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Abstract 

Children and adolescents (“children”) with Charcot-Marie-Tooth disease (CMT) have 

progressive weakness of the lower limbs causing problems with gait and function. This thesis 

examined the nature and impact of gait dysfunction in children with CMT, with consideration 

of the typical everyday environments in which children function. Little is known about the 

effect of this degenerative peripheral neuropathy on gait and functional ambulation over time 

in children. Gait dysfunction may contribute to retrospective reports of frequent trips and 

falls in children with CMT, yet there are no studies of falls in this population. Children with 

CMT often report reduced physical endurance, yet no studies have investigated physical 

endurance, and more generally functional ambulation and physical activity. Six studies were 

designed to address these knowledge gaps, with comparison to typically developing peers 

(TD) to place gait dysfunction within the context of typical growth and development. 

A systematic review of gait in paediatric CMT found only a few studies with small sample 

sizes, examining barefoot gait in clinical and laboratory settings and providing limited 

comparison to TD databases. Gait was slower, most likely due to shorter stride length, with 

foot drop, reduced calf push-off power and proximal lower limb compensatory strategies. 

Two cross-sectional, case controlled studies utilising spatio-temporal gait analysis, one in 

different footwear and the other during a six-minute walk test, confirmed that gait in 30 

children with CMT was slower, with shorter and wider steps, and greater step-to-step 

variability compared to TD children. Increased barefoot base of support variability was 

associated with poorer balance. Suboptimal footwear negatively affected gait in all children, 

irrespective of disease, which has clinical implications for children with CMT who have weak 
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feet and ankles and poor balance. Reduced six-minute walk distance (6MWD) was an 

indicator of reduced physical endurance, and increased step-to-step variability was 

moderately associated with reduced 6MWD and increased perceived exertion. 

A longitudinal study of gait in 27 children with CMT over 12-months highlighted the 

importance of normalising gait data in children. Over 12-months, children with CMT were 

found to have reduced walking speed and endurance, and older children (≥ 12 years) 

exhibited greater disease progression and decline in functional ambulatory capacity than 

younger children. 

A novel six-month prospective cohort study of falls identified a markedly higher incidence 

of falls in children with CMT, with concerningly high numbers of injurious falls compared 

to TD children. Tripping was the most common mechanism of falls and all children under 

the age of 7 years fell, irrespective of disease. Age and balance were the strongest predictors 

of falls. 

A cross-sectional, case controlled study of functional ambulation and physical activity in 50 

children with CMT across two paediatric centres found that functional ambulation was 

limited on all measures, including capacity, performance in every day environments, and the 

child’s perception of gait-related disease limitations. Children with CMT were less physically 

active than their TD peers with greater disease severity associated with lower physical activity. 

This thesis delivers important information to healthcare providers and families of children 

with CMT, and highlights the degree to which gait dysfunction impacts everyday activities. 

Gait dysfunction can be used as a biomarker of disease severity and progression in CMT. 

These findings will inform management of children with CMT, development of clinical 
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practice guidelines and educational resources, and influence future research, including 

exercise interventions. 

.  
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Chapter 1 Introduction 

1.1 The problem: Children and adolescents with Charcot-Marie-

Tooth disease experience difficulties with gait and functional 

ambulation 

Children and adolescents (“children”) affected by the group of degenerative inherited 

peripheral neuropathies known collectively as Charcot-Marie-Tooth disease (CMT), 

demonstrate progressive impairment and physical disability across the span of childhood and 

adolescence (Cornett et al., 2017). Multiple CMT subtypes arise from defects in over 80 

causative genes, and disease severity is variable both between and within subtypes, resulting 

in a heterogeneous genotype and phenotype (Pareyson & Marchesi, 2009). Affecting both 

upper and lower limbs, the primary lower limb impairment of CMT is weakness of the feet 

and ankles, evident from early childhood (Rose, Burns, & North, 2010). As a consequence 

of increasing weakness, children with CMT commonly report problems with walking, 

reduced physical endurance and frequent tripping and falling (Burns, Ryan, & Ouvrier, 

2009b; Scheffers, Hiller, Refshauge, & Burns, 2012). To date, the majority of paediatric CMT 

research and literature has focussed on impairments from the disease, with relatively little 

research describing the everyday impact of CMT on gait and function.  

There is limited evidence describing the gait patterns of children with CMT, with prior 

studies examining only barefoot gait across short distances (Burns et al., 2009b; Ferrarin et 

al., 2012; Newman et al., 2007; Ounpuu et al., 2013; Wojciechowski et al., 2017), and limited 

longitudinal data describing change over time in childhood and adolescence (Ferrarin et al., 

2013). Whilst informative, these studies are not reflective of typical walking during children’s 
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daily lives, which usually occurs in footwear, and over a range of distances in various 

environmental contexts. The literature suggests children with CMT trip or fall frequently but 

there have been no studies documenting falls prevalence (Burns et al., 2009b). Further, there 

is very little known about how children with CMT function in their home, educational 

settings (childcare, kindergarten, school), and community in terms of gait, functional 

ambulation, and physical activity. Comparative studies to TD children investigating gait and 

functional ambulation are limited by small samples, inadequate participant descriptions and 

limited statistical analysis. 

The focus of this thesis is to describe and investigate gait and functional ambulation in 

paediatric CMT and the factors affecting these. Functional ambulation describes the ability 

to walk in usual environments with various distance requirements, with or without the aid of 

appropriate assistive devices (e.g., orthoses or gait aids), safely and sufficiently to carry out 

mobility-related activities of daily living (Lam, Noonan, & Eng, 2007). Factors related to gait 

and function in typical daily life that will be investigated include; measurement of gait 

dysfunction; the effect of footwear; physical (walking) endurance; the effect of disease 

severity and progression; constraints of environmental settings; and falls and physical activity 

related to impairment and gait dysfunction in CMT. Additionally, a comparison to typically 

developing (TD) peers is made to situate the physical disability caused by CMT within the 

context of the developmental changes that usually occur as children mature and grow across 

childhood and adolescence. It is important to understand the impact of the impairments of 

CMT on daily function in children, and the inter-relationships between impairments and gait 

related disability, falls incidence, and physical activity levels in children with CMT. 
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A framework that is widely recognized to help understand the impact of a health condition 

on an individual is the International Classification of Functioning, Disability and Health 

(ICF) (ICF Australian User Guide v1.0, 2003). Throughout this thesis, the ICF provides well-

established common language to describe the impact of CMT on body functions and 

structures (impairments); how activity or the execution of an activity may be limited by the 

disease (activity limitations); and how participation in life situations may be restricted 

(participation restrictions). The ICF also considers the effect of environmental and personal 

contextual factors, which together with the domains of impairment, activity limitations and 

participation restrictions, illustrate the complex inter-relationships that impact the individual 

child with CMT. Figure 1-1 illustrates a model of how CMT impacts gait and functional 

ambulation in children within the ICF framework (Burns et al., 2009b; Pareyson & Marchesi, 

2009; Scheffers et al., 2012). The constructs described in Figure 1-1 guide the choice of 

assessment and outcome measures used to test the hypotheses of the studies within this 

thesis. For example, slower gait is an impairment of body function (ICF code b770) and is 

evaluated with a tool to assess gait speed. A detailed table of ICF domains and codes relating 

to CMT is provided in Appendix A to complement Figure 1-1 (International Classification 

of Functioning, Disability and Health (ICF) online browser, n.d.). 
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Figure 1-1 The effect of CMT on gait and functional ambulation in children - lower limb 

impairments, activity limitations, and participation restrictions commonly reported in the 

literature and to healthcare clinicians - presented in the ICF framework. Environmental and 

personal factors are given as examples. Italicised = factors where there is little evidence and 

further investigation is required. 
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1.2 Significance of the thesis and research objectives  

Charcot-Marie-Tooth disease is one of the most common neuromuscular diseases but 

remains relatively rare with a reported world-wide incidence of 1 in 2,500 (Pareyson & 

Marchesi, 2009) and a conservative estimate of nearly 10,000 people affected in Australia 

(Burns, Denton, Poynten, & Stanley, 2015). Based on current Australian population data, 

this suggests that upwards of 1,200 children in Australia will have the disease (Australian 

Demographic Statistics, 2017). There are only a few specialist paediatric CMT centres in 

Australia. A review of clinic databases at two paediatric multi-disciplinary specialist clinics 

for CMT situated on the east coast of Australia (the Neuromuscular Clinic at The Royal 

Children’s Hospital (RCH), Melbourne and the Peripheral Neuropathy Management Clinic 

at Children’s Hospital Westmead (CHW), Sydney) indicated that over 300 children attend 

these centres (J. Burns, personal communication, February 22, 2016)1. It is therefore likely 

that far greater numbers of children affected by CMT do not attend specialist clinics in 

Australia. Given the tyranny of distance, some children are likely to be managed outside of 

specialist clinics by neurologists and orthopaedic specialists in smaller regional centres and 

within local communities. Outside of specialist centres, very little is widely known about 

CMT and the effect of CMT on gait and function in everyday activities for children with the 

disease. This thesis aims to build on existing evidence and provide new knowledge about gait 

and functional ambulation in paediatric CMT, to enhance clinical services and education for 

healthcare providers and families of children with CMT.  

It is important to highlight that the focus of this thesis is on gait and therefore examines the 

key impairments of CMT that affect lower limb strength and function. It must be 

                                                 
1 These multi-disciplinary clinics provide assessment and management from a healthcare team including 
neurologists, orthopaedic specialists, physiotherapists, genetics counsellors, occupational therapists, 
podiatrists and orthotists. 
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acknowledged that the disease has other significant effects on the child, including affecting 

hand and upper limb function. Additionally, impairments of sensation and symptoms of 

muscle cramps, fatigue and pain have not been explored in detail within this thesis. 

Furthermore, non-ambulant mobility, for example the use of a wheelchair or motorised 

scooter, is not examined in depth. These factors were considered beyond the focus of this 

thesis but are nonetheless important and are likely to impact the function of those affected 

by CMT. 

Currently there is no cure for CMT and management is symptomatic only. However, there 

are promising therapeutic trials under investigation (Attarian et al., 2014; Zhao et al., 2018). 

The degenerative nature of the neuropathy means that treatment initiated earlier in the 

disease course, in childhood or adolescence, may be more effective (Attarian et al., 2014; 

Cornett et al., 2016). Further knowledge of gait dysfunction in children will enable greater 

understanding and characterisation of the disease. It may also provide further valuable 

insights into disease progression beyond the disease-specific outcome measures currently 

utilised in clinical studies. Evidence-based knowledge of the effect of footwear on gait, 

incidence of falls and physical activity levels in paediatric CMT will assist healthcare providers 

managing children with CMT and enable targeted management and education for the 

children and their families. Knowledge gained from these studies will also inform clinical 

practice guidelines currently under development (Yiu, Burns, Menezes, & Ryan, 2017). 

This thesis sets out to inform the identified knowledge gaps. The main objectives addressed 

in the thesis are: 

1. To systematically review, critically appraise and synthesize the literature on gait in 

children with CMT; 
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2. a) To determine if there are differences in spatio-temporal gait parameters between 

children with CMT and typically developing (TD) children;  

b) To investigate the effects of footwear on spatio-temporal gait parameters in 

children with CMT and TD children; 

3. a) To investigate if spatio-temporal gait parameters during a test of physical 

endurance, the six-minute walk test (6MWT), differ in children with CMT compared 

to TD children; 

b) To investigate step-to-step variability in children with CMT during a 6MWT 

compared to TD children; 

c) To investigate if increased step-to-step variability is associated with reduced 

6MWD in children with CMT;  

d) To investigate the association between step-to-step variability and a perception of 

physical exertion during the 6MWT in children with CMT; 

4. To describe changes in spatio-temporal gait parameters in children with CMT over a 

12-month period; 

5. a) To describe the frequency, mechanism and consequence of falls in children with 

CMT, and to compare these to falls in TD children over six months; and 

b) To investigate associations between falls and factors reflecting CMT disease 

severity, such as foot and ankle weakness, standing balance and gait dysfunction; 

6. a) To describe functional ambulation and self-reported perception of walking ability 

in children with CMT; 

b) To compare self-reported physical activity of children with CMT to TD children; 

c) To investigate associations between 6MWD, disease severity, physical activity and 

perceived walking ability in children with CMT. 
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1.3 Synopsis of the thesis chapters 

Six studies contributed to this thesis; a systematic review of gait in paediatric CMT; a cross-

sectional case-controlled study of gait and footwear; a cross-sectional case-controlled study 

of gait and physical endurance during a 6MWT; a longitudinal study of gait over 12-months 

in paediatric CMT; a six-month prospective cohort study of falls; and a cross-sectional case-

controlled study of functional ambulation and physical activity. A concept map presents the 

overall structure of the thesis chapters and rationale for each chapter (Figure 1-2). 

  



9 

 

Figure 1-2 Concept map overviewing the thesis chapters, content and rationale 



10 

Chapter two provides an overview of CMT and gait, utilising the ICF framework to guide 

information on disease impairments, activity limitations and participation restrictions for 

children who are affected by CMT, relative to gait and functional ambulation. 

Chapter three presents the peer-reviewed and published manuscript of a systematic review 

of gait in paediatric CMT (Study 1). This chapter summarises the research literature up to 

August 2015 that informs the known gait deficits in children with CMT. It reports on the 

quality of the studies conducted to date and where knowledge gaps exist. This systematic 

review informed the subsequent studies in this thesis. An addendum provides an update of 

the relevant literature from August 2015 to May 2018. 

Chapter four outlines the method for recruitment and assessment of the children with CMT 

and the TD controls; rationale for, and selection of the outcome measures for gait, functional 

ambulation and disease in children with CMT; and the general study methods for the 

outcome measures relating to gait, functional ambulation and disease that were common to 

studies 2-6. These include participant recruitment and eligibility, spatio-temporal assessment 

of gait in different footwear conditions and during a six-minute walk test (6MWT), 

assessments of functional ambulation and clinical measures including a test of disease severity 

in paediatric CMT. 

Chapter five presents the peer-reviewed and published manuscript of the cross-sectional, 

case-controlled study of gait and footwear (Study 2). This study measured spatio-temporal 

parameters of gait in three different footwear conditions; barefoot, suboptimal and optimal 

footwear; and compared gait in 30 children with CMT to 30 age- and gender-matched TD 

children. This study investigated the main effects and interaction effects of disease state 

(CMT or TD) and footwear type on gait.  
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Chapter six details the findings from the cross-sectional case-controlled investigation of gait 

and physical endurance in 30 children with CMT compared to 30 TD children (Study 3). 

Spatio-temporal gait parameters including step-to-step variability and a self-reported rating 

of physical exertion were assessed during a prolonged walking activity, the 6MWT. Six-

minute walk distance (6MWD) was defined as a measure of ambulatory capacity. The 

relationship between gait dysfunction, including altered step-to-step gait variability, 

ambulatory capacity and self-reported ratings of perceived exertion were explored.  

Chapter seven presents peer-reviewed and published manuscript of the longitudinal study of 

gait which investigated changes in spatio-temporal parameters of gait and functional 

ambulation over a 12-month period in 27 children with CMT (Study 4). This study utilised 

normalisation of gait data to account for growth in the children over the study period and 

investigated whether CMT subtype or age influenced disease progression and subsequent 

changes in gait.  

Chapter eight presents the manuscript of a six-month prospective cohort study of falls in 

children with CMT relative to TD peers. Falls frequency over six months was recorded on a 

monthly calendar and a questionnaire collected detailed information from a maximum of six 

falls per participant per month. Details included frequency, mechanism, location and 

consequential injury. Binomial negative regression was used to calculate falls incidence rates 

for both groups of children. The peer-reviewed manuscript has been accepted pending minor 

revisions. An addendum provides data related to footwear that were not included in the 

manuscript. 

Chapter nine details a stand-alone larger cross-sectional case-controlled study of functional 

ambulation and physical activity in 50 children with CMT across two paediatric 
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neuromuscular centres. This study set out to describe functional ambulation in children with 

CMT and investigate physical activity levels compared to 50 age- and gender-matched TD 

children. This study further investigated the relationship between functional ambulation, 

physical activity and disease severity in children with CMT. 

Chapter ten provides a synthesis of the key findings of the thesis, the clinical implications of 

the findings are discussed, including implications for management. There is a discussion of 

the novel contributions of the thesis, the strengths and limitations of the studies contained 

within and future directions for research arising from this thesis.
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Chapter 2 Gait and functional ambulation in children and 

adolescents with Charcot-Marie-Tooth disease 

2.1 Introduction 

The purpose of this chapter is to provide context and rationale for the thesis objectives 

outlined in Chapter 1. This chapter will summarise key background information about 

Charcot-Marie-Tooth disease (CMT) and briefly review gait and the methods to evaluate gait 

and functional ambulation in children and adolescents (“children”). Utilising the 

International Classification of Functioning, Disability and Health (ICF) framework this 

chapter provides an overview of the impairments of CMT and the activity limitations 

associated with these impairments in children affected by CMT. Environmental contextual 

factors that impact daily function for children with CMT will also be considered. 

2.2 An overview of Charcot-Marie-Tooth disease 

Charcot-Marie-Tooth disease is named after the three doctors who first described a peroneal 

muscular atrophy of the distal lower limbs (Charcot & Marie, 1886; Tooth, 1886). Known 

also as hereditary motor and sensory neuropathy, CMT describes a group of inherited 

peripheral neuropathies arising from progressive degeneration of motor and sensory nerves, 

with the primary impairment being distal weakness of the feet and hands (Pareyson & 

Marchesi, 2009). Typically presenting in childhood or adolescence and associated with life-

long disability, symptoms commonly worsen over time, with greater disease severity and 

impairment observed with increasing age (Pareyson & Marchesi, 2009). Currently, there is 

no cure for this degenerative disease.  
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Charcot-Marie-Tooth disease arises from abnormalities in multiple causative genes resulting 

in many known subtypes. Disease severity is variable both between and within these 

subtypes, resulting in a heterogeneous genotype and phenotype (Pareyson & Marchesi, 2009). 

The genes identified as causing CMT code for the production of proteins that make up either 

the protective myelin sheath that surrounds the peripheral nerve axon or the axon itself 

(Pareyson & Marchesi, 2009). Historically, CMT has been divided into two main subtypes, 

demyelinating (CMT1) and axonal (CMT2) based on nerve conduction testing (Rossor, 

Polke, Houlden, & Reilly, 2013). A third intermediary subtype is also described and de novo 

or spontaneous mutations with no known family history have been reported (Timmerman, 

Strickland, & Züchner, 2014).  

Over the last decade, genome sequencing has led to the discovery of over 80 causative genetic 

mutations, with various modes of inheritance, giving rise to a wide spectrum of clinical 

phenotypes (Timmerman, Strickland, & Züchner, 2014). Of these, mutations in four main 

genes PMP22, GJB1, MPZ or MFN2, are responsible for the majority of genetically 

identified CMT subtypes; CMT1A and Dejerine-Sottas disease (DSD), CMTX1, CMT1B or 

CMT2A respectively (Figure 2-1) (Rossor, Tomaselli, & Reilly, 2016; Siskind et al., 2013). 

PMP22 is the most common causative gene identified to date, with a duplication of PMP22 

resulting in the most common and generally milder subtype CMT1A and a point mutation 

in the same gene causing the rarer and more severe subtype, DSD (Rossor et al., 2016). 
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A ‘classic’ CMT phenotype has been described, that includes distal muscle weakness and 

atrophy, occurring in the feet prior to hands, muscle shortening and contracture, foot 

deformity, problems with gait and balance, and altered sensation (Pareyson & Marchesi, 

2009). Notably however, clinical presentation can vary widely, with variation in disease 

severity between and within subtypes, and variation even within family units (Cornett et al., 

2016; Rossor et al., 2013). Disease progression is variable across childhood and adolescence 

with the most common and generally milder subtype, CMT1A, showing slow progression 

throughout the span of childhood and adolescence (Cornett et al., 2017). In contrast, 

CMT2A, a more severe subtype is typically rapidly progressive through childhood, with 

slower progression in adolescence (Cornett et al., 2017). The ICF introduced in Chapter 1 is 

a useful framework to conceptualise the disease and enable understanding of how the 

physical disability caused by CMT impacts daily function in children (ICF Australian User 

Guide v1.0, 2003) (Figure 1-1).  

PMP22 
duplication 

(CMT1A), 39.5%

PMP22 point 
mutation (DSD), 

1.4%GJB1 (CMTX1), 
10.8%

MPZ (CMT1B), 
3.1%

MFN2 (CMT2A), 
2.8%

All others, 42.4%

Figure 2-1 Main causative genetic mutations and associated CMT subtypes (Rossor et al., 2016) 
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2.2.1 Common impairments in Charcot-Marie-Tooth disease related to gait 

2.2.1.1 Lower limb weakness and effect on gait 

Weakness of the foot and ankle muscles is the primary lower limb impairment of CMT and 

falls under impairments of body function in the ICF (ICF code b730; Appendix A) (Pareyson 

& Marchesi, 2009). Often detectable from early childhood, the dorsiflexor and evertor 

muscle groups are typically more affected and weaker than the antagonist plantar flexors and 

invertors (Burns et al., 2009b; Rose et al., 2010). Foot and ankle weakness has negative 

consequences for gait. Dorsiflexor weakness often manifests in gait as inadequate 

dorsiflexion during swing, commonly referred to as ‘foot drop’ (Don et al., 2007; Sabir & 

Lyttle, 1984) and is evident in more severely affected children (Ferrarin et al., 2012; Ounpuu 

et al., 2013; Wojciechowski et al., 2017). Minimum foot clearance in gait is ordinarily 

estimated to be less than 10mm (Winter, 1987). Therefore, foot drop in swing increases the 

risk of the toes catching the walking surface, and consequently, the risk of trips and falls in 

children with dorsiflexor weakness (Winter, 1992). Plantar flexor weakness becomes 

apparent with disease progression in more severely affected and older children (Newman et 

al., 2007; Vinci & Perelli, 2002), manifesting with reduced push-off power in gait (Newman 

et al., 2007; Ounpuu et al., 2013). With increasing age and disease progression, more proximal 

weakness at the knees and hips becomes evident and may relate to the progressive nature of 

the neuropathy (Newman et al., 2007). 

2.2.1.2 Weakness, contracture and foot deformity in children with Charcot-Marie-Tooth 

disease and effect on gait 

Foot and ankle weakness predisposes children with CMT to the development of foot 

deformity, an impairment of body structure (ICF code s7502; Appendix A) (Burns et al., 

2009b; Fenton, Bali, & Meda, 2014). Imbalance between weaker agonist (dorsiflexor and 
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evertor) and stronger antagonist (plantar flexor and invertor) muscles around the foot and 

ankle leads to muscle shortening (ICF code s75022) and joint contracture (ICF code s75021). 

Over time this leads to the development of deformity, notably the hallmark pes cavovarus 

posture (Fenton et al., 2014) (Figure 2-2 (a)). However, in some children with CMT, normal-

type and pes planus foot postures are also evident (Burns et al., 2009b). The latter is thought 

to be related to joint hypermobility and discrete muscle imbalance between the invertor and 

evertor muscles of the foot and ankle (Figure 2-2 (b)) (Burns et al., 2009b). Normal-type foot 

posture is evident in younger and less severely affected children (Burns et al., 2009b). The 

cavovarus foot is a rigid deformity, not conducive to adapting to changes in surface types, 

which is necessary for optimal weight bearing and walking (Fenton et al., 2014). Both the 

rigid cavovarus and the hypermobile planus foot postures, together with invertor-evertor 

muscle imbalance, are likely to contribute to ankle instability in children with CMT (Burns et 

al., 2009b; Rose et al., 2015). Ankle instability in CMT is associated with poor balance which 

in turn is associated with global foot weakness (Burns et al., 2009b; Rose et al., 2015). Foot 

and ankle weakness and associated foot deformity likely predisposes children with CMT to 

problems with gait and balance.  

