
2 years of age in Australia. Rigid casting will be discour-
aged as there is no published evidence of functional bene-
fits for infants with hemiplegia less than 24 months ca. 
Night splinting, if used will be recorded in the logbook.

Outcome classification and exit criteria
Infants recruited to the study will be assessed at specific 
time points including at 6 months ca for cross-sec-
tional analysis of the study population on asymmetry of 
reach/grasp (HAI), at the conclusion of intervention 
at 12 months ca on bimanual coordination (Mini-AHA) 
and general development (Bayley-III). The diagnosis 
of hemiplegia (by motor type and distribution) will 
be confirmed independently by medical personnel 
at 12 months ca using a structured proforma. If there 
is deterioration of development of hand skills of the 
less impaired hand in either intervention group quan-
tified as a difference of <3 points on the unimpaired 
hand compared with the impaired hand, the case will 
be presented to the independent data monitoring and 
safety committee (DMSC) to determine if stopping rules 
have been met.

Adverse events
Any adverse events associated with either intervention will 
be screened at 6, 12 and 24 months using open-ended 
questions asked by non-treating personnel. Families are 
monitored for parent mental health and parent/child 
attachment at baseline, 6 and 12 months ca using DASS48 
and EA-SR.49

Data Management Safety Committee
Three independent researchers will comprise the DMSC. 
They will review all adverse events, subject participant 
retention in each arm of the study and compliance with 
study protocol at 12 monthly intervals.

Baseline assessments at study entry
Measurement of unimanual capacity will be performed 
using the HAI27 32 at study entry, then at 6 months ca to 
describe the study sample.
1. Classification of the Early Brain Injury: The Kidokoro 

Scale50: scoring of structural MRI to classify brain 
injury and growth has been validated for use at term 
equivalent age (TEA) in infants born preterm.50 51 
Qualitative scoring systems of MRI at TEA include 
quantitative biometrics to measure the impact of 
secondary brain maturation and growth following 
preterm brain injury.52–54 These neonatal MRI scoring 
systems underwent further development to include 
evaluation of deep grey matter structures and the 
cerebellum20 and this version will be used in this study 
for infants who underwent neonatal MRI.

2. Prechtl’s General Movements Assessment (GMs): The 
GMs is a diagnostic tool for neurological evaluation 
of at-risk infants.55 56 It has high predictive value for 
neurodevelopmental outcome at 12–24 months (eg, 
sensitivity ≥92% and specificity ≥82%, p<0.01). Infants 
will be video recorded for 5 min at 12–14 weeks ca (fid-
gety period) to determine ‘absent fidgety’ GMs as one 
of the inclusion criteria to the study. Videos will be re-
corded globally for 5 min, then 1 min to focus on each 
hand to detect hemiplegia.57 The GMs will also be rat-
ed by a second masked assessor to confirm ‘Absent 
Fidgety’ or ‘Asymmetric Absent Fidgety’ as markers of 
high risk of CP and high risk of UCP.

3. HAI:This is a criterion, norm referenced assessment, 
which evaluates quality and frequency of hand abil-
ities from 3 to 12 months post-term. Test items were 
developed from a review of the literature, expert 
panel and systematic observations of infants. A Rasch 
measurement model was used to determine internal 
scale validity. The test items assess unilateral and bi-
manual actions, based on the frequency of occurrence 
and quality of performance. The HAI comprises 17 
items, which describe object-oriented hand actions 
scored on a three-point scale. For 12 items, each hand 
is scored separately, which enables quantification of 
asymmetry between limbs. A further five items eval-
uate bimanual hand performance. Scores from each 
section are summed to provide a Both Hands sum 
score, which is converted to an interval level (0–100) 
Both Hands Measure. The HAI will be performed at 
baseline, 6 and 12 months ca.58 Videos of the 6 and 
12-month assessments will be assessed independently 
by a certified rater.59

4. Demographic questionnaire: The demographic 
questionnaire has been developed specifically for 
the study to assess family factors and demographic 
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variables such as socioeconomic status, parental 
education and child factors such as birth history and 
other comorbidities. A measure of social advantage/
disadvantage will also be derived from postcode of 
residence using the Index of Relative Socio-economic 
Advantage/Disadvantage (2006) from the Australian 
Bureau of Statistics (129 Reference). Deciles will be 
reported on a continuum with lower scores reflecting 
greater socioeconomic disadvantage and higher 
scores reflecting socioeconomic advantage.

Classification of the sample at 12 and 24 months ca
All participants will be classified using the:
a. Manual Abilities Classification System for Infants 

(mini-MACS): The mini-MACS will be used to classify 
the infants’ ability to handle objects in daily activities 
on one of five levels.60 The mini-MACs version of the 
MACs for children aged less than 4 years will be used 
in this study and this has strong content validity and 
inter-rater reliability in both parents and therapists 
for infants aged 12–51 months61. The Intraclass 
Correlation Coefficient between parents and 
therapists on the mini-MACs was 0.90 (95% CI 0.79 
to 0.92) and for the two therapists was 0.97 (95% 
CI 0.78 to 0.92). Children will be classified on mini-
MACs by an occupational therapist on this measure 
in discussion with the caregiver.

b. Gross Motor Function Classification System 
extended and revised version (GMFCS-ER): 
Classifies self-initiated movements related to sitting/
walking over five levels.62 It is based on self-initiated 
movements, antigravity postures and motor skills 
expected in a typical 5-year old. Children who are 
independently ambulant are classified as GMFCS I 
or II, those requiring an assistive mobility device to 
walk classified as GMFCS III and those in wheeled 
mobility as GMFCS IV and V. Most children in 
the REACH study will be GMFCS level I or II. The 
GMFCS has internationally established validity, 
reliability and stability for the classification and 
prediction of motor function of children with 
CP aged 2–12 years63.64 It has a high inter-rater 
reliability (generalisability coefficient=0.93).64 In 
the current study, the <2 years descriptions are used. 
Lower inter-rater reliability is documented for the 
<2 years age band (κ=0.55), as younger children’s 
gross motor abilities are more variable, and less 
developmental information is available on which 
to base the classification.65 The intrarater (test–
retest) reliability from <2 to 12 years appeared to be 
acceptable (generalisability coefficient=0.68). The 
GMFCS has been correlated with a number of motor 
scales, as well as CP distribution and type of motor 
impairment.65

c. Motor Type and Distribution: Motor type of CP will 
be classified by a medical practitioner as spastic, 
dystonic, ataxic, hypotonic, choreoathetosis, mixed 
CP or unclassifiable according to Surveillance of 

Cerebral Palsy in Europe guidelines.66 Distribution 
will classified by number of limbs impaired.

d. Classification of the brain lesion at 24 months: 
The nature of the brain lesion will be classified 
from MRIs at 24 months ca using two scales: (a) 
a qualitative (Krageloh Mann)19 and (b) semi-
quantitative classification of brain lesion severity 
using structural MRI (sMRI, Fiori scale).67 The 
American Academy of Neurology68 has concluded 
that a clinical brain MRI should be part of the 
diagnosis of CP, so that all MRIs will be conducted 
as part of clinical best practice. Structural MRI 
will be obtained using a 3T scanner at one of the 
four sites, with at least T1-weighted high-resolution 
magnetisation prepared three-dimensional image, 
T2-weighted spin-echo image and fluid-attenuation-
inversion-recovery (FLAIR) sequences. Structural 
MRI will be evaluated by a paediatric neurologist 
(SF) masked to clinical features and history, for type 
of lesion and to describe a presumed pathogenic 
pattern (eg, stroke, hypoxia/anoxia, toxic, metabolic 
or infective). The brain lesion severity will be 
determined by using a semiquantitative scale (Fiori 
scale) that has demonstrated high inter-rater and 
intrarater reliability67 and strong construct validity 
based on dMRI and functional severity in children 
with unilateral CP.69 In the Fiori scoring system, 
raw scores for lobes, subcortical structures (basal 
ganglia, thalami and brainstem), corpus callosum 
and cerebellum are systematically calculated, where 
higher scores represent more severe pathology. 
Each hemispheric score (HS) is the sum of the lobar 
scores (maximum score of 12). The basal ganglia 
and brainstem score (BGBS) is the sum of left and 
right subcortical structures (basal ganglia, thalamus, 
brainstem and posterior limb of the internal 
capsule) (maximum score of 10). The global score 
is the sum of the right and left HS, BGBS, corpus 
callosum and cerebellum scores (maximum of 40). 
A laterality index will be calculated for each scan 
(range 0–1) to determine the lateralisation of the 
lesion, assuming the HS as the lateralised measure. 
A score approximating 0 indicates a more bilateral 
lesion; a score approaching one more unilateral 
involvement.

prIMAry OutCOMEs
The primary outcome measure at 12 months ca is use 
of the impaired hand as an assisting hand in bimanual 
activities on the Mini-AHA which will be rated blinded to 
group allocation/order from video recordings.

bimanual performance
All infants will be assessed using the Mini-AHA at 
12 months ca and Small Kids AHA at 24 months ca. Both 
of these tests have been developed using Rasch method-
ology and measure the effectiveness with which a child 
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makes use of their impaired hand during bimanual activity 
performance. Test–retest reliability is high for school chil-
dren (ICC 0.98). Small Kids AHA is responsive to change 
following upper limb intervention5 with a smallest detect-
able difference of 3.89 raw scores. The Mini-AHA was 
developed for children 8–18 months and comprises 20 
items rated on a four-point scale. There is evidence for 
internal scale validity and the Mini-AHA distinguishes 
between levels of ability with high precision.70 The test 
developers have demonstrated longitudinal validity of the 
Small Kids AHA and predictive validity of future use of 
the impaired hand as an assisting hand use.71

sECOndAry OutCOMEs
bayley-III72

Infants will be assessed on the Bayley-III (cognitive and 
motor) at 12 months and 24 months ca. Test–retest reli-
ability is 0.67 (fine motor) and 0.83 (gross motor).73

paediatric Evaluation of disability Inventory Computer 
Adapted test (pEdI-CAt)
The PEDI-CAT is a norm referenced, parent-reported 
measure of domains of self-care, mobility and social 
functioning which has good validity and reliability.74 The 
PEDI-CAT is completed online at 12 and 24 months ca 
and will be used to compare outcomes between groups.

EA-sr49

EA-SR is a 32 item self-report measure of emotional avail-
ability with excellent reliability and validity. 

dAss-2148

DASS-21 is a 21-item questionnaire that assesses symptoms 
of depression, anxiety and stress in adults. Respondents 
rate items on a four-point Likert scale reflecting how 
much the statement applied to them in the past week. 
DASS produces three subscales each with good internal 
consistency: the depression (α=0.91), anxiety (α=0.84) 
and stress (α=0.90) scales. DASS also has good discrim-
inant and concurrent validity.48

prIME-G
PRIME-G is a parent report of engagement in the inter-
vention. This measure is part of a suite of measures of 
engagement currently under development (http:// prim-
eresearchteam. com/). PRIME-G is a self-report measure 
comprising 12 items which reflect affective, behavioural 
and cognitive aspects of engagement. Items are scored on 
a seven-point Likert scale. It is anticipated that the more 
highly engaged the family the more likely they will be 
to complete the intervention protocol. PRIME-G will be 
assessed at the first home visit conducted by the research 
occupational therapist, then at the midway point of the 
intervention (3 to 4 months following commencement) 
and at 12 months of age at completion of the intervention.
neurodevelopmental Assessment
Neurodevelopmental assessment of the infants, will be 
undertaken by a medical practitioner (paediatrician, 

rehabilitation specialist or neurologist) at 12 and 24 
months of age to confirm the diagnosis, to classify the 
motor type and distribution using HINE.22–25 HINE is 
the most accurate method for early detection of cere-
bral palsy in infants older than 5 months (corrected for 
prematurity) but less than 2 years old to detect neuro-
logical dysfunction (90% predictive of cerebral palsy). 
An infant with a HINE score lower than 73 (at 6, 9 or 
12 months) is considered to be at high risk of cerebral 
palsy. A HINE score lower than 40 (at 6, 9 or 12 months) 
strongly indicates cerebral palsy.23 24

neuroimaging measures
All participants undertaking MRI will be checked for 3T 
MRI safety including no metal implants or ventriculoperi-
toneal shunts. As participants will be 24 months ca at MRI, 
and unable to lie still in the noisy scanner environment, 
their families will be offered MRI under sedation as part of 
clinical follow-up.68 The American Academy of Neurology 
practice parameter has concluded that brain MRI should 
be part of the diagnosis of CP. This is routinely under-
taken as part of best clinical practice after referral by their 
treating doctor.

Diffusion imaging acquisition and white matter fibre tracking
DMRI scans, suitable for structural connectivity anal-
yses will be acquired on 3T scanners at LCCH, Brisbane, 
Murdoch Children’s Research Institute in Melbourne 
and the Children’s Hospital at Westmead in Sydney and 
the Sir Charles Gardner Hospital in Perth. The research 
sequence will be acquired at the same time as clinical 
scans at 24 months ca during natural sleep or using seda-
tion or under general anaesthesia (determined on a 
case by case basis)68 where (Note: dMRI adds 10 min to 
scan time, total scan time 35 min). There are some risks 
associated having a general anaesthetic to undertake the 
MRI. In ambulant children with CP with no other major 
medical conditions (no uncontrolled seizures) the risk 
associated with general anaesthesia is <1% chance of some 
complication. The referring doctor will discuss this with 
the parents in relation to their child. Where families do 
not wish their child to undergo general anaesthesia for 
MRI at 24 months ca, they will be offered a desensitisation 
programme to familiarise the child to the scanner noises 
so that sleeping scans can be performed. Families who 
do not wish75 for their child to have an MRI at 24 months 
can participate in the study without performing the scan.

Diffusion-weighted images will be acquired along 64 
directions, with full brain coverage. DMRI data will be 
preprocessed to reduce artefacts,76 and the fibre orienta-
tion distribution estimated taking into account crossing 
fibres.75 Tractography will be performed to delineate 
corticospinal and thalamocortical pathways.

Quantitative diffusivity indices fractional anisotropy 
and mean diffusivity, will be calculated for the tracts and 
an asymmetry index calculated. This will be performed 
separately for the left/right-sided hemiplegia, cortical/
subcortical regions and uni/bilateral lesions. Our 
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hypothesis is that the Baby mCIMT group will show 
reduced asymmetry due to enhanced plasticity.

sample size determination
Primary basis for sample size calculation is adequate 
power for H1 comparison between functional effects 
of Baby mCIMT compared with Baby BIM therapy at 
12 months ca. Based on data from a study of 2 to 3-year 
olds,28 we propose a mean difference of 6 AHA logit 
points (100-Logit Scale)71 77 as the minimum difference 
likely to have substantial clinical impact. Data from our 
large RCT comparing mCIMT and BIM in school-aged 
children with hemiplegia yielded SD of 12.8 and 12.6 
in each group.8 Assuming a pooled SD of 12.8 units, a 
sample size of 144 participants (72 per treatment) will 
have 80% power to detect a 6-unit difference on AHA 
between groups (2-sided test at p<0.05). We require 150 
children (75 in each group) to allow for attrition (41% 
recruitment of eligible is required as a minimum, there-
fore feasible).

Statistical analysis
Analyses will follow standard principles for RCTs, with 
interest focussing on comparisons between the interven-
tion groups. Analyses will be undertaken on an inten-
tion-to-treat basis, and statistical significance will be 
set at p<0.05. The primary outcome, mini-AHA scores 
at 12 months ca, will be compared between treatment 
groups using generalised linear models. The main effect 
entered will be treatment group (mCMIT/BIM), and 
stratification variables (age, gender, side) will be entered 
as covariables. The distributional family will be Gaussian 
and the identity link will be used. The secondary anal-
yses will use similar methods to compare outcomes 
between groups at 24 months ca for bimanual coordina-
tion (AHA), cognitive development (domains of Bayley 
Scale of Infant Development III) and self-care domains 
of PEDI-CAT. For dichotomous outcomes, the distribu-
tional family will be binomial and the logit link will be 
used. Where continuous data exhibit skewness not over-
come by transformation, non-parametric methods (for 
example the Mann-Whitney U Test or quantile regres-
sion) will be used. For H3,3 magnitude of central changes 
between groups will be determined using quantitative 
analysis of dMRI statistical parametric maps. Data will be 
compared between groups using generalised estimating 
equations.

Validity of results will be checked using baseline and 
general descriptive information available for all eligible 
families. This includes comparing key characteristics 
of families who completed the study with those who 
enrolled in the study but did not complete and those 
who did not enrol. Multiple imputation techniques will 
be used if to adjust for differential drop-out if appro-
priate. Professor Robert Ware, lead biostatistician, will 
provide expert input for guiding and assisting with 
analysis.

EthICs And dIssEMInAtIOn
This study protocol presents the background and design 
for a randomised comparison trial comparing inten-
sive Baby CIMT training to the same dose of Baby BIM 
for children with congenital hemiplegia. The alter-
nate approaches may impact neuroplasticity positively 
(balanced) or negatively (lateralised) which along with 
the duration of therapeutic responses will guide clini-
cians on choice of the most effective treatments. Our 
team has commenced the first implementation studies 
of intensive upper limb therapy in school-aged children 
with hemiplegia,78 and thus findings of this proposed 
study in young infants are able to be translated rapidly 
into clinical practice.

Full ethical approvals for this study have been obtained 
from the Children’s Health Queensland Hospital and 
Health Service Human Research Ethics Committee 
(HREC/14/QRCH/376: ethical review provided for 20 
sites: Lady Cilento Children's Hospital, Royal Brisbane 
and Women's Hospital, Mater Mothers’ Hospital, Gold 
Coast University Hospital, Sunshine Coast University 
Hospital, Nambour General Hospital, The Children’s 
Hospital at Westmead, Children's Hospital Randwick, 
Westmead Hospital, Royal North Shore Hospital, Liver-
pool Hospital, Nepean Hospital, Royal Prince Alfred 
Hospital, Royal Women’s Hospital, St George Hospital, 
Blacktown Hospital, Campbelltown Hospital, John 
Hunter Children’s Hospital, Royal Children’s Hospital 
and Monash Medical Centre), Medical Ethics Committee 
of The University of Queensland (2015000013), Cere-
bral Palsy Alliance Ethics Committee (2015-01-02) and 
the Princess Margaret Hospital Human Research Ethics 
Committee (2015023EP: ethical review provided for two 
sites: Princess Margaret Hospital for Children and King 
Edward Memorial Hospital for Women).

To our knowledge, this study is the first to investigate and 
compare the effects of two approaches to very early upper 
limb rehabilitation for infants at high risk of congenital 
hemiplegia implemented by parents coached by thera-
pists. Furthermore, we will be evaluating outcomes of the 
Baby CIMT versus Baby BIM training programmes across 
all relevant domains of the International Classification of 
Functioning, Disability and Health using the most valid 
and reliable assessment tools available for use. We antic-
ipate that the results of this study will be disseminated 
through peer-reviewed journals and national and inter-
national academic conferences as well as our established 
clinical and consumer networks.
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Feature Article

Clinical acceptability of the sense_assess© kids: Children
and youth perspectives

Susan Taylor,1,3 Belinda McLean,3,5 Eve Blair,6 Leeanne Mary Carey,2,4

Jane Valentine,3,5 Sonya Girdler1,6 and Catherine Elliott1,3

1School of Occupational Therapy and Social Work, Curtin University, 3Department of Paediatric Rehabilitation, Princess
Margaret Hospital for Children, 5School of Paediatrics and Child Health, University of Western Australia, 6Population
Sciences, Telethon Kids Institute, Perth, WA, 2Neurorehabilitation and Recovery, The Florey Institute of Neuroscience and
Mental Health and 4Occupational Therapy, School of Allied Health, La Trobe University, Melbourne, VIC, Australia

Background: The sense_assess© kids is a standardised,
norm-referenced assessment designed to measure the
functional somatosensation capacity of the upper
limb of children with cerebral palsy. The objective
of the current study was to determine if the sen-
se_assess© kids was clinically acceptable to children
and youth.
Methods: A questionnaire was completed by participants
following administration of the sense_assess© kids by a
trained occupational therapist. Twenty-six children with
spastic hemiplegic cerebral palsy (aged 6–15 years six
months; mean 10 years eight months; 16 boys) were
recruited. Participants responded to questions regarding
the administration and level of difficulty of the sen-
se_assess© kids using a Q-Sort of ‘like’ and ‘dislike’,
Likert scales and short answers. Content analysis was
applied.
Results: Twenty-one of twenty-six children, indicated
that they were ‘very happy’ or ‘happy’ with the adminis-
tration process of the sense_assess© kids. Most participants
indicated that they liked the sensation they felt in the hand
when tested.
Conclusion: This study has demonstrated the acceptabil-
ity of sense_assess© kids for the population for whom it is
intended.

KEY WORDS adolescence, cerebral palsy, child
development, sensation, upper limb function.

Introduction

Somatosensory function is the ability to detect, recog-

nise and discriminate body (somato) sensations (Carey,

2012). The somatosensory system allows us to inter-

pret sensory messages received from our body and

consists of sensory receptors located in the skin, tis-

sues and joints; the nerve cell tracts in the body and

spinal cord; and brain centres that process and modu-

late incoming sensory information (Puce & Carey,

2010). It contributes to our capacity to continually

detect changes in the external and internal environ-

ment (Marieb & Hoehn, 2007). The somatosensory sys-

tem receives information relating to limb movement

and limb position (kinaesthesia and proprioception),

touch (tactile registration and tactile discrimination),

and perception of temperature, pain and itch (Barker,

Barasi & Neal, 2008; Wingert, Burton, Sinclair, Brun-

strom & Damiano, 2008). Somatosensory inputs are

also involved in more complex central nervous system

processes such as haptic object recognition (Carey).

Somatosensory capacity greatly influences the achieve-

ment of functional hand skills for children and youth

(Auld, Boyd, Moseley & Johnston, 2011; Dunn et al.,
2015). Somatosensation enables skilful manipulation,

precision grip, anticipatory control and effective fine

movement of the hand (Cooper, Majnemer, Rosenblatt

& Birnbaum, 1995; Lundy-Ekman, 2002; Majnemer,

Bourbonnais & Frak, 2008). Haptic object recognition

involves in-hand manipulation and tactile and proprio-

ceptive feedback to identify sensory attributes such as

texture, size, weight or the shape of objects (Overvliet,

Smeets & Brenner, 2008). Recognition of objects using

tactile and proprioceptive feedback is particularly
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important when the hands are occluded from vision

(Carey, 2012).

Recent studies document the maturation of

somatosensory function across early childhood to ado-

lescence (Dunn et al., 2015; Gori, Giuliana, Sandini &

Burr, 2012; Mallau, Vaugoyeau & Assaiante, 2010). If

the pathways for receiving afferent somatosensory feed-

back are damaged, maturation of the somatosensory

system and subsequent upper limb function may not

develop as expected (Sakzewski, Ziviani & Boyd, 2010;

van Haastert et al., 2011). The neural pathways subserv-

ing somatosensory function pass through areas of the

brain that are commonly injured in the developing brain

in children with cerebral palsy (CP) (Hoon Jr et al.,
2009). CP is the most common childhood physical dis-

ability (Rosenbaum, 2003). Data from the Western Aus-

tralian, Victorian and South Australian population

registers identified that CP affects 2.1 individuals per

1,000 live births and almost 40,000 Australians are living

with this condition (Access Economics, 2007; ACPR

Group, 2013). The revised definition of CP published in

2007 clarified that the movement disorder was fre-

quently accompanied by a number of other disorders

such as, disturbances in sensation, communication, cog-

nition, perception, and/or behaviour, and/or by an

accompanying seizure disorder (Rosenbaum, Paneth,

Leviton, Goldstein & Bax, 2007). Somatosensory deficits

can impact self-care, such as eating and dressing, and

leisure activities like team sports, resulting in restric-

tions in activity and participation for children with CP

(Koldoff & Holtzclaw, 2015). In current literature,

somatosensory deficits are reported in 31% and up to

97% of children with CP (Auld et al., 2011; Majnemer

et al., 2008; McLean, Taylor, Valentine, Carey, & Elliott,

2017; Sakzewski et al., 2010). The wide range of preva-

lence reported may be impacted by use of a variety of

different assessment tools, psychometric properties of

measures used, sensitivity of scale of the measures, and

the domain of somatosensation under examination; con-

sistent with similar findings in other neurological condi-

tions, such as stroke (Carey & Matyas, 2011). The most

commonly reported areas of somatosensation affected

are tactile discrimination, object recognition, and propri-

oception (Auld, Boyd, Moseley, Ware & Johnston,

2012a). Traditionally, assessments for children with CP

have focussed on motor function and the evaluation of

somatosensory capacity is underdeveloped (Auld et al.,
2012a). Due to the impact of sensation on function and

the number of children with CP with somatosensory

disturbances, a comprehensive somatosensory assess-

ment to plan and evaluate therapeutic interventions is

required (Rosenbaum et al., 1990; Sakzewski, Boyd &

Ziviani, 2007).

Despite the recognised need to measure somatosen-

sory functioning, there is little use of standardised out-

come measures in clinical practice (Auld et al., 2011;

Pumpa, Cahill & Carey, 2015; Taylor et al., 2016;

Walmsley et al., 2017). Clinical pressures, including time

constraints, expanding caseloads, lack of assessment

accreditation, and limited perceived utility may nega-

tively influence the use of outcome measures by occu-

pational therapists (Bowman & Llewellyn, 2002).

Assessment of somatosensory capacity in children with

CP requires evaluative measures with specific structural

characteristics that are clinically useful (Rosenbaum

et al., 1990). A recent clinimetric review (Auld, Ware,

Boyd, Moseley & Johnston, 2012) recommended the use

of the full 20-item Semmes Weinstein Monofilament kit

(Weinstein, 1993) to evaluate tactile registration and the

Disk-Criminator (MacKinnon & Dellon, 1985) to evalu-

ate domains of spatial perception in children with CP.

Measures of double simultaneous testing (Burns, Ensby

& Norrie, 1989) and stereognosis (Klingels et al., 2010)
provide good discrimination among children with CP,

but may lack responsiveness to change over time (Auld

et al., 2012b). There is limited evidence of clinical utility

of somatosensory assessments for paediatric use. Clini-

cal utility is particularly important when assessing vul-

nerable populations such as children with CP so not to

burden them with lengthy or complicated assessment

procedures (Australian Government, 2007). Clinical util-

ity is a multifaceted construct incorporating clinical

acceptability to both patients and therapists as well as

pragmatic consideration of ease of use and interpreta-

tion and the financial and temporal demands entailed

(Smart, 2006).