 

Figure 2-2 Examples of foot posture in children with CMT. Picture on left (a), pes cavovarus 

(Foot posture index (FPI) -3); on right (b) pes planus (FPI +8)  
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2.2.1.3 Gait dysfunction in paediatric Charcot-Marie-Tooth disease 

Few studies have investigated gait dysfunction in children with CMT. Gait dysfunction, or 

abnormalities of gait patterns are considered in the ICF framework as an impairment of body 

function (ICF code b770, Appendix A). Chapter three of this thesis details a systematic 

review of gait in paediatric CMT (Kennedy, Carroll, & McGinley, 2016). In brief, children 

with CMT walked slower than their typically developing (TD) peers (Newman et al., 2007; 

Ounpuu et al., 2013) with a reduced stride length (Ferrarin et al., 2012); foot drop in swing 

(Ferrarin et al., 2012; Newman et al., 2007; Ounpuu et al., 2013); and reduced propulsion and 

push off into swing (Newman et al., 2007; Ounpuu et al., 2013). Studies were conducted in 

clinical or gait laboratories and measures of gait included spatio-temporal, kinematic, kinetic 

and foot pressure data. Only one study assessed the effect of disease progression on gait over 

18 months (Ferrarin et al., 2013), and there has been limited comparison of gait in children 

with CMT to their TD peers (Kennedy et al., 2016).  

2.2.1.4 Reduced physical endurance in children with Charcot-Marie-Tooth disease 

Reduced physical endurance is commonly reported by children and adolescents affected by 

CMT and in the ICF framework is considered an impairment of body function (ICF code 

b455, Appendix A). To date, only one study has described reduced physical endurance in 

children with CMT, finding that endurance in adolescents was reduced compared to 

published norms (Burns et al., 2009b). Physical endurance in paediatric neuromuscular 

disorders is commonly measured by the distance walked in a six-minute walk test (6MWT) 

(McDonald et al., 2010; Montes et al., 2010). The 6MWT is a fast walking timed test generally 

conducted on a flat indoor circuit walkway in a hospital or clinical environment. The 6MWT 

is included in the composite paediatric assessment of CMT disease, the CMT Pediatric Scale 

(CMTPedS) as a test of gait speed and endurance (Burns et al., 2012b).  
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A limitation of the 6MWT is that it provides only a single dimensional measure of walking 

distance, and therefore, is a limited interpretation of physical endurance. As a standardised 

test, the 6MWT might be better described as a test of ambulatory capacity and one 

component of physical endurance (Holsbeeke, Ketelaar, Schoemaker, & Gorter, 2009). It is 

possible that other measures may offer useful adjuncts to provide further insight into gait 

performance and physical endurance during a 6MWT. For example, other spatio-temporal 

measures and reported levels of exertion associated with walking. Children with CMT and 

their families often report to health professionals that they tire and have difficulty walking 

longer distances. Despite anecdotal reports, there is little known about how children with 

CMT function when walking longer distances, and there have been no studies documenting 

the child’s experience of effort or exertion when walking longer distances. 

2.2.2 Activity limitations in paediatric Charcot-Marie-Tooth disease 

Progressive muscle weakness and its sequalae limit activities such as walking, including 

walking longer distances; cause problems with balance, including when walking over different 

surfaces and navigating obstacles; and reports of frequent trips and falls in children with 

CMT (Burns et al., 2009b; Cornett et al., 2016).  

2.2.2.1 Functional ambulation in paediatric Charcot-Marie-Tooth disease 

Functional ambulation as previously defined in Chapter 1 (Section 1.1), relates gait 

dysfunction to mobility-related activities of daily living in a person’s own environment (Lam, 

Noonan, & Eng, 2007). A limitation of gait assessment in the clinical or laboratory 

environment is that it does not necessarily reflect how the child functions in their usual 

environments or the requirements imposed upon the child by their environment. Problems 

with walking in different environments, including indoors and outdoors, are considered 
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activity limitations in the ICF framework (ICF codes d4600, 4601, 4602; Appendix A). Whilst 

studies of gait in paediatric CMT have considered gait dysfunction utilising gait analysis, there 

has been scant regard to how children with CMT walk and move in their usual everyday 

environments. 

There are no reports in the literature of functional ambulation in children with CMT in terms 

of their gait in their everyday environments such as home, educational facilities 

(school/kindergarten/childcare) and broader community environments. Each of these 

environments has different requisites for the child with CMT. For example, the indoor home 

environment requires that the child be able to walk over relatively flat surfaces covering short 

distances of 5-10 metres. In contrast, the school environment might require that the child 

walk over 50-100 metres across outdoor playground areas of varying surface types and 

terrains. The indoor school environment will include obstacles such as furniture and other 

children, and distances typically ranging from 10-50 metres between the classroom and 

amenities or other specialty classrooms (Harvey, 2008). Community environments also 

require far greater distances to cover, with varying topography, surface types and obstacles. 

Steps, kerbs and stairs also provide further challenges across all settings, be it in the home, 

school or community. Whilst gait assessments in the clinical environment measure capacity, 

they do not measure typical performance in the child’s everyday environments. Assessment 

and measurement of functional ambulation in children with CMT have not been reported in 

the literature to date. 

2.2.2.2 Balance and falls in paediatric Charcot-Marie-Tooth disease 

Children with CMT have problems with poor balance, associated with foot and ankle 

weakness and increased ankle instability (Rose et al., 2015). Dorsiflexor weakness is the 
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strongest predictor of balance problems in children with CMT (Burns et al., 2009b). In terms 

of the ICF framework, balance in standing (ICF code d415), difficulty walking over different 

surfaces (ICF code d4502) and around obstacles (ICF code d4503) are considered under the 

activity limitation domain (Appendix A). It is likely that foot and ankle weakness and 

impaired balance in standing and walking contributes to the retrospective reports of daily 

trips or falls in nearly 50% of children with CMT (Burns et al., 2009b; Cornett et al., 2016).  

A fall can be defined as “an unexpected event in which the person falling comes to rest on 

the ground, floor or lower level” (Lamb et al., 2005). Falls incidence and contributory factors 

have not been investigated in children with CMT beyond retrospective reporting. Impaired 

balance and subsequent falls in other paediatric disease populations are associated with 

weakness and gait disorders and may provide insight into falls in children with CMT (Katz-

Leurer, Rotem, Keren, & Meyer, 2009a; Montes et al., 2013). Children with acquired brain 

injury (ABI) demonstrated greater step length variability which was moderately associated 

with worse balance (Katz-Leurer et al., 2009a). In a small group of children and adults with 

spinal muscular atrophy type III (SMAIII), stride length variability in a 6MWT was strongly 

associated with reported falls frequency in the previous 12 months (Montes et al., 2013). Gait 

dysfunction including step-to-step gait variability is likely to also be associated with balance 

problems and falls in children with CMT, however this has not been investigated to date. 

In children with CMT, walking over uneven terrain, longer distances and up and down kerbs 

and stairs, may be challenging due to the impairments of the disease. Walking on level 

surfaces can be challenging for the child with CMT who has foot drop, and an increased risk 

of tripping. The vast majority of literature examining gait-related falls and associated 

morbidity has occurred in adults who are older or who have disability (Callisaya et al., 2011; 
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Lamont, Morris, Menz, McGinley, & Brauer, 2017). Falls are not atypical in childhood, with 

falls from a higher surface or from furniture reported as the number one cause of admissions 

to paediatric hospital emergency rooms (Runge, 1993). However, there is very little known 

about falls relative to failure of lower limb strength, poor balance and/or gait dysfunction in 

children. 

Fall frequency in respect to what is typical in childhood and adolescence remains unclear. 

However, from retrospective reporting it is apparent that children with CMT fall more 

frequently than would be expected in their TD peers, most likely due to weakness arising 

from disease (Burns et al., 2009b). In evaluating falls in children, it is important to delineate 

a fall in the instance of playing (being knocked over during organised sports/sport at school, 

or falls from play equipment) as opposed to a fall during standing, walking or running due 

to lower limb weakness and gait dysfunction. Furthermore, falls-related injuries have not 

been documented in children with CMT. The functional consequences of gait dysfunction 

and how it relates to falls in children with CMT is an area requiring further investigation in 

this thesis. 

2.2.2.3 Limitations to physical activities in children with Charcot-Marie-Tooth disease 

Gait dysfunction and reduced ambulatory capacity are likely to be reflected in lower physical 

activity levels in children with CMT. Multiple studies have found that children with physical 

impairments are less physically active than their TD peers (Shields, Synnot, & Kearns, 2015; 

Woodmansee, Hahne, Imms, & Shields, 2016). Children with CMT report difficulty 

participating in activities that include running and jumping (Burns et al., 2009b), however 

there have been no studies of physical activity (PA) levels in paediatric CMT. A study of 44 

adults with CMT revealed that PA, as assessed using a 7-day recall survey, was often limited 
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by weakness, poor balance, fatigue and pain (Anens, Emtner, & Hellstrom, 2015). A further 

two studies have shown strong positive associations between knee extensor strength and PA 

levels in adults with CMT (Menotti, Laudani, Damiani, & Macaluso, 2014; Roberts-Clarke et 

al., 2016). Although yet to be investigated, it is likely that PA levels are also reduced in 

children with CMT and that individuals with more severe disease are less active. 

Reduced PA is an important health consideration for children with CMT, and is likely to 

have negative consequences for health across the lifespan. Globally, PA levels are declining 

across all ages in the general population (Physical Inactivity: A Global Public Health 

Problem, 2017), and only one third of Australian children aged 5-17 years regularly undertake 

the recommended 60 minutes of PA per day (Australia's physical activity and sedentary 

behaviour guidelines, 2014). Reduced PA and increased sedentary activities are linked to 

poorer health outcomes in all people regardless of additional physical disability (Magnussen 

et al., 2011; Okely et al., 2012; Palve et al., 2014). Anecdotally, families often report that their 

child with CMT is less active than, and has difficulty keeping up with their peers. However, 

there have been no studies comparing PA in children with CMT to their TD peers, to date. 

Investigation of PA needs to consider whether or not PA levels are related to gait 

dysfunction, functional ambulation, and disease severity in children with CMT. 

2.2.3 Environmental factors and gait in paediatric Charcot-Marie-Tooth disease  

Environmental factors are an important consideration in understanding the relationship 

between CMT, limitations to activities and restrictions to participation in everyday activities. 

Reflecting on the ICF framework, environmental factors range from the natural and man-

made physical and built environments, to products and technology that either assist or 

interfere with activities of daily living (ADLs), and extend through to the support and 
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relationships provided by family, friends and healthcare providers (Appendix A). Children’s 

typical everyday indoor and outdoor environments include the home, educational settings 

(school, kindergarten or childcare) and community environments such as the playground, 

local streets and shopping centres. Each of these places different demands for walking, such 

as surface types, change in levels necessitating the use of stairs and kerbs, obstacles to avoid 

and varying walking distance requirements. Further, factors including footwear and orthotic 

devices, rails on stairs, gait aids and mobility devices assist the child with CMT with their 

walking and mobility. Little is known about the effect of these environmental factors on gait 

and functional ambulation in children with CMT. 

2.2.3.1 Effects of footwear on gait 

Families of children with CMT will often report to their healthcare provider that they have 

difficulty finding footwear that fits their child’s feet due to weakness and/or foot deformity. 

Charcot-Marie-Tooth disease consumer groups often provide information about footwear 

on their websites (Foot care, n.d.). Typically, children wear footwear when walking outdoors 

and in environments outside of the home. Footwear is an important consideration for gait 

in childhood physical disability as it has been shown to have an effect on gait in TD children 

(Chard, Greene, Hunt, Vanwanseele, & Smith, 2013; Lythgo, Wilson, & Galea, 2009; 

Moreno-Hernandez, Rodriguez-Reyes, Quinones-Uriostegui, Nunez-Carrera, & Perez-

Sanpablo, 2010; Oeffinger et al., 1999; Shroyer & Weimar, 2010; Wolf et al., 2008). A 

systematic review and meta-analysis of gait in TD children wearing “well-fitting shoes” (e.g. 

athletic-type runners and school shoes), found that footwear has a positive effect on gait 

compared to barefoot gait. Specifically, gait was found to be faster, and children walked with 

a longer step length, a wider base of support and longer stance time (Wegener, Hunt, 
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Vanwanseele, Burns, & Smith, 2011). However, children do not wear well-fitting footwear 

at all times and in all environments.  

In some cultures, it is usual to wear soft slip-on type footwear indoors in the home and 

school environments, and flip-flop styled thongs (“flip-flops”) are commonly worn in 

warmer weather in Australia. There are several studies of gait in TD children and young 

college students wearing flip-flops compared to barefoot, or athletic-type shoes (Chard et al., 

2013; Robinson et al., 2011; Shroyer & Weimar, 2010). Two cross-sectional studies in 13 TD 

Australian children and 56 healthy American college students found that step length was 

reduced in flip-flops compared to both barefoot gait and gait in athletic-type shoes (Chard 

et al., 2013; Shroyer & Weimar, 2010). A third study in 12 TD American pre-school children 

investigated locomotor function using the Test of Gross Motor Development, 2nd Edition 

(TGMD–2), in children wearing flip-flops compared to athletic-type shoes (Robinson et al., 

2011). Despite a small sample, this study found locomotor performance (e.g. running, 

hopping, jumping) in TD pre-school aged children was significantly reduced when wearing 

flip-flops (Robinson et al., 2011). Footwear impacts gait and function in TD children and is 

likely to have a greater effect on children with CMT due to impairments of the disease, 

including foot and ankle weakness and deformity. To date, there have been no studies 

investigating gait in different types of footwear in children with CMT. 

2.3 Evaluating gait in paediatric Charcot-Marie-Tooth disease 

Changes in gait parameters such as speed are an indicator of disease progression in paediatric 

neuromuscular diseases including CMT (Burns et al., 2009b; McDonald et al., 2013a). Human 

gait is a complex and integrated movement system of the legs and body, relying on the 

skeletal, muscular and neurological systems (Winter, 1991). Gait is typically rhythmical and 
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symmetrical, with little variability between one step and the next (Winter, 1991). 

Measurement of gait can include a variety of observational and instrumental systems to 

capture spatial, temporal, kinematic and kinetic components (Baker, 2013). The most 

common gait measures are spatio-temporal; spatial variables include distance, step and stride 

length, and step width; temporal components include speed, cadence, and step and stride 

time. Kinematic and kinetic systems measure joint angles and force generation of each body 

segment during gait assessments. Gait analysis, be it observational, instrumental or a 

combination, is used to detect and measure gait dysfunction. 

2.3.1 Measurement of gait 

Selection of gait measurement system needs to consider the purpose for which it is required. 

A variety of tools can be used to assess gait. These range from a simple stop watch and a 

specified length of flat surface to measure speed, to electronic walkways and devices for 

capturing spatio-temporal foot step data, to complex instrumented three-dimensional gait 

analysis (3-DGA) laboratories that require the expertise of biomechanists to measure and 

interpret multi-dimensional spatio-temporal, kinematic and kinetic data (Perry, 1992). In the 

clinical setting, healthcare clinicians do not always have the funding for, or timely and ready 

access to 3-DGA, nor do they always require the level of information that such an assessment 

provides. Indicators of disease severity and progression in neuromuscular disorders can often 

be determined from factors such as gait speed and distance walked (Burns et al., 2012b; 

McDonald et al., 2013a). Therefore, it is appropriate to measure spatio-temporal parameters 

of gait that are reflective of disease progression, readily applicable and interpretable by 

healthcare providers in the clinic setting. 
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2.3.1.1 Spatio-temporal measures of gait 

Gait speed is an indicator of disease in children with neuromuscular disease (Dichiaro, 

McMahon, Horn, Petersen, & Wong, 2011; McDonald et al., 2013a) and is an important 

factor in consideration of mobility and function in environments outside of the home. Speed 

requirements for community ambulation in children have not been defined however in 

healthy adults speed requirements have been suggested to range up to 1.32 m/sec (Salbach 

et al., 2014). Gait speed less than 0.80 m/sec in adults is considered functionally limiting in 

terms of community ambulation (Perry, Garrett, Gronley, & Mulroy, 1995). Speed is a 

product of step length and cadence (stepping rate) and is reported in metres per second. 

Both gait speed and stride length have been shown to be reduced in children with CMT 

(Ferrarin et al., 2012; Ounpuu et al., 2013). Spatio-temporal measures of gait are considered 

further in Chapter 4. 

2.3.1.2 Step-to-step variability in gait 

Typically, human gait is intrinsically stable with relatively little variability (Winter, 1991). Step-

to-step variability in gait is a measure of the degree of variability between one step and next. 

Increased variability is often an indicator of neurological disease and balance disorders, both 

in children and older adults at increased risk of falling (Brach, Berlin, VanSwearingen, 

Newman, & Studenski, 2005; Hausdorff, 2005; Katz-Leurer, Rotem, Keren, & Meyer, 2009b; 

Montes et al., 2013). Increased step length variability has been documented in children with 

neurological conditions, including ABI and SMA (Katz-Leurer et al., 2009b; Montes et al., 

2013). Both increased and decreased base of support (BOS) variability are indicators of 

greater falls risk in the elderly (Brach et al., 2005). Step-to-step variability is associated with 

dynamic balance control in gait, and in children with ABI increased step length step-to-step 

variability has been shown to be moderately associated with reduced balance (Katz-Leurer 
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et al., 2009a). There have been no studies however, of step-to-step gait variability in children 

with CMT. Given that problems with gait and balance are a major concern for children with 

CMT, step-to-step variability is a gait measure that requires further investigation. 

2.3.2 Measuring functional ambulation 

In considering the ICF framework and the definition of functional ambulation (Lam, 

Noonan, & Eng, 2007), assessment of functional ambulation in children with CMT needs to 

consider ambulatory capacity, gait performance in different environments and environmental 

factors including; distance requirements; surface types; changes in levels; and whether or not 

the child requires assistance. Functional gait classification systems that consider gait 

performance within an environmental context have been developed in other paediatric 

disease populations where gait is significantly affected, chiefly cerebral palsy, spina bifida and 

disorders of the central nervous system (Graham, Harvey, Rodda, Nattrass, & Pirpiris, 2004; 

Hoffer, Feiwell, Perry, Perry, & Bonnett, 1973; Novacheck, Stout, & Tervo, 2000). However, 

to date, no such classification system has been utilised in paediatric CMT.  

2.3.3 Measuring gait across the timespan of childhood and adolescence 

Measurement of gait in children needs to account for changes as the child grows and 

develops. In terms of the ICF, personal factors such as the child’s age, height and severity of 

disease are likely to impact gait. Several large studies have shown that maturation of human 

gait occurs by the 7th year of life (Dusing & Thorpe, 2007; Holm, Tveter, Fredriksen, & 

Vøllestad, 2009) however some argue development of gait matures by 3 years (Sutherland, 

Olshen, Cooper, & Woo, 1980) and others not until skeletal maturity in adolescence (Froehle, 

Nahhas, Sherwood, & Duren, 2013). There are five main determinants of mature gait in the 
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young child: increased speed and step length with decreased cadence, increased single leg 

stance time and narrowing of the base of support (Sutherland et al., 1980).  

Symptoms of CMT usually present in the first or second decade of life (Pareyson & Marchesi, 

2009). Therefore, an understanding of the effect of disease on gait is required across 

childhood and adolescence, as gait parameters change in the context of normal growth and 

maturation. Height, or leg length, is a determining factor in step/stride length and therefore 

influences gait speed. To account for change over time in terms of disease progression in 

children, and/or to compare different groups of children who may vary in heights, spatio-

temporal gait parameters are often normalised to either leg length or body height (Hof, 1996; 

Stansfield et al., 2003).  

2.4 Conclusion 

This chapter has outlined the impairments and activity limitations that children with CMT 

present with, and discussed how this affects their gait and functional ambulation. Lower limb 

weakness and its sequalae cause gait dysfunction in children with CMT that is likely to affect 

not only their pattern of gait and movement, but also their function in terms of performance 

of gait-related activities in everyday environments typical of childhood and adolescence. 

Measurement of gait in children, including assessment of gait patterns, physical endurance 

and functional ambulation, were also reviewed. 
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Chapter 3 Gait in children and adolescents with Charcot-

Marie-Tooth disease: A systematic review 

3.1 Preamble 

A systematic review was undertaken of gait in paediatric CMT to review the current literature 

and determine where knowledge gaps remain. The systematic review of gait in children and 

adolescents with CMT was peer-reviewed and accepted for publication in the Journal of the 

Peripheral Nervous System (Kennedy et al., 2016). The manuscript is presented here in the 

format in which it was published. Permission to publish this manuscript has been granted 

from the journal publisher, John Wiley and Sons (Appendix B). All authors (RK, KC and 

JM) contributed to the study design, analysis of the literature and review of the draft 

manuscript. 

The purpose of this chapter was to systematically review, critically appraise and synthesize 

the literature of gait in children with CMT. The systematic review published in 2016 covered 

the available literature up until August 2015. Given that nearly three years had passed since 

the initial review, a further review of the literature was conducted from 2015 to the present 

time (May 2018). A summary of the literature found in this subsequent review is provided as 

an addendum at the end of this chapter. 
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3.2 Addendum to systematic review 

An additional literature search was conducted to bring this systematic review up to date. 

Using the same search criteria (Supplementary Table 1, page 44) and the same databases 

(Medline Epub ahead of print, In-process and other non-indexed citations, Embase Classic 

+ Embase, CINAHL and Sportsdiscus), searches were conducted for the period between 

August 2015 and May 2018. Twenty-eight articles were found of which 10 were duplicates 

and a further 17 did not meet the eligibility criteria. Only one additional article was found 

that matched the selection and eligibility criteria of the original systematic review 

(Wojciechowski et al., 2017). 

3.2.1 Additional study of gait in children with CMT 

In their paper, Wojciechowski et al. (2017) describe the baseline gait data from a strength 

training randomised controlled trial of 60 children aged between 6-17 years (mean age 11, 

SD 3.1 years; 16 females) with a mix of CMT subtypes (CMT1A 78%) from Sydney, Australia 

(Burns et al., 2017). Spatio-temporal, kinematic and kinetic data were presented from 3-DGA 

with force plates and a single segment foot model. Gait was assessed barefoot, at self-selected 

speed over an 8-metre walkway, with an average of 5 strides analysed and compared to a 

normative reference data group from the same gait laboratory (50 typically developing 

children, mean age 9.8, SD 3.8 years, 35 females). Clinical descriptors of disease included the 

CMT Pediatric Scale. The CMT group was subdivided into three groups based on dorsiflexor 

and plantar flexor strength as assessed on the CMTPedS. The three groups were: no difficulty 

with heel and toe walking (ND) (n = 7; CMTPedS mean (SD) 8 (4)); difficulty with heel 

walking alone (DH) (n = 48; CMTPedS mean (SD) 13 (7)); or difficulty heel and toe walking 
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(DTH) (n = 5; CMTPedS mean (SD) 20 (7)). The Quality Index score for this paper was 

13/14 (93%) with non-reporting of actual p values the one shortfall. 

3.2.2 Additional paediatric CMT gait data 

All spatio-temporal data presented in this paper were normalised to leg length and group leg 

length mean was not stated, therefore the speed data from this paper could not be compared 

to the other studies from the systematic review. Effect sizes for the spatio-temporal data 

were calculated according to the following equation: 

Equation 1 Effect size = (mean [CMT] – mean [TD])/SD [TD] (Portney & Watkins, 2009) p. 

648 

Gait in the most severely affected group of children, CMT (DTH) was slower, with reduced 

stride length, both with large effect sizes. Interestingly, the most mildly affected children, 

CMT (ND) walked significantly faster with a higher cadence than the TD control group 

(Table 3-1). Both the DTH and the ND groups had small numbers of children in them. The 

largest group of children, CMT (DH) walked with a significantly higher cadence but neither 

speed nor stride length were different to the TD group (Table 3-1). 
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Table 3-1 Spatio-temporal gait data from Wojciechowski et al. (2017) 

 Sample 
size  

Normalised speed    

Mean (SD) ES 

Normalised stride 
length  

Mean (SD) ES 

Normalised 
cadence  

Mean (SD) ES 

CMT all  60   0.45 (0.06) 0.2 1.51 (0.14) -0.3 0.59 (0.05) * 0.7 

CMT ND  7   0.51 (0.04) * 1.4 1.61 (0.07) 0.4 0.64 (0.06) * 2.3 

CMT DH  48 0.44 (0.05) 0 1.51 (0.13) -0.3 0.59 (0.04) * 0.7 

CMT DTH  5  0.36 (0.06) * -1.6 1.32 (0.17) * -1.6 0.54 (0.02) -1.0 

TD   50  0.44 (0.05) 1.55 (0.14) 0.57 (0.03) 

* p < 0.05, compared to TD. Abbreviations: CMT: Charcot-Marie-Tooth disease; DH: difficulty heel 
walking: DTH: difficulty toe and heel walking; ES: effect size; ND: no difficulty toe or heel walking; 
SD: standard deviation; TD: typically developing 

All children with CMT displayed significant ankle dysfunction with reduced ankle 

dorsiflexion at initial contact, in stance and in swing (foot drop) and reduced ankle 

dorsiflexor moment in loading response indicating no heel rocker (Table 3-2). There was also 

significantly reduced hip abductor moment in stance in all children with CMT (mean 0.36 

(SD 0.15) Nm/kg, TD mean 0.50 (SD 0.14) Nm/kg; p < 0.001), indicative of a wider base 

of support compared to TD children. Children with more severe CMT (DTH) also displayed 

reduced plantar flexion and ankle power generation at push-off (Table 3-2). Proximal 

kinematic and kinetic deficits at the knee and hip were evident in all children with CMT but 

interestingly there was no evidence of greater hip flexion in swing, which is indicative of a 

high “steppage” gait pattern, typically described in CMT (Don et al., 2007). Rather the 

children with CMT displayed increased hip external rotation in stance with a near normal 

foot progression angle which may be a compensatory mechanism for a cavovarus foot 

deformity (hip rotation CMT mean -2.7° (SD 7.5°), TD mean 3.7° (SD 7.0°); p < 0.001; 

negative values = external rotation; foot progression angle CMT mean -5.2 (SD 6.7), TD 

mean -6.7 (SD 6.0); no significant difference). 
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Table 3-3 provides a summary comparison of the main findings from Wojciechowski et al. 

(2017) and the systematic review, in which most of the findings supported those from 

previous studies. Of note, however, were findings related to the more severely affected 

children (DTH). These children had significantly shorter stride length in gait, with 

correspondingly slower gait. A previous study had demonstrated reduced stride length in 

more severely affected children (Ferrarin et al., 2012) and others found slower gait (Newman 

et al., 2007; Ounpuu et al., 2013), but not both. The DTH group also demonstrated increased 

maximum dorsiflexion in stance, which may put these children at risk of developing “crouch” 

gait. It should be noted that the DTH group comprised only five children.  
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 Statistical 
significance  

p < 0.05 

Not statistically 
significant 

Ankle kinematics 

↓ Max dfl in stance All 

ND 

DH 

 

↑ Max dfl in stance  DTH  

↑ Timing of max dfl in stance  DTH All 

ND 

DH 

↓ Max plfl at push-off  DTH All 

ND 

DH 

↓ Max dfl in swing  All 

DH 

ND 

DTH 

↓ Ankle dfl at initial contact All 

DH 

ND 

DTH 

Ankle kinetics 

↓ Max dflr moment in loading 
response (absent first rocker) 

All 

DH 

DTH 

ND 

↓ Max ankle power at push-off  DTH All 

ND 

DTH 

* p < 0.05. Abbreviations: All: all children with CMT; CMT: Charcot-Marie-Tooth disease; dfl: 
dorsiflexion; dflr: dorsiflexor; DH: difficulty heel walking: DTH: difficulty toe and heel walking; max: 
maximum; ND: no difficulty toe or heel walking; plfl: plantar flexion; plflr: plantar flexor; SD: 
standard deviation 

Table 3-2 Main primary ankle kinematics and kinetics for participants with CMT compared to 

normative reference group 
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Table 3-3 Summary comparing main findings from Wojciechowski et al. (2017) to the 

systematic review (Kennedy et al., 2016) 

Similar findings Different findings New findings 

Heterogeneity of groups   

Spatio-temporal  

Gait speed – more severely 
affected group (DTH) 
slower (Newman et al., 
2007; Ounpuu et al., 2013) 

More mildly affected kids 
faster gait with higher 
cadence; no difference in 
gait speed for the DH 
group 

Reduced stride length in 
more severely affected 
group (DTH) with slower 
gait 

Ankle 

↓ Max dfl in stance 
(Ounpuu et al., 2013) 

 ↑ Max dfl in stance – more 
severely affected kids – at 
risk of developing “crouch” 

↑ Timing of max dfl in 
stance (Ounpuu et al., 
2013) 

  

↓ Max plfl at push-off 
(Newman et al., 2007) 

  

↓ Max dfl in swing “foot 
drop” (Ounpuu et al., 2013) 

  

↓ Max dflr moment in 
loading response (absent 
first rocker) (Newman et 
al., 2007; Ounpuu et al., 
2013) 

  

↓ Max ankle power at push-
off (Newman and (Ounpuu 
et al., 2013) 

  

Proximal lower limb 

↑ hip external rotation 
(Newman et al., 2007) 

No increased hip and knee 
flexion “high steppage” gait 
pattern evident 

 

↓ hip abductor moment in 
stance & ↑ hip abduction in 
stance (Newman et al., 
2007) 

  

Abbreviations: CMT: Charcot-Marie-Tooth disease; dfl: dorsiflexion; dflr: dorsiflexor; DH: difficulty 
heel walking: DTH: difficulty toe and heel walking; max: maximum; ND: no difficulty toe or heel 
walking; plfl: plantar flexion; plflr: plantar flexor 
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3.2.3 Summary 

This additional paper to the systematic review analysed the baseline gait data from an exercise 

trial of children with mild to moderately severe CMT, and confirmed that in more severely 

affected children gait was slower with reduced stride length. Kinematic and kinetic deficits 

at the ankle significantly affected gait in all children with CMT, with more proximal 

compensatory and secondary deviations at the knee and hip also contributing to gait 

dysfunction.  
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Chapter 4 General Methods 

4.1 Introduction 

A series of empirical studies were developed and conducted to characterise and investigate 

factors affecting gait and functional ambulation in children and adolescents (“children”) with 

CMT. Studies 2-6 are presented in Chapters 5-9. Figure 4-1 is a schematic representation of 

the studies that make up this thesis. This chapter will describe; (i) the methods relating to 

participant recruitment for all studies, inclusion/exclusion criteria and descriptors; (ii) the 

rationale for selection of outcome measures used to address the aims and hypotheses related 

to gait, functional ambulation and disease-related impairments; and (iii) the methods for the 

outcome measures used relating to gait, functional ambulation and disease. The outcome 

measures are described here in this chapter to minimise repetition throughout the thesis. 

However, the rationale and methods for outcome measures related to the falls study (Study 

5) and physical activity (Study 6) will be addressed in Chapter 8 and Chapter 9 respectively 

as they pertain to these studies only. 
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4.2 Participants 

The studies within this thesis involved two cohorts of children with CMT and age- and 

gender-matched typically developing (TD) children. The first cohort were recruited for 

studies 2-5, and comprised 30 children aged 4-18 years with a confirmed genetic or clinical 

Figure 4-1 Schematic representation of studies 2-6 that are detailed in Chapters 5-9  
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diagnosis of CMT. These children were recruited from the multi-disciplinary Neuromuscular 

Clinic at The Royal Children’s Hospital (RCH) between March 2014 and July 2016. A second 

cohort of 50 children aged 4-18 years with a confirmed genetic or clinical diagnosis of CMT 

were recruited for Study 6 between May 2016 and October 2017; 30 from the Neuromuscular 

Clinic at RCH, and 20 from the Peripheral Neuropathy Management Clinic at Children’s 

Hospital, Westmead (CHW). Both CMT cohorts were age- and gender-matched with TD 

children drawn from families known to the researchers in Melbourne who were invited to 

participate in the studies. Genetically confirmed non-affected siblings from the CMT cohort 

were also invited to participate. Rationale and justification for these sample sizes are 

discussed in Section 4.5. 

Inclusion criteria for all participants (CMT and TD) enrolled in the study were: 

i Aged 4-18 years; 

ii Independently ambulant > 75 metres. 

Participants were excluded from this study if: 

i They had sustained a lower limb injury or had surgery to their lower limb(s) in the 

preceding 6 months;  

ii They had a history of developmental disorders or other diseases that could affect the 

lower limbs and walking. 

Ethics approvals were granted for each of the study protocols from the respective 

institutions; RCH, CHW and The University of Melbourne (Appendix C). Parental/guardian 

written informed consent was gained, and where applicable, participant assent was given 

prior to participation in the studies. Study assessments were conducted in the Neuromuscular 
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Clinic at RCH or the Peripheral Neuropathy Management Clinic at CHW. Assessments were 

completed by either a physiotherapist or research assistant trained in the administration of 

the outcome measures. Studies 2, 3 and 6 were conducted during a single study visit for 

children with CMT and TD children. A second study visit (Study 4) was conducted 12 

months after the initial visit for the 30 children with CMT from the first cohort. 

Participant descriptors collected for all children (CMT and TD) included body 

anthropometrics (height, weight, body mass index (BMI) and leg length), dominant side, date 

of birth, age and CMT subtype (including method of diagnosis for CMT children only). 

Height was measured in standing with a stadiometer and recorded in metres. Weight was 

measured in a seated weigh chair and recorded in kilograms. Body mass index was calculated 

as weight divided by height squared (kg/m2). Leg length was measured in the first cohort 

only, in supine from the anterior superior iliac spine to the distal medial malleolus of the 

same leg and recorded in metres (McRae, 2006). 

4.3 Rationale for selection of outcome measures 

4.3.1 Rationale for selection of gait measurement system 

Spatio-temporal gait data provides healthcare clinicians with valuable insights into disease 

severity and progression in children with neuromuscular disease (Burns et al., 2009b; 

McDonald et al., 2013a). Gait speed has been found to be an important indicator of 

functional ability and decline in function (Fritz & Lusardi, 2009), however other spatio-

temporal measures may provide further insights into disease and disease progression in CMT. 

Although a timed 10 metre walk with a stop watch and a step counter has moderate to high 

reliability, it is limited to measures of speed and cadence, and from these, indirect estimates 

of step or stride length (Bilney, Morris, & Webster, 2003).  
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Alternative instrumented measurement systems that provide gait data without the need for 

complex, multi-dimensional data from a 3-DGA gait laboratory include pedobarography, 

wearable sensors and electronic walkways. Measurement of foot pressure distribution in 

standing and gait with pedobarography has been used for pre- and post-surgical comparison 

in children with CMT and pes cavus deformity, but is limited to detail of foot pressure during 

stance and loading and unloading of the foot in gait (Bowen, Miller, Castagno, Richards, & 

Lipton, 1998; Chan et al., 2007). There is ongoing development of wearable sensors for gait 

analysis including foot plate switches that are inserted into footwear and combination 

systems utilising force and motion sensors, however technical difficulties remain and these 

systems are not yet widely used (Tao, Liu, Zheng, & Feng, 2012).  

Electronic walkways embedded with pressure activated sensors provide more detailed and 

accurate spatio-temporal measures of gait than a simple 10 metre timed walk with additional 

information including individual step/stride length, step/stride time, base of support width, 

stance and swing time, double and single support time, and timing of foot contact (Menz, 

Latt, Tiedemann, Mun San Kwan, & Lord, 2004). Individual step data enables the calculation 

of step-to-step variability. Electronic walkways have the additional benefit of being portable, 

making their use in clinical or alternative settings more practical and feasible (Bilney et al., 

2003). The GAITRite® (CIR Systems, Inc., Franklin, USA) is an electronic walkway that has 

been shown to be a valid and reliable measurement tool of gait in children, both with physical 

impairments and TD (Thorpe, Dusing, & Moore, 2005; Wondra, Pitetti, & Beets, 2007). The 

GAITRite® was the tool selected for measurement of spatio-temporal gait patterns, 

including step-to-step gait variability, in this thesis.  
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4.3.2 Rationale for selection of spatio-temporal gait variables 

Spatio-temporal gait variables chosen for investigation in this thesis were speed, step/stride 

length, cadence, base of support (BOS) width, step/stride time, single and double support as 

a percentage of the gait cycle (SS%GC and DS%GC) and heel-on contact timing and 

midfoot-on contact timing. Rationale for the selection of these variables follows. 

4.3.2.1 Gait speed, step and stride length and cadence 

The systematic review discussed in Chapter 3 suggested that gait is slower in children with 

CMT compared to TD children and shorter step/stride length may contribute to reduced 

speed (Kennedy et al., 2016). As previously discussed in Chapter 2 (Section 2.3.1.1), gait 

speed is an important factor in considering mobility and function in everyday life. Gait speed 

is a product of step length and cadence; therefore these key variables were all reported in the 

studies of this thesis. Step length is the distance from the heel contact of one foot to the heel 

contact of the opposite foot, in contrast to stride length which is the distance from the heel 

contact of one foot through to heel contact of the same foot, equal to one step each of the 

right and left foot (Figure 4-2) (Perry, 1992). Stride length was reported in place of step length 

in the longitudinal study only (Study 4) to allow direct comparison with a previous 

longitudinal study of gait in children with CMT (Ferrarin et al., 2013).  

 

Figure 4-2 Spatio-temporal variables as described in this thesis; BOS – base of support 
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4.3.2.2 Step or base of support width 

Two studies have suggested that step width or base of support (BOS) is wider in older and 

more severely affected children with CMT compared to TD normative data, and a third study 

has recently suggested that BOS is wider in children with mild to moderate disease (Burns et 

al., 2009b; Ounpuu et al., 2013; Wojciechowski et al., 2017). In a study of gait in adults with 

facioscapulohumeral muscular dystrophy (FSHD), increasing step width was found to be 

moderately associated with greater mobility limitations as measured by the Clinical Severity 

Scale (Aprile et al., 2012). The evidence from these studies is limited due to lack of a TD 

comparator (Burns et al., 2009b), estimation of step width from hip kinematics or kinetics 

(Ounpuu et al., 2013; Wojciechowski et al., 2017) and an older and different neuromuscular 

disease population in the latter study. However, step width is nevertheless a gait variable of 

interest to consider in children with gait dysfunction. The GAITRite® can directly measure 

step width. Heel-to-heel base of support (BOS) is the vertical distance from the heel centre 

of one foot to the line of progression formed by two foot prints of the opposite foot (Figure 

4-3) (GAITRite, 2016). Heel-to-heel BOS, referred to simply as BOS in this thesis, was the 

width measurement chosen to report as it is the standard GAITRite® width measurement 

referenced in other studies of paediatric gait (Lythgo et al., 2009; Thorpe et al., 2005). 

 

Figure 4-3 Heel to heel BOS measurement. Vertical distance (solid red line) from the line of 

progression (dotted red line) formed between two foot prints of the opposite foot (GAITRite, 

2016) 
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4.3.2.3 Temporal components of gait 

Gait speed is also associated with timing components of gait; step and stride time reduce 

with increased speed (Lythgo, Wilson, & Galea, 2011). Therefore, temporal components of 

gait may also be affected by gait dysfunction in children with CMT given they walk slower. 

Step and stride time were selected for reporting in this thesis as timing correlates of step and 

stride length (Figure 4-2). Single support time (single foot in contact with the ground) and 

double support time (both feet in contact) are often referred to in terms of percentage of the 

gait cycle and are also influenced by gait speed (Perry, 1992). Single support accounts for 

approximately 40% of the gait cycle (both left and right sides) and increases with increased 

speed whereas double support phase comprises 20% of the gait cycle and decreases with 

increased speed (Lythgo et al., 2011). As a further timing component of gait, single support 

and double support reported as a percentage of the gait cycle were also selected for reporting 

in this thesis.  

4.3.2.4 Timing of foot loading 

The ankle dorsiflexor muscles are typically weakening from early childhood in CMT (Burns 

et al., 2009b) and dorsiflexor weakness manifests as foot drop in gait in more severely 

affected children (Ounpuu et al., 2013; Wojciechowski et al., 2017). Initially however, in less 

severely affected individuals, dorsiflexor weakness may present as faster foot loading at initial 

contact of stance. The GAITRite® software uses an algorithm to map each of the sensors 

that are switched on when a foot comes into contact with the mat (GAITRite, 2016). The 

sensors are mapped to 12 quadrilaterals that are divided equally into three areas: heel, midfoot 

and toe. Heel-on and midfoot-on contact timing begins when the first sensor in each of the 

respective areas appears and is expressed in seconds. Heel-on to midfoot-on timing is the 

difference between the heel-on contact time and midfoot-on contact time. Heel-on to mid-
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foot on timing was of interest in measuring gait dysfunction in children with CMT as it 

measures the time taken to lower the foot to the ground from initial heel contact to early 

stance and is reflective of eccentric dorsiflexor strength and control of the foot.  

4.3.3 Rationale for selection of step-to-step variability 

Step-to-step variability in gait is of interest in children with CMT given the association 

between gait dysfunction and poor balance observed in other neurological diseases and 

balance disorders (Brach et al., 2005; Hausdorff, 2005; Katz-Leurer et al., 2009b; Montes et 

al., 2013). Step-to-step variability measures the variability between individual steps. In a 

review of testing protocols of gait variability in older adults, key recommendations for testing 

and reporting were outlined (Lord, Howe, Greenland, Simpson, & Rochester, 2011). These 

included providing a rationale for selection of gait variables; reporting standard deviation 

(SD) and co-efficient of variation; recording at least 12 steps; reporting the number of steps 

and distance walked; and whether the tested walking protocol was continuous or 

intermittent. Standard deviation was calculated and reported for this thesis as the measure of 

step-to-step variability as it provided clinically recognised units of measurement. 

Gait variables selected for step-to-step variability analysis in this thesis were step length, step 

time, BOS width and stride velocity (Study 3 only). Increased step length variability has been 

found in other studies of children with neurological conditions (Katz-Leurer et al., 2009a; 

Montes et al., 2013). Step time variability was chosen as the analogous timing variable to step 

length. Base of support (BOS) width was chosen as both increased and reduced variability 

of BOS is associated with falls in older people (Brach et al., 2005). Stride velocity was selected 

as a speed variability variable of interest in the fast walking 6MWT (Study 3). 
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4.3.4 Rationale for normalisation of gait parameters in the developing and 

growing child 

To account for change over time in children with CMT and in the context of normal growth 

and maturation, spatio-temporal gait parameters were normalised to either leg length or body 

height (Hof, 1996; Stansfield et al., 2003). Normalisation of gait data accounts for linear 

growth and enables gait parameters such as speed, step/stride length and cadence to be 

equalised. This is important when examining and comparing spatio-temporal gait data over 

time or in a wide age range of children, and when investigating the influence of disease 

progression on gait dysfunction. 

4.3.5 Rationale for selection of measures of physical endurance 

As discussed in Chapter 2 (Section 2.2.1.4), reduced physical endurance is reported in 

children with CMT (Burns et al., 2009b). The 6MWT is a valid and reliable standardised 

test commonly used to measure physical endurance in children with neuromuscular disease 

(McDonald et al., 2013a). However, 6MWD on its own provides a limited interpretation of 

physical endurance. In this section, further additional measures are discussed that may 

provide further insight into physical endurance in children. 

4.3.5.1 Measurement of gait during the 6MWT 

The 6MWT is a fast walking test designed to measure how far a person can walk in six 

minutes and is a test of ambulatory capacity. The test has been modified for use in children 

with neuromuscular disorders with the addition of a safety chaser who walks behind the child 

(McDonald et al., 2010). The modified 6MWT has been validated on a 25 metre walkway in 

boys with Duchenne muscular dystrophy (McDonald et al., 2010). It has also been used in 
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studies of children with CMT on a 10-metre walkway (Burns, Raymond, & Ouvrier, 2009a; 

Burns et al., 2009b).  

Walkway length may affect the final 6MWD as reported in several studies in adults (Beekman 

et al., 2013; Ng, Yu, To, Chung, & Cheung, 2013). One study of healthy older adults found 

a difference in 6MWD between 10-, 20- and 30-metre length walkways, with shorter 

walkways resulting in significantly shorter 6MWD (Ng et al., 2013). A further study in adults 

with pulmonary disease found a significant difference between 10- and 30-metre length 

walkways (Beekman et al., 2013). The difference is likely due to a greater number of turns 

brought about by shorter walkways resulting in more time decelerating into the turn and less 

distance to accelerate and maintain a fast walking speed. There is no consensus in regards to 

which walkway length is optimal, however walkway length should remain consistent (Ng et 

al., 2013). 

As previously mentioned, the 6MWT provides a single dimensional distance measure of 

ambulatory capacity, yet it is possible to measure other spatio-temporal gait parameters 

during the 6MWT which may provide useful additional understanding of gait dysfunction 

and physical endurance. Step and lap counters and minute markers have been utilised in other 

studies in children with neuromuscular diseases to estimate step length and gait speed at 

intervals throughout the test (McDonald et al., 2010; Montes et al., 2010). Alternatively, an 

electronic walkway placed in the 6MWT circuit enables collection of more detailed spatio-

temporal data, including step-to-step variability, throughout the test. Recording spatio-

temporal data with an electronic walkway situated within a 6MWT circuit has been used in a 

gait study of ambulant people with SMAIII (Montes et al., 2011). Comparing the first and 

last lap, people with SMAIII walked slower with a shorter step length at the conclusion of 
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the test (Montes et al., 2011). Spatio-temporal measures of gait, including step-to-step 

variability, recorded at regular intervals throughout the 6MWT may provide greater insight 

into the effect of disease on gait dysfunction and physical endurance in children with CMT.  

4.3.5.2 Measuring perceived exertion in the 6MWT 

Measures of perceived exertion assess a child’s experience of how tired their body feels 

during a prescribed physical activity and is a useful construct to inform understanding of 

physical endurance in children. In response to limitations in adult derived scales, several 

rating scales of perceived exertion have been developed for children, including the Children’s 

Effort Rating Table (CERT) (Williams, Eston, & Furlong, 1994), the Children’s OMNI scale 

of perceived exertion (Robertson et al., 2000) and the Children’s OMNI scale of perceived 

exertion: walk/run (Utter, Robertson, Nieman, & Kang, 2002). The original OMNI was 

developed in response to limitations in the CERT including reduced scale sensitivity and 

increased variability (Robertson et al., 2000). In the original OMNI, the pictorial used was a 

cyclist, therefore a walking/running OMNI was developed and validated against treadmill 

walking (Utter et al., 2002). The OMNI walk/run is a validated and reliable measure of 

perceived exertion in children undertaking a walking or running activity in both TD children 

and those with movement disorders and was used in conjunction with the 6MWT in this 

thesis to measure physical endurance (Fragala-Pinkham, O′Neil, Lennon, Forman, & Trost, 

2015; Utter et al., 2002).  

4.3.6 Rationale for selection of functional ambulation assessments 

For the purposes of characterising functional ambulation in children with CMT, assessment 

needs to account for several factors, taking into consideration ambulatory capacity, gait 

performance in different environments, including distance requirements, different terrains 
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and changes in levels, and consideration of the child’s own perception of the effect of their 

disease on walking activities. Ambulatory capacity measured with a 6MWT was discussed in 

the previous section. Several other assessments were considered to provide greater 

understanding of functional ambulation in children. 