Clinical acceptability is a fundamental aspect that is

missing from several frameworks of clinical utility

(Bourke-Taylor, 2003; Law, 1987; Rosenbaum et al.,
1990). Clinical acceptability supports investigation of

the barriers and facilitators perceived by therapists and

clients when introducing novel outcome measures to

clinical practice. A comprehensive framework of clini-

cal utility is proposed that includes clinical acceptabil-

ity as a fundamental construct. The framework is

based on existing literature and includes examination

of (i) clarity of instructions and validated purpose; (ii)

clarity about constructs to be measured and the

intended population; (iii) administration format; (iv)

time to complete administration, scoring and interpre-

tation; (v) equipment cost and therapist accreditation

and (vi) clinical acceptability to clients (Bourke-Taylor,

2003; Law, 1987; Rosenbaum et al., 1990; Smart, 2006).

Clinical utility is not classified as a psychometric prop-

erty of an assessment tool therefore it stands outside of

current taxonomies of measurement properties such as

the Consensus-based Standards for the selection of

health Measurement INstruments (COSMIN) (Mokkink

et al., 2010). Evaluation of clinical utility occurs after

the clinical feasibility of an intervention or validity of

an assessment has been established. The proposed

framework can be used to review validated assessment

tools within the clinical setting to determine the tool’s

suitability for the specific environment.

© 2017 Occupational Therapy Australia
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Occupational therapists desire appropriate paediatric

outcome measures that are easy to use with administra-

tion procedures acceptable to their clinical population

(Law, Hurley, Hurley, King & Hanna, 2003). If paedi-

atric evaluative measures are not acceptable to children

or youth they have limited utility in clinical practice. In

the current paper we report on one aspect of the clinical

utility of the sense_assess© kids (Carey et al., 2017;

Taylor, et al., 2017a) namely, the clinical acceptability,

using self-report from children and youth with CP.

Adopting a structured approach to tool development

has several advantages when assessment tools are in an

early phase of development (i.e. testing feasibility)

(Robey & Schultz, 1998). Advancing novel assessment

tools from one phase of development to the next pro-

vides clear understanding of (a) the level of existing

psychometric evidence, and (b) the psychometric testing

required for moving forward in the process (Robey &

Schultz, 1998). A phased clinical-outcome research

model can be adapted, from the more familiar interven-

tional model, and applied to outcome measure develop-

ment (Whyte, Gordon & Gonzalez Rothi, 2009). The

model includes Phase 1: Research hypotheses formula-

tion and initial tool selection or development; Phase 2:

Early efficacy (formulating and standardising assess-

ment protocols and testing in optimal environments);

Phase 3: Late efficacy (hypotheses related to psychomet-

rics and assessment usefulness are tested with appropri-

ate sample sizes and clinical populations in sub-optimal

environments); Phase 4: Effectiveness (new assessments

are introduced into routine clinical practice) and Phase

5: Post-marketing effectiveness (clinical utility is evalu-

ated including cost, positive changes to clinical care

pathways and consumer acceptability). This research

was undertaken as Phase 3 Late efficacy; testing the

clinical acceptability of a newly adapted assessment

tool. Evaluating clinical acceptability appears in this

mid phase of hypothesis testing so feedback and modi-

fications can be integrated prior to post-marketing effec-

tiveness and comprehensive evaluation of clinical utility

in Phase 5. Research relating to Phase 1 and Phase 2 for

the sense_assess© kids are available from the authors.

The objective was to determine if the sense_assess© kids
(Carey et al., 2017; Taylor et al., 2017a) was acceptable

for use with children and youth with CP aged

6–15 years. We predicted that participants would

respond neutrally or positively to all aspects of the

assessment procedure.

The sense_assess© kids: Test description
and association with somatosensory
domains

The sense_assess© kids (Carey et al., 2017; Taylor et al.,
2017a) is a standardised, norm-referenced assessment

designed to measure the functional somatosensory

capacity of the upper limb of children with CP. The sen-

se_assess© kids test battery is comprised of four

somatosensory tests that have been separately validated

in children and adults, primarily by the authors and

their colleagues (Figure 1). The battery includes a mea-

sure of tactile registration (Protective Touch Test; Carey

et al., 2017; Touch-Test� Sensory Evaluator, 2002) tactile

discrimination (Tactile Discrimination Test; Carey, Oke

& Matyas, 1997), wrist position sense (Wrist Position

Sense Test; Carey, Oke & Matyas, 1996) and haptic

object recognition (functional Tactile Object Recognition

Test (Carey, Nankervis, LeBlanc & Harvey, 2006).

Protective Touch Test (PTT) (Carey et al., 2017;
Touch-Test� Sensory Evaluator, 2002)

Tactile registration is the basic initial processing of stim-

uli and/or sensing of surfaces (Auld et al., 2011). The

first sense_assess© kids subtest measures tactile registra-

tion, close to the threshold of protective touch, across

regions of the dorsal and palmar aspects of the hands

and uses the 4.56 monofilament of the Touch-Test Sen-

sory Evaluator kit (Carey et al., 2017; Touch-Test� Sen-

sory Evaluator). The PTT has high interobserver

agreement of 99–100% with typically developing chil-

dren and youth aged 6–15 years (Taylor et al., 2017a).

Tactile Discrimination Test (TDT) (Carey et al., 1997)

Tactile discrimination is the ability to distinguish

between different surface textures using information

received through the sense of touch (Carey, Matyas &

Oke, 2002; Dunn et al., 2013). The TDT (Carey et al.,
1997) measures the ability of the index finger to dis-

criminate differences in finely graded textured surfaces

using a three-alternative forced choice design. The TDT

has high retest reliability and normative standards for

FIGURE 1: The sense_assess© kids test battery.
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adults and normative standards for children aged

6–15 years (Carey et al., 1997; Taylor et al., 2017a).

Wrist Position Sense Test (WPST) (Carey et al., 1996)

Wrist position sense is a component of proprioception

that aids in detection of the position of the upper

limbs in space (Bremner et al., 2013). The WPST

(Carey et al., 1996) is a measure of proprioceptively-

guided limb position sense and quantifies the ability

to identify wrist angle in the flexion-extension range

following therapist imposed movements at the wrist.

The box-like apparatus uses a protractor scale to mea-

sure degrees of error (difference between actual test

position and participant response). The test form con-

tains 20 predetermined test angles, between 25° and

152°, presented in pseudo random order. The WPST

has normative standards for adults (~40–85 years) and

children (6–15 years) and has high retest reliability for

both populations (Carey et al., 2002; Taylor et al.,
2017a). The test has good discriminative validity and

has demonstrated construct validity and responsive-

ness for children with CP aged 6–15 years (Taylor et
al., 2017b).

functional Tactile Object Recognition Test (fTORT)
(Carey et al., 2006)

Haptic object recognition is a higher order cognitive

process and involves a complex integration of touch,

proprioception and fine motor skills. Haptic object

recognition is the ability to use touch to identify the nat-

ure of the material (e.g. texture or temperature) or geo-

metric properties of objects (Lederman & Klatzky, 1987,

2009). The fTORT (Carey et al., 2006) is designed to test

haptic recognition of objects with vision occluded. Sets

of common everyday objects are displayed on a poster

and identical test objects are presented for manipulation

in a standardised manner. The fTORT has age-adjusted

normative standards, high reliability (r = 0.85–0.92) and
good discriminative test properties for adults aged

21–79 years (Carey et al., 2011; Carey et al., 2006). The
test has also demonstrated construct validity for chil-

dren with CP aged 6–15 years (Taylor et al., 2017c) and
has normative standards for children aged 6–15 years

(Taylor et al., 2017a). Practice trials are conducted prior

to each subtest to ensure comprehension of instructions.

The sense_assess© kids satisfies the following compo-

nents of clinical utility; (1) an administration manual

that includes (i) a clear purpose and overview, (ii) stan-

dardised administration instructions and standardised

script; (iii) descriptions of somatosensory constructs to

be measured based on current literature, (iv) descrip-

tions of the diagnostic groups for whom it is designed,

(v) references to the empirical evidence of construct

validity and intra-rater reliability, and (vi) description

of the format of administration (requires active partici-

pation of children verbally and physically); (2) for

accredited and experienced assessors time to complete

administration is approximately 45 minutes and an

additional 20 minutes for scoring, interpretation is

simple based on pre-defined criteria from a normative

sample; (3) current cost of the core sense_assess© kids
assessment kit is approximately $3000AUD, assessor

accreditation and training is a two day course currently

costing $450AUD.

Methods

The study design was cross sectional. A questionnaire,

with open ended questions, was provided to partici-

pants following exposure to the sense_assess© kids to

identify children and youth’s perspectives of the mea-

surement tool and experience. Descriptive and thematic

analysis of responses from a questionnaire is a useful

means of exploring individual perspectives when not

much is known about the possible outcomes in advance

(Greco, Lambert & Park, 2016). As part of a larger study

examining the psychometric properties of the sense_as-

sess© kids and feasibility of a novel intervention, sense©
training (McLean et al., 2017; Taylor et al., 2017b; 2017c),
participants were administered a brief questionnaire

immediately following completion of the sense_assess©
kids. While the larger study obtained data using various

outcome measures to validate the sense_assess© kids,
the questionnaire was used for descriptive purposes

and was not used as an outcome measure for the larger

study.

Recruitment occurred via the larger study and the eli-

gibility criteria were the same; Australian children with

a paediatrician-confirmed description of spastic hemi-

plegic CP, aged 6–15 years. Exclusion criteria were also

the same as the larger study and included surgery of

the affected upper limb in the previous 12 months or

inability to understand or respond to simple instruc-

tions such as, ‘In this activity you will be asked to tell

me the everyday objects I put in your hand to feel,

without looking. This curtain will be pulled across’. All

participants eligible for the larger study were invited to

complete the questionnaire. The study protocol was

approved by the Human Research Ethics Committee of

Princess Margaret Hospital for Children (2052) and Cur-

tin University (HR 87/2014), Perth, Australia and all

procedures were in accordance with the revised (2000)

Helsinki Declaration. All participants were informed of

the study’s risks and benefits, that their participation

was voluntary, and that their identity would remain

confidential. Signed informed consent and/or assent

were obtained for all participants.

Data collection instrument

The six-item questionnaire was designed to be a client-

centred interview and contained two semantic differen-

tial scales, a photographic Q-Sort, and three questions

requiring short answers (Figure 2). The main outcome

variables were emotional responses to the administration
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FIGURE 2: Data collection instrument.
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process (e.g. scale of happy to sad), perceived level of

difficulty when completing assessment items and over-

all opinion of the assessment procedure and equip-

ment. Item selection was based on relevance to

acceptability and current literature regarding qualita-

tive measurement and self-reporting for children

(Berdeaux, Hervi�e, Smajda & Marquis, 1998; Portney &

Watkins, 2009).

Rationale and details of the questionnaire follow.

Question 1 and 6. A Semantic differential scale is based

on a continuum that extends between two extreme

opposites (Portney & Watkins, 2009). Question 1 aimed

to measure the participants’ feelings about the adminis-

tration procedure and question 6 was used to assess

participants’ perception of difficulty. Similar self-report

scales have been used with children to assess percep-

tions of pain (Garra et al., 2010).
Question 2. Q-sort methodologies have been used as

an effective and interactive way to characterise the atti-

tudes, opinions or judgements of individuals with CP

aged 5–12 years (Calley et al., 2012). For question 2 par-

ticipants in the current study were asked to sort a pho-

tograph of each sense_assess© kids subtests into a pile

of ‘like’ or ‘dislike’. The occupational therapist specified

that the photographs needed to go in one of the two

piles so that the participant was forced to make a choice

(Portney & Watkins, 2009).

Questions 3 to 5. Open-ended questions requiring

short answers are useful when the researcher is not sure

of all possible responses to a question (Portney &

Watkins, 2009). Questions 3, 4 and 5 aimed to record

responses in the participants’ own words about what

aspects they liked and didn’t like about each assessment

subtest.

As the questionnaire was designed for the current

study, little is known about its reliability and validity or

its use for children with CP, but it is the only tool speci-

fic to assessing children’s responses to assessment proce-

dures to the authors’ knowledge. However, face validity

of the questionnaire was considered acceptable by three

senior occupational therapists at a tertiary care hospital

and the format of the questionnaire allowed children to

be active participants. Each age group was able to

respond without assistance from parents.

Data collection procedures

Questionnaires were administered by an occupational

therapist (first author) immediately after administration

of the sense_assess© kids. All participants sat and

responded to the questionnaire, however not all ques-

tionnaire items were completed by all participants.

Administrator error, children’s motivation to complete

the questionnaire and difficulties keeping young chil-

dren on task impacted data collection. Field notes from

the research investigator often noted poor concentration

and data were missing more frequently for the youngest

children (six to seven years).

To address potential observation bias the questionnaire

was designed with standardised instructions thus limit-

ing the effect of personal interview technique. Inter-

viewer bias was controlled for by utilising participant

self-report in the questionnaire design. The occupational

therapist recorded responses immediately and in the

participant’s own words. To control for recall bias the

questionnaire was administered immediately following

administration of the sense_assess© kids.

Data analysis

A summative content analysis was used to count and

compare keywords and sentences derived directly from

the short answer text data. This process was performed

by the occupational therapist who administered the

questionnaires and the process repeated by an indepen-

dent coder who was not involved in the data collection,

as recommended by Neuendorf (2002). Participants’

responses were brief and concise which limited the risk

of misinterpretation e.g. ‘Tickly, liked feeling on finger’

or ‘good challenge’. Statements such as these were

reduced into concept categories. Consensus was reached

for minor discrepancies via discussion between the two

coders. Descriptive statistics were generated in Micro-

soft Excel 2010.Ink to calculate responses to the seman-

tic differential scales and photographic Q-Sort.

Results

Twenty-eight children were potentially eligible and

invited to participate in the acceptability study. Two

children were unable to complete the questionnaire

after the sense_assess© kids administration due to poor

concentration. Twenty-six children with spastic hemi-

plegic CP were confirmed eligible and included for

analysis (age range 6–15 years six months; mean

10 years eight months; 16 boys, 10 girls; Manual Ability

Classification Scale (Eliasson et al., 2006) level I, n = 10;

level II, n = 16; right hemiplegia n = 14; left hemiplegia

n = 12). All participants attended main stream school

and had at least one family member that was employed

full-time. The majority of participants, 21 of 26, indi-

cated they were ‘Very happy’ or ‘Happy’ with the

administration process, the remaining 5 indicated they

felt ‘Just ok’. Not all participants responded to all ques-

tions concerning specific tests: 17/25 liked the PTT, 17/

24 liked the TDT, 23/25 liked the fTORT and 18/25

liked the WPST. None of the 20 participants found it

‘Very difficult’ to complete; 7 found it ‘Difficult’, 10

found it ‘Easy’ and 3 found it ‘Very easy’ though this

was not reflected in their test scores. Of 20 responders

regarding duration of the test: 7 found it ‘Too long’, 12

‘Just right’ and 1 found it ‘Too short’. Content analysis

revealed that the majority of participants liked ‘guess-

ing’, i.e. trying to identify the sensory stimuli without

vision and reported that the subtests were a good chal-

lenge. The majority of participants also liked the
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sensation felt at the hand when tested with different

subtest equipment, such as the monofilament, dissimilar

textures, common objects and movement at the wrist.

The most common short answers from the children

who liked the PTT (n = 17) were that they liked the sen-

sation of the monofilament because it felt ‘unusual’ and

‘tickled’, that it was challenging and they reported

enjoyment when identifying the presence or absence of

stimuli. Children who reported not liking the PTT

(n = 8) said the monofilament ‘hurt’ or ‘tickled’ their

finger and some didn’t like the sensation of ‘spikiness’.

For the children who liked the TDT (n = 17), the most

common short answers revealed that they liked feeling

the textures and enjoyed choosing which texture was

different, and that it was challenging. The children who

did not like the TDT (n = 7) said they disliked how

‘hard’ it was and they disliked feeling the textures as

they ‘hurt’ or were ‘uncomfortable’. Children who liked

the fTORT (n = 23) said it was fun feeling the objects,

and recognising the objects by touch, as it was challeng-

ing and they enjoyed wearing the ear muffs. There was

only one common negative short answer for the chil-

dren who disliked the fTORT (n = 3); they reported it

was hard to recognise objects in the hand. For the chil-

dren who liked the WPST (n = 18), they liked their

hand being moved by the occupational therapist, they

liked identifying their hand’s position and that it was

challenging, they liked the splint as it was comfortable

and they liked using the pointer. The children who did

not like the WPST (n = 7) reported that the wrist and

forearm splint ‘hurt’, they disliked how ‘hard’ it was

and disliked having their wrist being moved by the

occupational therapist as it produced confusion.

Discussion

This study has established that the administration pro-

cess and duration, subtest equipment and perceived

level of difficulty of the sense_assess© kids were gener-

ally acceptable to children and youth with spastic hemi-

plegic CP aged 6–15 years. Obtaining the perspective of

children and youth about the sense_assess© kids has

clearly demonstrated its clinical acceptability prior to

further psychometric testing and knowledge translation.

Across the different subtests, the majority (60–92%
depending on subtest) of participants responded posi-

tively to all aspects of the assessment procedure. The

importance of an acceptable paediatric assessment is

reflected in literature; functional, engaging and easy to

use measures enhance the assessment experience and

provide reliable data (Linder & Linas, 2009).

The current findings are consistent with other tool

development studies that also found assessment proce-

dures that are enjoyable, fun and simple to administer

are more acceptable for clinical use (Jongbloed-

Pereboom, Nijhuis-van Der Sanden & Steenbergen,

2013; Krumlinde-Sundholm & Eliasson, 2003). Although

participants generally responded positively, the areas

where responses were not so positive require further

development. It is noteworthy that the two subtests

(fTORT; WPST) requiring active participation of chil-

dren and an opportunity for choice (selecting object

from response poster; moving pointer on protractor)

rated more favourably than the subtests where the ther-

apist was in control of all stimulus administration

(pressing monofilament on skin, moving child’s finger

across textures). Assessments involving autonomous

choice, game-play or active participation of the child,

where children are meaningfully involved, encourage

self-motivation to complete tasks and may be more

readily accepted into clinical practice (O’Grady &

Dusing, 2015; Poulsen, Ziviani & Cuskelly, 2013).

Negative responses relating to the TDT such as ‘un-

comfortable’ might be because the therapist is required

to move the index finger across the plastic graded tex-

tures multiple times using a standard pressure and

speed. It is recommended that the amount of exposures

is reduced and additional breaks are incorporated into

the testing procedure. Standardised exposure to the tex-

tures supports the tool’s psychometric properties how-

ever being able to adjust finger pressure and number of

repetitions is surely part of successfully interpreting

sensation for an individual. In future, it may be worth

assessing whether children identify the correct answer

more often if they are allowed to choose their own fin-

ger pressure and number of repetitions.

A small number of children (n = 4) reported that the

WPST test apparatus was ‘uncomfortable’ or that it

‘hurt’. This is a critical finding in this early phase of

tool adaptation. This issue may be resolved with a sim-

ple adjustment to the size of the wrist and forearm

splints. It is recommended that interchangeable small,

medium and large sized splints are included in test

equipment. A further essential recommendation is to

ask the child’s level of comfort after the practice trial of

the WPST and checking throughout the administration

procedure. If a child’s position on the chair, or align-

ment to the equipment has changed, the administration

should be paused and the child’s postural positioning

should be corrected as per the administration manual.

The examiner will also need to reset the child’s hand

position to 90° once the child is repositioned to avoid

complete loss of limb position awareness. Although

some children perceived the TDT, fTORT and WPST as

‘hard’, this challenge is important from a psychometric

testing perspective and avoids the risk of this popula-

tion achieving maximum scores on the subtests, i.e. a

ceiling effect (Auld et al., 2012b). With that in mind,

extending the range of difficulty to also include ‘easy’

stimuli, to provide children with an opportunity to

identify at least one difference correctly would not only

make the children happier, but also provide greater

precision at the lower end of achievement, i.e. avoiding

a floor effect.
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Limitations

The brief clinical acceptability questionnaire was

designed for the purposes of the current study only.

Although authors tested face validity, and based it on

current literature, the questionnaire lacked a formal

evaluation of its measurement properties (Ramaswami

et al., 2012). Findings from content analysis within this

study may be limited in that participants were familiar

with the occupational therapist conducting the question-

naire which could have biased results. In the current

study authors were not able to measure sensory integra-

tion or behaviour or emotional responses to somatosen-

sory stimuli that may be triggered by imposed touch. It

is recommended that this be considered in future

research considering that children with CP may have

comorbid medical conditions.

Future research

Self-report by a child has been described as a simple

and reliable measure of emotional responses in clinical

practice (Voepel-Lewis et al., 2008). The translation of

research into clinical practice is made easier by simple

to use, time efficient and cost effective instruments

with supporting psychometric data reported in a mean-

ingful way (Radia-George, Imms & Taylor, 2014). A

perceived lack of clinical utility of outcome measures

can inhibit their use by clinicians and department

managers and this often persists because of the

resulting lack of evidence to refute this perception

(Radia-George et al., 2014).
The current study was conducted under research con-

ditions and indicated the acceptability to participants of

the sense_assess© kids in clinical practice. The next

phase of tool development (Phase 4) is recommended to

involve evaluation of clinical acceptability to therapists

(clarity of instructions, purpose, format, administration

time, cost and overall acceptability). Outcomes could be

used to identify practical implementation obstacles pre-

venting adoption of the sense_assess© kids into clinical

practice (Voepel-Lewis et al., 2008). Current perspectives
regarding knowledge translation recognise the need for

active collaboration between therapists as end users,

and researchers (Metzler & Metz, 2010). This approach

of consumer involvement ensures thorough examination

of the implications for therapists and clients prior to

transfer of new research knowledge.

Conclusion

The current study has demonstrated preliminary clinical

acceptability of the sense_assess© kids for children with

hemiplegic CP aged 6–15 years. The sense_assess© kids
is the only comprehensive standardised assessment of

somatosensory function for children with CP. The cur-

rent study contributes to the further understanding of

this novel assessment tool to measure somatosensory

capacity, inform intervention outcome, and improve

functional outcomes for children with neurological

disorders.

Key points for occupational therapy

• This study breaks new ground by advancing clinical

measurement of somatosensation for children with

cerebral palsy for which there is currently no stan-

dardised comprehensive occupational therapy mea-

sure.
• Being able to measure and report on the somatosen-

sory profiles of children with neurological disorders

will enhance interdisciplinary communication and

patient care.
• The assessment is intended for use by occupational

therapists and other allied health and medical pro-

fessionals in clinical practice and in clincial research.
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OBJECTIVE. This study examined the use of the adult neuroscience-based Sense© intervention with

children with hemiplegic cerebral palsy (HCP) to improve upper-limb somatosensory discrimination, motor

function, and goal performance.

METHOD. Seventeen children with HCP (9 boys, 8 girls; mean age 5 10.2 yr) participated in this pilot

matched-pairs trial with random allocation and 6-mo follow-up (intervention, n 5 7; control, n 5 10). The

intervention group received Sense training 3·/wk for 6 wk (18 hr). Outcome measures included Goal

Attainment Scaling, Sense_assess© Kids, and the Assisting Hand Assessment.

RESULTS. The intervention group improved in goal performance, proprioception, and bimanual hand use
and maintained improvement at 6-mo follow-up. The control group improved in occupational performance by

6-mo follow-up.

CONCLUSION. This study established the feasibility of using the Sense intervention in a pediatric setting
and adds preliminary evidence to suggest that improving somatosensory function can improve motor func-

tion and goal performance among children with HCP.

McLean, B., Taylor, S., Blair, E., Valentine, J., Carey, L., & Elliott, C. (2017). Somatosensory discrimination intervention

improves body position sense and motor performance in children with hemiplegic cerebral palsy. American Journal

of Occupational Therapy, 71, 7103190060. https://doi.org/10.5014/ajot.2016.024968

C erebral palsy (CP) is an umbrella term for motor impairment arising from a

nonprogressive insult to or malformation of the developing fetal or infant

brain (Rosenbaum et al., 2007). Children with CP frequently have associated

impairments that affect their upper-limb functioning, including somatosensory

impairments (Rosenbaum et al., 2007). The prevalence of somatosensory im-

pairments in children with hemiplegia has been reported to be more than 75%

(Auld, Boyd, Moseley, Ware, & Johnston, 2012b; McLean, Taylor, Valentine,

Carey, & Elliott, 2017). Impairment in tactile or somatosensory function has

been shown to have a substantial impact on children’s motor function and upper-

limb use (Auld, Boyd, Moseley, Ware, & Johnston, 2012a).

Somatosensory function is defined as “all aspects of touch and proprioception

that contribute to a person’s awareness of his or her body parts and the direct

interface of these with objects and the environment” (Dunn et al., 2013, p. S41).

Somatosensation impairments in children with hemiplegic cerebral palsy (HCP) are

commonly reported in the domains of haptic object recognition (or stereognosis),

limb position sense (or proprioception) and two-point discrimination. These im-

pairments affect functional sensibility (Majnemer, Bourbonnais, & Frak, 2008).

Somatosensation is necessary for fine motor function and the development of

dexterous movement for useful hand function (Blennerhassett, Carey, & Matyas,
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2006; Majnemer et al., 2008). It has also been suggested that

impairments in somatosensation may result in learned

nonuse of an affected hand, leading to reduced exploration

of the environment, altered sensorimotor development

of the affected hand, and impaired bimanual function

(Majnemer et al., 2008).

There are currently no evidence-based interventions to

improve somatosensory function in childrenwith neurological

impairments. However, there is a growing body of evidence-

based interventions to improve the somatosensory functioning

of adults who have survived a stroke. A recent systematic

review of interventions to improve tactile functioning rec-

ommended two approaches from the adult stroke literature

for use with children (Auld, Russo, Moseley, & Johnston,

2014). One of the recommended approaches was transfer-

enhanced training, known as Sense© training, by Carey,

Macdonell, and Matyas (2011). Sense is based on principles

of perceptual learning and learning-dependent neural plas-

ticity and is designed to improve three important aspects of

somatosensory discrimination function: tactile discrimina-

tion, haptic object recognition, and limb position sense.

In a randomized crossover control trial, Sense training

was found to improve functional somatosensory discrimi-

nation in adult stroke survivors in the chronic phase post-

stroke. Of the 50 participants, 59% halved their deficits or

better, with improvements maintained at 6-mo follow-up

(Carey et al., 2011). The learning principles used in Sense

training are similar to motor learning principles, which have

been shown to improve motor function and structural

neuroplastic change in children with HCP (Sterling et al.,

2013). Our study sought to pilot a child-friendly version

of Sense with children with HCP. We hypothesized that

the Sense intervention would be effective in improving so-

matosensory discrimination, upper-limb motor function,

and occupational goal performance of children with HCP.

Method

Participants

This pilot, single-blind, matched-pairs trial with random

allocation recruited children with HCP ages 5–15 yr from a

pediatric tertiary hospital in Perth, Western Australia, Aus-

tralia. Children entered the study on a rolling recruitment

basis from May 2013 to May 2015. Baseline assessments

took place within 2 wk of each participant’s commencement

of the trial. Eligibility criteria were a confirmed diagnosis of

HCP by a pediatrician and somatosensory discrimination

impairment as measured by the Sense_assess© Kids (Taylor,
McLean, et al., 2017). Children were ineligible if they had

upper-limb surgery in the previous 12 mo.

Children were assessed at least 12 wk after their most

recent botulinum toxin therapy and were pair-matched for

age andManual Ability Classification System level (Eliasson

et al., 2006). Children were assessed at baseline (Time

Point 1, or TP1), after 6 wk of intervention or control

(TP2), at 6-wk follow-up (TP3), and at 6-mo follow-up

(TP4; see Figure 1). All assessments were undertaken at

each time point, including goal setting and subsequent

scoring, by an assessor blinded to group allocation. With

the assessor, who was trained to identify tasks involving

obvious somatosensory cues, children and their parents

set goals important to them that involved the upper

limbs. After completing the baseline assessment, chil-

dren were randomized to a group by a third party not

involved with the study.

The treatment group received the experimental Sense

intervention 3·/wk for 6 wk (total dose 5 18 hr) in the

child’s home or school setting. In both environments,

distractions were removed with the assistance of the pri-

mary caregiver; in school settings, a quiet room was made

available, and the same intervention equipment was used.

Each session was 1 hr long and conducted by an occu-

pational therapist trained in the Sense training approach.

The treatment and control groups continued with their

usual care through their local community provider. Fam-

ilies reported setting goals with a community occupational

therapist or physiotherapist that involved problem-solving

implementation but no formalized intervention.

The intervention protocol closely followed that de-

scribed by Carey and colleagues (2011) in their Study of

the Effectiveness of Neurorehabilitation on Sensation

(SENSe) trial, with some minor changes to accommodate

scheduling sessions in the community setting, pre-

dominantly in family homes. Children were trained in

only two of the three components of somatosensory dis-

crimination per 1-hr session to allow time for caregiver

education. The Sense occupation-based training was in-

corporated into this trial to facilitate children’s intrinsic

motivation. The Sense occupation-based approach to so-

matosensory retraining involves the application of Sense

principles in the context of valued activities identified by

the participant (Mastos & Carey, 2010). Occupational

task performance is an important element of Sense and

involves emphasizing obvious somatosensory features in

activities meaningful to the child, such as recognizing the

change in texture that signals the presence of a buttonhole.

The ability to recognize obvious sensory attributes in

occupational tasks is practiced in component training.

Component and occupational training, as applied in Sense,

use active exploration with vision occluded; feedback

on performance (accuracy and method of exploration);

7103190060p2 May/June 2017, Volume 71, Number 3



calibration with vision and with the less affected hand;

anticipation trials in which the participant knows what to

expect to feel (vision occluded); and repetition and pro-

gression from easy to more complex tasks to distinguish

differences across a wide variety of stimuli in tactile dis-

crimination, haptic object recognition, and limb position

sense (Carey et al., 2011). Tactile discrimination is trained

using a variety of graded textured surfaces such as rubber,

glass, and leather that vary from smooth to rough with

different surface properties. Haptic object recognition is

trained with graded object sets that vary in the sensory at-

tribute of interest such as size, weight, or crushability. Limb

position sense is trained using graded positions of the wrist

and then elbow, starting with the largest differences (e.g.,

near full flexion, neutral, and near full extension).

Primary Outcome

Goal performance was our primary outcome, measured

using Goal Attainment Scaling (GAS; Kiresuk, Smith, &

Cardillo, 1994) and the Canadian Occupational Performance

Measure (COPM; Law et al., 1998). A recent evidence-to-

practice commentary by Novak (2014) recommended that

clinicians use the COPM and GAS together to monitor

change in parent coaching interventions for which the evi-

dence base is not well developed. Our research team has

opted to use the GAS and COPM as primary outcome

measures because tools for somatosensation are still under

development and, from an occupational therapy perspective,

our primary interest was whether the intervention facilitates

improvements in occupational performance.

Secondary Outcomes

Somatosensation was measured using the Sense_assess Kids
(Taylor, McLean, et al., 2017). The assessment comprises

three subtests that measure functional somatosensory dis-

crimination ability. The tool was developed for use with

adult stroke survivors (Carey et al., 2011) and adapted for

use with children and adolescents. Two of the three

components of the Sense_assess Kids, the functional

Tactile Object Recognition Test and theWrist Position Sense

Test, were examined in this study; the third, tactile dis-

crimination, was not. Tactile discrimination was instead

measured using two alternative methods, which in this

pilot trial resulted in insufficient data for analysis.

The functional Tactile Object Recognition Test is a

standardized 14-item test of haptic object recognition in

which children are presented with familiar and novel items

out of sight and indicate what they are exploring using a

response poster (Carey, Nankervis, LeBlanc, & Harvey,

2006). The Wrist Position Sense Test is a measure of wrist

position sense in which a child’s hand is moved through 20

standardized positions on a protractor scale out of the child’s

sight (Carey, Oke, & Matyas, 1996). The child indicates

where the hand is pointing using a second protractor scale

positioned in view immediately above the occluded hand.

Psychometric testing continues, but reliability for the Wrist

Position Sense Test has been determined for typically de-

veloping children using the Bland–Altman method (Bland

& Altman, 2010). Using the Bland–Altman method, Taylor,

Parsons, et al. (2017) determined that there were no con-

sistent differences between time points, indicating the

measure’s reliability. The Sense_assess Kids has normative

standards for typically developing children ages 6–15 yr

and has demonstrated construct validity and clinical ac-

ceptability for children with CP ages 6–15 yr (Taylor

et al., 2015; Taylor, McLean, et al., 2017).

Motor performance was measured using the Assisting

Hand Assessment (AHA; Krumlinde-Sundholm & Eliasson,

2003) and the Box and Block Test (B&B Test; Mathiowetz,

Federman, & Wiemer, 1985). The AHA is a measure of

how a child with HCP uses the more impaired hand in

bimanual activities (Krumlinde-Sundholm & Eliasson,

2003). It has good construct validity and excellent test–

retest reliability (.99), and it is responsive to change when

used to assess children ages 18 mo–18 yr (Holmefur,

Aarts, Hoare, & Krumlinde-Sundholm, 2009). The AHA

is conducted as a play session and is video recorded for

scoring at a later time.

Figure 1. Study design with assessment schedule.
Note. TP 5 time point.
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The B&B Test (Mathiowetz et al., 1985) measures

gross manual dexterity and unimanual capacity. In the

test administration, a child is seated in front of a wooden

box that has a central partition with blocks on the same

side as the hand to be tested. Children are instructed to

move as many blocks as they can, one at a time, in 1 min

from one side of the partition to the other, ensuring that

their fingertips pass over the partition. The B&B Test is a

valid, reliable measure commonly used in intervention

studies of children with CP (Platz et al., 2005). The AHA

and B&B Test were selected to observe for changes in

motor performance after the Sense intervention.

Statistical Analysis

Because of the small number of participants and variability

in baseline scores, raw scores were converted to individual

change scores by subtracting the baseline score from each

time point score. The Mann–Whitney U rank-sum test

(Portney & Watkins, 2009) was used to determine the

presence of between-groups differences in individual

change scores for each measure. Friedman x2 repeated-

measures analysis (Portney & Watkins, 2009) was used to

identify the statistical significance of within-group dif-

ferences, and the Wilcoxon signed-rank test (Portney &

Watkins, 2009) was used to find the direction of any

identified differences. Effect size is reported using r to

describe a small (³.10), medium (³.30), or large (³.50)
effect (Cohen, 1992).

Results

Seventeen children ages 6–15.5 yr were recruited for this

study. Children were randomly allocated to the control

(n 5 10) or intervention (n 5 7) group. The treatment

group had fewer children as a result of the randomization

process. We were not able to recruit suitable matches for

each participant for the matched-pair design before ces-

sation of this preliminary investigation. See Figure 2 for

recruitment flowchart.

Goal Performance

Goals in both groups were similar and included using a

knife and fork, doing up buttons or a zipper, putting hair

in a ponytail, and throwing and catching a ball. The

somatosensory cues important to successful completion of

each of these activities can be readily observed by a trained

clinician. During the intervention, obvious somatosensory

cues related to limb position, texture differences, and

identifying when the hand was in contact with objects

important for task performance were graded and em-

phasized for each task.

Goal Attainment Scaling. Significant between-groups

differences existed that favored the intervention group on

GAS at TP2 (r5 .79, p < .01) and TP3 (r5 .58, p5 .02)

but were not present at TP4. Within-group differences

existed in both the intervention and the control groups from

TP1 to all subsequent time points, with a greater magnitude

of change in the intervention group (see Table 1). At TP2,

the intervention group had achieved 12 of their 14 (86%)

goals, and the control group had achieved 4 of their 20

(20%) goals, an expected or greater than expected outcome.

The intervention group maintained their goals, and the

control group achieved 10 of their goals (50%) at TP4.

Canadian Occupational Performance Measure. Similar

between-groups and within-group differences were ob-

served in COPM performance (see Table 1). Groups

differed on COPM satisfaction, in that between-group

differences existed only at TP2 (r 5 .5, p 5 .04).

Somatosensory Discrimination

No significant between-groups differences were found

across time points on the Wrist Position Sense Test. The

intervention group had within-group differences indicating

that improvements were maintained at TP4. No differ-

ences were found across time points for the control group

(see Table 1). There were no significant between-groups

differences across time points for the functional Tactile

Object Recognition Test, but there was a significant

within-group difference for the intervention group at

TP2 (median [Mdn] 5 2, r 5 .54, p 5 .04) and the

control group at TP3 (Mdn 5 3, r 5 .47, p 5 .04).

Motor Performance

No significant between-groups differences were found across

time points for the AHA, but the intervention group had

within-group differences that indicated improvements were

maintained at TP4 (see Table 1). No significant differences

were found across time points for the control group. For

the B&B Test, there were no significant between-groups

differences across time points, but there was a significant

within-group difference for the intervention group at TP3

(Mdn5 3, r5 .64, p5 .02) and TP4 (Mdn5 6, r5 .59,

p 5 .03) and for the control group at TP3 (Mdn 5 1.5,

r 5 .54, p 5 .02) and TP4 (Mdn 5 4, r 5 .60, p 5 .01).

Discussion

This study was an early investigation of a somatosensory

discrimination intervention for children with HCP that

used an established intervention protocol from another

clinical group that was modified by this research team for

use with children with HCP. Improvements were observed
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in the children’s somatosensory discrimination, motor per-

formance, and goal attainment.

Goal performance can be improved using a so-

matosensory discrimination approach. Children in our

intervention group showed improvement on their goals

immediately postintervention; they achieved an expected

or greater than expected outcome on 86% of their GAS

goals and maintained these improvements at the 6-mo

follow-up. Children in the control group achieved an

expected or greater than expected outcome on 20% of

their goals immediately after the control period, increasing

to 50% at the 6-mo follow-up. The act of goal setting can

motivate self-action, particularly when goals are chosen by

the person and described in detail (Locke & Latham,

2002). Goal setting alone has been found to direct at-

tention to activities that will support the achievement of

goals important to the person (Locke & Latham, 2006).

This mechanism may account for some of the goal at-

tainment observed in our control group.

In addition to self-selecting important goals, our in-

tervention group had structured opportunity for practice

with feedback and opportunities to enhance their sense

of self-efficacy by demonstrating new skills to family

members, which is also important for goal progress (Locke

& Latham, 2002). The greater magnitude of and im-

mediate response with maintenance of gains observed in

the intervention group suggest that the intervention fa-

cilitated improvement. The improvement observed in the

control group was smaller, but gains were still observed at

long-term follow-up and may be explained by increased

attention to important self-selected goals.

It is possible to improve and maintain improvement in

limb position sense after Sense discrimination training. We

found that limb position sense improved in the intervention

group and was maintained at 6-mo follow-up. This im-

provement involved reduced variability and a steady im-

provement in the group median over time. A previous study

showed that body position sense can be improved in the short

Figure 2. Recruitment flowchart.
Note. MACS 5 Manual Ability Classification System; SD 5 standard deviation.
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term by practicing amatching task, but the improvement was

not maintained at 1-wk follow-up (Smorenburg, Ledebt,

Deconinck, & Savelsbergh, 2013). In this single practice

session, integrating limb position sense with a meaningful

activity was not considered, nor did the session meet the

intensity requirements expected to effect lasting change

(Sakzewski, Provan, Ziviani, & Boyd, 2015). Our approach

to improving limb position sense was intensive and multi-

modal, and it involved calibration with and without vision

and incorporated obvious limb position cues into children’s

goal performance. The variety and intensity of practice

paired with the structured focus on somatosensory dis-

crimination may be the important difference in our

approach.

The intervention group demonstrated a statistically sig-

nificant improvement in median object recognition score

and reduced within-subject variability immediately post-

intervention, which was not maintained at 6-wk follow-up.

The control group demonstrated a statistically significant

improvement in haptic object recognition between baseline

and the 6-wk follow-up measure, which did not replicate

the reduced variability of the treatment group and was not

maintained. A recent study by Kuo and colleagues (2016)

found improvement in tactile outcomes after 82 hr of

Hand Arm Intensive Bimanual Training with an additional

8 hr of somatosensory discrimination tasks with objects and

shapes. They found that both their treatment (structured

tactile tasks, vision occluded) and control (unstructured

handling of tactile items, with vision) groups improved

on tactile measures, and the authors suggested that the

mechanism behind these changes could have been the

intensive bimanual training alone or the incorporation

of a diverse range of shapes and textures. No follow-up data

were presented. The variability in our groups meant that

we also had no between-groups differences, and whether

the changes in the control group were the result of a learning

effect is unclear. However, the absence of a reduction in

variability suggests this is not the case, and the agent

responsible for the change requires further investigation.

The Sense somatosensory discrimination intervention

was associated with an improvement in motor function.

Although there were no significant between-groups dif-

ferences on the AHA, our intervention group demon-

strated improvements immediately postintervention that

were maintained at 6-mo follow-up, and our control

group showed no change over time. Our data suggest that

improvements in limb position sense may contribute to

improved motor performance because the results on our

measure of limb position sense mirrored the AHA results.

Kuo et al. (2016) demonstrated improved motor per-

formance on the AHA as well, but improvement was ob-

served in both treatment conditions, and the authors

determined that whether the tactile training contributed to

improvements in motor performance was not clear. We

did not see the same improvement on the B&B Test as we

did on the AHA, and both the intervention and the control

groups made modest improvements over time. The differ-

ences observed between these assessments may be due to

differences in the focus of measurement; the AHA measures

how the more affected hand is used in bimanual tasks, and

the B&B Test solely measures unimanual performance. An

Table 1. Within-Group Comparisons of Median Change Between
Baseline and Each Time Point on Selected Outcome Measures

Group and
Result Type Baseline (TP1) TP2 TP3 TP4

GAS

Control

Mdn 0 4.56 9.3 24.81

r .479 .53 .597

p .042* .018** .011**

Intervention

Mdn 0 37.2 37.2 37.2

r .638 .634 .638

p .017** .018** .017**

COPM Performance

Control

Mdn 0 0.7 1.3 3.0

r .254 .547 .557

p .256 .014** .013**

Intervention

Mdn 0 4.6 3.5 3.4

r .632 .634 .635

p .018** .018** .018**

Sense_assess Kids WPST

Control

Mdn 0 2.3 20.2 1.5

r .199 .125 .285

p .374 .575 .203

Intervention

Mdn 0 4.45 6.45 7.7

r .632 .41 .632

p .018** .128 .018**

AHA

Control

Mdn 0 21.0 2.0 2.5

r .040 .205 .146

p .859 .358 .515

Intervention

Mdn 0 4.0 14.0 18.0

r .588 .587 .587

p .028* .028* .028*

Note. r ³ .10 indicates a small effect size; ³ .30, a medium effect size; and ³
.50, a large effect size. AHA 5 Assisting Hand Assessment; GAS 5 Goal
Attainment Scaling; COPM 5 Canadian Occupational Performance Measure;
Mdn 5 median; TP 5 time point; WPST 5 Wrist Position Sense Test.
*p < .05. **p < .02.
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important direction for future study will be to understand

the elements of somatosensation that most contribute to

gains in motor function. This study suggests that limb

position sense is modifiable and plays an important role in

upper-limb use of children with HCP.

Individual variation was observed in both the treat-

ment and the control groups and may have contributed to

the absence of statistically significant between-groups

change. Variability such as we observed has been reported

in studies examining intensive interventions for the upper

limb (Eliasson, Krumlinde-Sundholm, Shaw, & Wang,

2005; Hoare et al., 2013; James, Ziviani, Ware, &

Boyd, 2015; Sakzewski, Ziviani, & Boyd, 2011). In

these examples, the effectiveness of the intervention was

confirmed by within-group analysis while acknowledging

the presence of variance. As recommended in a systematic

review of upper-limb interventions for children with

HCP, it is crucial that future studies examine child

characteristics such as severity of impairment, side of

hemiplegia, motivation, cognition, and cortical sensori-

motor reorganization for their contribution to treatment

outcome (Sakzewski, Gordon, & Eliasson, 2014).

Limitations

This preliminary investigation of Sense training with chil-

dren considered a very small sample. To accommodate this

sample size, individual differences were investigated, and

nonparametric statistics were used. Goal attainment and

occupational performance were the primary outcomes

considered because there is no gold-standard measure of

somatosensation in children with CP. We consider the

results of this study to be preliminary, and they should be

used to orient the direction of future work. It is possible that

this intervention did not meet adequate dosage require-

ments. Children in the intervention group received 18 hr of

intervention in contrast to motor learning approaches,

which demonstrate change with doses ranging from 30 to

60 hr. Whether higher doses are required for a somatosensory

approach is not yet known. Larger samples and systematic

manipulation of factors such as dosage are required.

Implications for Occupational
Therapy Practice

This study’s findings have the following implications for

occupational therapy practice:

• The sense somatosensory discrimination intervention

improves children’s body position sense, motor out-

comes, and goal attainment, and improvements were

maintained at long-term follow-up.

• Body position sense is modifiable and may be linked

to improvements in motor outcomes.

These findings are preliminary, and further investigation is

required to confirm them.

Conclusion

This is the first pediatric trial of a novel somatosensory

discrimination intervention with demonstrated efficacy in

adult stroke survivors, and it provides evidence of feasibility

and potential efficacy in children with HCP. Using a small

pilot sample, we observed that it is possible to improve limb

position sense, motor performance, and attainment of oc-

cupational goals andmaintain improvements at 6-mo follow-

up. Building on the knowledge that somatosensation is

important for motor function, we provide preliminary evi-

dence to suggest that improving somatosensory function can

improve motor and goal performance outcomes for children

withHCP.Occupational therapy practitioners are encouraged

to consider using evidence-based approaches to improving

somatosensory function to help children with HCP achieve

their functional goals. Our findings suggest that applying the

Sense approach is feasible, but its use would need to be closely

monitored until further high-level evidence is available. s
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ABBREVIATIONS

AFO Ankle–foot orthoses

NMES Neuromuscular electrical stimu-

lation

SCALE Selective Control Assessment

of the Lower Limb

SMC Selective motor control

AIM To determine if neuromuscular electrical stimulation (NMES) applied to the ankle

dorsiflexors during gait improves muscle volume and strength in children with unilateral

spastic cerebral palsy (CP).

METHOD Thirty-two children (15 females, 17 males; mean age 10y 8mo, age range 5y 5mo–

18y 1mo) with unilateral spastic CP and a Gross Motor Function Classification System of

level I or level II were randomly assigned to either the 8-week daily NMES treatment group or

control group (usual or conventional treatments). Outcomes at week 8 (post-NMES) and week

14 (carryover) included magnetic resonance imaging for muscle volumes (tibialis anterior,

anterior compartment, and gastrocnemius), strength (hand-held dynamometry for isometric

dorsiflexion strength and heel raises for functional strength), and clinical measures for lower

limb selective motor control.

RESULTS At week 8, the treatment group demonstrated significantly (p<0.05) increased muscle

volumes for tibialis anterior, anterior compartment, medial and lateral gastrocnemius, and

dorsiflexion strength not only when compared to their baseline values but also when compared

to the control group at week 8. At week 14, both tibialis anterior and lateral gastrocnemius

volumes in the treatment group remained significantly increased when compared to their

baseline values. However, only lateral gastrocnemius volumes had significantly greater values

when compared to the control group at week 14. There were no between group differences in

the clinical measures for lower limb selective motor control at week 8 and 14.

INTERPRETATION Eight weeks of daily NMES-assisted gait increases muscle volume and

strength of the stimulated ankle dorsiflexors in children with unilateral spastic CP. These

changes are use-dependent and do not carry over after the 8-week treatment period.

Gastrocnemius volume also increased post-treatment with carryover at week 14.

Problems with ankle selective motor control (SMC), atro-
phy, and weakness to the muscles around the ankle joint are
well-documented impairments in children with unilateral
spastic cerebral palsy (CP).1–3 While the majority of children
with unilateral spastic CP are ambulant, these impairments
contribute to equinus when walking and result in the recruit-
ment of compensatory strategies or incidences of trips and
falls.1,4 Interventions such as strength training are often
employed to address these impairments but these efforts can
be hampered by poor SMC and insufficient training volume
to achieve clinically meaningful changes.5 Investigating
effective methods that aim to ameliorate these impairments
are necessary to provide immediate functional benefit as well
as for the maintenance of long-term mobility.6–8

Neuromuscular electrical stimulation (NMES) is the
application of an external electrical impulse to initiate a
limited voluntary skeletal muscle contraction.9 A muscle
contraction is elicited when an electrical current is deliv-
ered through electrodes placed over the skin of the target
muscle or nerve to activate intact motor units by inducing
an action potential.9 A unique feature of NMES is that it
can be employed even if there are problems with SMC.
Reduced SMC refers to the ‘impaired ability to isolate the
activation of muscles in a selected pattern in response to
demands of a voluntary posture or movement’.10 For this
reason, NMES-assisted gait (also commonly referred to as
functional electrical stimulation) has been used as a reha-
bilitation modality in adult stroke rehabilitation to address
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the functional consequences of equinus.11,12 More recently,
NMES-assisted gait has been applied during walking in
children with spastic CP to similarly overcome problems
with equinus.13–15 The predictable and repetitive nature of
a gait pattern enables NMES of the ankle dorsiflexors dur-
ing swing to be triggered by predictable phases of gait,
such as the tibial or shank angle at toe-off. Such technol-
ogy has enabled NMES-assisted gait to be applied in the
child’s own environment, which advantageously enables
high dose intervention to be embedded within activity.

So far, the literature describes NMES applied to the ankle
dorsiflexors during gait to be well tolerated,14,15 with com-
pelling improvements in ankle kinematics,14–18 thus produc-
ing an orthotic effect, i.e. stimulation of tibialis anterior to
clear the foot during swing phase of gait.16 Further, it has also
been recognized that the orthotic effect of NMES-assisted
gait can have the additional benefit of improving the muscle
volume, strength, and ankle SMC of the stimulated muscle
tibialis anterior in children with unilateral spastic CP.13,19

While the recent emergence of these studies provides
compelling results to support the efficacy of NMES-
assisted gait in children with CP, one limitation to these
pioneering studies is that control groups were not
included. The inclusion of control groups is particularly
relevant in paediatric populations to enable distinctions
between training-induced hypertrophy and natural devel-
opment or growth.5 Therefore, there is a need to evaluate
the effect of NMES-assisted gait in a randomized con-
trolled trial to not only investigate its effect over time but
also when compared to a control group undergoing con-
ventional therapy. The investigation of potential carryover
effects (also referred to as therapeutic effects) following the
discontinuation of NMES, is also essential to improve our
understanding of this intervention in children with CP.

The aim of this study is to conduct a randomized con-
trolled trial to evaluate the effectiveness of an 8-week com-
munity-applied NMES-assisted gait programme on muscle
strength and volume in children with unilateral spastic CP.
We hypothesized that children undergoing an 8-week
NMES-assisted gait treatment period would demonstrate a
greater increase in ankle dorsiflexion strength and muscle
volume compared to children without NMES. We also
hypothesized that children who received 8 weeks of
NMES-assisted gait would maintain the muscle hypertro-
phy and strength improvements at the 6-week follow-up
compared to children without NMES.

METHOD
Design
The study design was a randomized controlled trial to inves-
tigate the effect of an 8-week daily community-applied
NMES-assisted gait programme to the ankle dorsiflexors
compared with usual or conventional care (control group).

Participants
Thirty-two children (17 females, 15 males; mean age 10y
8mo, SD 3y 3mo) with unilateral spastic CP, in Gross

Motor Function Classification System (GMFCS) level I or
level II, were recruited for the study. Table I demonstrates
that there were no significant between group differences in
participant characteristics at baseline. Participants were
referred to the study from physiotherapists and paediatric
rehabilitation consultants. Participant inclusion criteria
included children with unilateral spastic CP, GMFCS
levels20 of I or II between the ages of 5 and 18. Partici-
pants needed to have at least 5 degrees of passive ankle
dorsiflexion (with the knee extended) and full knee exten-
sion. Participants had to be able to co-operate with assess-
ment procedures and be willing to use the NMES-assisted
gait device daily for 8 weeks.