4.3.6.1 Measuring functional ambulation outside of the hospital/clinic environment 

Two mobility scales that consider ambulatory performance within an environmental context 

are the Gillette Functional Assessment Questionnaire (FAQ) (Novacheck et al., 2000) and 

the Functional Mobility Scale (FMS) (Graham et al., 2004). The FAQ relies on parent report 

to classify mobility on a single 10-point scale and differentiates mobility in the home and 

community, with or without assistance but does not specify the use of gait aids. The FMS is 

a valid and reliable reported measure of a child’s typical mobility, with or without gait aids or 

assistance, across three defined distances (5, 50 and 500 metres), analogous to three different 

environments common to children: home (5 metres), school (50 metres) and community 

(500 metres) (Graham et al., 2004; Harvey, 2008). The FMS therefore provides three scores 

of the child’s typical mobility performance, rated on a six-point ordinal scale with 

consideration of different environments, distance requirements and whether or not mobility 

is independent or requires assistance. Both the FAQ and FMS consider different surface 

types and whether or not assistance is required on stairs/kerbs. Whilst both scales are similar, 

an advantage of the FMS over the FAQ is that environments where children typically dwell 

are scored separately, enabling a clear delineation of the child’s usual mobility in their home, 

school and community. Validity and reliability of the FMS has been conducted in children 

with CP (Harvey, 2008). The FMS, however, was originally developed from the Rancho Scale 

for spina bifida (Hoffer et al., 1973) and is not specific to a single disease but rather can be 

applied to any child presenting with gait dysfunction (H.K. Graham, personal 



68 

communication, March 26th, 2018). The FMS has not been validated in children with CMT, 

yet it provides a useful conceptualisation of functional ambulatory performance that no other 

scale does in this population. 

4.3.6.2 Measuring the effect of disease on gait and functional ambulation 

An important factor in considering the effect of disease on gait is to consider the lived 

experience, or perception of the effect of CMT on children’s gait and functional ambulation. 

There is only a single assessment reported in people with peripheral neuropathy that rates 

the effect of disease on gait and functional ambulation. The Walk-12, developed from the 

MS Walk-12, is a 12 item self-reported questionnaire of disease impact on gait and gait-

related activities, such as running, using stairs and balance (Graham & Hughes, 2006; Hobart, 

Riazi, Lamping, Fitzpatrick, & Thompson, 2003). The Walk-12 has been modified and 

validated in adults with peripheral neuropathies and reported in a single small study of 

children with CMT (Graham & Hughes, 2006; Holland, O'Connor, Thompson, Playford, & 

Hobart, 2006; Pagliano et al., 2011). The Walk-12 was used in the study of functional 

ambulation (Study 6) to gather further insight into the child’s perception of their disease in 

relation to gait and functional ambulation. 

4.3.7 Rationale for measurement of footwear 

Assessment of gait whilst wearing footwear in children with CMT is an important 

consideration due to the known effects of footwear on gait performance in TD children as 

discussed in Chapter 2 (Section 2.2.3.1). Children typically wear a range and variety of 

footwear in their daily lives and it was notable in the systematic review that no previous 

studies of gait in children with CMT had assessed gait in footwear. Therefore, an assessment 

tool was required to characterise and group the footwear worn in the gait studies within this 
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thesis. Several tools have been developed to assess footwear, most relating to adult-type 

footwear not typically worn by children (Barton, Bonanno, & Menz, 2009; Menz & 

Sherrington, 2000). Only one assessment tool is specific to children’s footwear (Byrne & 

Curran, 1998). The Footwear Assessment Score (FAS) has been developed by podiatrists to 

evaluate physical characteristics of children’s footwear and was validated in a small study of 

50 children aged 2-15 years (Byrne & Curran, 1998). A larger study has also validated the 

FAS in determining differences between indoor and outdoor footwear in a cohort of 1000 

TD Turkish pre-school children (Yurt, Sener, & Yakut, 2014).  

For the purposes of studies 2-4 the FAS was used to characterise the usual footwear of the 

children participating in the studies. There is no single measure or definition of what 

constitutes an optimal shoe but for the purposes of this study footwear was described as 

either “optimal” or “suboptimal” based on the FAS. Optimal footwear was defined as 

footwear that encloses the foot, had a heel cup, and fastened firmly to the foot with a low 

heel height (< 25 mm). Suboptimal footwear was defined as footwear that slipped on, did 

not fasten securely to the foot, didn’t enclose the heel or had a heel height ≥25 mm. The 

FAS was used to demonstrate measurable differences between the optimal and suboptimal 

footwear worn by the children in studies 2-4. 

4.3.8 Rationale for selection of clinical measures of disease and impairment 

Assessment of disease severity is important to enable comparison between CMT subtypes 

and to assess change over time in individuals affected by CMT. The CMT Neuropathy Scale 

(CMTNS) is a composite scale of disease severity that includes assessment of sensory 

symptoms, upper and lower limb motor function, pin-prick and vibration sense, strength in 

the distal limbs with manual muscle testing and neurophysiological examination with nerve 
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conduction testing. The CMTNS was originally developed and validated in adults with CMT 

(Shy et al., 2005), but has been found to have limited sensitivity to change in children aged 

younger than 10 years with CMT1A (Haberlová & Seeman, 2010).  

4.3.8.1 The Charcot-Marie-Tooth disease Pediatric Scale 

To meet the need for a paediatric specific disease outcome measure the Charcot-Marie-

Tooth disease Pediatric Scale (CMTPedS) was developed (Burns et al., 2012b). The 

CMTPedS is an 11-item scale of disability developed and refined using Rasch analysis with 

reliability and validity determined in a study of 172 children and adolescents with CMT 

(Burns et al., 2012b). The 11 items represent hand function and dexterity, hand, foot and 

ankle strength, pinprick and vibration to test small and large fibre sensory nerves, standing 

balance, gait function, lower limb power and walking endurance. The items are representative 

of the range and different levels of impairment and activity limitations in paediatric CMT. 

An online calculator generates a z-score from age and gender derived normative reference 

data for each item (Burns et al., 2012b) (https://www.cmtpeds.org/users/sign_in).2 The 

calculator converts each z-score to a Likert score from 0 to 4, with 0 indicating “unaffected” 

and 4 “severely affected”. The summed total of the eleven items provides a composite score 

ranging from 0-44 with higher scores indicating greater disease severity. Broadly, a CMTPedS 

total score of 1-14 indicates mild disease, 15-29 moderate disease and 30-44 severe disease 

severity (Cornett et al., 2017). The CMTPedS provides a comprehensive assessment of 

disease specific impairment and function, with the total score representative of severity. This 

                                                 
2 During the initial development and implementation of the CMTPedS, normative data were derived from 
various published data sets. In January 2018, the normative data set for the CMTPedS calculator changed to a 
single set of data derived from the 1000 Norms project (Cornett et al., 2017; McKay et al., 2017a, 2017b) (J. 
Burns, personal communication, January 22nd, 2018). 
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enables classification of disease based on severity, and assessment of disease progression 

over time. 

4.3.8.2 Additional clinical measures 

In the development of the CMTPedS, some components of the clinical assessments were 

removed from the test during the Rasch analysis, but retained as clinical descriptors by the 

test developers (Burns et al., 2012b). These were the foot posture index (FPI) (Redmond, 

Crosbie, & Ouvrier, 2006), a weight bearing forward lunge (Bennell et al., 1998) and self-

reported descriptors of symptoms (e.g., foot pain, numbness, ankle instability and daily trips 

and falls). These assessments were included in the studies contained within this thesis as 

important descriptors of foot deformity, maximum ankle dorsiflexion angle and reported 

symptoms. 

To enable further characterisation of weakness in the lower limbs, including more proximally, 

other muscle groups not included in the CMTPedS were assessed including strength of ankle 

invertors and evertors, and knee flexors and extensors. Additionally, hamstring tightness had 

previously been noted in the clinical CMT population that attended the Neuromuscular 

Clinic at RCH and was considered an important measure to investigate in relation to its 

possible effect on gait. 

The timed 10-metre walk/run is another clinical measure that is predictive of ambulatory 

function in children with neuromuscular disorders (Dichiaro et al., 2011; McDonald et al., 

2013a). Whilst it has not been validated specifically in children with CMT, the timed 10-

metre walk/run provides further understanding of running or fast gait speed in children with 

CMT. Therefore, the timed 10 metre walk/run was utilised in the studies within this thesis. 
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4.4 General methods of the outcome measures relating to gait, 

functional ambulation and disease 

The following section outlines the general methods for the outcome measures used to assess 

gait, functional ambulation and disease in this thesis. Prior to a study visit, participating 

children and their families were advised to ensure that children wore appropriate “active 

wear” conducive to physical activity and testing, e.g. a t-shirt and shorts or stretch leggings. 

Children were also asked to bring a pair each of their own “optimal” and “suboptimal” 

footwear. A photographic guide including standard definitions of each footwear condition 

was provided to families to guide their selection (Appendix D). 

4.4.1 Spatio-temporal gait assessment over short distances 

The GAITRite® walkway mat was laid on a firm surface in a quiet corridor with a 2-metre 

run on and off either side to control for acceleration and deceleration ensuring steady gait 

was captured over the mat (Lythgo et al., 2009) (Figure 4-4). The GAITRite® used was 5.2 

metres long with an active sensor area 4.27 m long and 0.61 m wide, sampling at 80 Hz 

(GAITRite, 2016). The mat is made of sensor pads comprising individual sensors 1.27 cm 

wide laid in a 48x48 grid pattern (GAITRite, 2016). The gait protocol for studies 2 and 4 

required that participants walk across the GAITRite® mat six times at self-selected preferred 

speed in three footwear conditions (Table 4-1). Gait was recorded in the same order of 

footwear condition for all participants; barefoot, suboptimal and optimal footwear. A walk 

trial was first demonstrated by the researcher, with the instruction to “walk down the middle 

of the mat at your normal walking speed, stop at the cone, turn around and walk back”. The 

participant then completed two practice walks to familiarise themselves with the process, 

prior to data collection.  
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The GAITRite® software was set to “Auto suspend” to collect six walk trials for each 

footwear condition consecutively. After the data were collected, each test was visually 

inspected to ensure footfall data were valid and then processed. The six walk trials for each 

footwear condition were grouped into a single test in the manufacturer’s software and then 

exported into an excel spreadsheet for statistical analysis. 

 

Figure 4-4 GAITRite® set up for collection of gait data over short distances (Study 2 and 4) 

4.4.2 Assessment of gait during the six-minute walk test 

For studies 2-4, the 6MWT was conducted along a 20-metre circuit situated in a quiet hospital 

outpatient clinic corridor. The vinyl-covered flat corridor was blocked to prevent through 

traffic. A 6MWT was conducted in well-fitting footwear (defined as optimal as per the FAS, 

plus orthotics or ankle foot orthoses (AFOs) if normally worn). A safety chaser was used as 

per previous studies in children with neuromuscular disease (Burns et al., 2012b; McDonald 

et al., 2010). In order to measure spatio-temporal and step-to-step gait variability during the 

6MWT (Study 3), a 5.2-metre-long electronic walkway (GAITRite®) was positioned within 

the walking circuit (Figure 4-5). Gait was recorded on every alternate lap of the test; the first, 

third and subsequent odd numbered laps until the child finished walking at six minutes. 

Standardised instructions were given to each participant, including: (i) a demonstration of 

two laps of the circuit (up and back) by the researcher; (ii) starting instructions “This is a fast 

walking test, not a running test. You need to walk as fast as you safely can”; (iii) structured 
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regular encouragement after traversing the GAITRite® mat and on the return lap, included 

phrases such as, “You’re doing well, keep going”; (iv) a countdown of each minute; (v) 

warning of the last 30 seconds and 10 seconds; and (vi) a countdown of the last 5 seconds 

until told to “Stop”. Encouragement was purposely refrained from immediately prior to and 

whilst crossing the mat to avoid distracting the child. Laps were counted with a lap counter 

and the distance from the completed laps was added to the distance from the last cone passed 

at the end of the test, to calculate the total 6MWD.  

 

Figure 4-5 Positioning of the GAITRite® mat within the circuit of the 6MWT. 

For Study 3 the GAITRite® software was set to “Auto suspend” for continuous collection 

of gait data during the 6MWT. Following data collection each walk trial was processed, 

visually inspected to ensure footfall data were valid, then processed and saved as individually 

numbered lap test in the manufacturer’s software before being exported into an excel 

spreadsheet for statistical analysis. 
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Table 4-1 A comparison of the gait assessment protocols utilising the GAITRite® in studies 2-4 

 Study 2 

Cross-sectional 
gait and footwear 

Study 3 

Cross-sectional 
6MWT 

Study 4 

Longitudinal gait 
and footwear 

Gait speed Preferred self-
selected speed 

Fast walking speed Preferred self-
selected speed 

Footwear 
conditions 

Barefoot 

Suboptimal 

Optimal* 

Optimal* Barefoot 

Optimal* 

GAITRite® set up Vinyl hospital 
corridor, 2-metre 
zone either side of 
mat 

Vinyl hospital 
corridor, set within 
one side of a 20-
metre circuit track 

Vinyl hospital 
corridor, 2-metre 
zone either side of 
mat 

Number of walk 
trials 

6 per footwear 
condition 

Dependent on 
number of laps 
completed by the 
child 

6 per footwear 
condition 

Intermittent or 
continuous walking  

Intermittent Continuous Intermittent 

* Defined as well-fitting footwear as per the FAS with orthotic devices if normally worn 
(Byrne & Curran, 1998) 

4.4.3 Calculation of step-to-step variability 

Impairment in CMT is generally symmetrical (Bird, 2016) therefore steps for both the left 

and right sides were combined and averaged for analysis. The mean standard deviation for 

the combined steps for each footwear condition test (Study 2 and 4) or each individual lap 

test in the 6MWT (Study 3) was calculated in Stata. The distance and number of steps for 

each test were recorded.  
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4.4.4 Normalisation of gait parameters in the developing and growing child 

To account for change over time in children with CMT in the context of normal growth and 

maturation, spatio-temporal gait parameters, including 6MWD, were normalised to either leg 

length (Studies 2-5) or body height (Study 6) to enable comparison of data (Hof, 1996; 

Stansfield et al., 2003). Height was used in Study 6 as leg length was not standardly measured 

at both sites. In study 2, the regression analysis was co-varied for leg length to account for 

the wide range of participant ages. Table 4-2 outlines the normalisation equations used in 

this thesis. 

Table 4-2 Normalisation equations for key spatio-temporal gait variables  

Gait variable Normalisation equation 

Speed (m/sec) = velocity / √(g * l0) 

Step / stride length (m) = length / l0 

Distance (m) = distance / l0 

Cadence (steps/min) = cadence / √(g / l0) 

Step / stride time = time / √(l0 / g) 

Notes: g = acceleration of gravity = 9.81 m/sec; l0 = leg length or height in metres (Hof, 1996) 

4.4.5 Footwear Assessment Score 

The FAS was used to evaluate the style of the shoe, the materials used in the construction of 

the footwear upper and sole, whether or not there was adequate length and width in the shoe 

for growth of the foot, room available in the toe box of the shoe, the fastening system of the 

shoe, or lack thereof, and whether or not there was heel slip during walking. Heel height and 

any heel wear were also assessed (Figure 4-5) (Appendix D) (Byrne & Curran, 1998). The 

FAS was scored out of a total of 15 with a higher number indicating better fit of the footwear. 
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The dominant side footwear was assessed in each instance and a Plus-12 measurement tool 

used to measure the internal length of the shoe (https://www.kinderfuesse.com/index.php) 

(Figure 4-6). 

4.4.6 Functional Mobility Scale 

The FMS is a performance measure that rates what the child actually does in terms of their 

mobility rather than what they are capable of doing (Graham et al., 2004) (Appendix E). The 

child and/or parent were asked to rate on a six-point scale how they usually moved around 

their home, school and community environments, utilising the distances of 5 metres, 50 

metres and 500 metres respectively to define these environmental settings. The six-point 

ordinal rating scale ranges from 6 for “independently walks over all surface terrains and does 

not use a rail for stairs” to 1 for “uses a wheelchair” (Table 4-3). 

Figure 4-6 Example of how the FAS is used to assess a shoe and the Plus-12 measurement 

device 

https://www.kinderfuesse.com/index.php
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Rating Brief description FMS descriptors 

6 
Independent on 
all surfaces, no 
rail for stairs 

Does not use any walking aids or need any help from 
another person when walking over all surfaces including 
uneven ground, kerbs etc. and in a crowded environment. 
Does not require a rail for stairs. 

5 
Independent on 
level surfaces, 
rail for stairs 

Does not use walking aids or need help from another 
person. * Requires a rail for stairs. 

*If uses furniture, walls, fences, shop fronts for support, 
please use 4 as the appropriate description. 

4 
Uses sticks (one 
or two) 

Without help from another person. 

3 Uses crutches Without help from another person. 

2 
Uses a walker or 
frame 

Without help from another person. 

1 Uses wheelchair 
May stand for transfers, may do some stepping supported 
by another person or using a walker/frame 

4.4.7 Rating of perceived exertion during the six-minute walk test 

The OMNI walk/run was utilised during the 6MWT to measure the child’s perception of 

how tired their body was before, during and after the test (Utter et al., 2002). The child was 

shown an A4 laminated picture of the OMNI walk/run scale before the commencement of 

the 6MWT and given a standardised set of instructions (Figure 4-7 and text box 4-1). The 

child was told that they should think about how tired their legs and their chest or breathing 

felt (“how puffed they felt”). The child was asked at baseline, two, four and six minutes to 

report their level of exertion with the OMNI. The safety chaser presented the A4 picture 

during the 6MWT at two and four minutes as they walked beside the child. The child was 

told to keep walking and that they could point to a number or picture if they were breathless 

and unable to speak. If the participant was about to cross the GAITRite® at the two or four-

Table 4-3 FMS rating scale and descriptors (Graham et al., 2004) 
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minute mark, the safety chaser waited until after they had traversed the mat to ask for the 

child’s score, so as not to confound the gait data with a cognitive task. 

 

Figure 4-7 OMNI walk/run scale (Utter et al., 2002) shown to participants during the 6MWT. 

Permission to reprint granted by the publisher Wolters Kluwer Health, Inc (Appendix L) 
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Text box 4-1 Standardised 6MWT instructions 

4.4.8 Perceived effect of disease on gait and functional ambulation 

The Walk-12, a 12-question validated self-reported questionnaire was used to measure the 

child’s perception of the limitations of their disease on their gait and gait-related activities in 

Study 6 (Graham & Hughes, 2006; Hobart et al., 2003). Each question was rated on a 5-point 

Likert scale from zero (0) “my disease does not affect this” to five (5) “I am very limited by 

my disease”. Questions included a range of gait-related activities including walking, running, 

ability to use stairs, walking on uneven surfaces, walking distances, walking effort, co-

ordination and concentration, balance and the need to use gait aids (Appendix F). The Walk-

12 score out of 60 was transformed to provide a composite score (Appendix F) (Holland et 

al., 2006); a higher score indicating greater impact of disease on walking ability. The Walk-12 

has not been validated in children, however, in the absence of a suitable age-appropriate 

alternative, the Walk-12 was used in this study with a minor variation being adult assistance. 

Children aged 8 years or younger completed the Walk-12 with the assistance of a parent or 

Question: “How tired does your body feel?” 
Instructions:  

 During the six-minute walk test we would like you to tell us how your body feels. 

We want to know how your whole body feels including your legs and breathing. 

 Please look at the person at the bottom of the hill who is just starting to walk 

(point to the left pictorial). 

 If you feel like this person when you have finished walking the six minutes you 

will be “not tired at all” or zero (0). 

 Now look at the person who is barely able to walk (point to the right pictorial). 

 If you feel like this person when you have finished walking the six minutes you 

will be “very, very tired” or a ten (10). 

 If you are somewhere between “not tired at all” (0) and “very, very tired” (10) 

then point to a number between 0 and 10. 

 Remember there are no right or wrong answers. 

 Use both the pictures and the words to help select the number. You can select 

any of the numbers to tell us how you feel after the six-minute walk test. 
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adult to aid comprehension of the questions. Older children could ask for assistance to 

complete the questionnaire, and if so, indicated on the questionnaire by ticking the box “I 

needed help”. 

4.4.9 Clinical assessment in children with CMT 

4.4.9.1 Assessment of disease – CMT Pediatric Scale 

The CMTPedS was conducted according to the CMTPedS training manual (Burns et al., 

2012b). Hand function and dexterity were tested with a timed Functional dexterity test 

(North Coast Medical, CA, USA) and a nine-hole peg test (Rolyan® 9-Hole Peg Test Kit, 

Sammons Preston, Bolingbrook, IL, USA). Grip strength, dorsiflexor and plantar flexor 

strength were assessed with a Citec hand held dynamometer (C.I.T. Technics, Netherlands) 

according to standardised protocols (Burns et al., 2012a). Pin-prick (Neurotips™, Owen 

Mumford Ltd, Oxford, UK) and vibration testing (Rydel Seiffer tuning fork, C 64 Hz / c 

128 Hz detachable clamps, Arno Barthelmes & Co. GmbH - Tuttlingen – Germany) utilised 

standardised equipment. The Bruininks-Oseretsky Test of Motor Proficiency, 2nd Ed (BOT-

2, NCS Pearson, Upper Saddle River, NJ, USA) is a ten-item standardised test of balance in 

standing utilising a stop watch and a standardised balance beam. Gait function, including the 

presence or absence of foot drop, difficulty toe walking and heel walking, was rated on a 3-

point scale; no, some, yes. A standing long jump was used to measure lower limb power and 

a 6MWT measured gait endurance. A standardised scoring sheet was used to record the data 

(Burns et al., 2012b) (Appendix G). The data were entered into the online CMTPedS 

calculator to generate item scores and a total CMTPedS score 

(https://www.cmtpeds.org/users/sign_in). As data collection and analysis was completed 

prior to January 2018, the CMTPedS score was calculated by the online calculator using the 

original set of norms (Burns et al., 2012b). 

https://www.cmtpeds.org/users/sign_in
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4.4.9.2 Other clinical measures 

Other clinical descriptors were also assessed; the foot posture index (FPI) (Redmond et al., 

2006), a weight bearing forward lunge measured with an inclinometer as a measure of weight 

bearing maximum ankle dorsiflexion joint range (Bennell et al., 1998), self-reported 

descriptors of symptoms (e.g. foot pain, hand pain, leg cramps, hand weakness, unsteady 

ankles during walking, daily trips and/or falls, hand tremor , and sensory symptoms (e.g. pins 

and needles, tingling, numbness, prickling)) (Burns et al., 2012b) and a timed 10-metre run. 

The FPI was conducted with the child standing in a relaxed manner barefoot with feet slightly 

apart. The FPI assesses six criteria of the foot to measure foot posture on a spectrum from 

planus (+12) to cavovarus (-12). The six criteria being; (i) talar head palpation, (ii) curves 

above and below the lateral malleolus, (iii) inversion/eversion of the calcaneus, (iv) bulge in 

the region of the talonavicular joint, (v) congruence of the medial longitudinal arch, and (vi) 

abduction/adduction of the forefoot on the rear foot (Redmond, 2005). Each criterion was 

scored between -2 to +2 following a standardised set of instructions.  

The weight bearing forward lunge in standing was conducted with the child facing a wall 

with their hands on the wall for support and balance. The front foot was positioned 

perpendicular to the wall and the child lunged forward until their knee made contact with 

the wall. With the knee in contact with the wall, the foot was moved away from the wall until 

such time as the heel started to lift. At this point the child was asked to hold the position and 

a digital inclinometer was placed against the mid-section of the Achilles tendon and the angle 

recorded (Burns et al., 2012a). 

Further lower limb clinical descriptors assessed included strength assessment of foot 

invertors/evertors in standardised long-sitting positions with a hand held dynamometer 
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(Citec) (Rose, Burns, Ryan, Ouvrier, & North, 2008); knee extensor and flexor strength with 

the child seated on a plinth, hips and knees positioned at 90 degrees and a hand held 

dynamometer placed at the distal tibia (anteriorly and posteriorly respectively); and 

assessment of hamstring length with a popliteal angle measured with a goniometer and the 

child positioned in supine (Gajdosik & Lusin, 1983). Lower limb measures from the 

CMTPedS, the FPI, weight bearing lunge and other lower limb strength measures and 

hamstring length were assessed in the TD children that participated in the studies. This 

enabled direct comparison to the age- and gender-matched children with CMT. 