The schedule for study commencement was dictated by
current clinical care involving botulinum toxin-A (BoNT-A).
BoNT-A is injected at 6-monthly intervals if clinically
indicated. With the exception of four children who do not
have routine BoNT-A injections (two children in the treat-
ment group and two children in the control group), all
remaining children have 6-monthly BoNT-A injections. For
these children, baseline measures commenced 3 months
after injections, which is widely accepted to be after the peak
technical response caused by motor end plate regeneration.21

Table I: Characteristics of participants

Treatment
(n=16)

Control
(n=16) p

Weight (kg) 38.5 (15.2) 37.4 (15.9) 0.850a

Sex (n) Male: 9 Male: 8
Female: 7 Female: 8

Side of hemiplegia (n) Right: 11 Right: 12
Left: 5 Left: 4

GMFCS (n) I: 10 I: 10
II: 6 II: 6

Age, y:mo (SD) 10:11 (3:10) 10:5 (2:8) 0.950a

Orthoses (n)
Articulated AFO 6 6
Fixed AFO 4 5

History of BoNT-A (n) 14 14
<10 injections 3 6
11–20 injections 9 6
>21 injections 2 2

Muscle volume
Tibialis anterior
(symmetry ratio)

0.59 (0.21) 0.57 (0.13) 0.896a

Strength
Dorsiflexion
(normalized)

0.11 (0.09) 0.12 (0.07) 0.620a

Ankle motor control
Ankle SMC (Ordinal
scale 0–4)

3 (2–3) 3 (2–3) 0.886b

at-test. bMann–Whitney U test. GMFCS, Gross Motor Function Clas-
sification System; AFO, ankle–foot orthoses; BoNT-A, botulinum
toxin-A; SMC, selective motor control.

What this paper adds
• Neuromuscular electrical stimulation (NMES)-assisted gait is a viable treat-

ment option for children with unilateral spastic cerebral palsy to increase
the muscle strength and volume of the stimulated ankle dorsiflexors.

• Gastrocnemius muscle volume also increases post-treatment with carryover.

• This suggests that NMES-assisted gait could be a viable supplement to tar-
geted strength training and serial botulinum toxin treatments.
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Participants were excluded if they had orthopaedic surgery
on the affected side in the past 12 months, had orthopaedic
metalware at the site of stimulation, or had uncontrolled
seizure disorder.

Study recruitment took place between June and July
2013 in Perth, Australia from clinics of the Cerebral Palsy
Mobility Service at Princess Margaret Hospital for Chil-
dren and The Centre for Cerebral Palsy, with the final
assessments completed by April 2014. Ethics committees at
Princess Margaret Hospital for Children and The Univer-
sity of Western Australia approved the registered trial
(ACTRN12614000949684) and the committee’s recom-
mendations were adhered to, with written and informed
consent for participation and publication obtained.

Procedure
An initial appointment with the principal investigator was
scheduled to determine NMES tolerance and introduce
the study protocol. Randomization to either the treatment
or control group was achieved through a coin toss, per-
formed by an individual uninvolved with the study, once
two matched participants were enrolled. Criteria for
matched participants were: (1) within 2 years of age for
children aged between 5 years and 10 years and within
6 years of age for children aged between 11 years and
18 years, and (2) in the same GMFCS level. This method
was applied to improve the homogeneity of each group in
terms of age and gross motor function.

Outcome measures were assessed at baseline, week 8,
and week 14. Participants in both groups were asked not
to participate in any new sporting activities during the
study and to maintain pre-existing conventional therapy
(including stretching, neurodevelopmental therapy, and
strengthening programmes) throughout the 14-week study
period to better isolate the effects of NMES treatment.

Outcome measures
This randomized controlled trial of community-based
NMES assessed outcomes across all domains of the Inter-
national Classification of Functioning, i.e. body structure
and function, activity, and participation. The results on
activity and participation are reported elsewhere.22,23 This
paper reports on the results pertaining to body structure
and function, i.e. muscle volume, strength, and motor
control.

Calculation of overall muscle volume was achieved using
magnetic resonance imaging (MRI).24 Bilateral MRI of the
lower limb were taken at the Department of Diagnostic
Imaging at Princess Margaret Hospital for Children, Perth,
Australia. T1-weighted spin echo sequence was used fol-
lowing standardized protocols,25 with a slice thickness of
5mm and mean inter-slice gap between 5mm and 7mm.
Images were analyzed using Mimics visualization software
(Version 16.0; Materialise, Leuven, Belgium) following a
standardized procedure described previously.24,25 All vol-
umes were normalized to tibia length to account for differ-
ences in participant stature and/or growth between scans.

Muscle volumes are also expressed as a symmetry ratio
(with a value of 1 indicating perfect symmetry1) in relation
to the unaffected side. This enables quick and meaningful
interpretation of the data while considering the effect of
growth or activity in the unaffected limb. In addition to
tibialis anterior, the volume of the anterior compartment
(tibialis anterior, extensor hallucis longus, extensor digito-
rum longus, and peroneus tertius) was also included in the
analysis because of its contribution to ankle dorsiflexion.
The volumes for soleus and gastrocnemius were also
obtained. The intra- and interrater (to ensure consistency
of technique with investigators in previous studies) reliabil-
ity of the muscle volume measurements was high, with
intraclass correlation coefficient values of 0.99 calculated
by testing a random selection of five scans of all muscles
(25 muscles in total).24,25

Strength was assessed using hand-held dynamometry for
ankle dorsiflexion. Maximum isometric ankle dorsiflexion
strength was measured three times using hand-held
dynamometry (Layfayette Nicolas Manual Muscle Tester
Model 01160) using the stabilization test position follow-
ing Crompton et al.’s26 protocol, i.e. supine with the knee
stabilized in extension, foot held in plantargrade position
with resistance applied to the dorsal surface of the metatar-
sal heads. To enable equitable comparisons for children of
different foot length and body size, the median value was
normalized to weight and foot length.27 The maximum
number of single limb heel raises was used to estimate
functional ankle plantarflexion strength.26,28 The method
and procedure for a successful heel raise followed Yocum
et al.’s description and that of our pilot work.13,28

SMC was assessed using two common clinical tools.
Boyd and Graham’s ordinal scale for ankle SMC assess-
ment was used because of its relevance to clinical practice
and applicability in young children.29 This 5-point ordinal
scale ranges from 0 describing no active movement to 4,
which describes balanced ankle dorsiflexion through full
available range of motion with the knee extended. A score
change of 1 was considered to be clinically meaningful.30

The Selective Control Assessment of the Lower Limb
(SCALE) was also employed because of its established
validity and reliability. Although the SCALE measures
SMC of all lower limb joints (providing a score out of 10),
it has a greater weighting for the ankle and foot.2 Only the
affected limb score was used for analysis and we considered
a score change of 2 to be clinically meaningful.

The assessments were all performed on the same day.
An experienced physiotherapist and research assistant fol-
lowed the outlined protocols for the strength and SMC
assessments. MRI was randomized, then processed and
analyzed by one assessor. The assessor was blinded to the
assessment time point and group allocation.

NMES-assisted gait intervention
Participants in the treatment group received the NMES-
assisted gait device after the baseline assessment. The Walk
Aide (Innovative Neurotronics, Austin, TX, USA) is a
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small (8.2cm96.1cm92.1cm, 87.9g) device that delivers
asymmetrical biphasic surface electrical stimulation trig-
gered by tibial motion to enable toe clearance by stimulat-
ing active dorsiflexion during the swing phase of gait. It is
attached to the participant’s leg by a cuff that sits just
under the knee on the affected side. One electrode is
placed on the muscle belly of the tibialis anterior and the
other on the common peroneal nerve, which innervates
tibialis anterior and other ankle dorsiflexors (extensor digi-
torum longus, peroneus tertius, and extensor hallucis
longus). Before the application of the Walk Aide in the
gait cycle, electrode position, amplitude, and pulse widths
were first determined with the participant in long sitting.
This process enabled individual settings to be established
by balancing tolerance to the stimulation and in the attain-
ment of dorsiflexion without excessive ankle movements
into inversion or eversion (this limitation meant that only
5 degrees could be achieved in some children).

During a gait cycle, the Walk Aide is triggered by an
individualized programme detecting changes in tibial angle
to stimulate ankle dorsiflexion. The set-up procedure fol-
lowed that described in our pilot study.13 Participants and
parents were supported so that they were confident and
independent with the NMES-assisted gait device, ensuring
balanced dorsiflexion with every use. Weekly to fortnightly
visits at home or school were necessary for education to
support daily use, adjust parameters to ensure adequate
dorsiflexion, monitor electrode integrity, and inspect for
any adverse events.

Participants were asked to use the Walk Aide for at least
4 hours per day, 6 days per week during the 8-week treat-
ment period. This was monitored through the usage log
on the device itself. To enable participants an opportunity
to accommodate to the device, they were asked to gradu-
ally build up to the required dosage over the first week.
Participants in the NMES treatment group did not wear
their ankle–foot orthoses (AFO) throughout the study.
They were provided with customized in-shoe orthoses at
the commencement of the study to support foot posture
and account for leg length discrepancies particularly in the
absence of AFOs. Participants in the control group were
asked to continue with their usual orthotic treatments.

Statistical analysis
Based on effect sizes observed in our pilot study of
NMES-assisted gait use,13 a one-tailed alpha of 0.05 and
power of 80% power analysis suggested that each group
required at least 15 participants per group to detect a clini-
cally meaningful change of six heel raises.28

Normality was established through examining distribu-
tional plots, Q-plots, and the Shapiro–Wilk test. For nor-
mally distributed interval data (muscle volume symmetry
ratios, normalized dorsiflexion strength, and SCALE),
repeated measures analysis of variance was used to establish
within and between group differences. To examine
between group differences at week 8 and week 14, baseline
measures were entered as a covariate, resulting in a

repeated analysis of the covariance model. If a significant
main effect for group and time or an interaction of these
was found, post hoc Tukey’s analysis was applied. This
enabled adjustments for multiple comparisons, calculation
of mean differences, and 95% confidence intervals. Nor-
malized muscle volume data was transformed using the
natural log because of skewed distributions. Following the
analysis, data was back-transformed by taking the exponen-
tial, with the interpretation in terms of percentage change.
Back-transformation outputs are expressed as ratios of the
geometric mean, with any back-transformed coefficients
with a 95% confidence interval crossing the value 1, indi-
cating a non-significant result. Effect sizes were deter-
mined for statistically significant comparisons by using
Cohen’s d calculation, with a value of 0.8 considered a
large effect, 0.5 to be a medium, and 0.2 to be a small
effect.31

Between group differences for ordinal data (ankle SMC)
and when assumptions for normality even after transforma-
tion were not met (heel raises), the Mann–Whitney U test
was applied to change scores. Correspondingly, the Wil-
coxon signed-rank test was used for examining within
group changes over time. Relationships between the vari-
ables were examined using scatterplots and correlation
coefficients. Intention to treat principle was applied. For
all statistical tests, significance was p<0.05 with analyses
performed using STATA version 12.1 (TestCorp, College
Station, TX, USA). Given the heterogeneity of CP, indi-
vidual intervention effectiveness was also explored by
reviewing individual graphs. We reasoned that this might
provide clinicians with an understanding of the variations
in individual response.

RESULTS
All participants who provided informed consent entered
and completed the study in their original group assign-
ment. The baseline MRI for one participant in the control
group was eliminated because of movement artifact. The
clinical measures of strength and SMC were complete for
all 32 participants.

All participants had a frequency set at 33Hz with pulse
width ranging from 25 to 100ls. Participants used NMES-
assisted gait daily for a mean of 6.2 (SD 3.2) hours over
the 8-week intervention period. There were no reported
unintended effects or adverse events using the NMES
device.

Muscle volume
The treatment group demonstrated significantly increased
volumes (for both normalized volumes and volume symme-
try ratios) in all muscles except for soleus at week 8 when
compared to baseline measures (Table II and Fig. 1).
Notably, as indicated in Table III, the treatment group’s
normalized tibialis anterior volume had significantly
increased by 23% (95% CI 14–31; p=0.001; d=0.62) at
week 8 when compared to baseline. At week 14, there were
significant increases in lateral gastrocnemius muscle vol-
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ume for the treatment group when compared to baseline,
with a mean increase of 14% (95% CI 7–21; p=0.017;
d=0.31). There was a significant increase in the normalized
volume for tibialis anterior in the treatment group at week
14 when compared to baseline (p=0.039) and this
approached significance when expressed as a muscle vol-
ume symmetry (p=0.085). There were no significant
changes for the control group over time when compared to
baseline.

Between groups at week 8 (Table III), the treatment
group demonstrated significantly increased volumes (for
both normalized volumes and volume symmetry) for all
muscles except for soleus when compared to controls.
There was a large effect for tibialis anterior, with a mean
difference of 18% (95% CI 6–31; p=0.001; d=0.87). There
was a medium effect for the anterior compartment, with a
mean difference of 18% (95% CI 7–30; p<0.001; d=0.67).
Medial gastrocnemius had a small effect with a mean dif-
ference of 10% (95% CI 2–20; p=0.014; d=0.23). Lateral
gastrocnemius also had a small effect with a mean differ-
ence of 14% (95% CI 2–27; p=0.017; d=0.15). At week 14,
the treatment group had significant increases in lateral gas-
trocnemius muscle volume only when compared to con-
trols with a mean difference of 15% (95% CI 3–29;
p=0.009; d=0.19).

Strength
The treatment group demonstrated significantly greater
ankle dorsiflexion strength at week 8 (mean difference=0.1,
95% CI 0.06–0.14; p<0.001; d=0.89) and at week 14 (mean
difference=0.09, 95% CI 0.06–0.13; p<0.001; d=0.85) when
compared to baseline measures. The control group demon-
strated significant gains in strength at week 14 only when
compared to baseline (mean difference=0.04, 95% CI
0.003–0.08; p=0.032; d=0.57). Between groups, the treat-
ment group had significant increases in ankle dorsiflexion

strength when compared to controls at week 8 (mean dif-
ference=0.09, 95% CI 0.03–0.15; p=0.002; d=0.7) but not
at week 14 (mean difference=0.05, 95% CI �0.01 to 0.12;
p=0.116) (Fig. 1).

There were significant within-group improvements over
time in the number of heel raises for both the treatment
(week 8 median difference=3.5, interquartile range [IQR]
1–6; p=0.002; week 14 median difference=3, IQR 0–7.5;
p=0.008) and control group (week 8 median difference=0,
IQR 0–3; p=0.03; week 14 median difference=1, IQR 0–7;
p=0.03). Although these median changes did not represent
clinically meaningful changes (defined as a minimum
change of six heel raises28), individual analysis identified
that there was a trend for more participants in the treat-
ment group (5/16) than the control group (1/16) to achieve
clinically meaningful improvements at week 8. Of note,
seven out of 16 participants in the treatment group were
just short of achieving a clinically meaningful improve-
ment. At week 14, there was a trend for more participants
in the treatment group (6/16) than in the control group (3/
16) to achieve clinically meaningful improvements in the
number of heel raises performed. There were no significant
between group differences at week 8 (p=0.08) and at week
14 (p=0.3) for heel raises.

Selective motor control
The treatment group demonstrated significant improve-
ments in ankle SMC and SCALE scores at week 8 (ankle
SMC median difference=1, IQR 0–1; p=0.02; SCALE
mean difference=1.1, 95% CI 0.62–1.63; p<0.001; d=0.83)
and week 14 (ankle SMC median difference=0.5, IQR 0–1;
p=0.048; SCALE mean difference=0.81, 95% CI 0.3–1.32;
p<0.001; d=0.67) when compared to baseline measures.
The control group demonstrated no significant improve-
ments in ankle SMC at week 8 (median difference=0, IQR
0–1; p=0.1) and at week 14 (median difference=0, IQR 0–1;

Table II: Mean (SD) of groups for muscle volume, ankle dorsiflexion strength, and Selective Control Assessment of the Lower Extremity (SCALE)

Groups

Wk 0 Wk 8 Wk 14

Rx Con Rx Con Rx Con

Normalized muscle volume (affected side muscle volume/tibia length)
Tib anterior 0.82 (0.23) 0.72 (0.29) 1.00 (0.34) 0.74 (0.35) 0.87 (0.27) 0.74 (0.33)
Anterior comp 1.69 (0.54) 1.57 (0.63) 2.00 (0.59) 1.57 (0.69) 1.76 (0.50) 1.61 (0.67)
Medial gastroc 1.54 (0.72) 1.54 (0.88) 1.71 (0.80) 1.52 (0.88) 1.60 (0.77) 1.53 (0.88)
Lateral gastroc 0.93 (0.39) 1.02 (0.54) 1.08 (0.49) 1.00 (0.59) 1.07 (0.50) 0.97 (0.51)
Soleus 3.91 (1.37) 3.99 (1.92) 3.85 (1.31) 3.97 (2.08) 3.89 (1.34) 3.96 (2.01)

Muscle volume symmetry ratio (affected/unaffected muscle volume)
Tib anterior 0.59 (0.21) 0.57 (0.13) 0.72 (0.22) 0.6 (0.13) 0.63 (0.19) 0.6 (0.14)
Anterior comp 0.63 (0.15) 0.62 (0.12) 0.74 (0.14) 0.63 (0.13) 0.66 (0.13) 0.66 (0.13)
Medial gastroc 0.68 (0.22) 0.69 (0.21) 0.76 (0.25) 0.69 (0.21) 0.72 (0.26) 0.70 (0.21)
Lateral gastroc 0.64 (0.19) 0.70 (0.16) 0.73 (0.23) 0.71 (0.19) 0.73 (0.25) 0.69 (0.16)
Soleus 0.76 (0.18) 0.76 (0.15) 0.74 (0.16) 0.76 (0.16) 0.76 (0.19) 0.76 (0.15)

Strength and selective motor control
Dorsiflexion (normalized) 0.11 (0.09) 0.13 (0.07) 0.21 (0.13) 0.14 (0.07) 0.2 (0.12) 0.17 (0.07)
Heel raisesa 0 (0–3.5) 0.5 (0–2) 4 (2–10.5) 2.5 (0–3) 5 (0.5–11) 1.5 (0–7)
SCALE (score out of 10) 4.94 (1.12) 5.4 (1.64) 6.06 (1.53) 6.06 (1.39) 5.75 (1.29) 5.87 (1.46)

aReported as median and interquartile range. Rx, treatment; Con, control; tib, tibialis; comp, compartment; gastroc, gastrocnemius.
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p=0.65) when compared to baseline scores. The control
group demonstrated significant SCALE improvements at
week 8 (mean difference=0.67, 95% CI 0.14–1.19; p=0.007;
d=0.43) but not at week 14 (mean difference=0.47; 95% CI
�0.06 to 0.99; p=0.098) when compared to baseline mea-
sures. Further, individual analysis revealed that at week 8,
there was a trend for more participants in the treatment
group (9/16 in ankle SMC; 6/16 on the SCALE) than in
the control group (5/16 in ankle SMC; 2/16 on the
SCALE) to make clinically meaningful score changes. To
note, six out of 16 participants in the treatment group
made no changes in ankle SMC at week 8. At week 14,
there was a trend for ankle SMC improvements only, with
more participants in the treatment group (8/16) than in
the control group (3/16) to maintain clinically meaningful
score changes. There were no statistically significant differ-
ences between the groups at week 8 (ankle SMC p=0.10

and SCALE p=0.67) and week 14 (ankle SMC p=0.16 and
SCALE p=0.86).

Scatterplots demonstrated that at week 8 in the treat-
ment group, there was no relationship between change in
tibialis anterior muscle volume and ankle dorsiflexion
strength (q=�0.09, p=0.754) or change in anterior com-
partment MRI muscle volume and ankle dorsiflexion
strength (q=0.37, p=0.159). There was a strong positive
relationship between ankle dorsiflexion strength and SMC
with a Spearman’s correlation coefficient at baseline
q=0.794 (p<0.001), week 8 q=0.741 (p<0.001), and week 14
q=0.635 (p<0.001).

DISCUSSION
Supporting our first hypothesis, NMES-assisted gait signif-
icantly increased muscle volume and ankle dorsiflexion
strength following an 8-week intervention. The inclusion
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of a control group in this randomized controlled trial pro-
vides clinicians with the necessary clarity in the use of
NMES-assisted gait within a community setting. Not only
do the results provide evidence of further substantiating
previous uncontrolled trials13,19 with benefits in muscle
strength and volume, but that the effects are also more
superior than conventional therapy. Traditionally, func-
tional applications of NMES such as NMES-assisted gait
is not used for muscle strengthening because impulses are
generally not delivered at a high enough intensity to pro-
vide muscular improvements.32 However, the advantage of
NMES-assisted gait is the high dosage that is offered
through repetitive, non-selective recruitment of muscle
fibres within functionally relevant and activity-based con-
texts.33,34 The non-selective recruitment ensures that all
fibres regardless of type can be activated during everyday
walking despite problems with SMC.34 The advantage of
functionally applied NMES has similarly been reported in
the spinal cord injury rehabilitation literature where muscle
volume improvements were accompanied by greater
strength gains when compared to muscles stimulated using
NMES in non-functional contexts, i.e. in standardized
positions.35 Hence NMES-assisted gait can be considered
to be a viable option in the management of children with
unilateral spastic CP to facilitate muscular changes while
having the advantage of being integrated within individual-
ized contexts.

The treatment group’s significant increase in ankle dor-
siflexion strength and muscle volume was not maintained
at week 14 when compared to the control group, thus
rejecting our second hypothesis. To note, the treatment
group did demonstrate significant improvement in ankle
dorsiflexion strength and volume at week 14 compared to
baseline; however, the changes were not significantly
greater than the control group who maintained conven-
tional or usual therapies only. Hence the inclusion of a
control group was beneficial to account for muscular
changes from growth or conventional therapy input. The
results from this time point support current literature that
muscular changes following NMES are use-dependent19

and do not facilitate long-term or prolonged/lasting neuro-
muscular adaptations. While it may be preferable to con-
tinue to use NMES to maintain the muscle hypertrophy
and strength changes, ongoing use could increase depen-
dence on an external stimulus.19 To limit this, devices
should only be used for as long as needed in order to pro-
mote movement control.36

One strategy could be to alternate between a period of
8 weeks of use and a period of non-use (as used in the cur-
rent study). Examination of individual responses in ankle
SMC post-treatment provides some indication for the
appropriateness of alternating between a period of NMES
use and non-use. Although there were no statistically sig-
nificant changes in SMC between the groups, the partici-
pant-specific responses provide useful clinical information.
In the current study, nearly 40% of the participants in the
treatment group made no SMC changes at week 8. For

this group of children, NMES is needed to address impair-
ments in SMC, hence a period of non-use may not be war-
ranted. In contrast, 50% made clinically meaningful
improvements at week 8 and week 14. For this group, a
period of non-use would be appropriate for the therapeutic
effect in SMC and to limit NMES dependence. Therefore,
goals of treatment would be to either: (a) achieve muscle
volume and strength gains and maintain the orthotic effect
of NMES-assisted gait, or (b) achieve muscle volume and
strength gains and obtain a therapeutic effect in SMC.
This individual responsiveness may account for the limited
and inconsistent evidence of therapeutic effects reported in
the literature.32,37

There were significant differences in medial and lateral
gastrocnemius muscle volume at week 8 and for lateral gas-
trocnemius volume at week 14. The trend towards
improvement in strength supports the results from our pre-
vious work13 and addresses previous concerns that stimu-
lating only one muscle group at a joint would exacerbate
muscle imbalances.32 To our knowledge, the volumetric
improvement in medial and lateral heads of gastrocnemius
following NMES to the ankle dorsiflexors has not been
reported. These changes suggest that NMES could be a
viable supplement to targeted strength training, especially
if there are challenges with exercise compliance. Further,
increases in gastrocnemius volume may be advantageous
for children who undergo serial BoNT-A because of the
documented volumetric loss that occurs soon after injec-
tions.25

Given that the control group had no within-group
changes over time, it is likely that the improvements in
both volume and strength of gastrocnemius is attributable
to the removal of AFOs and the advantage of the
NMES’ orthotic effect to enable greater gastrocnemius
contribution in mid- to late stance for push-off.17,38 Also,
these muscle changes occurred after just 8 weeks of
intervention, thus NMES may offer controlled breaks
from AFO use. These breaks may provide an opportunity
to facilitate strengthening and prevent atrophy from serial
BoNT-A. For ambulant children with CP, addressing
problems with muscle strength and volume may have
long-term implications, particularly with the management
of pain and reports of walking deterioration with increas-
ing age.6–8 Given the significant muscular improvements
noted in the present study, integrating NMES-assisted
gait into current therapeutic management is superior to
conventional therapy alone and may potentially have
a role in forward planning for people with unilateral
spastic CP. Further longitudinal investigation is therefore
warranted.

While this study has provided further support for the use
of NMES in children with CP in a randomized controlled
trial, there are some limitations to note. One limitation is
that participants actively sought to be in the study and this
may account for the high compliance with use of the inter-
vention. Another limitation is that funding restrictions
meant that the assessor also provided the intervention.
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Therefore it was not possible for the assessor to be blinded
to group or assessment time point for the clinical measures.
However, the assessor was presented with muscle volume
scans in randomized time points, blinded for group and time
with vigorous methods implemented to ensure that the
assessor could not reference previous clinical results.

A further limitation is that all but four participants had a
history of BoNT-A. This group was too small to enable
sub-group analysis to yield adequate power. However, the
application of analysis of covariance with the baseline as
the covariate enabled adjustments for any baseline varia-
tion. Finally, there were limitations in the range of fre-
quency parameters available on the Walk Aide. Higher
frequencies reportedly have a greater effect on the central
nervous system and this may be associated with more pro-
longed neuromuscular adaptations.39 Future studies should
consider the use of devices that enable a greater selection
of parameters to elicit neuroplastic changes for a longer
lasting effect. The strength of this study was the inclusion
of a control group that was adequately powered with all
participants completing the study.