The timed 10-metre run was conducted along a straight, vinyl-surfaced section of corridor 

in a quiet hospital outpatient area with a 12 metre line down the centre marked at 0 and 10 

metres. Participants started from an upright standing position with two feet placed behind 

the start (0 metres) line. They were instructed to walk or run as fast as they safely could to a 

cone positioned at 12 metres. A stop watch was used to time the walk/run from the starting 

line to the point that the participant crossed the 10 metre line. 

4.5 Sample size estimation, justification and power calculations for 

both CMT cohorts 

The power and sample size calculations for the first cohort were calculated for gait speed in 

different footwear (Study 2, Objective 2a, page 7). No prior gait data were available for 

children with CMT in different footwear to guide sample size estimation. The effect size of 

footwear versus barefoot on gait speed in a large (n = 900) group of healthy children 

measured with the same measurement system was large, with a mean difference of 8 cm/s 

(SD = 3.3), ES > 0.8 (Lythgo et al., 2009). A similar effect size was anticipated in children 
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with CMT. Therefore, a sample of n = 30 with α1 = 0.05, large ES (f = 0.4) allowed for > 

80% power to detect differences between footwear conditions.  

In the second cohort, sample size and power calculations were based on Objectives 6b and 

6c from Study 6 (page 7). Assuming normality of data of the physical activity scores for both 

groups of children (CMT and TD), a sample of 50 in each group with α1 = 0.05 and a 

moderate effect size (d = 0.50) would allow for > 80% power to detect differences between 

the groups (Objective 6b). When considering the power of the correlation co-efficient 

analysis a sample of 50 with r = 0.5, α1 = 0.05 would allow for > 90% power to detect 

associations between the CMTPedS, Walk-12 and PAQ (Objective 6c). 

4.6 Summary  

The methods described in this chapter relate to the recruitment and selection of participants 

and the general methods used to characterise and assess gait, footwear, functional ambulation 

and clinical measures of disease in the studies reported in Chapters 5-9. Table 4-4 provides 

an outline of the assessments used in these studies. The methods and data collection relating 

specifically to the falls study in Chapter 8 will be discussed in that chapter. Outcome 

measures selected to measure physical activity will be discussed in Chapter 9. Statistical 

analysis will be described in each chapter as it pertains to each study. 
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Table 4-4 List of assessments common to Studies 2-4 and 6  

Assessment Study 2 - Gait 
and footwear 

 

Study 3 - Gait 
and physical 
endurance 

 

Study 4 - 
Longitudinal 
study of gait 

 

Study 6 - 
Functional 
ambulation & 
physical 
activity 

 Chapter 5 Chapter 6 Chapter 7 Chapter 9 

 CMT TD CMT TD CMT only CMT TD 

Anthropometrics ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Spatio-temporal measures of gait and functional ambulatory capacity 

GAITRite® - 
footwear 

✓ ✓   ✓   

6MWT with 
GAITRite® 

✓ ✓ ✓ ✓ ✓   

6MWT (no 
GAITRite®) 

     ✓ ✓ 

Descriptors of functional ambulation 

FMS ✓ 
 

✓ 
 

✓ ✓ 
 

OMNI walk/run ✓ ✓ ✓ ✓ ✓   

Walk-12      ✓ 
 

Footwear assessment 

FAS ✓ ✓ ✓ ✓ ✓   

Clinical measures of disease impairments 

CMTPedS ✓ 
 

✓ 
 

✓ ✓ 
 

BOT ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Standing long 
jump 

✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Gait function ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
FPI ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Weight bearing 
lunge 

✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Strength ankle 
dorsi- & plantar 
flexors 

✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Strength ankle 
invertors & 
evertors 

✓ ✓ ✓ ✓ ✓   

Strength knee 
extensors and 
flexors 

✓ ✓ ✓ ✓ ✓   

Hamstring 
popliteal angle 

✓ ✓ ✓ ✓ ✓   

Timed 10 metre 
walk/run 

✓ ✓   ✓ ✓ ✓ 
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Chapter 5 Gait and footwear in children and adolescents with 

Charcot-Marie-Tooth disease: A cross-sectional, case-

controlled study 

5.1 Preamble 

In Chapter five, the cross-sectional, case-controlled study of gait and footwear in children 

and adolescents with CMT (Study 2) is presented. The manuscript for this study was peer-

reviewed and published in the journal Gait & Posture (Kennedy, McGinley, Paterson, Ryan, 

& Carroll, 2018). As an author, permission to reprint this manuscript in its final form in this 

thesis is granted by the journal’s publisher, Elsevier. Author contributions: study design (RK, 

JM, KC and KP); statistical analysis (RK and KP); review of draft manuscript (RK, JM, KC, 

KP, MR). 

As indicated in Chapter 1, the aims of this study were: 

a) To determine if there are differences in spatio-temporal gait parameters 

between children with CMT and typically developing (TD) children; and  

b) To investigate the effects of footwear on spatio-temporal gait parameters in 

children with CMT and TD children. 

The hypotheses were: 

a) Gait would be slower, with shorter step length and greater step-to-step gait 

variability in children with CMT compared to TD children; and 

b) Gait in optimal fitting footwear would be faster with less step-to-step gait 

variability compared to gait in suboptimal fitting footwear. 
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The expanded method for this study is found in Chapter 4, Section 4.2 (Participants and 

participant descriptors), Section 4.5 (Sample size calculation), Section 4.4.1 (Spatio-temporal 

gait assessment), Section 4.4.3 (Calculation of step-to-step variability), Section 4.4.2 (Six-

minute walk test), Section 4.4.5 (Footwear Assessment Score), and Section 4.4.9 (CMT 

Pediatric Scale and other clinical measures).  
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Chapter 6 Measurement of gait and physical endurance in 

paediatric Charcot-Marie-Tooth disease 

6.1 Introduction 

Reduced physical endurance is reported in children and adolescents (“children”) with 

Charcot-Marie-Tooth disease (CMT) (Burns et al., 2009b). Physical endurance can be 

described as the ability or capacity to sustain an activity, for instance walking for a prolonged 

period of time (Mosby's Medical Dictionary, 2009). In everyday life, children walk a range of 

distances in home, school, and community activities. Community environments generally 

necessitate walking longer distances, with community distance requirements for adults 

reported to range from 16 to 677 metres (Salbach et al., 2014), reflecting the distance to cross 

a road or walk around a large shopping centre. Whilst there are no similar studies of requisite 

distances in paediatric populations, it is likely that children have similar community distance 

requirements to adults. Due to the physical impairments of their disease, children with CMT 

are likely to find it difficult to walk the longer distances required in school and community 

environments. Furthermore, they are likely to find it difficult to sustain activity and keep 

abreast of their typically developing (TD) peers in playground, school yard or community 

activities and environments. 

Physical endurance in children with neuromuscular conditions has previously been measured 

with a six-minute walk test (6MWT), with only a few reported studies in CMT and no 

comparative studies to TD controls (Kennedy et al., 2016). Two studies found that 

adolescents with CMT exhibited reduced physical endurance, with six-minute walk distances 

(6MWD) shorter than published normative data (Burns et al., 2009a; Burns et al., 2009b). 
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Several studies of children with other neuromuscular conditions have also reported reduced 

physical endurance (Henricson et al., 2013; Katz-Leurer et al., 2009b; Montes et al., 2011). 

In ambulant children and adults with spinal muscular atrophy type III, reduced endurance 

was evident with shortened stride length and slower speed, resulting in reduced 6MWD 

compared to TD controls (Montes et al., 2011). In a further study, ambulant boys with 

Duchenne muscular dystrophy (DMD) walked more slowly than TD boys, resulting in 

shorter 6MWD (Henricson et al., 2013). Chapter 5 presented spatio-temporal and functional 

gait data from 30 children with CMT and age- and gender-matched TD children, finding that 

6MWD was significantly reduced in children with CMT with a large effect size (Kennedy et 

al., 2018). 

Whilst measurement of physical endurance with a 6MWT is a valid and reliable functional 

outcome measure in both children and adults with and without neuromuscular weakness 

(Burns et al., 2012b; Geiger et al., 2007; McDonald et al., 2013b; McDonald et al., 2010; 

Padua et al., 2016), a limitation is that it provides only a single dimensional measure of 

physical endurance (i.e. distance). The 6MWT can be more accurately described as a test of 

ambulatory capacity as it is conducted in a standardised and controlled environment 

(Holsbeeke et al., 2009). In Chapter 4 (Section 4.3.5.1) a rationale for measuring other 

components of gait during the 6MWT was provided, including the use of an electronic 

walkway embedded into the 6MWT circuit to capture spatio-temporal measures of gait 

during the test. 

Reduced physical endurance may be associated with increased step-to-step variability in 

children with CMT similar to reports in children with acquired brain injury (ABI) (Katz-

Leurer et al., 2009b). Step-to-step gait variability is a measure of fluctuations in gait variables 
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between individual steps and is generally low in healthy individuals with uncompromised gait 

(Hausdorff, 2005). Greater base of support (BOS) step-to-step variability was observed in 

children with CMT walking short distances in the gait study reported in Chapter 5 and is 

likely to be evident over longer distances (Kennedy et al., 2018). Greater step-to-step 

variability over longer walking distances may be associated with reduced physical endurance 

in children with CMT but to date this has not been investigated.  

Measuring perceived exertion during a physical activity provides an understanding of an 

individual’s experience of effort and how tired their body feels. In a study of children with 

ABI, reduced distance walked in a two-minute walk test was associated with higher reports 

of perceived exertion (Katz-Leurer et al., 2009b). Similarly, in children with CMT, the 

utilisation of a rating of perceived exertion (RPE) during the 6MWT may provide further 

insight into physical endurance. A rationale for selection of a RPE was provided in Chapter 

4 (Section 4.3.5.3). Utilising a RPE, such as the OMNI walk/run during the 6MWT (Utter 

et al., 2002), in combination with other spatio-temporal measures of gait and step-to-step 

variability has not been previously investigated in children with CMT. 

In summary, little is known about how CMT affects gait and physical endurance when 

walking longer distances, as necessitated by everyday activities and environments typical of 

childhood and adolescence. The 6MWT provides a measure of ambulatory capacity and 

together with other measures of gait, including spatio-temporal and step-to-step variability, 

and an assessment of perceived exertion, may provide greater insight into the effect of CMT 

on gait and physical endurance in children affected by the disease. 
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6.2 Aims 

The aims of this study were: 

a) To investigate if spatio-temporal gait parameters during a test of physical 

endurance, the six-minute walk test (6MWT) differ in children with CMT 

compared to TD children; 

b) To investigate step-to-step variability in children with CMT during a 6MWT 

compared to TD children; 

c) To investigate if increased step-to-step variability is associated with reduced 

6MWD in children with CMT; 

d) To investigate the association between step-to-step variability and a 

perception of physical exertion during the 6MWT in children with CMT. 

6.3 Hypotheses 

The hypotheses were that: 

a) Children with CMT will be unable to walk as far in a 6MWT compared to 

their TD peers;  

b) Children with CMT will display greater step-to-step variability in a 6MWT 

compared to their TD peers;  

c) There will be an association between increased step-to-step variability and 

reduced 6MWD in children with CMT; 

d) Children with CMT who demonstrate greater variability in spatio-temporal 

gait parameters will report higher levels of physical exertion at the end of the 

6MWT. 
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6.4 Methods 

6.4.1 Study design and participants 

As described in Chapter 5, 30 children and adolescents with CMT aged 4-18 years and 30 

age- and gender-matched TD children, were enrolled in this cross-sectional case-controlled 

study. Recruitment, inclusion and exclusion criteria were previously described in Chapter 4 

(Section 4.2). 

6.4.2 Assessments 

6.4.2.1 Six-minute walk test 

The details of the method utilised for the 6MWT are described in Chapter 4 (Section 4.4.2). 

Briefly, a 6MWT was conducted in well-fitting “optimal” footwear, with orthotics or ankle 

foot orthoses (AFOs) if normally worn (Byrne & Curran, 1998). A 20-metre long circuit with 

a 4.3-metre-long electronic walkway (GAITRite®) positioned within the walking circuit was 

used to record spatio-temporal gait variables during the 6MWT. Instructions were 

standardised and a “safety chaser” walked behind the child. Any trips or falls during the test 

were noted by the researcher, and the child was encouraged to regain their feet and resume 

walking when they were able. Laps were recorded with a lap counter and distance past the 

last cone added to calculate a total 6MWD. Six-minute walk distance was normalised to leg 

length as described in Chapter 4 (Section 4.4.4) 

6.4.2.2 GAITRite® data processing 

Chapter 4 (Section 4.4.2) provides details of the GAITRite® data collection. Spatio-temporal 

data (speed, cadence, step length, step time, BOS width, single support and double support 

time as a % of the gait cycle) and individual step data (step length, step time, BOS width, 
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stride velocity, single support and double support time, and heel-on and midfoot-on contact 

time) were exported from the GAITRite® software for each lap test.  

Step-to-step variability was calculated as described in Chapter 4 (Section 4.4.3). Briefly, the 

mean standard deviation for the combined steps for each individual lap test in the 6MWT 

was calculated in Stata.  

Mean spatio-temporal and step-to-step variability variables were calculated for the 6MWT as 

a whole (i.e. all 6MWT laps combined) and for each minute epoch of the 6MWT. Each lap 

test was assigned to a minute epoch according to the timing of the first foot contact with the 

mat. Details of the coding are provided in Appendix H – Coding of 6MWT minute epochs 

from GAITRite® data.  

6.4.2.3 Rating of perceived exertion 

The OMNI walk/run was used during the 6MWT and is described in Chapter 4 (Section 

4.4.7). Children were asked to rate their perceived level of exertion between 0 (not tired at 

all) and 10 (very, very tired) at baseline, 2nd, 4th and 6th minutes. 

6.4.2.4 Clinical assessments and participant descriptors 

The CMT Pediatric Scale (CMTPedS) was used to assess the participants with CMT and has 

been previously described in Chapter 4 (Section 4.4.9.1) (Appendix G). The TD participants 

were assessed on components of the CMTPedS related to lower limb function and strength. 

Height, weight and leg length anthropometric measurements were collected for all 

participants and are detailed in Chapter 4 (Section 4.2). 
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6.4.3 Statistical analysis 

Mean 6MWT spatio-temporal and step-to-step variability variables were assessed visually and 

with Shapiro-Wilk test for normality of data. Descriptive statistics were calculated using 

either a t-test (parametric) or Wilcoxon signed rank test (non-parametric) to assess 

differences in gait parameters between the CMT and TD groups. Effect size was calculated 

using Cohen’s d, with ≤ 0.20 considered as a small effect size, 0.50 a moderate effect size and 

≥ 0.80 a large effect size (Portney & Watkins, 2009).  

The mean of each spatio-temporal and step-to-step variability variables for each minute 

epoch were plotted on a scatterplot for each participant (CMT and TD). A line of best fit 

was applied to the scatterplot for each group (CMT and TD) to illustrate the difference 

between the two groups (CMT and TD) over the course of the six minutes. A linear 

regression was calculated for each group to determine if there was an association between 

the specified gait variable and each minute walked. 

Pearson’s correlation was used to evaluate the association between step-to-step variability 

and 6MWD. Spearman’s correlation was used to demonstrate the association between 6th 

minute step-to-step variability and RPE at the conclusion of the 6MWT (6th minute RPE). 

Correlation strength was defined as weak (little or no relationship) (0.00-0.25), fair (0.25-

0.50), moderate to good (0.50-0.75) and good to excellent relationship (above 0.75) (Portney 

& Watkins, 2009). Statistical significance was set at p < 0.05. Data was analysed in Stata, 

version 15. 
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6.5 Results 

Full details of the group and clinical assessments are detailed in Chapter 5 (Table 1) (Kennedy 

et al., 2018). Briefly, 21 males and 9 females were assessed in each group (CMT and TD) 

with a mean age of 11 years 6 months (SD 3 years 8 months). There were no differences 

between the groups for body anthropometric measures. Fifty-seven percent (17) of the 

children with CMT were diagnosed with CMT1A. The children with CMT presented with 

moderate disease severity (mean CMTPedS score of 19/44, SD 7, range 5-39). Seven children 

with CMT sustained a trip or fall during the 6MWT; none of the TD children tripped or fell. 

6.5.1 Differences in six-minute walk test spatio-temporal variables  

Children with CMT walked 58.5 metres less in six minutes compared to the TD children 

with a large effect size (p < 0.001; d = 0.81) (Table 6-1). When normalised to leg length, 

normalised 6MWD effect size was equivalent (p = 0.002; d = 0.80). Shorter step length most 

likely contributed to slower gait in children with CMT compared to TD children (both step 

length and speed p < 0.001; Table 6-1), as cadence did not differ between groups (p = 0.6; 

Table 6-1; Figure 6-1 and Figure 6-3 demonstrate the difference in step length and speed 

respectively between CMT and TD groups; Figure 6-2 demonstrates no difference in cadence 

between the groups). Children with CMT took wider steps compared to TD children (p < 

0.001; Table 6-1; Figure 6-4 demonstrates the difference in BOS between CMT and TD 

groups). Mean step time, single and double support time (% of gait cycle) did not differ 

between groups (mean step time p = 0.58; SS%GC p = 0.35; DS%GC p = 0.61; Table 6-1). 

Two children with CMT wore AFOs during the 6MWT. The AFOs affect heel-on to 

midfoot-on timing, therefore these two children were removed from the heel-on to midfoot-

on timing analysis. Mean heel-on to midfoot-on timing was significantly quicker in children 
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with CMT compared to TD children with a large effect size (p < 0.001, ES d = 1.24; Table 

6-1; Figure 6-5 demonstrates the difference in heel-on to midfoot-on timing between CMT 

and TD groups). Both groups showed a quickening of heel-on to midfoot-on timing from 

the 1st minute to the 6th minute of the 6MWT with weak associations between heel-on to 

mid-foot on timing and minutes walked for each group (CMT r = -0.18, p = 0.02 and TD r 

= -0.19, p = 0.01; Table 6-5; Figure 6-5). 
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Table 6-1 Mean spatio-temporal gait variables during the 6MWT for children with CMT and TD children 

 CMT TD Mean difference p value Effect 
size 
Cohen’s 
d 

Mean (SD) [95% CI] Mean (SD) [95% CI] [95% CI] 

6MWD (m) 557.0 (73.0) [529.8, 584.3] 615.5 (71.0) [589.0, 642.0] -58.5 [-90.7, -26.1] < 0.001 0.81 

N6MWD 708.3 (119.2) [663.8, 752.8] 799.8 (104.4) [758.8, 836.8] -89.5 [-132.6, -46.4] 0.002 0.80 

Number of laps 14.2 (1.7) [13.5, 14.9] 15.7 (1.8) [15.0, 16.3]  < 0.001 - 

Laps/min 2.4 (0.3) [2.3, 2.5] 2.6 (0.3) [2.5, 2.7] 0.2 < 0.001 - 

Average step count recorded 
per lap on GAITRite® † 

4.5 (0.9) [4.4, 4.6] 4.1 (1.0) [4.0, 4.2] 0.4 [0.3, 0.6] < 0.001 - 

Mean speed (cm/s) 171.9 (24.6) [168.3, 175.5] 188.9 (24.8) [185.2, 192.5] -17 [-21.5, -12.4] < 0.001 0.69 

Mean cadence (steps/min) † 142.1 (17.1) [139.6, 144.6] 143.8 (16.8) [141.3, 146.3] -1.7 [-4.2, 0.9] 0.72 - 

 Mean step length (cm) 73.0 (9.5) [71.6, 74.4] 79.5 (11.7) [77.8, 81.3] -6.5 [-7.8, -5.3] < 0.001 0.65 

Mean step time (s) † 0.429 (0.056) [0.421, 0.437] 0.423 (0.049) [0.416, 0.431] 0.006 [-0.002, 0.014] 0.79 - 

Mean BOS (cm) 9.9 (2.5) [9.5, 10.3] 8.0 (2.6) [7.6, 8.4] 1.9 [1.4 to 2.4] < 0.001 0.75 

Mean SS%GC (%) 41.3 (2.1) [41.0, 41.6] 41.5 (2.3) [41.1, 41.8] -0.2 [-0.6, 0.2] 0.35 - 

Mean DS%GC (%) † 17.8 (4.1) [17.1, 18.4] 17.3 (3.7) [16.8, 17.9] 0.5 [-0.2, 1.1] 0.32 - 

Mean heel-on to midfoot-on 
contact timing (s) † § 

0.039 (0.018) [0.036, 0.042] 0.060 (0.015) [0.058, 0.062] -0.021 [-0.016, -0.022] 0.001 1.24 

† Wilcoxon signed rank; all other t-test; § n = 28, all other groups n = 30. Abbreviations: 6MWD: six-minute walk distance; 6MWT: six-minute walk test; BOS: 
base of support width; CI: confidence interval; CMT: Charcot-Marie-Tooth disease; DS%GC: double support as a percentage of the gait cycle; N6MWD: 
normalised 6MWD to leg length in metres; s: seconds; SS%GC: single support as a percentage of the gait cycle; SD: standard deviation of the mean; TD: 
typically developing children
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Figure 6-1 Mean step length per minute epoch. Data for individual participants plotted for each 

minute epoch, CMT = 30 (cross), TD = 30 (dot). Regression line of fit to illustrate the association 

between the minute epoch and mean step length for each group (CMT r = 0.03, p = 0.73; TD r = 

-0.02, p = 0.84). Data presented in Table 6-5. 

 

Figure 6-2 Mean cadence per minute epoch. Data for individual participants plotted for each 

minute epoch, CMT = 30 (cross), TD = 30 (dot). Regression line of fit to illustrate the association 

between the minute epoch and mean cadence for each group (CMT r = 0.03, p = 0.66; TD r = -

0.06, p = 0.41). Data presented in Table 6-5. 
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Figure 6-3 Mean speed per minute epoch. Data for individual participants plotted for each minute 

epoch, CMT = 30 (cross), TD = 30 (dot). Regression line of fit to illustrate the association 

between the minute epoch and mean speed for each group (CMT r = 0.05, p = 0.48; TD r = -0.06, 

p = 0.42). Data presented in Table 6-5. 

 

Figure 6-4 Mean BOS width per minute epoch. Data for individual participants plotted for each 

minute, CMT = 30 (cross), TD = 30 (dot). Regression line of fit to illustrate the association 

between the time walked and mean BOS width for each group (CMT r = 0.05, p = 0.53; TD r = 

0.06, p = 0.43). Data presented in Table 6-5. 
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Figure 6-5 Mean heel-on contact to midfoot-on contact timing difference per minute epoch - CMT 

AFO wearers omitted. Data for individual participants plotted for each minute epoch, CMT = 28 

(cross), TD = 28 (dot). Regression line of fit to illustrate the association between the minute epoch 

and mean heel-on to midfoot-on timing difference for each group (CMT r = -0.18, p =0.02; TD r 

= -0.19, p = 0.01). Data presented in Table 6-5. 

6.5.2 Differences in step-to-step variability during the six-minute walk test  

Step-to-step variability was greater in the children with CMT for step length (Figure 6-6), 

step time (Figure 6-7), BOS width (Figure 6-8) (all p < 0.001) and stride velocity (Figure 6-9) 

(p = 0.002) compared to TD children (Table 6-2). Single and double support time step-to-

step variability did not differ between the groups (Table 6-2).
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Table 6-2 Mean step-to-step variability (SD) for selected spatio-temporal variables in the 6MWT  

 CMT TD Mean diff  p Effect size 
Cohen’s d 

Mean (SD) [95% CI] Mean (SD) [95% CI] [95% CI] 

SD step length † 

cm 

2.6 (1.1) [2.5, 2.8] 2.1 (0.9) [2.0, 2.3] 0.5 [0.3, 0.7] < 0.001 0.71 

SD step time † 

s 

0.015 (0.007) [0.014, 0.017] 0.012 (0.005) [0.012, 0.013] 0.006 [-0.002, 0.014] < 0.001 0.62 

SD BOS † 

cm 

2.4 (1.0) [2.3, 2.6] 1.8 (0.8) [1.7, 1.9] 0.6 [0.4, 0.8] < 0.001 0.97 

SD stride velocity † 

cm/s 

3.8 (2.2) [3.5, 4.2] 3.3 (2.2) [3.0, 3.6] 0.5 [0.05, 1.00] < 0.001 0.33 

SD single support time † 

s 

0.01 (0.01) [0.01, 0.01] 0.01 (0.01) [0.01, 0.01] 0 [-0.00, 0.00] 0.63 - 

SD double support time † 

s 

0.01 (0.01) [0.01, 0.01] 0.01 (0.01) [0.01, 0.01] 0 [-0.00, 0.00] 0.54 - 

† Wilcoxon signed rank. Abbreviations: BOS: base of support width; CI: confidence interval; CMT: Charcot-Marie-Tooth disease; s: seconds; SD: standard 
deviation of the mean; SD gait variable: step-to-step gait variability for the specified gait variable; TD: typically developing children
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Figure 6-6 Mean step length step-to-step variability per minute epoch. Data for individual 

participants plotted for each minute epoch, CMT = 30 (cross), TD = 30 (dot). Regression line of 

fit to illustrate the association between the minute epoch and mean step length step-to-step 

variability (SD) for each group (CMT r = 0.08, p = 0.3; TD r = 0.06, p = 0.43). Data presented 

in Table 6-5. 

 

Figure 6-7 Mean step time step-to-step variability per minute epoch. Data for individual 

participants plotted for each minute epoch, CMT = 30 (cross), TD = 30 (dot). Regression line of 

fit to illustrate the association between the minute epoch and mean step time step-to-step 

variability (SD) for each group (CMT r = 0.03, p = 0.69; TD r = 0.06, p = 0.45). Data presented 

in Table 6-5. 
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Figure 6-8 Mean BOS step-to-step variability per minute epoch. Data for individual participants 

plotted for each minute epoch, CMT = 30 (cross), TD = 30 (dot). Regression line of fit to illustrate 

the association between the minute epoch and mean BOS width step-to-step variability (SD) for 

each group (CMT r = 0.03, p = 0.67; TD r = 0.12, p = 0.12). Data presented in Table 6-5. 

 

Figure 6-9 Mean stride velocity step-to-step variability per minute epoch. Data for individual 

participants plotted for each minute epoch, CMT = 30 (cross), TD = 30 (dot). Regression line of 

fit to illustrate the association between the minute epoch and mean stride velocity step-to-step 

variability (SD) for each group (CMT r = 0.03, p = 0.67; TD r = 0.09, p = 0.21). Data presented 

in Table 6-5. 
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6.5.3 Associations between mean step-to-step variability and six-minute walk 

distance 

Greater step time and BOS step-to-step variability was associated with reduced 6MWD in 

the children with CMT (SD step time r = -0.62, p < 0.001; SD BOS r = -0.47, p = 0.009). 

Typically developing children also demonstrated associations between greater step time and 

BOS step-to-step variability with reduced 6MWD (SD step time r = -0.42, p = 0.02; SD BOS 

r = -0.45, p = 0.01), albeit these were weaker compared to the children with CMT. Mean step 

length step-to-step variability was not significantly associated with 6MWD for either group 

(CMT r = -0.27, p = 0.15; TD r = 0.06, p = 0.76). 

6.5.4 Perceived exertion and associations between rating of perceived exertion 

and step-to-step variability 

Perceived exertion increased in both groups from the commencement to the completion of 

the 6MWT, however there were no significant differences in RPE between the children with 

CMT (RPE 0/10 to 6/10) and TD children (RPE 0/10 to 4/10) (Table 6-3). Two children, 

one from each group, were not asked to rate the OMNI during the test at two and four 

minutes. This was a clinical decision as they were young (aged 4 years) and it was deemed 

that the cognitive task would markedly distract them from the physical task, potentially 

affecting their gait performance. There were no significant differences in RPE between the 

groups at each time point (baseline, 2nd, 4th and 6th minutes) (Table 6-3). There was also 

no correlation between 6th minute RPE and 6MWD in either group (CMT rho = 0.16, p = 

0.41; TD rho = -0.08, p = 0.66).  

At the completion of the 6MWT, there was a moderate association between 6th minute RPE 

and stride velocity step-to-step variability (SD stride velocity rho = 0.51, p = 0.004) and fair 

associations between 6th minute RPE and BOS step-to-step variability and heel-on to 
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midfoot-on timing (SD BOS rho = 0.45, p = 0.01; heel-on to midfoot-on timing rho = -0.41, 

p = 0.02) for the children with CMT (Table 6-4). There was also a fair association between 

6th minute RPE and BOS step-to-step variability for TD children (rho = 0.37, p = 0.04). No 

other associations between RPE and step-to-step variability were significant (Table 6-4). 

Table 6-3 Comparison of rating of perceived exertion (RPE) at baseline, 2nd, 4th and 6th minutes 

for children with CMT and TD children 

 CMT 
Median IQR 

TD 
Median IQR 

p value 

RPE baseline†  0, 0 - 0 0, 0 - 0 0.18 

RPE 2nd minute † § 2, 1 - 3 2, 1 - 2 0.67 

RPE 4th minute † § 4, 2 - 6 3, 2 - 4 0.05 

RPE 6th minute † 6, 4 - 8 4, 3 - 6 0.10 

† Wilcoxon signed rank; § n = 29 for each group; all other n = 30 for each group. Abbreviations: 
CMT: Charcot-Marie-Tooth disease; IQR: interquartile rank; RPE: rating of perceived exertion; TD: 
typically developing. 

Table 6-4 Spearman’s correlation analysis between 6th minute rating of perceived exertion (RPE) 

and 6th minute step-to-step variability (SD) of step length, step time, base of support and stride 

velocity, and heel-on to midfoot-on timing for children with CMT and TD children 

 SD Step 
length  

SD Step 
time  

SD BOS  SD Stride 
velocity  

Heel-on to 
midfoot-on 
timing § 

rho, p value rho, p value rho, p value rho, p value rho, p value 

CMT RPE 0.18, 0.34 0.02, 0.92 0.45, 0.01 0.51, 0.004 -0.41, 0.02 

TD RPE 0.12, 0.53 0.26, 0.17 0.37, 0.04 0.05, 0.8 -0.22, 0.23 

§ n = 28; all other groups n = 30. Abbreviations: BOS: base of support; CMT: Charcot-Marie-Tooth 
disease; RPE: rating of perceived exertion; SD gait variable: step-to-step gait variability for the specified 
variable; TD: typically developing 
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Table 6-5 Spatio-temporal and step-to-step variability gait data per minute epoch of the 6MWT for children with CMT and TD children 

 
 1st minute  

mean (SD) 
2nd minute  
mean (SD) 

3rd minute  
mean (SD) 

4th minute  
mean (SD) 

5th minute  
mean (SD) 

6th minute  
mean (SD) 

Speed  
cm/s 

TD 197.9 (21.1) 186.4 (22.4) 186.6 (23.3) 185.0 (24.0) 183.5 (26.2) 193.8 (29.8) 

CMT 176.0 (25.6) 167.9 (21.6) 167.8 (23.5) 169.1 (24.6) 172.8 (23.2) 180.0 (26.2) 

Cadence 
steps/min 

TD 149 (21) 143 (15) 143 (16) 142 (15) 141 (15) 146 (19) 

CMT 145 (20) 140 (15) 140 (16) 142 (17) 141 (16) 146 (18) 

Step length  
cm 

TD 80.4 (11.0) 79.1 (11.6) 79.3 (11.7) 78.9 (11.8) 78.6 (12.9) 80.5 (12.2) 

CMT 73.4 (9.0) 72.6 (9.2) 72.2 (10.1) 72.9 (9.7) 72.5 (10.0) 74.3 (9.9) 

Step time  
s 

TD 0.41 (0.05) 0.43 (0.05) 0.43 (0.05) 0.43 (0.05) 0.43 (0.05) 0.42 (0.05) 

CMT 0.43 (0.06) 0.44 (0.05) 0.43 (0.05) 0.43 (0.06) 0.43 (0.05) 0.42 (0.06) 

BOS width 
cm 

TD 7.6 (2.5) 8.1 (2.8) 7.8 (3.1) 8.2 (2.3) 8.3 (2.6) 8.0 (2.5) 

CMT 9.8 (2.7) 10.0 (2.3) 9.5 (2.6) 9.7 (2.4) 10.2 (2.4) 10.1 (2.5) 

Mean heel to mid foot 
timing s § 

TD 0.07 (0.02) 0.06 (0.01) 0.06 (0.02) 0.06 (0.02) 0.06 (0.02) 0.06 (0.01) 

CMT 0.05 (0.03) 0.04 (0.02) 0.04 (0.02) 0.04 (0.02) 0.04 (0.02) 0.04 (0.03) 

SD step length 
cm 

TD 2.0 (0.6) 2.2 (1.1) 2.1 (0.8) 2.1 (0.8) 1.9 (0.6) 2.4 (1.0) 

CMT 2.6 (0.8) 2.5 (0.9) 2.7 (1.1) 2.8 (1.2) 2.5 (1.0) 2.9 (1.3) 

SD step time 
s 

TD 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.01) 0.01 (0.00) 0.01 (0.01) 

CMT 0.01 (0.01) 0.02 (0.01) 0.02 (0.01) 0.02 (0.01) 0.02 (0.01) 0.01 (0.01) 

SD BOS width 
cm 

TD 1.6 (0.7) 1.8 (0.9) 1.8 (0.8) 1.9 (0.8) 2.0 (0.8) 1.9 (0.9) 

CMT 2.3 (0.9) 2.4 (0.9) 2.6 (1.2) 2.3 (0.8) 2.4 (1.0) 2.4 (1.0) 

SD stride velocity 
cm 

TD 3.1 (2.0) 3.3 (2.2) 3.2 (2.1) 3.0 (2.2) 3.1 (1.8) 4.1 (2.9) 

CMT 3.7 (1.8) 3.7 (1.8) 3.7 (1.5) 4.3 (3.5) 3.6 (1.8) 3.9 (2.2) 

Abbreviations: BOS: base of support; CMT: Charcot-Marie-Tooth disease; SD: standard deviation of the mean; SD gait variable: step-to-step gait variability for 
the specified variable; s: seconds; TD: typically developing
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6.6 Discussion 

Physical endurance evaluated with a test of ambulatory capacity was markedly reduced in 

children and adolescents with CMT during a prolonged walking activity. Compared to their 

TD peers, children with CMT did not walk as far in 6 minutes, most likely due to slower gait 

and shorter, wider steps. Children with CMT exhibited faster foot loading at initial contact, 

often resulting in an audible foot slap, and greater step-to-step variability (BOS width, step 

length, step time and stride velocity). Increased step-to-step variability (step time and BOS) 

was associated with reduced 6MWD in children with CMT. All children, CMT and TD, 

reported increased perceived exertion at the conclusion of the 6MWT, with no difference 

between the groups. Greater perceived exertion in children with CMT was associated with 

increased stride velocity and BOS step-to-step variability, and faster foot loading. 

Average fast walking speed over a longer distance was significantly slower in children with 

CMT compared to TD children, and reduced step length was likely the main determinant of 

slower gait, rather than cadence. This is similar to the findings from the study of gait at self-

selected speed over short distances (Chapter 5)(Kennedy et al., 2018). The large deficit of 

nearly 60 metres in distance and 17 cm/s slower is likely to impact the ability of children with 

CMT to walk longer distances as required in the community, and keep pace with their TD 

peers. It is not clear what a meaningful functional difference in 6MWD would be for children 

with CMT as there are no reports of minimum clinically important difference (MCID). 

However, MCID for the 6MWT has been reported in DMD with estimated MCID of 

between 30 and 46 metres (Henricson et al., 2013; McDonald et al., 2013a). Whilst the 

progressive weakness of DMD is generally far greater and more rapid than that experienced 

by children with CMT, it seems likely that the difference of nearly 60 metres found in this 

study is functionally important.  
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Wider BOS in gait in children with CMT compared to TD children is likely a compensatory 

mechanism for weakness and reduced balance and has been reported in other studies of gait 

in children with CMT (Newman et al., 2007; Ounpuu et al., 2013). Base of support width in 

the children with CMT at fast walking speed over longer distances was similar to BOS at 

slower, self-selected walking speed over short distances (Chapter 5 (Kennedy et al., 2018)). 

This was also observed in a large study of TD children aged 5-19 years which concluded that 

BOS is not influenced by gait speed (Lythgo et al., 2011). Wider BOS in children with CMT 

is likely due to disease-related compensation. 

Faster loading of the foot from heel-on to midfoot-on contact in the children with CMT is 

most likely due to reduced eccentric muscle control, an indicator of weak dorsiflexor muscles. 

Similar altered timing of foot loading has been detected in adults with CMT (Don et al., 

2007). The magnitude of effect size was large, indicating that in children with CMT, control 

of foot loading during a prolonged walking activity is substantially affected compared to their 

TD peers. Faster foot lowering can be audibly detected by a distinct foot slap; indeed, this 

was often noted by the assessing physiotherapist. Over the course of the 6MWT, both 

children with CMT and TD children demonstrated a small but faster rate of foot lowering, 

which may indicate fatigue in the dorsiflexor muscles (Figure 6-5). Whilst both groups 

demonstrated this quickening of foot loading, the TD children may be better able to 

accommodate for this local muscle fatigue. Children with CMT recorded several trips and 

falls during the test which may have been due to increasing dorsiflexor fatigue, causing 

increased foot drop, which is widely reported in paediatric CMT (Ounpuu et al., 2013; 

Wojciechowski et al., 2017).  
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Gait variability in the 6MWT may be an indicator of disease severity in children with CMT. 

Step-to-step variability was greater in several spatio-temporal variables including BOS, step 

length, step time, and stride velocity. The magnitude of difference in both BOS and step 

length variability in the children with CMT was large compared to the TD children. Other 

paediatric and neurological disease populations demonstrate increased step-to-step variability 

at fast walking speeds (Katz-Leurer et al., 2009b; Mirelman et al., 2011). Children with ABI 

demonstrated increased variability of step time and step length associated with reduced 

walking distance during a two-minute walk test (Katz-Leurer et al., 2009b).  

Greater step-to-step variability at fast walking pace for a prolonged period may be associated 

with reduced balance in children with CMT, as demonstrated at self-selected walking speed 

over short distances in Chapter 5 (Kennedy et al., 2018). Post hoc correlation analysis of 

step-to-step variability in the 6MWT and balance scores (BOT) in children with CMT 

demonstrated fair and negative associations with BOS variability (r = -0.43, p = 0.02) and 

step time variability (r = -0.45, p = 0.01). Gait variability in timing (stride time), has been 

shown to be predictive of balance dysfunction and falls in older adults (Hausdorff, Rios, & 

Edelberg, 2001). During testing, conducted in a controlled environment on a flat surface, 

several trips and falls were sustained by children with CMT. Given the association between 

step-to-step variability and balance, children with CMT are likely to be at even greater risk of 

tripping and/or falling if task or environmental conditions require them to walk at a faster 

pace for a prolonged period in environments where surfaces vary, such as school and in the 

community. For example, walking to the next classroom in transition times between class 

periods, or on school excursions/field trips where the child needs to keep pace with the 

student group. 
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In all children, with CMT and TD, there was a negative association between step-to-step 

variability and ambulatory capacity, and a positive association between step-to-step variability 

and perceived exertion. Increased BOS variability was associated with both reduced 

ambulatory capacity and increased perceived exertion, perhaps indicating greater instability 

and widening of BOS in gait when faster walking conditions are imposed upon the child. It 

is likely that children who displayed greater variability in gait were working harder to maintain 

gait speed over a prolonged period, as required by the testing conditions of the 6MWT. 

Shorter 6MWD comparative to TD peers, together with increased step-to-step variability are 

indicators of reduced physical endurance in children with CMT.  

There are several strengths to this study, including the use of valid and reliable measures of 

gait, physical endurance and physical exertion in children. Additionally, age- and gender-

matched TD controls provided a comparison to typical gait performance and physical 

endurance across childhood and adolescence. The CMT subtype distribution in this sample 

was similar to a large paediatric CMT phenotype study and therefore the findings are likely 

to be generalised to other mixed CMT populations around the world (Cornett et al., 2016). 

The placement of the electronic walkway within the 6MWT circuit, enabled data collection 

during a continuous walking protocol which has been demonstrated to be less variable than 

an intermittent gait protocol (Paterson, Lythgo, & Hill, 2009). Thus, the gait protocol utilised 

in this study was less likely to contribute to increased step-to-step variability. 

Limitations of this study included the small sample size, wide age range and mixed CMT 

subtypes reflecting a heterogeneous group, which may have led to less conclusive results and 

the risk of a Type II error. This is a problem in rare diseases such as CMT, where population 

sizes are smaller and recruitment is more difficult. The use of the self-rated perception scale 
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(OMNI RPE) in children younger than 8 years has been reported to be less reliable (Rice, 

Gammon, Pfieffer, & Trost, 2015), and clinical discretion was used to determine whether or 

not to report RPE in the youngest children in this study, so as not to confound gait data 

during the 6MWT. However, this limits the veracity of the RPE in research testing conditions 

for the age range in this study. In the research scenario, it may have been efficacious to limit 

the use of the RPE to children older than 8 years.  

The collection of spatio-temporal and step-to-step variability data during the 6MWT together 

with a RPE to report exertion levels, are valuable clinical tools to assess physical endurance 

and ambulatory capacity and provide important clinical information about children with 

CMT. The large effect sizes for many of the spatio-temporal gait findings demonstrates the 

extent to which gait and physical endurance are affected in children with CMT in comparison 

to their TD peers. Whilst the findings are significant for a clinical test of ambulatory capacity 

in a controlled, indoor environment, it is important to consider that this is not directly 

reflective of typical everyday environments in which children and adolescents walk and move 

about. It is possible that the differences between children with CMT and TD children found 

in this study are amplified in external environments, where surface types and topography are 

likely to vary greatly. 

Whilst there was no significant difference between the children with CMT and TD children’s 

report of physical exertion, the use of a RPE as a clinical measure may inform healthcare 

clinicians about the child’s level of exertion during tests of physical endurance. In the clinical 

setting, a 6MWT with the addition of a RPE may guide clinical management of children with 

CMT. These could include fatigue management strategies such as recommendations for 

designated rest periods during prolonged periods of activity; and for children more severely 
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affected by their disease, may include consideration and provision of wheeled mobility 

devices, for example a wheelchair or motorised scooter, to enable independent community 

mobility. Fatigue management may also be a falls prevention strategy for children with CMT, 

however the link between physical endurance and falls requires further investigation. 

6.7 Conclusion 

This study has demonstrated that children with CMT have reduced physical endurance 

compared to their TD peers; quantified by reduced ambulatory capacity in a 6MWT and 

marked associated gait dysfunction, including slower gait, with shorter and wider steps, faster 

foot loading and greater step-to-step variability. Reduced ambulatory capacity was associated 

with increased reported physical exertion, and in turn higher levels of exertion were 

associated with greater gait dysfunction as evidenced by increased step-to-step variability. 

The 6MWT as a fast walking test of ambulatory capacity, accentuates gait deficits that 

children and adolescents with CMT exhibit. Spatio-temporal and step-to-step variability 

measures in the 6MWT provide useful insights into gait dysfunction and might be potential 

future clinical biomarkers of disease in paediatric CMT. 
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Chapter 7 Deterioration in gait and functional ambulation in 

children and adolescents with Charcot-Marie-Tooth disease 

over 12 months 

7.1 Preamble 

In a degenerative disease such as CMT it is important to measure and describe change in 

disease status causing impairments and function over time. In children with CMT, there is 

the added confounding factors of growth and development in the presence of the 

neuropathy. This chapter presents the longitudinal study of gait and functional ambulation 

in children and adolescents (“children”) with CMT (Study 3). The manuscript for this study 

was peer-reviewed and published in the journal Neuromuscular Disorders (Kennedy, Carroll, 

Paterson, Ryan, & McGinley, 2017). As an author, permission to reprint this manuscript in 

its final form in this thesis is granted by the journal’s publisher, Elsevier. Author 

contributions: study design (RK, JM, KC and KP); statistical analysis (RK and KP); review 

of draft manuscript (RK, JM, KC, KP and MR). 

As indicated in Chapter 1, the purpose of this study was: 

1. To describe changes in spatio-temporal gait parameters in children with CMT 

over a 12-month period. 

The hypothesis associated was; that over 12 months gait would be slower, with reduced stride 

length and 6MWD in children with CMT. 

The expanded method for this study can be found in Chapter 4, Section 4.2 (Participants 

and participant descriptors), Section 4.4.1 (spatio-temporal gait), Section 4.4.2 (Six-minute 
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walk test), Section 4.4.4 (Normalisation of gait), Section 4.4.6 (Functional Mobility Scale), 

and Section 4.4.9 (CMT Pediatric Scale and other clinical measures). Stride length/time were 

reported in lieu of step length/time for comparison with the only other longitudinal study of 

gait in children with CMT (Ferrarin et al., 2013).   
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Chapter 8 Falls in paediatric Charcot-Marie-Tooth disease: a 

six-month prospective cohort study 

8.1 Preamble 

Consequences of gait dysfunction are important factors to consider for children with CMT. 

Trips and falls are commonly reported by children with CMT yet have not been studied in 

any detail beyond retrospective report (Burns et al., 2009b). This chapter presents a six-

month prospective cohort study of falls in children and adolescents with CMT and their TD 

peers. The manuscript for this study has been peer-reviewed and accepted for publication 

(pending minor revisions) in the journal Archives of Disease in Childhood. Author contributions: 

study design (RK, JM, KC and KP); statistical analysis (RK, GH and KP); review of draft 

manuscript (RK, JM, KC, KP, MR and GH). Supplementary material for this manuscript is 

provided in Appendices I and J. One section of the original study detailing footwear type 

worn at the time of a fall was only briefly reported in the main manuscript due to journal 

word limit constraints, and inconclusive findings. This section has been added to the end of 

the chapter as an addendum and stands alone as a short report. 

As indicated in Chapter 1, the purpose of this study was: 

1. To describe the frequency, mechanism and consequence of falls in children 

with CMT, and to compare these to falls in TD children over six months; 

and 

2. To investigate associations between falls and factors reflecting CMT disease 

severity, such as foot and ankle weakness, standing balance and gait 

dysfunction. 
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The hypotheses were: 

1. Children with CMT will fall more often than TD children; and 

2. Higher falls frequency would be associated with greater weakness, worse 

standing balance and greater gait dysfunction. 
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8.2 Abstract 

Objective: To prospectively study falls in children and adolescents with Charcot-Marie-

Tooth disease (CMT) 

Design: Prospective cohort study 

Setting: Neuromuscular outpatient clinic of a tertiary paediatric hospital 

Patients: Sixty children and adolescents (“children”) aged 4 – 18 years, 30 with CMT and 30 

typically developing (TD)  

Main outcome measures: Falls rate over six months and falls characteristics questionnaire  

Results: Twenty-two children with CMT reported falling at least once in six months 

compared to eight TD children (CMT 2819 (0-1915), TD 31 (0-6) total falls (range)). Detailed 

falls characteristics were collected from 242 individual falls (CMT 216, TD 26). Injurious 

falls were reported by 19 children with CMT (74 falls) compared to 2 TD children (3 falls), 

with cuts, grazes and bruising most common. No fractures were sustained and no child 

required hospitalisation. However, 12 injuries from falls in children with CMT required 

management by a healthcare provider, versus none in TD children. Tripping was the most 

common mechanism of falls in both groups. Age was the strongest predictor of falls (ρ = -

0.53, p = 0.006) with all children (CMT and TD) aged less than 7 years falling. Balance was 

the strongest impairment-related predictor of falls (ρ = -0.47, p = 0.02). The conservative 

estimate of risk of falls in children and adolescents with CMT was 33 times higher than their 

TD peers (IRR = 32.8, 95% CI 10.2 – 106.0). 
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Conclusions: Children and adolescents with CMT fall more often than TD peers and sustain 

more injuries when they fall.  