Our results support the efficacy of NMES-assisted gait
as a viable treatment option by providing the opportunity
for targeted intervention to address the known problems in
ankle dorsiflexion SMC to improve muscle volume and
strength in children with unilateral spastic CP. Although
improvements in muscle volume and strength are use-
dependent, clinicians should evaluate individual responses
in ankle SMC after 8 weeks of NMES-assisted gait to
determine an appropriate wear regime, i.e. ongoing NMES
use or alternating between periods of use and non-use to
promote SMC.
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ABSTRACT: Introduction: In this study we aimed to character-
ize muscle composition of the medial gastrocnemius in children
with spastic cerebral palsy (SCP) using quantitative ultrasound.
Methods: Forty children with SCP, aged 4–14 years, partici-
pated in this study. Children were grouped according to the
gross motor function classification system (GMFCS I–V) and
compared with a cohort of age- and gender-matched, typically
developing children (TD; n 5 12). Ultrasound scans were taken
of the medial gastrocnemius. Images were then characterized
using grayscale statistics to determine mean echo intensity (EI)
and the size and number of spatially connected homogeneous
regions (i.e., blobs). Results: Significant differences in skeletal
muscle composition were found between children with SCP and
their TD peers. Children classified as GMFCS III consistently
exhibited the highest EI and blob area. Conclusions: This study
demonstrates altered tissue composition in children with SCP
visualized using ultrasound. Further work is required to deter-
mine the pathophysiology contributing to these alterations in
SCP.

Muscle Nerve 52: 397–403, 2015

Cerebral palsy is the most common cause of
physical impairment in children.1 It is a lifelong
neuromuscular condition characterized by a hetero-
geneous group of motor disorders, most frequently
caused by an abnormality of the developing brain.1

The most common motor impediment, muscle spas-
ticity, affects approximately 85% of children with cer-
ebral palsy.2 Spastic muscle may be described as a
muscle that exhibits velocity-dependent hyperexcit-
ability of the tonic stretch reflex, a description that
remains consistent with the widely accepted defini-
tion of spasticity proposed by Lance.3

Although the primary upper motor neuron
lesion is non-progressive, the resulting muscle
pathology changes over time.4 Chronic muscle

spasticity induces structural adaptations that are
believed to contribute to a range of non-specific
morphological abnormalities.5 To date, the litera-
ture surrounding muscle pathology in children
with spastic cerebral palsy (SCP) has presented
conflicting results suggestive of both increased-use
and decreased-use models of skeletal muscle adap-
tation.5 There is, however, evidence from several
biopsy studies that reinforces the view that struc-
tural adaptations occur secondary to spasticity in
individuals with SCP. These alterations include
increased fiber type variability,6 atrophic muscle
fibers,7 increased stiffness of spastic muscle cells,8

poorly organized extracellular matrix material,9

increased collagen concentration,10,11 and
increased intramuscular fat.12

Despite the earlier work, researchers still have a
relatively poor understanding of the progression of
muscle pathology in patients with SCP. This can be
attributed to the widely heterogeneous presentation
of children with SCP and the complex interaction
between neurological, mechanical, and biological fac-
tors influencing the structural integrity of the mus-
cle.13 In their recent review, Gough and Shortland
sought to address potential contributors to skeletal
muscle deformity in children with SCP.13 They iden-
tified a number of factors, but suggested that muscle
innervation and impaired muscle growth were the 2
primary factors contributing to the alterations
observed in skeletal muscle. They suggested that the
interplay between muscle innervation and altered
loading influences the development of contractile
and non-contractile components of spastic muscle.13

Their conclusions offered new insights into the pro-
gression of muscle pathology and, if accurate, some
potential implications for the development of new
therapeutic pathways for treating skeletal muscle
abnormalities in this population.

OnabotulinumtoxinA (BTX-A) has been used
in association with other interventions in the man-
agement of muscle spasticity for over 2 decades.14

BTX-A temporarily denervates the injected muscle,
but the clinical effect wears off within 3–6 months.

Abbreviations: BTX-A, onabotulinumtoxinA; DMD, Duchenne muscular
dystrophy; EI, mean echo intensity; GMFCS, Gross Motor Functional Clas-
sification System; pABA, percentage affected blob area; SCP, spastic cer-
ebral palsy; TD, typically developing
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Children frequently receive repeated BTX-A treat-
ments on a 6–12-monthly basis. The short-term
therapeutic benefits are well recognized15; how-
ever, little information is available regarding the
long-term implications on the muscle after serial
BTX-A injections.16 Fortuna and colleagues
recently reported that high doses of BTX-A caused
severe atrophy and loss of contractile muscle tissue
in the injected muscles of New Zealand white rab-
bits at 1 month post-injection.17 The authors attrib-
uted further reductions in muscle contractile tissue
to the significant infiltration of fatty tissue found
at 3 and 6 months post-injection. Similar findings
were reported by Schroeder and colleagues in the
only available published work to acquire repeat
biopsies of BTX-A-injected human muscle tissue.18

In that study, severe neurogenic atrophy occurred
in the injected lateral gastrocnemius muscle of 2
healthy volunteers.

Interestingly, Schroeder et al. also utilized
non-invasive MRI to identify the state and pro-
gression of muscle adaptation after BTX-A injec-
tion.18 They reported the effectiveness of muscle
imaging to monitor alterations in skeletal tissue
pathology after routine BTX-A treatment, particu-
larly as invasive muscle biopsy techniques are not
ethically or clinically feasible for longitudinal
evaluations in pediatric populations. Certainly,
there appears a need to adopt a non-invasive
and clinically applicable technique for assessing
skeletal muscles.

Although MRI is the “gold standard” muscle
imaging modality, many pediatric clinics do not
have access to MRI technology or are cost-
restricted. Alternatively, muscle ultrasound is a
more cost-effective, easily applicable, and safe
method to visualize skeletal muscles in vivo.19 It is
also a more feasible imaging modality for longitu-
dinal follow-up assessment of skeletal muscle prop-
erties. Ultrasound is recognized as a highly
sensitive imaging technique with the potential to
detect structural alterations, such as muscle atro-
phy,20 altered muscle echo,21 diminished bone
echo,22 and non-contractile muscle tissue.23

Increased ultrasound echo intensity has been char-
acterized in several neuromuscular disorders, and
many investigators have suggested that increases in
this measure are caused by disruption of normal
muscle architecture by infiltration of fat and
fibrous tissue.21,24–27 These pathological changes
alter the orientation of reflective surfaces within a
muscle and lead to an increase in ultrasound
echo, wherein a muscle appears whiter. Muscle
mean echo intensity (EI) can be quantified easily
using quantitative grayscale analysis.28 This type of
analysis indicates the level of black, grey, or white
of an imaged muscle.

Although previous investigations have adopted
ultrasound technology to describe the morphologi-
cal and architectural parameters of skeletal
muscles in children with SCP,29–31 no studies have
yet employed quantitative ultrasound to character-
ize skeletal muscle composition in this population.

The primary aim of this study was to apply
quantitative ultrasound to characterize skeletal
muscle composition in terms of EI and spatial
structure (i.e., percent affected blob area) in chil-
dren with SCP and compare it to that of typically
developing (TD) children. A secondary aim of this
study was to determine potential correlations
between altered ultrasound-determined tissue com-
position and patient characteristics, such as Gross
Motor Function Classification System (GMFCS)
level and number of BTX-A injection series, in
children with SCP.

METHODS

Participants. Forty children classified as spastic
type cerebral palsy (24 males, 16 females) were
recruited via the spasticity management service at
the Princess Margaret Hospital for Children
(PMH). Participants presented with varying topog-
raphy and were classified according to the
GMFCS.32 Groups were matched according to age
and gender. Participants were excluded from the
study if they had previous lower limb surgery, serial
casting in the previous 6 months, or BTX-A injec-
tions to the lower limbs in the same period. Spas-
ticity of the ankle plantarflexors was determined
clinically by an experienced physiotherapist during
pre-injection assessment.

A convenience sample of age- and gender-
matched TD children (n 5 12) with no known neu-
rological or orthopedic problems was also
recruited (Table 1). All parents gave informed,
written consent for their child to participate in the
study. Ethical approval was obtained from the
human research ethics committee at PMH (1982)
and The University of Western Australia (RA/4/1/
6176), in accordance with the Helsinki Declaration
of 1975. Participant characteristics, including age,
gender, body mass, height, and number of lower
limb BTX-A series, are listed in Table 1.

Ultrasound Measurements. Ultrasound was per-
formed by 1 examiner (C.A.P.) using a transport-
able scanner (M-Turbo; Sonosite, Bothell,
Washington) fitted with a 13-MHZ transducer
(HFL38x Linear Array Probe; Sonosite).

Settings of the scanner were standardized for
all participants and kept constant during examina-
tions to avoid potential changes in the images due
to different system settings. A depth of 3.3 cm was
used, corresponding to a field of view of 443 3
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378 pixels. Depth-gain compensation was built into
the scanner.

During the ultrasound scanning, the partici-
pants lay prone on a bed with the ankle positioned
and maintained in resting plantarflexion. Contact
gel was used for acoustic coupling, and care was
taken to not exert undue pressure on the imaged
tissue, because this may influence pixel intensities
in the images. The transducer was placed perpen-
dicular to the surface of the leg under
examination.

Ultrasound images were taken of the medial
gastrocnemius at the length of shank correspond-
ing to its largest circumference. A horizontal line
was drawn at this length (defined as Line A), and
2 more lines were drawn 20 mm superior and infe-
rior to Line A. For statistical analyses, grayscale
measures recorded at each imaged site were aver-
aged to give a single value. This was similar to the
ultrasound measurement adopted in a previous
investigation that demonstrated good test-retest
reproducibility of grayscale statistics.28 All partici-
pants recruited into the study successfully com-
pleted the ultrasound protocol, which took
approximately 10–15 minutes to perform.

Image Processing. A customized image processing
program was developed in MatLab 7.9.0 (R2009b;
The MathWorks, Natick, Massachusetts). A median
filter (kernel size 5 3 3 3 pixels) was applied to
remove unwanted noise from the ultrasound
images. Thereafter, a region of interest (ROI) was
selected comprising the visible muscle belly of the
medial gastrocnemius without bone and surround-
ing fasciae. As the transducer was only 38 mm in
length, the lateral borders of the image were used
to segment the muscle bellies of children with
larger medial gastrocnemius muscles.

Grayscale EI was calculated using standard histo-
gram functions and was expressed as a value between
0 (black) and 255 (white). Another grayscale statistic
adopted in this study was based on that developed
by Nielsen et al.23 Grayscale images were converted
into binary images at a threshold (T 5 100) reported
to correspond to non-contractile tissue in adult

human skeletal muscles.28 Pixels with a grayscale
value <100 were assigned the value 0 (black), and
those �100 were assigned the value 1 (white). In
the resultant binary blob image, areas containing
�9 spatially connected “white” pixels (correspond-
ing to an area of 0.05 mm2) are referred to as
blobs (Fig. 1). The number and size of blobs
were summed to determine the percentage of
affected blob area (pABA) within the medial
gastrocnemius.

Entropy statistics were also calculated from the
ultrasound muscle images. Entropy measures the
granularity of the selected ROI. A homogeneous
ROI has low information content (by definition)
and therefore low entropy, whereas a more granu-
lar region has higher information content and
thus higher entropy.33

Data Analysis. Data were analyzed in SPSS for
Windows 19.0.0 (SPSS, Inc., Chicago, Illinois).
Descriptive statistics and normality tests were per-
formed on all data. Grayscale EI exhibited normal
distributions. However, values of skewness and
kurtosis were outside the acceptable range for
pABA and entropy, and therefore all dependent var-
iables were transformed into z-scores. A Kruskal-
Wallis test was used to determine a main effect of
GMFCS on EI, pABA, and entropy. Mann-Whitney
U-tests were then performed to determine group
differences in these variables between SCP (GMFCS
I–V) and the TD cohort. The Spearman’s rank cor-
relation test was employed to investigate the rela-
tionship between independent variables (age,
GMFCS level, and number of BTX-A injections)
and EI, pABA, and entropy. The adopted P-value
was 0.05.

RESULTS

Grayscale Mean EI. Significant differences in gray-
scale EI of the medial gastrocnemius were found
between children with SCP and their age-matched
TD peers (P� 0.0001). Mean EI was significantly
less in the TD group than that of all GMFCS levels
(P� 0.0001–0.02). As illustrated in Figure 2, chil-
dren classified as GMFCS III displayed the highest
mean EI.

Table 1. Participant characteristics [median (range)] across GMFCS.

I II III IV V TD

N 10 10 8 6 6 12
Age (y) 9 (5–12) 9.5 (4–13) 8 (5–14) 8 (4–13) 10 (4–13) 7.5 (5–15)
Gender (M / F) 6 / 4 6 / 4 5 / 3 4 / 2 3 / 3 8 / 4
Mass (kg) 34 (18–67) 26 (18–50) 28 (15–43) 20 (14–44) 19 (15–50) 31 (16–70)
Height (cm) 135 (104–164) 131 (99–152) 120 (101–159) NA NA 129 (107–180)
BMI (kg/m2) 18 (15–25) 16 (14–22) 17 (15–23) NA NA 17 (13–22)
BTX-A 7 (1–13) 12 (2–17) 7 (2–12) 5 (1–15) 2 (0–3) NA

BMI, body mass index; BTX-A, onabotulinumtoxinA injection series; NA, not applicable; TD, typically developing.
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In ambulatory children with SCP (GMFCS I–III),
a moderate positive relationship was found to
exist between mean EI and GMFCS (r 5 0.42,
P 5 0.03).

Blob Area and Entropy. Similar to mean EI, there
were a number of significant differences in the
pABA of the medial gastrocnemius between chil-
dren with SCP and the TD cohort (P� 0.0001). As
displayed in Figure 2B, TD pABA was significantly
less than that of GMFCS levels I, II, and III. With
regard to image entropy, GMFCS II was the only
group to display a significant difference from the
TD cohort (Fig. 2C).

In contrast to the association between EI and
GMFCS level in ambulant children with SCP, the
weak positive correlation between pABA and
GMFCS level was not statistically significant
(r 5 0.30, P 5 0.13). In addition, there was no sig-
nificant correlation between image entropy and
GMFCS level (P 5 0.66).

Association between BTX-A Injections and Ultrasound

Texture Analyses. In children with SCP, age was
not significantly correlated with any alterations in
ultrasound muscle tissue composition (P> 0.05).
Alternatively the number of BTX-A injection series
was found to have weak positive associations with
both pABA (r 5 0.31, P 5 0.05) and entropy
(r 5 0.42, P 5 0.01). However, the correlation
between EI and BTX-A injection series was not sig-
nificant statistically (P 5 0.18).

DISCUSSION

In this study we have confirmed the existence
of significant differences in skeletal muscle tissue
composition between children with SCP and TD
children. Children with SCP classified as GMFCS
III displayed the greatest alterations in both
ultrasound-determined EI and affected blob area,
followed closely by GMFCS V and GMFCS IV. In
ambulant children with SCP (i.e., GMFCS I–III),

FIGURE 1. Grayscale cross-sectional images of the medial gastrocnemius (outlined in blue) taken at Line A from a typically developing

child (A) and a child with spastic cerebral palsy GMFCS II (B), matched for age and BMI. As illustrated by the histogram inserts (A,

B), grayscale mean EI, (A) (TD) 5 54.1, and (B) (SCP) 5 70.3. (C, D) Binary images corresponding to the same medial gastrocnemius

(A, B). Threshold to grayscale value T 5 100.22 Blob statistics, (C) (TD) 5 46 blobs, corresponding to an area of 6.6%, (D) (SCP) 5 73

blobs, corresponding to an area of 11.3%. Note that grayscale measures recorded at each imaged site were averaged to give a single

value for statistical analyses.
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EI was related significantly to their level of gross
motor impairment.

These results most likely reflect the complex
interaction of factors associated with altered devel-
opment of skeletal muscle properties in children
with SCP. As discussed in the recent review by
Gough and Shortland, muscle adaptations in this
population are mediated by varying contributions

of neuronal, mechanical, and growth factors.13

This complex interaction of factors is likely exag-
gerated when attempting to compare children of
different levels of impairment who undoubtedly
display large individual variability with regard to
skeletal muscle innervation and impaired muscle
growth.

Numerous studies have investigated the associa-
tion between gross motor function and impair-
ment severity such as reduced strength, spasticity,
co-contraction, and segmental coordination in chil-
dren with SCP.34–36 Others have highlighted the
contribution of these impairments to altered mus-
cle loading patterns in the lower limbs.37,38 It is no
surprise that the energy cost of walking increases
with GMFCS level in ambulant children with
SCP.39 Adaptation of passive muscle properties in
the spastic plantarflexor group, such as increased
hysteresis (which has been shown to be 3 times
greater than that in TD children), places active
muscle properties under higher levels of mechani-
cal stress.40 Gough and Shortland suggested that
increased eccentric loading may be a primary
mechanism for the altered adaptation of musculo-
tendinous connective tissue properties observed in
children with SCP.13 Here it may be theorized,
based on the assumption that eccentric loading
takes place during the stance phase of gait, such
loading of medial gastrocnemius muscle fibers
combined with altered skeletal muscle metabolism
can inhibit muscle recovery and alternatively pro-
mote fibrosis and replacement with fatty tissue.41

Thus, the relationship between tissue composition
and gross motor function may be a reflection of
the relative loading patterns of the lower limb
muscles during ambulatory tasks, particularly given
the contribution of altered medial gastrocnemius
function to pathological gait in this population.
Alternatively, it must be noted that resistance train-
ing research in SCP proposes that microstructural
damage caused by eccentric loading may play an
important role in stimulating positive functional
adaptions of spastic muscle.42 All in all, this area
of research is still in a state of dynamic discovery,
and more studies are required to build on the cur-
rent knowledge regarding the relationship between
spastic muscle function and structure.

Age was not correlated significantly with an
increase in mean EI or affected blob area in this
cohort. These findings reiterate the results pub-
lished in a study of typically developing children,43

which identified no age-related muscle changes in
children <16 years of age. However, a recent study
by Pillen and colleagues suggested age is a signifi-
cant predictor of pathological muscle alterations in
children with Duchenne muscular dystrophy
(DMD).44 The authors attributed the progression

FIGURE 2. Group differences in mean grayscale EI (A), per-

centage affected blob area (B), and entropy (C) of the medial

gastrocnemius. *Significantly different grayscale statistic vs. TD

(P�0.05). #Significantly different grayscale statistic vs. GMFCS

I (P�0.05). ^Significantly different grayscale statistic vs.

GMFCS II (P�0.05). •Represents statistical outlier.
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of alterations to proliferation of intramuscular fat
and fibrotic tissue. Although muscle pathology in
children with SCP typically worsens over time,4

unlike DMD, SCP is not degenerative, and there-
fore comparisons must be treated with caution. In
contrast to research in muscular dystrophies, there
is still a lack of scientific evidence to confirm path-
ological changes, such as increased fatty infiltration
and fibrous tissue in spastic skeletal muscles.10,11

Thus, although we cannot state the cause of
ultrasound-determined altered tissue composition,
it may be suggested that age does not appear to
play the lead role in the development of non-
contractile components of spastic skeletal muscle.

To date, only a small number of studies have
utilized higher order grayscale statistics (pABA and
entropy) to determine spatial structure of ultra-
sound muscle images.23,28,33 Although Nielsen and
colleagues established good test-retest reproducibil-
ity of ultrasound grayscale analysis,28 it must be
noted that this was undertaken in an adult popula-
tion and not children with spastic muscle. There-
fore, the higher order grayscale statistics reported
in this study should be interpreted with some cau-
tion, pending the establishment of the reproduci-
bility of such ultrasound measures in children.
Nevertheless, using the reference threshold value
(T 5 100) adopted by Nielsen et al.,23 we were able
to quantify a percentage of affected blob area
indicative of suspected non-contractile muscle tis-
sue. Affected blob area was significantly related to
the number of BTX-A injections in children with
SCP, which suggests that BTX-A may alter the spa-
tial arrangement of muscle image pixels. Similar to
reports from animal studies,17 BTX-A use, or
repeat denervation of the medial gastrocnemius,
appears to be associated with an increase in sus-
pected non-contractile tissue in this cohort of
serial BTX-A receivers.

Of particular interest to clinicians who treat
patients with BTX-A, the recent study by Picelli
et al. addressed the relationship between muscle EI
and response to BTX-A for treatment of equinus
foot in stroke patients.45 Using the qualitative
Heckmatt grading system,21 the authors concluded
that patients with higher EI have a reduced clinical
response to BTX-A. They attributed their findings
to increased non-contractile components of the
medial gastrocnemius. Future clinical trials may
consider the application of quantitative ultrasound
to clinical pre- and post-BTX-A assessments in chil-
dren with SCP. Quantitative ultrasound techniques
may have the potential to assist clinicians with bet-
ter selection of target muscles for BTX-A
intervention.

We used an ultrasound collection protocol simi-
lar to that of previous ultrasound investigations in

adults.23,28 However, it is apparent that calculating
grayscale statistics at sites other than the greatest
shank circumference (Line A) may be prone to
erroneous comparisons. Such error may be attrib-
utable to variable muscle belly lengths in children
with CP, and caution must be taken when inter-
preting results attained from muscle sites not
standardized to muscle belly length. Potential
future research in this area should include devel-
oping imaging protocols for accurate classification
of grayscale heterogeneity across the entire length
of the muscle belly in pediatric populations.

Quantitative muscle ultrasound provides a rela-
tively quick, child-friendly, feasible assessment tool.
There may be potential for adoption of quantita-
tive muscle ultrasound for follow-up clinical evalua-
tions after therapeutic interventions. More work is
required to determine the pathophysiology corre-
sponding to altered appearance of spastic skeletal
muscle. Studies of other neuromuscular disorders
have attributed these alterations to increased non-
contractile components, such as fat or fibrous tis-
sue21,24,27; however, inconsistent reports in the
spastic muscle literature suggest further work is
still needed to improve our current understanding
of spastic muscle adaptation to altered innervation
and growth.
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The orthotic and therapeutic effects following
daily community applied functional electrical
stimulation in children with unilateral spastic
cerebral palsy: a randomised controlled trial
Dayna Pool1,3*, Jane Valentine2, Natasha Bear1, Cyril J. Donnelly3, Catherine Elliott2,4 and Katherine Stannage5

Abstract

Background: The purpose of this study was to determine the orthotic and therapeutic effects of daily community
applied FES to the ankle dorsiflexors in a randomized controlled trial. We hypothesized that children receiving the
eight-week FES treatment would demonstrate orthotic and therapeutic effects in gait and spasticity as well as better
community mobility and balance skills compared to controls not receiving FES.

Methods: This randomized controlled trial involved 32 children (mean age 10 yrs 3 mo, SD 3 yrs 3 mo; 15 females, 17
males) with unilateral spastic cerebral palsy and a Gross Motor Function Classification System of I or II randomly assigned
to a FES treatment group (n = 16) or control group (n = 16). The treatment group received eight weeks of daily FES
(four hours per day, six days per week) and the control group received usual orthotic and therapy treatment. Children
were assessed at baseline, post FES treatment (eight weeks) and follow-up (six weeks after post FES treatment). Outcome
measures included lower limb gait mechanics, clinical measures of gastrocnemius spasticity and community mobility
balance skills.

Results: Participants used the FES for a mean daily use of 6.2 (SD 3.2) hours over the eight-week intervention period. With
FES, the treatment group demonstrated a significant (p < 0.05) increase in initial contact ankle angle (mean difference
11.9° 95 % CI 6.8° to 17.1°), maximum dorsiflexion ankle angle in swing (mean difference 8.1° 95 % CI 1.8° to 14.4°)
normalized time in stance (mean difference 0.27 95 % CI 0.05 to 0.49) and normalized step length (mean difference 0.06
95 % CI 0.003 to 0.126) post treatment compared to the control group. Without FES, the treatment group significantly
increased community mobility balance scores at post treatment (mean difference 8.3 units 95 % CI 3.2 to 13.4 units) and
at follow-up (mean difference 8.9 units 95 % CI 3.8 to13.9 units) compared to the control group. The treatment group
also had significantly reduced gastrocnemius spasticity at post treatment (p = 0.038) and at follow-up (dynamic range of
motion mean difference 6.9°, 95 % CI 0.4° to 13.6°; p = 0.035) compared to the control group.

Conclusion: This study documents an orthotic effect with improvement in lower limb mechanics during gait.
Therapeutic effects i.e. without FES were observed in clinical measures of gastrocnemius spasticity, community mobility
and balance skills in the treatment group at post treatment and follow-up. This study supports the use of FES applied
during daily walking activities to improve gait mechanics as well as to address community mobility issues among
children with unilateral spastic cerebral palsy.
(Continued on next page)
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Trial registration: Australian New Zealand Clinical Trials Register ACTRN12614000949684. Registered 4 September 2014.

Keywords: Cerebral palsy, Unilateral spastic cerebral palsy, Spastic hemiplegia, Randomised controlled trial, Ankle
kinematics, Temporal-spatial parameters, Orthotic effect, Therapeutic effect, Carry over effect, Functional electrical
stimulation

Background
Cerebral palsy (CP) refers to a group of permanent motor
dysfunctions due to non-progressive damage to the devel-
oping brain [1]. Unilateral spastic cerebral palsy (USCP) is
the most common presentation of CP and children are typ-
ically classified as having a Gross Motor Function Classifi-
cation System (GMFCS) and Winters Gage and Hicks gait
classification of I or II [2–4]. This means that despite
impairments such as spasticity and muscle contracture par-
ticularly at the ankle joint, children remain functionally
ambulant. Equinus during gait is a common problem
alongside functional issues with balance and commu-
nity mobility [3, 4].
The neuronal group selection theory provides an es-

sential framework to understanding the balance and
community mobility limitations in children with USCP
[5]. Based on this framework, children with USCP display
primary repertoires of movement that enable functional
mobility. However, the combination of impairments usu-
ally present in children with USCP may limit the develop-
ment of secondary repertoires of movement that are
essential for movement adaptability [6]. This deficit in
movement adaptability restricts activity such as commu-
nity mobility and balance skills, and may even increase
their risk of falls during gait. The expansion of primary
and secondary repertoires requires the implementation of
the principles of motor learning. Principles of motor
learning require treatments to be activity based or task
specific that is frequently repeated and challenged in
contextually relevant environments [7–9].
Current treatments to improve the gait of children with

USCP include pharmacological strategies such as botu-
linum toxin type A, implemented alongside a range of
physiotherapy treatments and/or the prescription of ankle
foot orthoses (AFOs) [10]. Although AFOs improve ankle
kinematics and temporal-spatial parameters during gait
[11, 12], for high functioning children, the external sup-
port of an AFO may hinder balance strategies for sec-
ondary repertoire expansion as well as impede power
generation for effective push off during walking and
running [11–13]. Evidence supporting the use of AFOs
is mainly focused on the effect it has on body structure
and function. It is currently unclear what effect AFOs
have with long term use as well as the effect it has on
activity and participation [7, 14, 15]. Thus investigation
into alternate interventions is warranted.

Functional Electrical Stimulation (FES) has the po-
tential to meet the motor learning needs to expand
movement repertoires because it can be implemented
frequently during functional tasks such as walking.
Muscles are artificially stimulated using an electrical
current that is transmitted through electrodes placed
over the surface of the skin above the target muscle
and nerve [16]. When FES is applied to the ankle
dorsiflexors during gait it can act as an orthosis by
initiating a muscle contraction to dorsiflex the ankle
joint, thus allowing for improved toe clearance dur-
ing the swing phase of gait (known as the orthotic
effect) [17, 18].
In a recent systematic review, the use of lower limb

muscle electrical stimulation for improving gait and
functional activity was cautiously advocated for children
with CP [19]. However included in this review were
studies where electrical stimulation was not functionally
applied, hence given the overwhelming evidence sup-
porting the need for specificity of treatment, the limited
effect on gait and activity is understandable [7, 20, 21].
Since this review, research has emerged with FES applied
to the ankle dorsiflexors during the swing phase of gait,
and though not randomized controlled trials, results
have supported an orthotic effect with improvements in
ankle kinematics enabling toe clearance [17, 22, 23]. De-
termining whether the effects last beyond the treatment
period with the removal of FES (known as the thera-
peutic effect) and whether it improves community mo-
bility and balance skills has not yet been determined and
so has been a recommendation for future research in
this area [19].
This study aimed to determine the orthotic and thera-

peutic effects of daily community applied FES to the
ankle dorsiflexors in a randomized controlled trial. We
hypothesized that children who received the eight-week
FES treatment would demonstrate an orthotic effect
with improved lower limb kinematics (i.e. elevated dorsi-
flexion during the swing phase of gait) during the gait
cycle compared to controls not receiving FES. Secondly,
after the removal of FES, children who were in the FES
treatment group would demonstrate a therapeutic effect
with improved lower limb kinematics during gait, better
community mobility and balance scores and reduced
gastrocnemius spasticity compared to controls that did
not receive FES.

Pool et al. BMC Pediatrics  (2015) 15:154 Page 2 of 10

https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=366956


Methods
Study design
The study design was a randomized controlled trial of
daily community applied FES to the ankle dorsiflexors in
gait compared with usual care (control group).

Participants
Participants were referred to the study by Physiotherapists
and Paediatric Rehabilitation Consultants. Participant in-
clusion criteria are detailed in Table 1. Participants who
had underwent botulinum toxin type A were included, but
scheduled to commence the study at three months post
injections [24]. Study recruitment took place between June
and July 2013 from clinics of the Cerebral Palsy Mobility
Service at Princess Margaret Hospital for Children and
The Centre for Cerebral Palsy, Perth Australia with the
final assessments completed by April 2014. Human eth-
ics approval was obtained from the Human Research
Ethics Committees of Princess Margaret Hospital, Perth
Australia and The University of Western Australia, Perth
Australia. The committee’s recommendations were ad-
hered to and written and informed consent for participa-
tion and publication was obtained.

Procedure
An initial appointment with the principal investigator
(DP) was scheduled to determine FES tolerance and
study protocol. Randomization to either the FES or con-
trol group was achieved through a coin toss, by an indi-
vidual uninvolved with the study. Randomization only
occurred once two matched participants were enrolled.
Matched participants were of the same GMFCS level,
and were within two years of age for children aged be-
tween five and 10, and within six years for children aged
between 11 and 18. This method was applied to improve

the homogeneity of each group in terms of age and gross
motor function.
Participants were asked not to participate in any new

sporting activities during the study and to maintain pre-
existing therapy throughout the 14-week study period so
that the effects of FES treatment could be determined.
The Actigraph® (GT3X, ActiGraph, Penascola, Florida,
USA), a triaxial device was used to monitor time spent
in moderate to vigorous physical activity (MVPA) [25]
because of its potential to confound the overall outcome
from FES intervention.
Outcome measures were assessed at baseline, post-

treatment (following eight weeks of FES intervention)
and follow-up (six weeks after the post-treatment). The
presence of an orthotic effect was determined in the
between group comparison at post treatment, whilst
the treatment group was wearing the FES device during
the gait analysis assessment. A therapeutic effect was de-
termined both at post treatment and at follow-up through
the examination of between group differences for the
community mobility balance measures, spasticity mea-
sures, as well as in the gait analysis, but only when the
treatment group was not wearing the FES device.

Outcome measures
This randomized controlled trial of daily community
FES assessed outcomes across all domains of the Inter-
national Classification of Functioning Child and Youth
Version. This paper focuses on the results pertaining to
the effects of FES on the domains of body structure and
function and activity. The primary outcomes were lower
limb biomechanics and included ankle kinematics and
temporal spatial measures during walking gait cycle and
community balance and mobility estimates. The second-
ary measures were clinical assessments of gastrocnemius
spasticity. As this study was conducted within the frame-
work of current clinical care, measures of passive dorsi-
flexion with the knee extended and popliteal angles were
also taken at all assessment time points to ensure no
detrimental loss of range of motion over the 14 weeks
study period. This was considered to be important par-
ticularly in the absence of AFOs. Though this was not
an outcome measure, the results may be of interest to
clinicians and so are presented as Additional file 1 in
this paper.

Gait analysis
Two dimensional gait assessment was conducted at
The School of Sport Science, Exercise and Health Gait
Laboratory at The University of Western Australia.
Three Bonita™ cameras (Vicon© Motion Systems Ltd UK)
capturing at 100Hz for sagittal (left and right) and coronal
(one camera) views were positioned and synchronized to
capture video with two AMTI force platforms (1,000Hz).

Table 1 Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

• Passive dorsiflexion range of
affected ankle of at least 5°

• History of uncontrolled seizure
disorder

• Full passive knee extension
bilaterally

• Orthopaedic lower limb surgery
on the affected side in the past
12 months

• Dynamic popliteal angle of
no more than 45°

• Orthopaedic metal ware at the
site of electrical stimulation

• Able to cooperate with
assessment procedures

• Botulinum toxin in lower limb
in the past 3 months

• Willing to use the Walk Aide®
at least 4 hours a day, 6 days
a week for 8 weeks

• GMFCS I or II, unilateral spastic
cerebral palsy
(with or without dystonia)

• Aged between 5 and 18

Pool et al. BMC Pediatrics  (2015) 15:154 Page 3 of 10



Children were asked to walk at a self- selected walking
speed along a 10 m walkway to capture five successful trials
i.e. uninterrupted foot strike on force platform. Bright
coloured, round stickers were placed on bilateral greater
trochanters, anterior superior iliac spine, posterior superior
iliac spine, acromion clavicular joint, medial and lateral
femoral epicondyles, patella, medial malleoli, lateral malle-
oli, head of the fifth metatarsal and calcaneus. This allowed
identification of specific anatomical landmarks and joint
centers during video motion capture. SiliconCoach Pro7 ®
(Siliconcoach Ltd, Dunedin, New Zealand), was used for
video analysis with initial contact and toe-off identified
from the vertical ground reaction force measure from the
platforms (>10 N and <10 N respectively). Ankle angle was
calculated between the tibia and the foot from the sagittal
plane high-speed video (using the markers on the lateral
femoral epicondyles, lateral malleoli and head of the fifth
metatarsal). Ankle dorsi/plantarflexion angles were calcu-
lated at four discrete time points, 1) initial foot contact, 2)
maximum dorsiflexion in stance, 3) toe off and 4) max-
imum dorsiflexion in swing. Temporal-spatial measures in-
cluded time in stance, step length normalized to height
[26], velocity prior to initial foot contact and walking
velocity over 5 m. Participants were assessed walking in
shoes and in-shoe orthoses (if any) at all assessment time
points. Participants in the FES treatment group were
assessed both with (to determine the orthotic effect)
and without (to determine the therapeutic effect) the
FES device at post-treatment. It was not possible to
blind the assessor regarding group and time point allo-
cation due to the facial identity and Walk Aide® visibil-
ity on the video.

Clinical tests
The clinical tests were performed at Princess Margaret
Hospital for Children by an experienced physiotherapist
(DP) and research assistant, following the outlined pro-
tocols at all of the time points. It was not possible to
blind the assessors to group or assessment time point
allocation.

Community mobility and balance skills
The Community Balance and Mobility Scale (CBMS) is
a valid and reliable clinical tool that rates performance
quality (out of a possible 96 points) of high level commu-
nity balance and mobility skills in ambulatory patients
with neurological impairment [27–29]. It includes items
relevant for everyday community mobility such as turning,
step-ups, walking and looking, direction changes and pick-
ing things up off the ground when walking. The CBMS
was chosen because it would not have a ceiling effect for
children with a GMFCS level of 1 as used previously by
Brien and Sveistrup 2011 [28]. An overall change in score
by five points is considered clinically meaningful,

reflecting true change in confidence in community mobil-
ity and community integration [28].
The 4-Square Step Test (4SST), a valid, reliable and

sensitive clinical tool was used to assess dynamic stepping
balance and rapid changes in direction [30]. The 4SST
measures the time it takes to step over four walking sticks
placed in a four square configuration, requiring the par-
ticipant to step over and clear a height of 2.5 cm in all
directions following previously documented protocols
[30]. Although this test is not routinely used for children
with CP, it was included because of its use to predict falls
in people with neurological impairments. A score of
15 seconds or more has been shown to be the cut-off
point to identify falls risk in people with neurological
impairments [30].
Self reported incidence of toe drag and falls was mea-

sured using a questionnaire from our pilot study [23].
The questions asked were “How often do you drag your
toes when you are walking?” and “How often do you
fall over?” Answers were given on a five point ordinal
scale (0–4), with a higher score indicating an increased
incidence.

Range of motion and spasticity
Goniometry measures of passive and dynamic (Modified
Tardieu Scale) ankle dorsiflexion in subtalar neutral (with
the knee extended) and popliteal angle in supine were
taken by DP following previously documented protocols
[23, 31]. A change in angle by 10 degrees was considered
clinically meaningful [32]. The Australian Spasticity As-
sessment Scale (ASAS), a five point ordinal scale was done
concurrently to measure spasticity for gastrocnemius and
hamstrings because of its proven validity and reliability in
documenting spasticity in clinical practice [33]. We consid-
ered that a score change of one was clinically meaningful.

FES intervention
Participants in the FES group received the FES device
after the baseline assessment. The Walk Aide® (In-
novative Neurotronics, Austin, TX, USA) is a small
(8.2 cm × 6.1 cm × 2.1 cm, 87.9 g) device that delivers
asymmetrical biphasic surface electrical stimulation
(ES) in a synchronized manner to stimulate the motor
neurons of the tibialis anterior muscle, which dorsi-
flexes the ankle during the swing phase of gait. It is at-
tached to the participant’s leg by a cuff that sits just
under the knee on the affected side. One electrode
was placed on the muscle belly of tibialis anterior and
the other on the common peroneal nerve, which in-
nervates tibialis anterior and other ankle dorsiflexors
(extensor digitorum longus, peroneus tertius and ex-
tensor hallucis longus). During a gait cycle, the Walk
Aide® is triggered by an individualized program detect-
ing changes in tibia angle to stimulate ankle
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dorsiflexion. Specific attention and time was spent by
DP to ensure appropriate electrode placement and
pulse width settings for accurate ankle dorsiflexion
without excessive and unwanted movements of the
foot. The set up procedure followed that described in
our pilot study [23]. Participants and parents were
supported so that they were confident and independ-
ent with the FES device, ensuring balanced dorsiflex-
ion (no excessive subtalar eversion) with every use.
Weekly to fortnightly visits at home or school were
necessary to support daily FES use. This included
training parents, teachers and education assistants on
the use of the device as well as conducting classroom
talks so that the participant’s peers were aware of what
the device was and why it was being worn. These visits
also enabled electrode placement and integrity checks
and inspection for any adverse events.
Participants were asked to use the FES device for at least

four hours per day, six days per week during the eight-
week treatment period. This was monitored through the
usage log on the device itself. To enable participants an
opportunity to accommodate to the device, they were
asked to build up gradually to the required dosage over
the first week.
Participants in the FES intervention group did not

wear their AFO throughout the study period. They were
all provided with customized in-shoe orthoses at the
commencement of the study to support foot posture and
account for leg length discrepancies particularly in the
absence of AFOs. Participants in the control group were
asked to continue with their usual orthotic protocol.

Statistical analysis
Based on effect sizes observed in our pilot study of FES
use [23], a one tailed alpha of 0.05 and power of 80 %
power analysis suggested that each group required at least
15 participants per group to detect a clinically meaningful
change in functional muscle strength (by six heel raises).
Normality was established for all clinical and gait mea-

sures through examining distributional plots, Q-plots and
the Shapiro-Wilk test. Means and standard deviations
were reported for each group for each phase. Determining
between group differences was the main focus and this
was examined using repeated measures ANCOVA (using
the baseline as the covariate) to account for the correl-
ation between repeated measures over time. Tukey’s
post-hoc analysis was applied if a significant main ef-
fect for group and time or an interaction of these was
found enabling appropriate adjustments for the mul-
tiple comparisons and calculation of mean differences
and 95 % confidence intervals. To better understand
the significance of the statistically significant compari-
sons for the gait data, effect sizes were also determined
by using Cohen’s d calculation with a value of 0.8

considered a large effect, 0.5 to be a medium and 0.2 to be
a small effect [34]. Assumptions for the ANCOVA were
examined and met. Actigraphy® was only measured at
baseline and post treatment and so was examined using
an independent t-test. The Mann–Whitney U test was
used to determine between group differences for or-
dinal scales of ASAS and self-reported toe-drag and
falls with medians and interquartile ranges reported for
each group in each phase. Statistical significance was
accepted as p < 0.05. All statistical analyses were per-
formed using STATA version 12.1 (TestCorp, Texas).

Results
Thirty-two children, mean age 10 y 8 mo (SD 3y 3mo)
with USCP GMFCS I or II, were recruited for the study.
Baseline participant characteristics are shown in Table 2.
All participants had spasticity in the lower limb, three
participants had mixed tone with spasticity and dystonia
(as indicated by the Hypertonia Assessment Tool) [35].
All participants who attended the initial appointment
completed the study. There was no missing clinical data
in the study, with all 32 participants assessed at all three-
time points in their original group allocation.
There were no clinically significant differences in the

primary outcome measures between the groups at base-
line (baseline values provided in Tables 3 and 4). Acti-
graphy® data was returned in all but one participant at
baseline. There were no significant differences in MVPA
between the groups at baseline (p = 0.428) and post treat-
ment (p = 0.931).

Table 2 Baseline characteristics

FES
(n = 16)

Control
(n = 16)

p value

Weight (kg) 38.5 (15.2) 37.4 (15.9)

Gender Male: 9 Male: 8

Female: 7 Female: 8

Side of hemiplegia Right: 11 Right: 12

Left: 5 Left: 4

GMFCS I: 10 I: 10

II: 6 II: 6

Age 10y 11mo
(3y 10mo)

10y 5mo
(2y 8mo)

AFO 10 11

Winters Gage and Hicks I: 0 I: 1

II: 16 II: 15

Clinical measures

Gastrocnemius ASAS 2 (1.5-3) 2 (1.5-3) 1.00a

Passive Dorsiflexion (°)
(knee extended)

11.94 (5.87) 10.5 (5.54) 0.482b

aMann Whitney U test; bt test; GMFCS Gross Motor Function Classification
System, AFO Ankle Foot orthoses, ASAS Australian Spasticity Assessment Scale
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All participants had the FES device set with a frequency
of 33Hz with pulse width ranging from 25 to 100 μs. Par-
ticipants used the FES for a mean daily use of 6.2 (SD 3.2)
hours over the eight-week intervention period. There were
no reported unintended effects or adverse events.

Gait measures
At the post treatment assessment, the groups were sig-
nificantly different (with small to medium effect sizes)
when the treatment group was wearing the FES device
(Table 4). With the FES device on at post treatment, the
treatment group had an increased ankle angle at initial
contact (mean difference 11.9°, 95 % CI 6.8° to 17.1°;
p < 0.001; d = 0.6), increased ankle angle in maximum
dorsiflexion in swing (mean difference 8.1°, 95 % CI
1.8 to 14.4°; p = 0.007; d = 0.4), increased normalized
time in stance (mean difference 0.27, 95 % CI 0.05 to
0.49; p = 0.011; d = 0.4) and increased normalized step
length on the affected side (mean difference 0.06,
95 % CI 0.003 to 0.126; p = 0.035; d = 0.4) when com-
pared to the control group. Without the FES device
on at post treatment, the treatment group continued
to demonstrate increased normalized time in stance (mean
difference 0.23, 95 % CI −0.001 to 0.47; p = 0.050; d = 0.4)
when compared to the control group and this was consid-
ered a small/medium effect size. There were no other sig-
nificant differences between the groups for the

remaining ankle kinematic and temporal spatial gait
measures at post treatment and at follow-up.

Activity clinical measures
The CBMS scores were significantly different between
the groups with the treatment group demonstrating
higher scores both at post treatment, (mean difference
8.3 units, 95 % CI 3.2 to 13.4 units; p < 0.001) and at
follow-up (mean difference 8.9 units, CI 3.8 to 13.9
units; p < 0.001). After the FES treatment, the treatment
group had a significant reduction in the incidence of self-
reported toe drag (p = 0.002) and a significant reduction in
self-reported falls at follow-up (p = 0.022) when compared
to the control group.

Spasticity and range of movement
There were significant differences between the groups
for gastrocnemius spasticity with the median score in
the treatment group decreasing from ASAS 2 at base-
line to ASAS 1 post treatment (p = 0.038). The groups
were also significantly different at follow-up, with the
treatment group having increased dynamic ankle dorsi-
flexion range (mean difference 6.9°, 95 % CI 0.4° to
13.6°; p = 0.035). There were no significant differences
between the groups for passive dorsiflexion and popliteal
angle range of movement post treatment and at follow-up
(Additional file 1). Notably, there was no mean loss of ankle

Table 3 Mean (SD) of groups and corresponding mean difference between groups (95 % CI) reported for spasticity and activity
clinical measures at baseline (A), post treatment (B) and follow-up (C)

FES Control Mean difference (95 % CI) Between group p value

ASAS gastrocnemiusa A 2 (1.5-3) 2 (1.5-3)

B 1 (0.5-2) 2 (2–2) - p = 0.038b

C 2 (0.5-3) 2 (2–3) - p = 0.090

Dynamic dorsiflexion ROM (°) A 0 (10.7) 1.1 (8.8)

B 5.9 (9.4) 1.9 (7.1) 4.7 (−1.9 to 11.3) p = 0.245

C 4.5 (9.8) −1.8 (10.9) 6.9 (0.4 to 13.6) p = 0.035b

4SST (seconds) A 10.9 (2.8) 10.6 (3.3)

B 9.0 (2.6) 9.6 (2.1) −0.1 (−0.2 to 0.03) p = 0.182

C 8.5 (2.8) 9.1 (2.6) −0.1 (−0.3 to 0.03) p = 0.160

Self-report toe draga A 2 (1.5-4) 4 (2–5)

B 2 (1–3) 4 (2.5-5) - p = 0.002b

C 2 (1–3.5) 4 (2–4) - p = 0.069

CMBS (score out of 96) A 56.4 (14.8) 53.5 (16.5)

B 67.7 (12.8) 56.9 (16.9) 8.3 (3.2 to 13.4) p < 0.001b

C 70.4 (11.3) 58.9 (16.2) 8.9 (3.8 to 13.9) p < 0.001b

Self-report fallsa A 2 (1–3) 3 (2–4)

B 2 (1–2.5) 2 (2–3) - p = 0.089

C 1.5 (1–2) 2.5 (2–3.5) - p = 0.011b

ASAS Australian Spasticity Assessment Scale, ROM Range of Motion, 4SST Four Square Step Test, aMann Whitney U tests with reported medians and IQR;
bSignificant difference between the groups p < 0.05; − Calculation and test not indicated; CBMS Community Balance Mobility Scale

Pool et al. BMC Pediatrics  (2015) 15:154 Page 6 of 10



or knee range of motion at both assessment time points in
the treatment group.

Discussion
Supporting our first hypothesis, this study documents
evidence of an FES orthotic effect in gait with improve-
ments in ankle kinematics to enable toe clearance when
walking. The improvement in ankle kinematics further
strengthens the current literature supporting the use of
FES to the ankle dorsiflexors in children with USCP, to
increase the ankle angle in swing to functionally reduce
toe drag when walking [18, 22, 36, 37]. The improve-
ment in the time spent in stance on the affected leg pro-
vides further evidence that FES in swing can also affect
some stance phase features. Once again this strengthens
previous results where this effect has also been reported,
but only in three children with CP [18]. Hence FES
seems to offer some limited but similar features to
AFOs, in terms of its effectiveness in improving ankle
kinematics, time spent in stance and step length [11–13].
For children who do not require the stance phase knee
and hip control that is offered by AFOs, clinicians may
consider the implementation of FES for children with
USCP that exhibit equinus gait patterns.

Supporting our second hypothesis, after eight-weeks of
FES, and with the removal of the FES device, participants
in the treatment group demonstrated a therapeutic effect
with significantly better CBMS scores, reduced gastrocne-
mius spasticity and self-reported toe drag compared to the
control group. There has been limited evidence supporting
the therapeutic effect in CP and this has largely been at-
tributed to variable intervention parameters with different
length and setting of intervention, different target muscles
for stimulation and underpowered sample sizes to de-
tect significant differences [37–41]. However, the com-
pelling evidence supporting the therapeutic effect in
the adult post stroke population, where FES is also used
for drop foot has been largely attributed to the applica-
tion of FES in functional contexts [42]. Therefore the
results from the current study support the implementa-
tion of daily community applied FES, as this appears to
be a necessary component particularly if the goal is to
achieve a therapeutic effect.
The mechanism for the therapeutic effect observed at

post treatment is unclear. We reason that the reduced
gastrocnemius spasticity, improvement in time in stance
and community mobility and balance skills reflect more
co-ordinated muscle activation at the ankle joint. Referred

Table 4 Mean (SD) of groups and corresponding mean difference between groups (95 % CI) reported for gait kinematics and
temporal-spatial parameters at baseline (A), post treatment (B) and follow-up (C)

Group Mean Difference between groups (95 % CI)

A B C B B C

Outcome Rx Con Rx Rx Con Rx Con Rx FES - Con Rx No FES - Con Rx No FES - Con
No FES FES No FES No FES

Initial contact ankle angle (°) −7.8 −5.5 3.2 −5.1 −7.6 −6.1 −6.6 11.9 - -

(6.7) (8.2) (6.1) (7.9) (8.2) (7.8) (8.1) (6.8 to 17.1)*

Max. DF stance (°) 12.9 13.8 15 14.8 12.9 13 12.0 - - -

(5.7) (7.6) (4.5) (4.4) (6.6) (4.9) (7.3)

Max. DF swing (°) −6.1 −4.6 3.4 −3.3 −3.8 −2.1 −4 8.1 - -

(9.5) (9.5) (9.6) (6.9) (8.0) (8.4) (7.6) (1.8 to 14.4)*

Toe-off ankle angle (°) −7.9 −14.2 −11.2 −15.7 −16.2 −16.8 −16.2 - - -

(12.5) (13.1) (9.9) (8.9) (8.8) (9.2) (12.1)

Time in stancea 2.1 2.2 2.3 2.3 2.1 2.2 2.1 0.27 0.23 -

(0.3) (0.3) (0.3) (0.3) (0.2) (0.2) (0.3) (0.05 to 0.49)* (−0.001 to 0.47)*

Step length – hemia 0.4 0.4 0.5 0.5 0.4 0.5 0.5 0.06 - -

(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.003 to 0.126)*

Step length- non hemia 0.5 0.5 0.5 0.5 0.5 0.5 0.5 - - -

(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)

Ankle velocity before
initial contacta

0.4 0.5 0.5 0.5 0.5 0.5 0.5 - - -

(0.1) (0.2) (0.1) (0.2) (0.1) (0.1) (0.1)

Walking velocity (m/s) 1.2 1.2 1.2 1.1 1.2 1.2 1.2 0.04 −0.04 −0.04

(0.2) (0.2) (0.2) (0.2) (0.2) (0.2) (0.2) (0.09 to −0.12) (−0.10 to 0.11) (−0.09 to 0.02)

Rx treatment group, Con control group, FES Functional Electrical Stimulation, −, Calculation and test not indicated; aValues reported are normalized dimensionless
values; *p <0.05
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to as muscle co-contraction due to impaired reciprocal in-
hibition that is often observed at the ankle during gait, [43]
can be used as a strategy to improve joint stability [44].
However it may also be functionally detrimental by impair-
ing co-ordinated muscle activation consequently impacting
balance control to result in asymmetrical gait patterns [45].
Stimulation to the ankle dorsiflexors may address problems
with reciprocal inhibition due to the repetitive nature of
the intervention by moving the ankle in and out of dorsi-
flexion with each step [18, 43]. In effect, this would enable
more balanced muscle function at the ankle, improving
stability thus accounting for the improvement in commu-
nity mobility and balance scores.
The continued therapeutic effect in community mobil-

ity and balance skills noted at follow-up supports our
pilot study results [23]. These changes provide some evi-
dence to suggest the role of motor learning with the de-
velopment of secondary repertoires of movement. This
could be because the participants’ ambulation needs
were challenged as they no longer had the orthotic ben-
efits of FES or an AFO. Further work to substantiate
the possibility of neuroplastic changes is therefore war-
ranted in future studies. The evidence for supporting
the therapeutic effect particularly regarding community
mobility and balance skills is functionally important as
it means that these changes are possible with minimal
therapy face time, a significant consideration in com-
munity clinical practice.
There were no ankle kinematic gait therapeutic ef-

fects, suggesting that orthotic effects, as with AFOs, are
use-dependent. We speculate that the absence of ankle
kinematic therapeutic effects could be attributable to
inadequate length or dosage of treatment. However, it
could also be attributable to inadequate elicitation of the
central nervous system from the FES settings as higher
frequencies were not available, whilst higher pulse widths
only resulted in discomfort and unwanted excessive move-
ments into ankle eversion [46]. Contrary to previous re-
ports, there were no significant improvements in passive
ankle dorsiflexion range of motion [47]. It is worth noting
that there was no significant loss in range of motion ei-
ther. This is an important finding because it demonstrates
that the removal of an AFO for a short period of FES will
not detrimentally affect ankle range of motion for children
in this age group. However, it should be noted that partici-
pants in this study did not have high levels of spasticity at
baseline, hence these results are limited to children with a
Winters Gage and Hicks classification of I and II with a
gastrocnemius ASAS of no more than three.
Literature supporting the use of AFOs to maintain or

even improve ankle range of motion has methodological
limitations such as difficulties with standardization of
materials and limitations in the outcome measures used.
However, it continues to be acceptable in current clinical

practice because it is coupled with clinical expertise and
assessment [7, 12]. Certainly wearing AFOs or even using
FES does not replace the need for vigorous range of move-
ment monitoring, pharmacological or orthopaedic inter-
ventions. Individual assessments continue to be necessary
when considering and applying FES for the orthotic and
therapeutic effects. Specifically, clinicians will need to
evaluate the effectiveness of dorsiflexion stimulation with-
out exacerbating any pre-existing foot deformities as well
as to ensure the lower limb biomechanical requirements
are met before applying FES in gait i.e. able to meet the in-
clusion criteria specified for this study. The role of com-
munity therapy is highlighted here to ensure that FES is
used appropriately at home, school and community.
Whilst the results do support both the orthotic and

therapeutic effects of FES in a randomised controlled
trial, there are some study limitations to note. Gait analysis
was performed using two-dimensional video for easy repli-
cation in the community. The reliability of using software
for sagittal plane measurements has been established [48]
and our results match previous ankle kinematic measures
obtained from three-dimensional analysis [22]. This
procedure was also enhanced with force platforms to
accurately determine significant gait events. However,
three-dimensional analyses would have offered gait kinetic
information. Also, it was not possible to blind the assessor
either during the clinical assessments or during the gait
video analysis due to observable facial identify and the pres-
ence of a Walk Aide® visibly attached to the leg. To our
knowledge, there are no valid measures of toe drag and falls
for this population. We therefore developed our own ques-
tionnaire for this study, which was used in our pilot study,
but has not been validated. There was some missing Acti-
graph® data and this may have influenced the results. Due
to limited number of Actigraph® devices available, follow-
up assessments were not possible. Inclusion of this data for
the follow-up assessment time point would have strength-
ened the study to confirm that the therapeutic effect was
due to the residual effect of FES and not due to increased
levels of MVPA. Another limitation is that although a sta-
tistically significant difference in dynamic ankle dorsiflexion
range was determined between groups, the mean change
did not exceed the variability in measurement at the joint
[32]. Finally, many variables were explored here over several
time points and this may be a limitation because of the po-
tential for Type I error. The strength of this study however
is the high compliance, with no missing data or drop-outs.
This reflects the acceptability of the intervention as well as
the efficacy and potential for this intervention to be imple-
mented in community clinical practice.