8.3 Introduction 

Falls are the most common mechanism of injury in children, accounting for approximately 

one third of unintentional injuries (Phelan, Khoury, Kalkwarf, & Lanphear, 2005; Ramirez, 

Peek-Asa, & Kraus, 2004; Sinclair & Xiang, 2008), with a higher risk of injury in children 

with physical impairments (Shi et al., 2015). Nearly half of children and adolescents with the 

peripheral neuropathy Charcot-Marie-Tooth disease (CMT) report daily trips or falls (Burns 

et al., 2009b). CMT causes distal lower limb weakness, evident from childhood (Rose et al., 

2010), with progressive and variable impairment with increasing age (Pareyson & Marchesi, 

2009). Gait and balance problems increase the falls risk in this population (Burns et al., 

2009b).  

Falls are not consistently defined in the paediatric literature, with some reports focussed on 

extrinsic non-gait causes, such as falls from a height (Tracy et al., 2013). Adults with 

neurological conditions frequently fall (Saverino, Moriarty, & Playford, 2014), and falls in 

gait or standing are commonly investigated, using a well-established common definition 

(Allali et al., 2016; Saverino et al., 2014; Wiles et al., 2006). Specifically, falls are defined as 

“an unexpected event in which the person falling comes to rest on the ground, floor or lower 

level” (Lamb et al., 2005). This definition best describes falls due to gait, leg strength and 

balance dysfunction, thus providing insight into associated intrinsic factors. Two studies of 

adults with neuromuscular disease have reported falls; in 27% of participants over 3 months 

(Pieterse et al., 2006) and 61% over six months (Iyigün, Yildirim, Atay, Kilinc, & Tan, 2008), 

with leg weakness and poor balance associated with increased falls risk (Iyigün et al., 2008; 
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Pieterse et al., 2006). In a further study, nearly 50% of adults with CMT reported falling at 

least once a month (Ramdharry, ReillyODonnell, Grant, & Reilly, 2017b).  

No prospective studies have examined falls and clinical predictors of falls in paediatric CMT.  

The study aims were: 

a) To describe the frequency, mechanism and consequence of falls in children and 

adolescents (“children”) with CMT compared to typically developing (TD) children 

over six months; 

b) To investigate associations between falls and factors reflecting CMT disease severity; 

foot and ankle weakness, standing balance and gait dysfunction. 

We hypothesised that: 

a) Children with CMT would fall more often than TD children; 

b) Higher falls frequency would be associated with greater weakness, worse standing 

balance and greater gait dysfunction. 

8.4 Method  

A prospective cohort study of falls was conducted over six months. Participants were 

assessed in a single study visit at The Royal Children’s Hospital (RCH), Melbourne, followed 

by a six month falls diary collection. 

8.4.1 Participants 

A sample of convenience was recruited from the Neuromuscular Clinic at RCH between 

March 2014 and July 2016, with ethical approval from RCH (33272) and The University of 
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Melbourne (1441639). Participant assent and parental informed consent were obtained for 

30 children aged 4-18 years with a confirmed genetic or clinical diagnosis of CMT, and 30 

age- and gender-matched TD children. Inclusion criteria included the ability to walk > 75 

metres unaided. Exclusion criteria for all participants included developmental disorders, 

other musculoskeletal/neuromuscular diseases, and lower limb injuries or surgery in the 

preceding six months. 

8.4.2 Main Outcome Measures  

Data collected included falls over six months. A baseline clinical assessment included 

demographic and anthropometric data, gait characteristics, orthotic use and measures of 

CMT disease severity (Burns et al., 2012b).  

Daily falls frequency was recorded on a six-month calendar (Supplementary material – 

Appendix I). Standardised instructions included a falls definition (Lamb et al., 2005). Gait 

related falls were the primary focus, therefore falls caused by extrinsic factors, for example 

being knocked over at sport, or a fall from play equipment, were not included 

(Supplementary material – Appendix I). 

Fall characteristics and consequences were captured in a “Fall of the day” questionnaire 

(FODQ), developed from a prior study and the authors’ clinical experience (Morris et al., 

2011). The FODQ described the “worst” fall each day, up to a maximum of six FODQ per 

month, to reduce reporting burden (Supplementary material – Appendix I). Data captured 

included time of day; location; surface type; mechanism of fall; footwear; injury occurrence 

and management. Injuries were defined as bruising, cuts and grazes, fractures or other, and 

assessment and management of injuries were recorded. Each month, falls calendars and 
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FODQ were returned via reply-paid envelope. Participants’ families were contacted monthly 

to optimise reporting compliance. 

The CMT Pediatric Scale (CMTPedS)(Burns et al., 2012b), a well-established 11 item 

assessment of disease severity, was utilised for children with CMT; TD children were 

assessed on selected CMTPedS items; foot and ankle strength, balance (balance subset of the 

Bruininks-Oseretsky Test of Motor Proficiency (BOT)(Bruininks, 2005)) and gait function. 

Barefoot gait was assessed during six self-selected speed walking trials on an electronic 

walkway (Kennedy et al., 2018). Spatio-temporal variables included speed, cadence, step 

length and base of support (BOS) width. Step-to-step gait variability was calculated as the 

standard deviation of individual steps.  

8.4.3 Data analysis 

Participant clinical and gait characteristics were analysed with a t-test or Wilcoxon rank sum 

test following inspection of the variable’s distribution. Spearman’s rho (ρ) was calculated to 

examine correlations. Correlation between total falls and disease severity (CMTPedS) was 

examined. Variables likely to predict falls were assessed for their correlation with total falls 

for CMT participants (Burns et al., 2009b; Kennedy et al., 2018). Falls incidence rate ratio 

(IRR) and fall predictors were calculated and analysed with negative binomial regression 

(chosen over Poisson regression due to over-dispersion of the falls count (Robertson, 

Campbell, & Herbison, 2005)). The small sample of 30 led to us considering models 

involving only a few independent variables (Harrell, 2015). Daily falls rates were calculated 

from the falls IRR. Data were collected and managed in REDCap™ (Harris et al., 2009). 

Stata v15 was used for statistical analysis.  
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8.5 Results 

Table 1 details the characteristics of the 52 participants who returned falls diaries, 25 (83%) 

CMT and 27 (90%) TD. Children with CMT were moderately affected by their disease, with 

reduced standing balance and weaker dorsiflexor muscles compared to TD children. Those 

with CMT walked more slowly, with shorter steps, wider BOS and greater BOS variability 

compared to TD children.  

8.5.1 Falls  

A total of 4061 CMT (median 183, IQR 158 - 185) and 4728 TD (median 179, IQR 174 - 

182) diary days were completed. Eight participants (CMT (5) and TD (3)) did not return any 

calendars. Ten falls diaries were incomplete (CMT (7), TD (3)) ranging from 26 to 158 days 

completed (median CMT 112 days, TD 141 days). 

More children with CMT experienced at least one fall in six months (mean (SD) CMT 112.3 

(390.5); TD 1.1 (2.0)); 88% (22) compared to 30% (8) of the TD children (Table 8-1). When 

classified by age, all children aged under seven years fell, whether they had CMT or not (CMT 

3, TD 4), compared to about half (CMT 19, TD 4) of those seven years or over. Only three 

children with CMT had no falls; all were aged over 10 years, compared to 19 TD children 

aged over 7 years. One 4-year-old with CMT1A was an extreme outlier, reporting 1915 falls. 

The correlation between disease severity (CMTPedS) and total falls was not significant (ρ = 

0.26, p = 0.22). When the CMT cohort was divided by subtype (CMT1A vs CMT other 

subtypes), there was no difference in total falls between subtypes (p = 0.22). 

The IRR of falls in CMT compared to TD was estimated to be 92.9 (95% CI 26.6 - 324.7, p 

< 0.001) unadjusted and 53.0 (95% CI 16.2 - 173.7, p < 0.001) adjusted for age. With the 
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extreme CMT outlier removed, the IRR was 32.8 (95% CI 10.2 - 106.0, p < 0.001) unadjusted 

and 41.21 (95% CI 13.1 - 129.3, p < 0.001) adjusted for age. With the outlier included, 

estimated daily falls rate for CMT was 0.61 falls/day, and 0.007 falls/day for TD. Using the 

age adjusted negative binomial regression, daily falls rates could be estimated for specific 

ages. For example, the rate for a 4-year-old with CMT was 2.2 falls/day compared to 0.04 

falls/day for a TD 4-year-old. An 11.5-year-old with CMT had a rate of 0.27 falls/day 

compared to a TD 11.5-year-old of 0.006 falls/day. The daily rate for an 18-year-old with 

CMT was 0.04 falls/day and for a TD 18-year-old 0.001 falls/day.
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Table 8-1 Characteristics of participants with CMT and their TD peers who returned fall diaries 

including demographics, CMT diagnosis, clinical and gait measures and falls frequency 

 CMT n=25 
 

TD n=27 
 

p value 

Demographics 
 

   

Age (years) 
- mean (SD) 

 
11.4 (3.5) 

 
11.7 (3.9) 
 

- 

Gender  
- male:female 

 
16:9 

 
18:9 
 

- 

Orthotics use AFO’s 2 
FO’s 3 
 

- 
- 

- 
- 

CMT subtypes CMT1A n = 14 
CMT2 n = 2 
CMTX1 n = 2 
CMTX3 n = 1 
CMTDIB n = 1 
CMT unknown n = 5 

- - 

Clinical measures    

CMTPedS 
- median (IQR) 

 
18 (16 - 24) 
 

- - 

BOT † 
- median (IQR) 

 
26 (19 - 29) 
 

 
32 (28 - 34) 

 
< 0.001 

Dfl strength 
(newtons) 
- mean (SD) 95% CI  

 
43.0 (19.2) [35.0, 50.9] 
 

 
86.7 (33.5) [73.5, 100.0]  

 
< 0.001 

Plfl strength 
(newtons) 
- mean (SD) 95% CI 

 
115.1 (50.3) [94.4, 135.9] 

 
124.6 (32.1) [111.9, 137.3] 

 
0.42  

Gait measures 
 

   

Speed    

- mean (SD) 95% CI 119.2 (15.2) [112.9, 125.5] 130.7 (14.7) [124.9, 136.6] 0.008 

Cadence    

- mean (SD) 95% CI 123 (13) [118, 129] 125 (15) [119, 131] 0.66  

Step length    

- mean (SD) 95% CI 58.4 (7.2) [55.4, 61.4] 63.7 (10.4) [59.6, 67.8] 0.04 

BOS     

- mean (SD) 95% CI 8.5 (2.1) [7.7, 9.4] 7.1 (2.4) [6.1, 8.0] 0.02 

BOS s-s variability    

- mean (SD) 95%CI  2.58 (0.83) [2.27, 2.89] 2.13 (0.61) [1.90, 2.36]  0.01 
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 CMT n=25 
 

TD n=27 
 

p value 

Falls frequency 
 

   

Total reported falls  
- n (range) 

 
2819 (0 to 1915) 

 
31 (0 to 6) 
 

 
- 

- mean (SD) 112.8 (390.5) 1.1 (2.0) - 

- median (IQR) 2 (1 to 11) 0 (0 to 2) - 

Non-fallers (0) n = 3 19 - 

- age range 10 to 14 years 7 to 17 years - 

- CMT subtype and 
number of 
participants 

CMT1A 2 
CMT unknown 1 
 

- - 

Fallers (1-2) n = 11 2 - 

- age range 5 to 17 years 5 to 10 years - 

- CMT subtype and 
number of 
participants 

CMT1A 8 
CMTX3 1 
CMTDIB 1 
CMT unknown 1 
 

 - 

Recurrent fallers (>2) 
n = 

11 6 - 

- age range 4 to 13 years 4 to 14 years - 

- CMT subtype and 
number of 
participants 

CMT1A 4 
CMT2 2 
CMTX1 2 
CMT unknown 3 

 - 

CMT - Charcot-Marie-Tooth disease; TD - typically developing; SD – standard deviation; CI – 
confidence interval; IQR – interquartile range; CMTPedS – Charcot-Marie-Tooth disease pediatric 
scale; BOT - Bruininks-Oseretsky Test of Motor Proficiency; Dfl – dorsiflexor; Plfl – plantar flexor; 
AFO – ankle foot orthosis; FO – foot orthotic; BOS – base of support; † Wilcoxon rank sum test, 
all other t-test.
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8.5.2 Predictors of falls in CMT 

In children with CMT there was a moderate negative correlation between total falls and age 

(ρ = -0.53, p = 0.006) and gait speed (ρ = -0.50, p = 0.01), and a fair negative correlation 

between total falls and balance (BOT) (ρ = -0.47, p = 0.02) and dorsiflexor strength (ρ = -

0.42, p =0.04). BOS variability did not correlate with total falls (ρ = 0.16, p = 0.45). To further 

analyse predictors of falls in children with CMT, gait speed, balance and dorsiflexor strength 

were entered into a negative binomial regression, both singly and together, with and without 

adjustment for age (Table 8-2). After age (IRR = 0.71 (95% CI 0.60 - 0.84), p < 0.001), poor 

balance (IRR = 0.83 (95% CI 0.73 - 0.94), p = 0.004) was the most significant predictor of 

falls. 

8.5.3 Fall of the day questionnaire  

Questionnaires were completed for 216 CMT and 26 TD falls. Tripping was the most 

frequently reported mechanism for both groups, followed by legs giving way, overbalancing 

and rolling ankles for children with CMT (Figure 8-1). More falls occurred at home for 

children with CMT compared to either school or community settings, and more falls 

occurred in the afternoon than morning or evening for both groups (Figure 8-1). More falls 

occurred outdoors than indoors (Figure 8-1). Footwear type did not contribute to falls. 

Footwear type did not contribute to falls. Data to support Figure 8-1 can be found in 

Appendix J.
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Table 8-2 Predictors of falls in participants with CMT 

 Univariate Univariate adjusted for age Multivariate Multivariate adjusted for 
age 

 IRR [95% CI] p IRR [95% CI] p IRR [95% CI] p IRR [95% CI] p 

Gait speed 0.94 [0.91, 0.97] < 0.001 0.95 [0.92, 0.97] < 0.001 1.01 [0.97, 1.05] = 0.52 1.00 [0.97, 1.04] = 0.91 

 

Age 

 

   

0.69 [0.54, 0.89] 

 

= 0.004 

   

0.71 [0.60, 0.84] 

 

< 0.001 

Balance 
(BOT) 

0.83 [0.78, 0.88] < 0.001 0.87 [0.82, 0.91] < 0.001 0.83 [0.73, 0.94] = 0.004 0.92 [0.82, 1.02] = 0.10 

 

Age 

 

   

0.72 [0.61, 0.86] 

 

< 0.001 

    

Dorsiflexor 
strength 

0.89 [0.85, 0.93] < 0.001 0.93 [0.90, 0.95] < 0.001 0.98 [0.90, 1.07] = 0.60 0.97 [0.91, 1.02] = 0.23 

 

Age 

 

   

0.68 [0.58, 0.80] 

 

< 0.001 

    

IRR = incidence rate ratio; CI = confidence interval; BOT = Bruininks-Oseretsky Test 
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Figure 8-1 Frequency of falls: mechanism, surface type, time of day and location of falls detailed in the fall of the day questionnaire (FODQ) for 216 

CMT falls and 26 typically developing (TD) falls (numerical data supplied in Appendix J) 
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8.5.4 Injuries  

Nineteen children recorded an injurious fall, 17 CMT and 2 TD. Seventy-four (34%) falls in 

children with CMT caused injury, compared to only three (12%) falls in TD children (Table 

8-3). Eight children with CMT reported more than two injuries in six months, with two 

children sustaining 23 and 11 separate injuries, respectively. Cuts and grazes were the most 

common injuries sustained, followed by bruising and sprained or painful ankles and 

superficial head injuries in children with CMT. Twelve falls in children with CMT 

necessitated a visit to a healthcare provider. No falls resulted in fractures or hospital 

admissions. 
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Table 8-3 Injuries sustained from falls reported in the “Fall of the day” questionnaire 

 

CMT 

n  

TD  

n  

Bruised 21 - 

Cuts/grazes 40 3  

Other 13 - 

sprained or painful foot/ankle  8 - 

injury to head 4 - 

other 1 - 

Total  74 3 

Did you require medical 
attention? 

CMT 

n 

TD  

n 

Yes 12 - 

No 57 3 

Did not answer 5 - 

Which healthcare provider 
did you see? 

CMT 

n 

TD 

n 

GP 3 - 

School nurse 5 - 

Did not state 4 - 

8.6 Discussion 

This is the first cohort study to prospectively report falls in children with CMT. We found 

that, at any instant, a child or adolescent with CMT is far more likely to fall compared to 

their TD peers, with the incidence estimated conservatively at 33 times higher. Alarmingly, a 

third of the detailed falls in children with CMT caused injury. Whilst most injuries were 
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minor, occasional more serious injuries, including head lacerations and sprained ankles were 

reported. A small proportion of injuries required a visit to a healthcare professional in 

children with CMT only. Injury rate and consequences are likely to be under-estimated as the 

FODQ data represented only 7% of total falls. 

Age was the strongest predictor of falls, with all children (CMT and TD) aged under seven 

years reporting falls. Younger children with CMT were likely to experience more than two 

falls per day, with less frequent falls in older children. Adolescents with CMT may be more 

aware of situations or activities where they fall and avoid these, a perspective reported by 

young adults with cerebral palsy (Morgan, McDonald, & McGinley, 2015). Reduced balance 

confidence has been shown to be associated with increased falls and functional gait 

limitations (Eichinger, Odrzywolski, Sowden, & Herrmann, 2016), and falls risk and fear of 

falling were perceived barriers to physical activity in adults with CMT (Anens et al., 2015). 

Fear of falling may lead to inactivity, and potentially greater impairment as lower childhood 

physical activity levels are associated with increased health risks in adulthood(The Australian 

Health Survey 2011-12, 2012). Further research is required to investigate if children with 

CMT are self-limiting their physical activity due to fear of falling. 

Reduced balance was the strongest impairment-related predictor of falls, consistent with a 

prior study of adults with neuromuscular disease (Iyigün et al., 2008). A one-point higher 

score in the BOT balance measure translated to a 17% reduction in falls. Slower gait speed 

correlated with increased falls as previously demonstrated in older adults(Quach et al., 2011), 

however was a weaker predictor than age and balance in children with CMT. BOS variability 

was increased in the CMT group compared to TD peers and associated with reduced balance 

in this group(Kennedy et al., 2018), similar to other neurological populations (Allali et al., 
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2016; Montes et al., 2013). Failure to detect a significant association in this study may be due 

to the small sample size and heterogeneity within the CMT cohort.  

Tripping was the most common mechanism of falls in children with CMT, likely due to ankle 

dorsiflexor weakness with associated footdrop, consistent with other reports of frequent 

trips and falls across the lifespan (Burns et al., 2009b; Ramdharry et al., 2017b). Whilst only 

two children wore ankle foot orthotics (AFOs), gait analysis of children with CMT has 

previously suggested that AFOs may assist those with foot drop in swing phase of gait 

(Wojciechowski et al., 2017), thus reducing the risk of tripping. Foot and ankle weakness and 

sensory impairment may also contribute to ankle instability and subsequent sprained ankles 

(Mandarakas, Hiller, Rose, & Burns, 2013; Ramdharry et al., 2017b). Reports of legs giving 

way may relate to proximal weakness, as previously reported in CMT (Berciano et al., 2010; 

Newman et al., 2007).  

Whilst a third of falls occurred on flat indoor surfaces, close to half of the falls sustained by 

both groups occurred outdoors or in playgrounds where surfaces commonly vary. 

Undulating and cracked pavement or grass are potential tripping hazards. Safe navigation of 

uneven surfaces is a challenging task, with the average minimum toe clearance in swing phase 

of gait less than 10mm when the foot is swinging at its fastest speed (Winter, 1987). 

Dorsiflexor weakness makes toe clearance more difficult, increasing the risk of tripping and 

falling.  

We were unable to detect an association between falls and either disease severity or CMT 

subtype, likely due to the heterogeneity within the CMT cohort. Notably, however, 20% 

(756) of total falls were recorded by two children with greater disease severity (CMTPedS 

24/44 and 39/44 respectively). Conversely, the three children who recorded no falls had 
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milder disease (CMTPedS < 18/44). The absence of a relationship between disease severity 

and falls may reflect the composite scoring of the CMTPedS, which records upper and lower 

limb components, or the small sample. Alternatively, it may be that more severely affected 

children move less, perhaps self-limiting activity and therefore reducing the risk of falling, as 

seen in young adults with cerebral palsy (Morgan et al., 2015).  

Strengths of this study include a gold-standard falls protocol (Lamb et al., 2005) confirming 

and extending prior retrospective reports of increased trips and/or falls in paediatric CMT 

(Burns et al., 2009b; Cornett et al., 2016). An age-matched TD cohort allowed interpretation 

of falls within the context of typical childhood and adolescence. There was high compliance 

with return of falls diaries and detailed reporting of falls. Limitations included the burden of 

reporting over six months, potentially contributing to under-reporting. Self-reported data 

collection is also potentially subject to reporter bias. Additionally, some injurious falls may 

have been unaccounted by restricting detailed reporting. Investigation of physical activity 

levels may have provided further insight into falls and falls predictors. Further, the small 

sample and heterogeneity of CMT limited investigation of the effect of disease severity and 

subtype on falls. 

8.7 Conclusion 

This novel study found high rates of falls in children and adolescents with CMT, with 

markedly higher rates of injuries compared to TD peers. Younger children with CMT fell 

more often, while adolescents continued to have a higher incidence of falls compared to TD 

peers. Age was the strongest predictor of falls, with poor balance, slower gait and ankle 

dorsiflexor weakness associated with falls in children with CMT. Greater awareness of 

factors that lead to falls may assist children and families to predict and prevent falls. Further 
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investigation of associations between physical activity and falls is warranted. Exercise 

intervention trials to improve balance, strength and function are required to investigate 

impact on falls reduction. 

“What is already known on this topic”  

- In children and adolescents with CMT the primary impairment is weakness and up 

to 50% retrospectively report daily trips or falls  

- Adults with CMT report falling at least once per month 

- In adults with CMT, reduced balance and lower limb weakness are associated with 

increased falls 

“What this study adds”  

- The incidence of falls in children and adolescents with CMT is (conservatively) 33 

times higher than their typically developing peers 

- Children and adolescents with CMT are far more likely to injure themselves when 

they fall, compared to their typically developing peers 

- Age and balance are the strongest predictors of falls in children and adolescents with 

CMT 
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8.8 Addendum to Chapter 8: Footwear and falls 

8.8.1 Preamble 

In the aforementioned study of falls, footwear was not found to be a contributory factor. 

However, given that footwear was a focus of investigation in the study of gait in Chapter 5, 

it is of interest to report the details of footwear reported in the FODQ. 

8.8.2 Introduction 

Footwear has been reported as a cause of falls in children and is known to impact gait and 

falls incidence in older healthy adults and people with neurological dysfunction (Baker & 

Bell, 1991; Menant, Steele, Menz, Munro, & Lord, 2008; Ng et al., 2010). Evidence from a 

single study of children presenting to an emergency department at a major children’s hospital 

in the USA suggested that footwear significantly impacts the incidence of falls in children. 

Loss of footing (slip or trip resulting in loss of balance) and subsequent falls was significantly 

higher in unfastened footwear (shoe laces undone) and in children wearing slip-on footwear 

such as flip-flop styled thongs (Baker & Bell, 1991). A study of adults recovering from stroke 

indicated that gait performance was better in close fitting shoes compared to slippers or 

barefoot (Ng et al., 2010). A case study of a 55-year-old female with CMT found that well-

fitting orthopaedic shoes had a positive impact on gait with reduction in reported falls 

(Guzian et al., 2006). Children with CMT anecdotally report difficulty wearing footwear that 

slips on the foot and is unfastened but it is unclear if footwear contributes to falls in children 

with CMT. 