Conclusion
Short-term daily community FES is an effective activity
based treatment with both orthotic and therapeutic
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effects. The improvements in community mobility and
balance skills and spasticity are evident for up to six
weeks post treatment. This suggests that FES applied
during everyday walking activities is a viable treat-
ment option for children with USCP and equinus gait
patterns.
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Daily functional electrical stimulation during
everyday walking activities improves
performance and satisfaction in children
with unilateral spastic cerebral palsy:
a randomized controlled trial
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Abstract

Background: The aim of this paper is to determine whether daily functional electrical stimulation (FES) is effective
in improving self-perceptions of individually identified mobility performance problems in children with unilateral
spastic cerebral palsy (USCP). We hypothesized that children receiving 8 weeks of FES treatment would have higher
scores for self-perceived performance and satisfaction on the Canadian Occupational Performance Measure (COPM)
for individually identified priorities than children not receiving FES.

Methods: Thirty-two children (mean age 10 y 8 mo SD 3y 3mo) with USCP and a Gross Motor Function Classification
System I or II were randomly assigned to the FES treatment group (8 weeks of daily FES) and control group (usual
treatments). Participants were assessed at baseline (week 0), post treatment (week 8) and 6 weeks follow-up
(week 14). The primary outcome measures were self-perceived scores for performance and satisfaction of child- and
parent-identified priorities assessed using the COPM post treatment and at follow-up. The secondary outcome
measures were the categorization of the performance problems from the COPM and self-report responses according to
the International Classification of Functioning Child and Youth version (ICF-CY). This was clinically important because an
understanding of mobility performance problems for children with USCP is needed for family-centred service planning.

Results: Performance scores (mean difference 1.6, 95 % CI 0.1 to 3.2, p = 0.034) and satisfaction scores post treatment
(mean difference 2.4, 95 % CI 0.5 to 4.2, p = 0.004) were significantly higher in the treatment group than in the control
group. There were no significant differences between the groups for performance scores at follow up, however there
was a significant difference between the groups for satisfaction (mean difference 1.9, 95 % CI 0.1 to 3.8, p = 0.03) in
favour of the treatment group. Priorities were identified across all levels of the ICF-CY but were most commonly
identified in the activity and participation domains of the ICF-CY (79.5 %).

Conclusions: Daily FES applied during everyday walking is effective in addressing self-perceptions of individually
identified priorities by improving the performance and satisfaction of functional skills after treatment.

Trial registration: Australian New Zealand Clinical Trials Register ACTRN12614000949684. Registered 4 September 2014.
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Background
Cerebral palsy describes a group of permanent motor
dysfunctions caused by non-progressive damage to the
developing brain. It is often accompanied by secondary
musculoskeletal impairments that can exacerbate activity
limitations [18]. Unilateral spastic cerebral palsy (USCP)
is the most common topographical presentation of cere-
bral palsy [1]. Most children with USCP are classified as
having a Gross Motor Function Classification System
(GMFCS) level of I or II [13]. This means that though
children are independently ambulant, they still have lim-
itations when walking in the community. This is largely
attributed to the common lower limb secondary muscu-
loskeletal impairments that are exacerbated with growth
in children with USCP. These include a combination of
gastrocnemius muscle spasticity, contracture, ankle dorsi-
flexion weakness and poor ankle selective motor control.
The combination of these impairments limits effective
foot clearance during the swing phase of gait and can
cause tripping or falling when walking [24].
Functional electrical stimulation (FES) applied to the

ankle dorsiflexors during the swing phase of gait can be
used to address problems with foot clearance. FES refers
to the application of neuromuscular electrical stimulation
to muscles that may not be able to contract voluntarily
within a task-specific functional activity such as walking
[12]. An electrical current is used to produce an involun-
tary muscle contraction by inducing an action potential
through the placement of two electrodes over the surface
of the skin above the target skeletal muscle [17].
Evidence to support the effectiveness of FES in chil-

dren with cerebral palsy has been increasing over recent
years, particularly because devices suitable for children
can now be purchased commercially. They are also more
user-friendly, enabling FES to be managed by children
and families in the community [11, 14, 15]. Common
outcome measurements used to evaluate the effective-
ness of FES have been focused mainly on the body struc-
ture and function level, which include range of motion,
spasticity, strength, muscle volume and gait mechanics
[7, 15, 19]. Although these measures have provided useful
clinical information, they are not able to indicate how FES
impacts the performance of individually specific daily
activities in the community and the satisfaction of the
user. Given that the application of FES during walking
enables the intervention to be applied in the commu-
nity, there is also a need to determine its effectiveness
within these environments.
The Canadian Occupational Performance Measure

(COPM) is a valid and reliable client-centred instrument
that provides the opportunity to evaluate self-perceived ef-
fectiveness of treatment whilst considering the individually
specific environment in which it is performed in [2, 5, 22].
Hence the COPM will also be used to evaluate the

changes in the self-perception of performance and sat-
isfaction of individually identified priorities following
daily FES during everyday walking activities.
The aim of this paper is to determine whether FES

in children with USCP is effective in improving self-
perceptions of individually identified mobility performance
problems when compared to children receiving usual
treatments. We hypothesized that children receiving
8 weeks of FES treatment would have higher scores
for self-perceived performance and satisfaction on the
COPM for individually identified priorities than chil-
dren not receiving FES. We also hypothesized that
children who received FES treatment would continue
to have higher scores for self-perceived performance
and satisfaction at follow-up than children not receiving
FES. The secondary aim of this study was to explore the
mobility performance of children with USCP by employ-
ing the International Classification of Functioning Child
and Youth version (ICF-CY) framework. This is clinically
important because an understanding of mobility per-
formance problems for children with USCP is needed
for family-centred service planning.

Methods
Study design
The study design was a randomized controlled clinical
trial of daily FES during every day walking activities to
the ankle dorsiflexors compared with usual treatments
(control group).

Participants
Participant inclusion criteria (Table 1) included: USCP,
Gross Motor Function Classification System [13] level
and Winters Gage and Hicks Classification [24] of I or
II, age 5 to 18 years, at least 5 degrees passive ankle
dorsiflexion and full knee extension, ability to co-operate
with the assessment procedures, and willingness to use
FES daily over 8 weeks. The schedule for study com-
mencement was dictated by current clinical care involving
botulinum toxin type A injections that is routinely deliv-
ered every 6 months. With the exception of 4 children
who do not have routine botulinum toxin type A injec-
tions (2 children in the treatment group and 2 children in
the control group), all remaining children have 6 monthly
botulinum toxin type A injections. For these children,
baseline measures commenced 3 months after injections
which is widely accepted to be after the peak technical
response due to motor end plate regeneration [8]. Par-
ticipants were excluded if they had orthopaedic surgery
performed on the affected side less than 12 months before
the study commenced, if they had orthopaedic metalware
at the site of stimulation, or if they had an uncontrolled
seizure disorder.
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Participants were referred from Physiotherapists and
Paediatric Rehabilitation consultants between June and
July 2013 from clinics of the Cerebral Palsy Mobility Ser-
vice at Princess Margaret Hospital for Children and The
Centre for Cerebral Palsy in Perth, Australia. The trial
commenced in August 2013 with the final assessments
completed by April 2014. Ethics committees at Princess
Margaret Hospital for Children and The University of
Western Australia approved the trial. The committees’
recommendations were adhered to. Written and informed
consent for participation and publication was obtained
from all participants. This trial was retrospectively regis-
tered (ACTRN12614000949684). However no changes
were made to the protocol that was approved by the ethics
committees.

Procedure
An initial appointment was firstly arranged by the first
author (DP): a Physiotherapist, to determine FES tolerance
and discuss the study protocol. Randomization to either
the FES or control group was achieved through a coin
toss, by an individual uninvolved with the study once 2
matched participants were enrolled. Matched participants
were of the same GMFCS level, and were within 2 years of
age for children aged between 5 and 10, and within 6 years
for children aged between 11 and 18. This method was ap-
plied to improve the homogeneity of each group in terms
of age and gross motor function.

Outcome measures
The primary outcome measures were self-perceptions of
performance and satisfaction of individually prioritised
mobility performance problems derived from the COPM.

The secondary outcomes were the categorization of the
priorities identified in the COPM and self-reported parent/
participant observations post treatment (FES group only
at post treatment) into the domains of the ICF-CY [25].

Canadian occupational performance measure
A single interviewer (JC): an Occupational Therapist
performed the COPM at all time points and was blinded
to group allocation. At baseline, the interviewer assisted
the child and family to identify occupational perform-
ance problems in the areas of self-care, productivity or
leisure. Once they had identified these problems, they
were written positively as goals, which participants and
their parents then prioritised by importance on a scale
from 1 to 10 (10 indicating greater importance). Scores
out of 10 for self-perceived performance and satisfaction
were then obtained from each participant (if the child
was 12 years or older) or parent (if the child was under
12 years). The scores were summed and averaged over
the number of priorities identified to produce two overall
scores out of 10 for each participant: one for performance
and one for satisfaction. At post-treatment and follow-up,
participants were blinded to their previous ratings in order
to limit potential bias [23]. A 2 point change in score on
the COPM is considered to be clinically meaningful [23].

Participant and parent self-report
At post-treatment, participants and their parents were
asked for written comments in answer to the question:
“Have you noticed any changes in yourself since using
the Walk Aide?” Again, parents answered on behalf of
children under 12 years.

FES intervention
Participants in the FES group received the FES device
after the baseline assessment. The Walk Aide® (Innovative
Neurotronics, Austin, TX, USA) is a small (8.2 cm x
6.1 cm x 2.1 cm, 87.9 g) device that delivers asymmetrical
biphasic surface electrical stimulation (ES) in a synchro-
nized manner to stimulate active dorsiflexion of the ankle
during the swing phase of gait. The Walk Aide® is attached
to the participant’s leg by a cuff and sits just below the
knee on the affected side. During a gait cycle, the Walk
Aide® stimulates the common peroneal nerve, which in-
nervates tibialis anterior and other ankle dorsiflexors
(extensor digitorum longus, peroneus tertius and exten-
sor hallucis longus). Ankle dorsiflexion was achieved by
the placement of one electrode over the fibular head to
stimulate the peroneal nerve and the other electrode
on the motor end point of tibialis anterior. Pulse width
was set to a maximum of 300 microseconds (μs) and
frequency was set at 33 hertz (Hz). Users could adjust
intensity (mA) using a dial on the device. The Walk
Aide’s® tilt sensor was individually synchronized and

Table 1 Inclusion and exclusion criteria
Inclusion Criteria Exclusion Criteria

• Passive dorsiflexion range of
affected ankle of at least 5°

• History of uncontrolled seizure
disorder

• Full passive knee extension
bilaterally

• Orthopaedic lower limb surgery
on the affected side in the past
12 months

• Dynamic popliteal angle of no
more than 45°

• Orthopaedic metal ware at the
site of electrical stimulation

• Able to cooperate with
assessment procedures

• Botulinum toxin in lower limb in
the past 3 months

• Willing to use the Walk Aide ® at
least 4 h a day, 6 days a week for
8 weeks

• GMFCS I or II, unilateral spastic
cerebral palsy (with or without
dystonia)

• Winters Gage and Hicks gait
classification of Type I or II

• Aged between 5 and 18 years
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saved on the device so that the stimulation to the ankle
dorsiflexors could occur immediately after toe-off, remaining
activated during the swing phase of gait until initial
contact.
Weekly to fortnightly community physiotherapy home

and school visits were provided for parents and teachers/
education assistants to support FES use in different en-
vironments whilst ensuring correct use of the cuff and
accurate electrode placement. Participants were asked to
change electrodes every two weeks. Any adverse events
were to be reported immediately (via text message or
email) to the first author (DP) in order to ensure follow-
up in a reasonable time frame. Participants were asked to
use the FES device for at least 4 h a day, 6 days a week
during the 8-week treatment period. This was monitored
through the usage log on the device itself. To enable par-
ticipants an opportunity to accommodate to the device,
they were asked to build up gradually to the required dos-
age over the first week. The 8-week treatment period and
6-week follow-up period was chosen based on the results
from our pilot study [14] as well as around current clinical
care on the use of botulinum toxin injections (essentially
so that the study duration would not be interrupted by
botulinum toxin injections in an effort to minimize the
confounding effect of the injections to overall outcome).
Participants in the treatment group did not wear their

ankle foot orthosis (AFO) either during the FES treatment
phase or in the follow-up phase but where appropriate,
were provided with customized in-shoe orthosis at the
commencement of the study to support foot posture and
accommodate for leg length discrepancies. Participants in
the control group were asked to continue with their usual
orthotic protocol. To maintain consistent contact with the
participants, fortnightly home or school visits were also
provided for each participant in the control group.

Statistical analysis
Normality was established for the COPM scores through
examining distributional plots, Q-plots and the Shapiro-
Wilk Test. Means and standard deviations were reported
for each group for each phase. Within group differences
were assessed for a clinically meaningful change i.e. 2
point score change [23] from baseline. Between group
differences were examined using a repeated measures
ANOVA to account for the correlation between repeated
measures over time. Post-hoc Tukey’s test was applied if
a main effect for group and time or an interaction of
these was found, enabling adjustments for multiple com-
parisons and calculation of mean differences and 95 %
confidence intervals. Assumptions for the repeated ANOVA
were examined and met.
Statistical significant was accepted as p < 0.05. All statis-

tical analyses were performed using STATA version 12.1
(TestCorp, Texas).

To further explore the performance components of
the identified priorities, each priority was analysed using
2 methods. Firstly, each priority was categorized by using
the occupational performance model i.e. relating to occu-
pational performance roles, areas or components [9, 10]
which secondly, facilitated the translation to the ICF-CY
to identify which domain or domains it addressed [16].
Two of the authors (DP and AMB) completed this process
with 92 % agreement (differences resolved by discussion).
Self-reported responses concerning overall impressions

of the FES device were compiled, thematically analysed
and categorized using the ICF-CY by 2 of the authors
(DP and AMB). Examples are presented verbatim.

Results
Thirty-two children, mean age 10 y 8 mo (range 5 y 5
mo – 18 y 1 mo) with USCP GMFCS level I or II were
recruited for the study. All participants had a Winters
Gage and Hicks gait classification of I or II indicating
foot clearance problems during walking gait. All partici-
pants completed the study in their original group allocation.
There were no missing data (Fig. 1).
There were no clinically meaningful differences between

the groups at baseline on the COPM (Table 2). Tests for
normality showed that COPM scores were approximately
normally distributed for performance (Shapiro-Wilk Test
p = 0.133, Skewness −0.79, Q-plot normal) and satisfaction
(Shapiro-Wilk Test p = 0.49, Skewness −0.36, Q-plot nor-
mal). Participants used the FES daily for a mean of 6.2 (SD
3.2) h over the 8-week intervention period. All participants
had a frequency set at 33Hz and pulse width ranging from
25-100 μs. There were no reported unintended effects or
adverse events using the FES device.

Primary outcome: COPM
There was a significant main effect for group (perform-
ance p < 0.001; satisfaction p < 0.001), time (performance
p < 0.001; satisfaction p < 0.001) and for interaction
of group and time (performance p = 0.003; satisfaction
p = 0.002). Post treatment, performance scores (mean dif-
ference 1.6, 95 % CI 0.1 to 3.2, p =0.034) and satisfaction
scores (mean difference 2.4, 95 % CI 0.5 to 4.2, p = 0.004)
were significantly higher in the treatment group than in
the control group. At follow-up, there were no significant
differences between the groups for performance scores
(mean difference 1.2, 95 % CI −0.4 to 2.8, p = 0.224). How-
ever, there was a significant difference between the groups
for satisfaction (mean difference 1.9, 95 % CI 0.1 to 3.8,
p = 0.030), again in favour of the treatment group.
From the baseline performance score in the treatment

group (3.97, SD 1.42), there were clinically meaningful
changes (i.e. >2 point change) post treatment (6.97, SD
1.04) and at follow-up (6.66, SD 1.57). From the baseline
satisfaction score in the treatment group (4.36, SD 1.69),
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there were also clinically meaningful changes post treat-
ment (7.45, SD 1.34) and at follow-up (6.99, SD 2.11).
There was a trend for the control group having higher
scores at post treatment and follow-up than at baseline
for performance and satisfaction but these changes were
not clinically meaningful. These results are shown graph-
ically in Figs. 2 and 3.

Secondary outcome: ICF-CY classification of priorities
Participants in the study identified 1 to 3 priorities each.
There were a total of 80 individual priorities for the 32
participants. Some of the priorities involved more than 1
domain on the ICF-CY. For example, one of the prior-
ities was “to walk consistently with a heel to toe pattern
to improve my symmetry (so I don’t have to wear an
AFO)”. This included 2 parts involving (a) improving
walking mechanics (activity) (b) not need an AFO (per-
sonal). Hence, when the original 80 priorities were divided
into their component parts, there were 122 specific prior-
ities. These 122 priorities were categorized into body

structure and function, activity and participation domains
as well as personal and environmental factors. As shown
in Table 3, 17 % of the priorities were directed towards the
need to improve impairments in body structure and func-
tion, 49 % were directed towards improving functional
mobility in the activities domain and 31 % were directed
towards improving community mobility and active recre-
ation in the participation domain.

Secondary outcome: ICF-CY classification of self-reported
changes in treatment group
ICF-CY analysis identified 5 major themes: (a) improved
running and walking (activity, n = 13); (b) improved com-
fort with more options to wear different shoes (personal
factor, n = 6) with comments such as “the walk aide means
less blisters on my feet, easier to put on shoes” and “her
dad got her ‘girlie’ shoes and they stay on her feet – really
pleased”; (c) reduction in trips and falls (participation,
n = 4), (d) improved confidence (personal factor, n = 4)
and; (e) increased foot awareness (body structure and

Fig. 1 Flow of participants through the trial. FES, Functional Electrical Stimulation
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function, n = 2) with comments such as “feel more aware
of your foot placement when wearing the walk aide” and
“I can feel when it raises my toes when walking”.
The comments also yielded some disadvantages of the

Walk Aide® (n = 2) which included problems with the
size and difficulties in getting clothing to over it, causing
the cuff to “fall apart quite often”. Three of the partici-
pants did not wish to continue wearing Walk Aide® be-
yond the study period because of difficulties with accurate

placement, bulkiness, problems with wearing school uni-
forms (stockings or leggings), and difficulties in attaining a
good fit owing to the cuff sliding down the leg during
walking. The remaining 13 participants in the FES group
continued to use the Walk Aide® either as an AFO re-
placement or as an adjunct to their AFO protocol.
Participant 10 wrote a more detailed account of her

experiences post treatment:

“Although compared to many other cases, my CP is
quite mild, it has had quite an effect on me over the
years; mentally, physically and emotionally…. To be
honest I wasn't very keen on it in the beginning; I felt
like it added to the things that made me different…
but as the study progressed it quickly became the
thing that drew me closer to my peers. Emotionally, I
struggled with feeling different or out of place; having
to wear splints or orthotics, but through the use of
the Walk Aide, I began to feel more confident and
enthusiastic to do the things I had to do to maintain
the physical effects of the Walk Aide. The Walk Aide
for me, reduced, in fact eliminated my pain (foot, leg
and low back), boosted my confidence, gave me the
ability to wear shoes like thongs in summer (one of
my goals), increased my energy levels, and gave me
the ability to walk long periods of time without growing
weak or sore.”

Discussion
The FES group achieved significantly higher scores for
self-perceived performance and satisfaction on the COPM

Fig. 2 Mean and standard error of COPM Performance at baseline, post 8 weeks Rx (treatment) and 6 weeks follow‐up; *significant difference
between groups p<0.05

Table 2 Baseline characteristics of participants
Treatment Control p value

Weight (kg) 38.5 (15.2) 37.4 (15.9) 0.850a

Gender Male: 9 Male: 8

Female: 7 Female: 8

Side of hemiplegia Right: 11 Right: 12 0.950a

Left: 5 Left: 4

GMFCS I: 10 I: 10

II: 6 II: 6

WGH I: 1 I: 0

II: 15 II: 16

Age 10y 11mo 10y 5mo

(3y 10mo) (2y 8mo)

COPM

Performance 3.97 (1.42) 4.25 (1.42) 0.978a

Satisfaction 4.36 (1.69) 4.18 (0.99) 0.719a

a independent samples t test; GMFCS, Gross Motor Function Classification
System, WGH Winters Gage and Hicks, COPM Canadian Occupational
performance Measure
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at post treatment than the control group. This supports
the first hypothesis, that FES is effective in improving self-
perceived performance and satisfaction of individually
identified mobility performance problems in children with
USCP. There has been limited support for the efficacy of
FES, particularly in regard to the activity and participation
domains of the ICF-CY. This has in part, been attributed
to the limited inclusion of valid and reliable activity and
participation outcome measures [3, 4]. Therefore, these
results not only provide unique evidence supporting
the effectiveness of FES on activity and participation
but also, that the results are consistent with current
knowledge on the effectiveness of FES on the main lower
limb impairments observed in children with USCP.
Currently, the literature supports that FES can improve
selective motor control, range of movement, spasticity,
strength and ankle kinematics during gait [11, 14, 15].
Therefore, it appears that by implementing FES during
daily walking activities, the main impairments affecting
gait in children with USCP are addressed alongside
quantifiable functional benefits reflected in the activity
and participation domains.
Children who received FES treatment continued to

have higher scores for self-perceived satisfaction, but not
for performance when compared to children not receiving
FES at follow-up. This partially supports the second
hypothesis. This is consistent with current findings
documenting that the effects of FES on muscular adapta-
tions are use-dependent [7]. This provides a plausible ex-
planation for why the self-perceived performance scores

were no longer significantly improved in the treatment
group when compared to the control group at the 6 week
follow-up. However, this result also suggests that a period
of no FES (to a maximum of 6 weeks) can be incorporated
into the management plan for children with USCP with-
out significant detriment to the satisfaction of users. This
may be advantageous because of the potential to develop
dependence on the external stimulus replacing the in-
ternal control of movement [6]. Given that self-perceived
performance scores were no longer significantly higher in
the treatment group than in the control group at follow-
up, a non-use period greater than 6 weeks would not be
recommended. Alternating between FES use and non-use,
as adopted in this study, could be implemented to suit
individual and family needs such as planning around
holidays, school camps and seasons. Further study is
warranted to determine whether extending this regimen
would maintain the effects reported in the present study.
The secondary analysis of the priorities identified in

the COPM demonstrated that the majority of occupa-
tional performance problems for children and parents
were related to functional mobility activities, community
mobility and active recreation participation. However in
some instances, children and parents also identified
specific impairments in body structure and function.
Although the construct of the COPM facilitates the
identification of priorities more relating to activities
and participation, we included this data to reflect the
priorities of children and their parents. The inclusion
of priorities in this domain highlights that children

Fig. 3 Mean and standard error of COPM satisfaction at baseline, post 8 weeks Rx (treatment) and 6 weeks follow‐up; *significant difference
between groups p<0.05
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and their parents understand the body structure and
function components that influence performance and
for Physiotherapists, the value of addressing them in
treatments. However, it also reinforces the importance
of clear and sensitive communication from clinicians,
realizing the influence of language on the priorities of
children and their parents.
In some instances, multiple domains were included

within each priority, reflecting the complexity and breadth
of outcome measures that would be required in order to
capture and quantify potential effects of treatment. Previ-
ous FES studies have reported discrepancies between the
outcomes of objective clinical outcome measures and the
more favourable parent reports [14, 20]. The complexity
of priorities may explain the discrepancy between clinical

objective measures and parent report, because the object-
ive outcome measures emphasized body structure and
function assessed within a clinical environment. Hence
the outcome measures did not align closely with the prior-
ities of children and parents, which often emphasized ac-
tivities and participation in their own environment and
community.
The self-report also provided some additional insights

to (previously unreported) effects of FES after 8-weeks
of use. These included reports of improved confidence,
improved foot awareness, and improved range of foot-
wear. The results of this study support the effectiveness
of community applied FES to improve self-perceived
individually identified priorities, particularly when they
involve the performance of functional mobility, commu-
nity mobility and active recreation in children with USCP.

Considerations and recommendations for the use of daily
FES
Participants and their parents described some disadvan-
tages to wearing the FES device. Their comments indicated
that acceptance of the FES device goes beyond mere bio-
mechanical physical and compliance requirements. Because
the FES device needed to be strapped directly over skin,
there were issues with clothing, in particular leggings or
stockings for school uniforms. For younger children, the
combination of the cuff and device were bulky, and parents
struggled to find clothing to fit over it. Also for younger
children, the cuff fitting was an issue, as it would slide down
the leg during walking and running. Older children usually
managed these problems, but younger children needed
to have adequate support at home and school. When
prescribing the Walk Aide®, it is important to consider
the individually specific environmental factors that may
affect treatment. Therefore, providing information and
education to people involved in the child’s care is es-
sential. This highlights the importance of ensuring that
community therapy services are available and in place
prior to considering this intervention. However it should
be noted that the Walk Aide® is still essentially a device
that was specifically designed for adults. Though small
cuffs have been recently available, the size of the Walk
Aide® continues to be a potentially limiting factor for pa-
tient selection. Further investment into the technology
and fit of this device is recommended.
Future studies should consider the cost effectiveness

of this intervention. Although the cost-effectiveness of
FES in the adult population has been supported [21],
this has not been evaluated in children with USCP. For
some children, it may be appropriate for FES to replace
the use of AFOs. However, in other children, FES may
be an adjunct to current therapy and AFO intervention.
Evidently, this influences costs and should be evaluated
further. Further work is also warranted to develop a

Table 3 Breakdown of the number (out of a total of 122) and
percentage of ICF-CY domains (alongside the occupational
performance components, areas and roles) in the identified
priorities
Body Structure and Function Performance
Components

N %

Biomechanical

Strength 15

Balance 4

ROM 1

Sensory 1

Leg pain 1

Sub Total 17 %

Activities Occupational Performance area

Functional Mobility

Improve walking mechanics 32

Improve walking endurance 6

Improve running 14

Improve high level gross motor skills 7

Sub Total 49 %

Participation

Occupational performance; role competence

Community mobility

Reduce falls 7

Reduce trips 4

Active Recreation

Keep up with friends 10

Improve sport performance 17

Sub Total 31 %

Environmental/Personal Factors

Wear certain kinds of shoes 3

Not need AFO 1

Sub Total 3 %
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questionnaire that would be appropriate for younger
children to provide further perspectives on the effective-
ness of FES treatments.
There are some limitations to note. Although qualitative

self-report provided insights into the FES experience, it
was unstandardized, and so the comments must be
considered with some caution. Also, the outcomes of
the intervention were dependent on family and school
support. This could not be controlled and may have
varied across the participants.

Conclusions
Daily FES during everyday walking activities improves
self-perceptions of individually identified priorities, par-
ticularly involving the performance of activities, commu-
nity mobility and active recreation in children with USCP.
Alternating between a period of use and non-use may be
appropriate without detriment to the satisfaction of the
user, and this may be beneficial to suit family needs. The
role of community therapy is also highlighted for the edu-
cation and training of both families and teachers so that
this intervention can be successfully implemented within
each child’s own relevant environments.
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Abstract

Purpose: To investigate the muscle size–strength relationship of the knee flexors and extensors
in children with spastic cerebral palsy (CP) in relation to typically developing children (TD).
Methods: Eighteen children with spastic Diplegia, Gross Motor Function Classification System I–
III (mean 7 y 5 mo SD 1 y 7 mo) and 19 TD children (mean 7 y 6 mo SD 1 y 9 mo) participated.
Muscle volume (MV) and anatomical cross-sectional area (aCSA) were assessed using MRI.
Measures of peak torque (PT) and work of the knee flexors and extensors were assessed
isometrically and isokinetically using a Biodex dynamometer, and normalised to bodymass
(Bm). Results: Children with CP were weaker than their TD peers across all torque variables
(p50.05). MV and aCSA of the knee flexors (MV: p¼ 0.002; aCSA: p¼ 0.000) and extensors (MV:
p¼ 0.003; aCSA: p50.0001) were smaller in children with CP. The relationship between muscle
size and strength in children with CP was weaker than the TD children. The strongest
relationship was between MV and isometric PT/Bm for TD children (r¼ 0.77–0.84), and between
MV and isokinetic work (r¼ 0.70–0.72) for children with CP. Conclusions: Children with CP have
smaller, weaker muscles than their TD peers. However, muscle size may only partially explain
their decreased torque capacity. MV appears to be a better predictor of muscle work in children
with CP than aCSA. This is an important area of research particularly in regard to treatment(s)
that target muscle and strength in children with CP.

� Implications for Rehabilitation

� This research adds to the evidence that children with CP have smaller, weaker knee flexor and
extensor muscles than their TD peers. However, unlike their TD peers, muscle size does not
necessarily relate to muscle strength.

� The weak correlation between MRI-derived muscle volume and isometric peak torque
suggests children with CP are underpowered relative to their muscle size.

� For children with CP, muscle volume appears to be the best predictor of isokinetic muscle
torque output. Therefore, when assessing the capacity of a muscle, it appears preferable to
measure total muscle volume and torque development through a range of motion (isokinetic
strength).
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Introduction

Cerebral palsy (CP) is the most common physical disability in
childhood [1]. Impairments present in individuals with CP include
abnormal muscle tone, muscular weakness, muscular contracture
and patterns of abnormal co-activation, all of which can result in
functional limitations of both the lower and upper extremities
[2,3]. As such, many children with CP have difficulty with

tasks such as propelling wheelchairs, walking independently,
negotiating steps and many activities of daily living [4].

It is well known that children with CP have a significant
deficiency in muscular strength [5]. Wiley and Damiano, in 1998,
confirmed that children with CP were indeed weaker than their
typically developing (TD) peers in all major muscle groups of
the lower limb, and numerous studies have since confirmed this
[6–9]. The maintenance of muscle strength in children with CP is
important as a direct relationship exists between lower limb
strength and gross motor function [5,10]. Yet, the neuromuscular
and biomechanical basis for the observed weaknesses remains
poorly understood.

Clinically, it has long been assumed that the deficient strength
was the result of spasticity. However, the origin of weakness is
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now thought to be due to a combination of agonist deficiency,
alterations in neural drive and patterns of co-contraction
[5,11–13]. Whilst the neural components are likely to contribute
to the reported strength deficits, there is also evidence that spastic
muscles show differences in structural morphology that may
affect force generation capabilities [14–16]. Shortland [17]
suggest that investigations into muscle morphology are required
to further understand the deficits in strength displayed by children
with CP.

It is well documented that muscular strength is related to
muscle size in the adult and adolescent population [18–20], and it
is currently unknown if children with CP will demonstrate a
similar relationship. Imaging modalities now allow the compari-
son of the muscle size–strength relationship in children with and
without CP with relative ease. Magnetic resonance imaging
(MRI) and improvements in strength assessment techniques have
enabled greater accuracy in measurement, improving the evalu-
ation of muscle size and strength [21,22]. MRI is currently the
gold-standard measure for assessing muscle size in vivo, provid-
ing non-invasive imaging that avoids radiation exposure [23].
Comparisons of imaging techniques have demonstrated MRI to be
superior to computer tomography and ultrasonography when
analyzing structural morphology of soft tissues [24], thus
permitting the highly accurate assessment of individual muscle
morphology.

Muscle physiological cross-sectional area (pCSA) is con-
sidered the most significant muscle size parameter relating to the
maximal isometric force output of a muscle [25]. However, true
pCSA requires the determination of muscle fiber length and
pennation angle which cannot be determined easily in vivo [19]
and can vary throughout the length of the muscle. Alternatively,
MR imaging can be used to determine muscle volume (MV), and
muscle anatomical cross sectional area (aCSA). Both aCSA and
MV show a strong relationship with muscle peak force outputs
and muscle peak torque outputs in adult populations [19,20].
Moreover, MR imaging estimates of MV and aCSA have been
found to be reliable and valid measures when compared to
anatomical measures obtained from cadaveric specimens [24].

Advancements in the assessment of muscle force output also
assist our understanding of muscle performance. The use of
isokinetic dynamometry has become increasingly popular in the
study of children to assess the dynamic component of force output
or ‘‘strength’’. Muscles function dynamically during everyday
activities [26] and isokinetic dynamometry permits the assess-
ment of dynamic muscle function through a range of motion at
constant velocity [27], which is measured as torque about a joint
and is expressed in Newton meters (Nm). Joint work is another
useful way to understand muscle capacity during dynamic tasks,
as it is the product of force and displacement and is measured in
Joules (J). Joint work can be represented graphically by the area
under the torque-joint position curve, and is therefore very useful
in describing motion when torque can vary as a function of joint
position. The evaluation of peak torque and joint work using
isokinetic dynamometry may provide a better understanding of
the dynamic muscle properties in specific muscle groups. The
reliability of isokinetic strength assessment in pediatric popula-
tions has been established in numerous investigations [28,29],
including children with cerebral palsy [30].

Using these techniques, Deighan et al. [29] added support for
the size–strength relationship in a population of TD children,
reporting strong correlations between isokinetic peak torque and
MRI determined muscle aCSA for the knee extensors (r¼ 0.86,
p50.05) and flexors (r¼ 0.83, p50.05) in children aged
9–10 years [29]. Furthermore, Pitcher et al. [31] reported that in
TD children aged 5–11 years, MRI-derived MV was more highly
correlated to measures of torque than aCSA.

The current muscle morphology literature consistently dem-
onstrates that children with CP display reduced muscle size
compared to their TD peers [7,16,32]. However, none have
examined the size–strength relationship in children with CP.
Given that children with CP display pervasive muscle weakness
across all muscle groups, it is important to understand the
contribution of muscle morphology to the equation. With the
ease of MR imaging and progress in the dynamic assessment
of strength, the size–strength relationship can be established
in children with CP. A detailed understanding of the relation-
ship between muscle size and strength, may allow optimal
selection and timing of muscle-targeted treatment(s) that
could lead to improvements in the quality of life for children
with CP.

The aim of this study was to compare the strength and muscle
size in TD children, with children who have spastic diplegia CP.
We hypothesizse that:
(1) The strength parameters (joint torque and work) of the

knee flexors and extensors will be significantly lower in
children with spastic diplegia when compared to their TD
peers.

(2) The aCSA and MV of knee flexors and extensors will be
significantly lower in children with spastic diplegia com-
pared to TD children.

(3) The relationship between strength (joint torque and work)
and muscle morphology (aCSA and MV) will be weaker in
children with CP than TD children.

Methods

Participants

Eighteen participants with spastic diplegia (11 males, seven
females; mean age 7 y 5 mo [SD 1 y 7mo], range 6–10 y) were
recruited via the spasticity management service at Princess
Margaret Hospital (PMH) in Perth, Australia. Participants were
classified as Levels I to III on the Gross Motor Function
Classification System (GMFCS) [33] and had bilateral lower-
extremity involvement. Only ambulant children were recruited to
minimize the effect of physical immobility on strength and
muscle morphology. Seven children were classified as GMFCS
Level I, nine as Level II, and two as Level III. Exclusion criteria
included any history of orthopedic surgery or neurosurgery, and
botulinum toxin injections within five months of testing. A
convenient sample of 19 typically-developing children (nine
males, 10 females; mean age 7 y 6 mo [SD1y 9mo], range 5–11 y)
with no known neurological or orthopedic problems was also
recruited. All parents or carers gave informed, written consent and
participants provided assent. Ethical approval was obtained from
the Human Research Ethics Committee at PMH (#1693) and The
University of Western Australia (F5143), in accordance with the
Helsinki Declaration of 1975.

Procedures

A Biodex System-3 dynamometer (Biodex Medical Systems, Inc.,
Shirley, NY) was employed to assess isometric and isokinetic
strength of the knee flexors and extensors. Participants performed
a set of warm-up exercises to familiarize themselves with the
concentric muscle actions. Children performed three maximum
unilateral isometric contractions, and three continuous maximum
unilateral isokinetic (concentric/concentric) repetitions, of the
knee flexors and extensors bilaterally. The order of action type
and side-tested was randomized. Isometric trials evaluated peak
torque (PT/Bm) in a static posture with the knee at 90� knee
flexion. Isokinetic trials assessed peak torque (PT/Bm) and joint
work (W/Bm) throughout range of motion at 60�/s.

2 S. L. Reid et al. Disabil Rehabil, Early Online: 1–6
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Subsequently, children completed a practice MR session to
familiarize themselves with the scan procedure and to developed
skills to enable them to lie still for a readable MR. Axial spin-
echo T1-weighted MR images were acquired of both legs
simultaneously from the level of the ankle malleoli to the iliac
crest while subjects lay prone in a 1.5 T whole body magnetic
resonance unit (Magnetom Sonata Maestro Class, Seimens
Medical Solutions, Erlangen, Germany). Subjects were positioned
in neutral hip rotation, maintained passively using standard
patient positioning with foam pads. Images in the thigh and lower
legs were collected using a repetition time of 572 ms, echo time of
13 ms, slice thickness of 5 mm and mean inter-slice gap between
5 and 7 mm. A matrix size of 256� 136 mm was used for all
scans, and the field of view (280–300 mm) was varied to
maximize in-plane resolution for each scan. The mean number
of axial slices for the thigh was 27.7 (SD¼ 0.5).

The MR images were transferred to an independent worksta-
tion for digital reconstruction. Isotropic voxel size was obtained
using a trilinear interpolation routine. Muscles were manually
traced and segmented for all subjects using a digitization tablet
(Intuos2, Wacom Technology Corp., Vancouver, WA) and Mimics
software (Version 9.0, Materialise, Leuven). The six muscles
segmented were the rectus femoris, vastus lateralis, vastus
medialis, semitendinosus, biceps femoris and semimembranosus.
Figure 1(A) illustrates a manually segmented slice from a TD
participant and from a participant with CP. MV was calculated by
summing the number of voxels contained within each muscle and
multiplying by the voxel dimension (1 mm3), total MV was then
determined as the sum of the individual knee flexor (semitendi-
nousis, biceps femoris and semimembranosus) and extensor
(rectus femoris, vastus lateralis, vastus medialis) muscle volumes.
Calculation of aCSA was determined by the mean aCSA over
three-slices exhibiting the greatest muscle area for each individual
muscle, and summed to create total knee flexor and extensor
aCSA.

Statistical analysis

Normal Q–Q plots demonstrated that all variables were normally
distributed, therefore parametric statistics were employed.
Group means were then calculated and independent t-tests
were used to compare the groups (two-tailed, a-level¼ 0.05).
Pearson’s correlations were performed to investigate the
relationship between muscle size (MV and aCSA) and isometric
and isokinetic strength variables PT/Bm and work/Bm.
Correlations were considered statistically significant at the
0.05 level.

Results

There were no significant differences in height (TD¼ 128.2 cm
[11.5]: CP¼ 123.2 cm [10.2]) or body mass (TD¼ 26.3 kg [6.1]:
CP¼ 23.7 kg [4.2]) between the two groups (p¼ 0.18 and
p¼ 0.14, respectively), although the CP children tended to be
shorter and lighter that TD children.

Significant differences existed across all variables of muscle
morphology and measures of strength between children with and
without CP (Table 1). Children with CP display reduced MV of
both the flexors (t¼ 3.39, p¼ 0.002, ES¼ 1.14) and extensors
(t¼ 3.187, p¼ 0.003, ES¼ 1.06) compared to TD children. This
represents a mean reduction of 29% for knee flexor and 25% in
extensor MV compared to TD peers. Similarly, aCSA was
significantly reduced in the flexors (t¼ 9.73, p¼ 0.000,
ES¼ 3.29) and extensors (t¼ 8.49, p¼ 0.000, ES¼ 2.81) in
children with CP. This represents a mean reduction of 54% in
flexor and 49% extensor aCSA compared to TD peers.

Children with CP demonstrated significant weakness across all
measures of strength for both the knee flexors and extensors
compared to TD children (Table 1). This equated to a reduced
peak torque output at the knee flexors of 29% isometrically, 23%
isokinetically and reduced joint work by 53% compared to TD
children. Knee extensor peak torque output of children with CP
was reduced by 26% isometrically, 20% isokinetically, and joint
work was reduced by 33% compared to TD peers.

Figure 1. Bilateral axial slices of six manually outlined thigh muscles; VL, vastus lateralis; RF, rectus femoris; VM, vastus medialis;
BF, biceps femoris; ST, semitendinosus; SM, semimembranosus. (A) represents a typically developing child and (B) represents a child with spastic
diplegia CP.

Table 1. Group differences in measures of knee muscle morphology and
strength.

Variables
Muscle
group

CP group
(n¼ 18)

TD group
(n¼ 19) p

MV (cm3) Flexors 127.3 (36.5) 178.7 (53.7) 0.002
Extensors 287.9 (76.1) 382.2 (101.4) 0.003

aCSA (cm2) Flexors 6.6 (1.8) 14.2 (2.8) 50.000
Extensors 12.9 (4.0) 25.3 (4.9) 50.000

Isometric PT/Bm
(Nm/kg)

Flexors
Extensors

65.4 (28.8)
186.8 (43.0)

91.8 (24.0)
250.8 (65.6)

0.005
0.001

Isokinetic PT/Bm Flexors 67.2 (28.8) 87.7 (21.4) 0.019
(Nm/kg) Extensors 135.2 (38.9) 168.1 (41.9) 0.018

Joint Work/Bm Flexors 44.0 (28.8) 93.2 (29.0) 50.000
(J/kg) Extensors 109.2 (38.8) 162.8 (41.0) 50.000

Values displayed represent mean (±SD) (CP, cerebral palsy; TD, typically
developing; MV, muscle volume; aCSA, anatomical cross-sectional
area; PT, peak torque; Bm, body mass).
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As displayed in Table 2, TD children display strong significant
relationships between all measures of strength and MV (r¼ 0.67–
0.84). While slightly decreased compared to MV, aCSA also
demonstrates strong significant correlations across all variables of
muscle strength for TD children (r¼ 0.62–0.73). The strongest
relationship occurred between isometric PT/Bm and muscle size
(MV r¼ 0.84; aCSA r¼ 0.73). However, aCSA demonstrates
weak correlations to all measures of muscle strength in children
with CP (r¼�0.31–0.29). Positive significant correlations were
demonstrated between MV and all measures of muscle strength in
children with CP (r¼ 0.29–0.72). The strongest relationship was
observed between MV and joint work for the knee flexors
(r¼ 0.70) and knee extensors (r¼ 0.72) in children with CP.
Fisher’s Z scores demonstrate significant differences between the
relationship of MV and isometric PT/Bm in children with and
without CP (Flexors Z¼�1.72; Extensors Z¼�2.01). However,
no significant differences were evidenced in the correlations of
isokinetic PT/Bm or Joint Work and MV between children with
and without CP. All correlations between aCSA and each strength
variable were significantly different between the two groups
(Table 2). Figure 2 demonstrates the relationship between joint
work and MV for the knee flexors and extensors in children with
and without CP. In both cases, children with CP cluster at the
lower end of the size–strength graphs. The strongest children with
CP produce half the joint work capacity with half the MV of the
strongest TD children.

Discussion

The bigger a muscle is the greater its capacity for force generation
[18], this relationship is known as the muscle size–strength
relationship. The legitimacy of the muscle size–strength relation-
ship has been demonstrated time and again in unimpaired adults
[19], adolescents [21] and more recently in TD children [31].

This research aimed to determine the nature of the muscle
size–strength relationship in children with spastic type CP.

Children with CP demonstrated significant decrements across
all measures of strength compared to their TD peers. Although no
differences were evident in height and weight between the groups,
the torque output of children with CP was consistently 20–30%
less than the TD children, supporting the first hypothesis. These
results are consistent with previous literature documenting
significant muscle weakness in children with CP [2,4,5,34].
Although all the children with CP were a highly functional group
of children classified as GMFCS I–III, the results indicate
strength discrepancies between the two groups, this was more
evident at the knee flexors than the knee extensors. Moreover,
children with CP could produce only half the knee flexor work
output of the TD children.

Not only were the muscles of children with CP weaker, but
they were also significantly smaller. Children with CP displayed
approximately 70–75% MV of their TD peers, whereas their aCSA
was reduced to as little as 55% of their TD peers. This data is
consistent with previous reports of diminished muscle size in
children using ultrasound [32,35] and MRI [7,16,17]. However,
no previous reports have matched the size of children’s muscles
with their strength capacity, to document the size–strength
relationship in children with CP. We have asked the question:
could the reduction in torque production be related to muscle
size?

In TD children, both morphological measures of MV and
aCSA demonstrate strong significant relationships to all variables
of strength; this is consistent with the adult and adolescent
literature [21]. Furthermore, these correlations (established via
MRI) are higher than those reported previously in children using
ultrasonography [36]. A strong relationship between muscle size
and strength was not evident for children with CP, supporting the
third hypothesis. MV demonstrated a weaker correlation to torque

Figure 2. Relationship between MV and work/Bm for (A) the knee flexors and (B) the knee extensors in children with spastic diplegia cerebral palsy
(CP) compared to typically-developing (TD) children.

Table 2. Pearson’s correlations and Fisher’s Z scores between knee muscle morphology and strength in children with and without cerebral palsy.

Muscle group
MV in CP
(n¼ 18)

MV in TD
(n¼ 19)

Fisher
Z MV

aCSA in CP
(n¼ 18)

aCSA in TD
(n¼ 19)

Fisher’s
Z aCSA

Isometric PT/Bm (Nm/kg) Flexors 0.54a 0.84b �1.72* 0.29 0.73b �1.75*
Extensors 0.27 0.77b �2.01* 0.11 0.71b �2.16*

Isokinetic PT/Bm (Nm/kg) Flexors 0.59a 0.75b �0.82 �0.09 0.69b �2.61y
Extensors 0.51a 0.67b �0.69 �0.31 0.62b �2.91y

Joint Work/Bm (J/kg) Flexors 0.70b 0.70b �0.57 0.07 0.68b �2.11*
Extensors 0.72b 0.72b 0.00 0.01 0.68b �2.28*

aSignificant correlation p50.05; bsignificant correlation p50.01; (MV, muscle volume; aCSA, anatomical cross-sectional area; CP, cerebral palsy;
TD, typically developing; PT, peak torque; Bm, body mass); Fisher’s Z scores, assess the significant difference between two correlation coefficients;
*p50.05, yp50.01.
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in children with CP; however, no correlation could be established
between aCSA and any measure of strength in this population.
Moreover, Fisher’s Z scores revealed there was a significant
difference in the aCSA size–strength relationships between the
groups, children with CP consistently demonstrated poorer aCSA
size–strength relationships.

It is conceivable that MV is a better indicator of growth and
development; therefore, a better predictor of the ‘‘strength
health’’ of a muscle. As MV is the product of physiological
CSA and fiber length, and joint torque is directly affected by both
force and length [37], it is likely to be particularly useful in
understanding the size–strength relationship in pediatric popula-
tions. It is therefore recommended that measurements of muscle
morphology in children should include estimates of volume to
best represent the capacity of the muscle, particularly when
measures of the physiological CSA are unattainable.

It is generally accepted that a muscle demonstrates increased
force generating capacity during isometric contractions than
during concentric contractions [38]. This principle was demon-
strated by the TD children, as the greatest size–strength relation-
ship existed between measures of morphology (MV and aCSA)
and isometric PT/Bm. However, the strength profiles of children
with CP did not follow this principle, demonstrating weak to
moderate correlations between MV and isometric PT/Bm. These
observations suggest that the muscles of children with CP are not
only under-sized but under-powered with respect to producing
isometric torque, relative to their muscle size. Although in the
present study we did not assess motor unit activation, it appears
that deficiencies in neuromotor functioning may partly explain the
significant reduction in isometric torque output relative to muscle
size; however, they do not appear to be the sole explanation.

Whilst children with CP did not conform to the size–strength
principle isometrically, they did demonstrate a very interesting
size–strength relationship in terms of joint work output. The
strongest size–strength relationship existed between MV and joint
work output for children with CP. Joint work (j/Bm) is the ability
of a muscle(s), via a joint, to produce torque throughout range of
motion, and represents the mechanical integrity of the muscle to
operate dynamically. These results have demonstrated that
children with CP have a significantly diminished capacity to
produce work with respect to their TD peers. Such a decrement in
a muscles’ capacity to do work may be detrimental to functional
performance. However, joint work appears to be the best predictor
of muscle morphology in CP, with Pearson’s r values equivalent
to the TD population. Therefore, unlike isometric Pt/Bm, the
assessment of joint work relative to MV does not appear to be
influenced by alterations in neural drive, and may be a better
indicator of muscle performance. Increased research attention
should be paid to joint work capacity as a potential indicator of
muscle health of children with CP.

Conclusions

Children with CP have smaller, weaker muscles than their TD
peers. However, the size of muscle does not necessarily relate to
muscle strength outputs in children with CP. MV appears to be a
better predictor of muscle strength than aCSA, and the greatest
size–strength relationship exists between MV and joint work
output. The weak correlation between MV and isometric PT/Bm
suggests children with CP are under-powered relative to their
muscle size. Further research is required to elucidate the nature of
the size–strength imbalance. Altered neural drive appears to
disturb the aCSA size–strength relationship. However, reduced
capacity to do work at the joint appears to be more directly related
to alterations in muscle volume. This area of research is likely to
improve the efficacy of the assessment of muscle strength and

morphology, and in turn improve treatments that target muscle
functioning in children with CP.
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