The aim of this study addendum was to determine if footwear type contributes to falls in 

children with CMT and the TD peers. The hypothesis was that more falls would be 
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sustained in footwear that slips onto the foot (“suboptimal footwear”) as opposed to 

footwear that is fastened to the foot (“optimal footwear”). 

8.8.3 Method 

In the study of falls detailed in Chapter 8, the “Fall of the day” questionnaire (FODQ) was 

completed when the child sustained a fall (Appendix I). A maximum of 6 FODQs were 

completed per month per child to reduce reporting burden for frequent fallers and their 

families. Questions relating to footwear were included in the questionnaire; a description of 

the type of footwear, the fastening system on the shoe if applicable and whether or not the 

shoe was fastened at the time of the fall. 

Footwear were classified into footwear types; optimal, suboptimal, bare foot, other, based 

on footwear description and type of fastening system. That is, laces/Velcro/buckles were 

considered to be optimal type fasteners; elastic or no fasteners were considered suboptimal. 

For example, a boot with elasticised sides was considered suboptimal whereas a boot with 

laces was considered optimal; canvas shoes that slipped on with no fastener were considered 

suboptimal, whereas canvas shoes with laces were considered optimal. Footwear worn with 

ankle foot orthoses (AFOs) or support braces were grouped separately as these indicated 

that the wearer required additional orthotic support for their feet.  

8.8.4 Results  

To recap, a total of 242 FODQ were returned, 216 detailing the circumstances of falls 

sustained by children with CMT and 26 detailing TD children’s falls. Athletic shoes were the 

most commonly worn footwear at the time of a fall occurring. Nearly 20% of CMT falls 

occurred in children wearing orthotic or supportive braces with their footwear. Table 8-4 
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outlines the types of footwear worn at the time the fall. Approximately 50% of falls in both 

groups of children occurred in footwear classified as optimal and a nearly 35% of falls in TD 

children occurred when bare foot (Table 8-5). Table 8-6 details the fastening systems of the 

footwear and whether or not the footwear were fastened at the time of the fall. Most 

footwear worn had some type of fastening system, and only two falls were recorded in shoes 

that were not fastened correctly. 

Table 8-4 Footwear, types of fasteners on the footwear and whether or not they were fastened at 

the time of the fall 

Footwear worn at time of the fall CMT falls  

n (%) 

TD falls 

n (%) 

Athletic runner/shoes 77 (35.6) 8 (30.7) 

School shoes 16 (7.4) 2 (7.7) 

Boots 8 (3.7) 3 (11.5) 

Canvas shoes 5 (2.3) 2 (7.7) 

Thongs/flip-flops 4 (1.9) - 

Sandals 7 (3.2) - 

Crocs/slip-on shoes 9 (4.2) 1 (3.9) 

Slipper/moccasin 10 (4.6) - 

Ugg boots 3 (1.4) - 

Other 42 (20.8) 1 (3.9) 

AFOs and shoes 9 - 

ankle braces and shoes 30 - 

socks 3 1 

Bare feet 35 (16.2) 9 (34.6) 

Total 216 (100) 26 (100) 
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Table 8-5 Classification of footwear worn by participants with CMT and TD participants at the 

time of the fall 

Footwear types CMT falls  

n (%) 

TD falls 

n (%) 

Optimal  101 (46.8) 13 (50.0) 

Suboptimal  38 (17.6) 3 (11.5) 

Barefoot  35 (16.2) 9 (34.6) 

AFOs/support brace  39 (18.1) 0 (0) 

Other  3 (1.3) 1 (3.9) 

Total 216 (100) 26 (100) 

Table 8-6 Fastening systems on footwear worn at the time of the fall 

Type of footwear fastener  CMT falls  

n (%) 

TD falls 

n (%) 

Laces 114 (63.0) 4 (23.5) 

Velcro 18 (9.9) 8 (47.1) 

Buckles 8 (4.4) - 

Elastic 3 (1.7) - 

Other - zip 5 (2.8) 3 (17.6) 

N/A – no fastener 33 (18.2) 2 (11.8) 

Total 181 (100) 17 (100) 

Were shoes fastened at the times? CMT falls  

n (%) 

TD falls 

n (%) 

Yes 146 (98.6) 15 (100) 

No 2 (1.4) - 

Total 148 (100) 15 (100) 
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8.8.5 Discussion 

More falls occurred in optimal footwear, for example athletic-type runners and school shoes, 

which are commonly worn by Australian children and adolescents in daily life. A greater 

proportion of falls sustained by TD children were in bare feet compared to children with 

CMT, which may suggest that children with CMT were less likely to walk without shoes on. 

Given nearly a half of all falls were sustained outdoors (Figure 8-1), it is reasonable to 

conclude that children would be more likely to be wearing shoes at the time of the fall. 

Alternatively, shod gait in children with CMT may be more variable and less stable compared 

to barefoot, and subsequently children with CMT fell more often when wearing any type of 

footwear.  

The cross-sectional gait and footwear study detailed in Chapter 5 provides some insight into 

the effect of footwear on gait compared to barefoot gait. Linear regression demonstrated 

that gait in suboptimal footwear is more variable (step length and BOS) than barefoot gait 

but there were no other main effects for footwear. Closer inspection of the raw data (Chapter 

5, Table 2, page 92) indicated that in the children with CMT there was a trend towards 

increased step-to-step variability (step length and BOS) in footwear (suboptimal > optimal) 

compared to barefoot gait, however the differences were not significant (Kennedy et al., 

2018). This trend was also evident for step length step-to-step variability in the TD children 

but not BOS. 

It had been hypothesized that falls would be more common in suboptimal footwear, such as 

flip-flops and slip-on shoes. Whilst we did not find this to be the case, it may be that children 

with CMT are not wearing this type of footwear as often as envisaged. Given data collection 

occurred throughout the year, it is unlikely that seasonal variation was a confounding factor. 



 

160 

Restricting detailed reporting of falls in the study may have contributed to under-reporting 

of footwear implication in falls. Future studies of falls may consider a modification to the 

protocol used in this study to include recording further details of footwear worn at the time 

of the fall. 

In conclusion, more falls were sustained in footwear compared to barefoot. Suboptimal 

footwear did not appear to contribute to a greater number of falls. 
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Chapter 9 Functional ambulation and physical activity in 

children and adolescents with Charcot-Marie-Tooth disease 

9.1 Introduction 

Understanding the effect of disease on gait and function in daily life has important 

implications for children and adolescents (“children”) with CMT. The studies contained 

within this thesis thus far have considered assessment of gait within a clinical environment. 

Whilst clinical measures provide insights into gait dysfunction and underlying biomechanics 

they do not consider gait in the everyday environments typical of childhood and adolescence; 

that is, how children function in terms of their walking on a daily basis in their home, school 

or educational facilities and the wider community.  

The impact of physical impairments and altered gait patterns in children and adolescents with 

CMT have been considered earlier in the thesis from the perspective of the International 

Classification of Functioning, Disability and Health framework (ICF). The preceding studies 

have found that children with CMT walk more slowly (Chapter 5 (Kennedy et al., 2018)); 

have reduced physical endurance and limited capacity to walk long distances (Chapter 6 and 

7 (Kennedy et al., 2017)); demonstrate decline in ambulatory capacity (6MWD) over 12 

months when growth is accounted for (Chapter 7 (Kennedy et al., 2017)); and report a greater 

incidence of daily falls compared to their typically developing (TD) peers (Chapter 8). Figure 

9-1 incorporates the main findings of the earlier studies into the ICF framework. These 

studies, together with those evaluated in the systematic review in Chapter 3 provide little 

evidence however, of the effect of CMT on children’s gait and functional ambulation outside 

of the clinic environment (ICF domain activity limitations), and how it affects children’s 
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participation in physical activities (ICF domain participation restrictions). This chapter will 

examine these gaps in the literature. Further, this chapter will describe functional ambulation 

in children with CMT in their everyday environments, and how functional ambulation relates 

to physical activity levels in children with CMT. 

 

Figure 9-1 Differences between children and adolescents with CMT and age- and gender-

matched TD peers; summary of findings from the studies described in Chapters 5-8. Significant 

findings in bold. 
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9.1.1 The concept and measurement of functional ambulation 

Remarkably little is known about the effect of CMT on functional ambulation in the everyday 

lives of children. Functional ambulation was introduced in Chapter 1 (Section 1.1), and is 

defined as gait that is safe and sufficient to undertake mobility-related activities of daily living 

in everyday environments, with or without the aid of appropriate assistive devices (e.g. 

orthoses or gait aids) (Lam et al., 2007). Measurement of functional ambulation thus needs 

to consider the gait-related abilities of the individual and different environmental 

requirements, including distance requisites, surface types, changes in levels and obstacles. 

Ambulatory capacity can be measured with a 6MWT as previously described in Chapters 6 

and 7. A prior study of 81 children with CMT, grouped children into age categories and 

suggested that 6MWD increased through early to middle childhood and declined in 

adolescence when compared to published norms (Burns et al., 2009b). In the studies reported 

in Chapters 6 and 7 of this thesis, children with CMT walked significantly shorter distances 

in six minutes compared to their TD peers, with a large effect size.  

Whilst the 6MWT is commonly utilised as an outcome measure in paediatric neuromuscular 

studies including CMT (Burns et al., 2012b; McDonald et al., 2010; Montes et al., 2010), 

assessment in a clinical environment does not typify the usual environments of children, such 

as the home, school, or the general community. Six-minute walk distance reflects physical 

endurance, and more specifically ambulatory capacity, but does not characterise actual gait 

performance in everyday environments. Functional gait classification systems as described in 

Chapter 2 (Section 2.3.2) consider gait performance in environments typical of children but 

have not been previously utilised in paediatric CMT (Graham et al., 2004; Hoffer et al., 1973; 

Novacheck et al., 2000).  
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Classification of gait in terms of performance in usual environments is important to further 

understand the effect of CMT on children compared to their unaffected peers. In Chapter 4 

(Section 4.3.5.2), functional gait classification scales were discussed in detail comparing the 

Functional Mobility Scale (FMS) and the Gillette functional assessment questionnaire (FAQ) 

(Novacheck et al., 2000). The FMS is a measure of functional mobility that has been validated 

in cerebral palsy (CP), but is not specific disease specific and can be used in any paediatric 

population presenting with gait dysfunction (H.K. Graham, personal communication, March 

26th, 2018). The FMS has the advantage over the FAQ in that it provides separate descriptors 

of functional mobility over three distinct distance categories that are analogous to 

environments common to children: home (5 metres), school (50 metres) and community 

(500 metres) as opposed to the single FAQ score (Graham et al., 2004; Novacheck et al., 

2000). 

A further important factor in considering the effect of disease in children with CMT is to 

consider the child’s experience of how their disease impacts their gait and functional 

ambulation. Patient reported outcome measures compliment measures of capacity (e.g. 

6MWT) and performance (e.g. FMS) and measure the child’s experience associated with the 

task or function being assessed (Stratford & Kennedy, 2006). A single self-reported 

assessment of disease effect on gait and gait-related activities, the Walk-12 was outlined in 

Chapter 4 (Section 4.3.5.4) (Graham & Hughes, 2006; Hobart et al., 2003). Consideration of 

children’s experience of their disease may be important in understanding children’s self-

efficacy for walking and gait-related activities. The Walk-12 in conjunction with the 6MWT 

and FMS provide a comprehensive and wholistic assessment of functional ambulation in 

children with CMT.  
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9.1.2 Physical activity in children with CMT 

Disease-related limitations in children with CMT may be associated with reduced physical 

activity levels and participation in recreational and organised sports, as well as reduced 

incidental activities such as walking to and from school. Reduced physical activity (PA) is 

linked to negative health outcomes in all people, with or without a disability, with 

compounding effect into adult life (Magnussen et al., 2011; Okely et al., 2012; WHO, 2018). 

Studies in children with physical impairments have shown that they are less physically active 

than their TD peers with potential for poorer health outcomes related to inactivity (Shields 

et al., 2015; Woodmansee et al., 2016). Similarly, for children with CMT the negative health 

effects of reduced activity are likely to compound the impairments of their disease. To date 

there have been no studies of PA in children with CMT.  

The natural history of CMT is progressive worsening of disease and studies in adults with 

CMT have demonstrated that they are less physically active than their non-affected peers 

(Ramdharry et al., 2017a). Furthermore, adults with greater disease severity and impairment 

report being less physically active than adults with milder disease (Anens et al., 2015). Due 

to the degenerative nature of CMT, adults are more likely to have greater disease-related 

limitations in PA than children. Nevertheless, in children with CMT, impairments such as 

muscle weakness are evident from early childhood (Rose et al., 2010); and disease severity 

has been shown to increase significantly throughout childhood and adolescence (Cornett et 

al., 2017). Weakness affects children’s ability to walk, and participation in activities involving 

running and jumping. As a consequence of the impairments and activity limitations of their 

disease, it is likely that children with CMT are less physically active than their TD peers.  
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Understanding how CMT impacts PA in children’s daily lives requires a measurement tool 

that reflects activity throughout the day. Measurement should capture different types of PA 

undertaken in the various environments of the child, including incidental activities, the time 

of the day, and day of the week when activity occurs (Dollman et al., 2009). Methods for 

measuring PA in the child’s own environment include objective measurement with activity 

monitors and subjective measurement with self-reported physical activity questionnaires 

(Sirard & Pate, 2001). To date there have been no studies investigating how physically active 

children with CMT are compared to their typically developing (TD) peers.  

In summary, prior studies in this thesis have shown that children with CMT have problems 

with their gait, yet very little is known about functional ambulation; that is, how they function 

in terms of walking in the typical every day environments in which they live, learn and play. 

Additionally, little is known about how physically active children with CMT are compared to 

their TD peers, and whether or not PA levels relate to disease severity and functional 

ambulation in children with CMT.  

9.2 Aims and hypotheses 

The aims of this study were: 

a) To describe functional ambulation using the 6MWT, FMS and a self-reported measure of 

the effect of disease on gait, the Walk-12, in children with CMT;  

b) To compare self-reported PA of children with CMT to age- and gender-matched TD 

children; 
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c) To investigate associations between PA, disease severity and measures of functional 

ambulation (6MWD and Walk-12) in children with CMT. 

It was hypothesised that: 

a) Children with CMT will walk shorter distances over six minutes compared to their TD 

peers; and will report lower functional mobility (FMS) and greater limitations to their gait 

and gait-related activities (Walk-12); 

b) Children with CMT will report lower levels of PA than their TD peers; 

c) Children with CMT who are less physically active will have greater disease severity, will be 

limited in the distance they can walk in a six minutes and report greater limitations to gait 

and gait-related activities on the Walk-12. 

9.3 Method 

9.3.1 Study design 

A cross-sectional, case-controlled study of functional ambulation and PA in children and 

adolescents with CMT was conducted across two specialist neuromuscular centres. Ethics 

approval was granted by The Royal Children’s Hospital (HREC 33272 and 36019), The 

Sydney Children’s Hospitals Network (LNR/16/SCHN/132) and The University of 

Melbourne (1647763) (Appendix C). Parents/guardians and participants 12 years and older 

were provided with a plain language information statement and participant assent and 

parent/guardian written consent were gained prior to enrolment. 
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9.3.2 Participants:  

Fifty ambulant children with CMT who attended either the Neuromuscular Clinic at The 

Royal Children's Hospital (RCH), Melbourne, or the Peripheral Neuropathy Management 

Clinic at The Children’s Hospital at Westmead (CHW), Sydney, were recruited as a sample 

of convenience. The recruitment, inclusion and exclusion criteria for this sample and the age- 

and gender-matched TD cohort have been previously described in Chapter 4 (Section 4.2). 

9.3.3 Outcome measures 

A single assessment was conducted in either the Neuromuscular Clinic at RCH (30 CMT and 

50 TD participants) or the Peripheral Neuropathy Management Clinic at CHW (20 CMT 

participants). Assessments were completed by either a physiotherapist or research assistant 

trained in the administration of the outcome measures. 

9.3.3.1 Participant descriptors 

Each participant’s date of birth, standing height, weight and dominant hand and foot, and 

CMT subtype (CMT only) were recorded and body mass index (BMI) calculated (kg/m2). 

Disease severity was assessed with the Charcot-Marie-Tooth disease Pediatric Scale 

(CMTPedS) (Burns et al., 2012b) previously described in Chapter 4 (Section 

4.4.9.1)(Appendix G). The TD participants were assessed on items that relate to lower limb 

function, specifically dorsiflexor and plantar flexor strength, standing balance, standing long 

jump and the 6MWT. Additional foot and ankle characteristics assessed in all participants 

included foot posture index (FPI) (Redmond et al., 2006) and maximum dorsiflexion range 

in a standing lunge (Bennell et al., 1998) and have been previously described in Chapter 4 

(Section 4.4.9.2).  
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9.3.3.2 Six-minute walk test 

The 6MWT was utilised as a test of ambulatory capacity and was conducted according to the 

local clinic’s usual practice. In Melbourne, participants wore their own well-fitting footwear 

(typically a pair of athletic-type runners or similar). Participants who usually wore orthotics 

were permitted to do so for the test. The course was a 20-metre-long circuit on a flat vinyl 

surfaced corridor in a hospital outpatient clinic. In Sydney, participants were assessed 

barefoot unless they required ankle foot orthoses (AFOs), in which case they wore AFOs 

with their usual footwear. The course was a 25-metre-long circuit on a flat carpeted surface 

in a hospital outpatient clinic. Chapter 4 (Section 4.4.2) details how the 6MWT was 

conducted, with the exception that the electronic walkway was not utilised in this study. The 

6MWD was additionally normalised to height, as described in Chapter 4 (Section 4.4.4), to 

account for differences in height across the large age range of participating children (Hof, 

1996). 

9.3.3.3 Functional Mobility Scale (FMS) 

The FMS was utilised as an assessment of functional mobility performance in the children 

with CMT across three distinct distances analogous to different environments typical of 

children as described in Chapter 4 (Section 4.4.6). Briefly, children with CMT, and/or their 

parents, were asked to rate their usual or typical mobility over 5 (home), 50 (school) and 500 

(community) metres. The FMS considers environmental factors such as the surface or 

terrain, use of stairs with or without the assistance of a rail, and the level of independence of 

the child (if they require assistance from another person or a gait aid) (Graham et al., 2004) 

(Appendix E).  
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9.3.3.4 Walk-12  

The Walk-12 is a 12-item validated self-reported questionnaire used to measure the child’s 

experience and perception of the limitations of their disease on their gait and gait-related 

activities as described in Chapter 4 (Section 4.4.8)(Graham & Hughes, 2006; Hobart et al., 

2003) (Appendix F). Briefly, 12 statements relating to gait and gait-related activities were 

answered on a 5-point Likert scale from zero (0) “my disease does not affect this” to five (5) 

“I am very limited by my disease”. The raw score out of 60 was transformed to provide a 

composite score; a higher score indicating greater impact of disease on walking ability 

(Appendix F) (Holland et al., 2006).  

9.3.3.5 Physical activity questionnaire – child (PAQ-C) 

There is no single measurement method of PA in children that captures both objective and 

descriptive information about the type of activity undertaken (Dollman et al., 2009). In a 

review article, Sirard and Pate (2001) outlined several paediatric-specific self-report PA tools 

that have been validated with objective measures of activity (accelerometers and activity 

monitors) and have the advantage of being completed within a single study visit. The Physical 

Activity Questionnaires – Child (PAQ-C) and Adolescent (PAQ-A) are valid and reliable 

self-report 7-day recall questionnaires of PA in children (8-14 years) and adolescents (14-20 

years) (Crocker, Bailey, Faulkner, Kowalski, & McGrath, 1997; Kowalski, Crocker, & 

Kowalski, 1997; Janz, Lutuchy, Wenthe, & Levy, 2008). The reliability and validity of the 

PAQ-C/A have been investigated in several cultures and have demonstrated high reliability 

and fair to moderate correlations with accelerometry (Benítez-Porres et al., 2016; Thomas & 

Upton, 2014; Wang et al., 2016) and peak oxygen uptake (Bervoets et al., 2014). The PAQ-

C/A have been validated in TD children; whilst not specific to disability or disease, they 
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provide a tool for comparison between children and adolescents with CMT and their TD 

peers. 

The PAQ -C was used for all children enrolled in this study irrespective of age as it aligns 

with the typical daily activity schedule within the Australian school system (Crocker, Bailey, 

Faulkner, Kowalski, & McGrath, 1997)(Appendix K). The PAQ-C requires the child to recall 

physical activities over the seven days prior to the study visit. If the visit was undertaken 

during school holidays, the child was asked to reflect on the last seven days that they were at 

school, as often extra-curricular activities are suspended over holiday periods, altering PA 

patterns. Children 8 years and younger completed the PAQ-C with assistance of a parent or 

adult. Older participants could also ask for assistance to complete the questionnaire, and if 

so, indicated on the questionnaire by ticking the box “I needed help”. 

The PAQ-C consists of nine questions scored on a 5-point Likert scale. The first relates to a 

checklist of physical activities, both sporting and leisure, common to children. The 

participant is asked to rate how often they performed these activities in the past seven days 

on a 5-point scale from “none” to “7 or more”. The checklist had minor modifications for 

this study to reflect activities common to Australian children, in keeping with prior reports 

from other cultures (Bervoets et al., 2014; Thomas & Upton, 2014; Wang et al., 2016). For 

example, activities related to snow sports were removed and Australian sports such as cricket 

and netball were added (see Appendix K for full list of activities). The remaining eight 

questions used a 5-point ordinal scale to assess the level of PA (none through to vigorous); 

during the school day (PE/sports class, recess and lunch breaks), immediately after school, 

in the evenings and on the week-end; a general statement relating to how physically active 
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the child was during the past 7 days; and a general statement relating to PA levels for each 

day of the previous week.  

Calculation of the total PAQ-C score out of five is detailed by the creators, with 1/5 

reflecting low activity and 5/5 reflecting high activity (Kowalski, Crocker, & Donen, 2004). 

The PAQ-C score is useful for comparison between groups but does not translate easily to 

a meaningful “number” unlike accelerometry or activity monitors that provide information 

about how many minutes the wearer is active. Saint-Maurice et al. (2014) outline a 

mathematical method for calculating a group estimate of weekly moderate to vigorous PA 

(MVPA) from PAQ scores, derived from comparison of PAQ scores calibrated against 

accelerometry. This method was used to calculate an estimated weekly MVPA for the CMT 

and TD groups using the following equations (Saint-Maurice, Welk, Beyler, Bartee, & 

Heelan, 2014). 

Equation 2 Calculation of % MVPA 

 Calculation of % MVPA = 14.56 – (gender x 0.98) – (age x 0.84) + (PAQ x 1.01) 

Equation 3 Calculation of estimated weekly MVPA 

Calculation of estimated weekly MVPA (mins) = % MVPA x 5460/100 

9.3.4 Data management 

Data from the clinical assessments were recorded on paper case report forms (CRF) and 

subsequently entered in an electronic data management system – REDCap™ hosted by the 

Murdoch Children’s Research Institute (Harris et al., 2009). Data from the two 

questionnaires (Walk-12 and PAQ-C) were either completed on a paper CRF or entered 
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directly into REDCap™ by the participants during the study visit. Paper CRF’s from Sydney 

were scanned and emailed to Melbourne for data entry.  

9.3.5 Statistical analysis 

Normality of data distribution was visually examined and statistically tested for all variables 

with Shapiro-Wilk test. Appropriate descriptive statistics (mean, median or frequency) were 

used to characterise the data. Based on the type and distribution of the data, parametric (t-

test) or non-parametric (Wilcoxon signed-ranks test) tests were used to assess for differences 

between the CMT and TD groups. Effect size was calculated with Cohen’s d. For the 6MWD 

analysis, only participants who wore footwear (with or without orthoses) were included, as 

footwear is known to positively impact gait speed and step length compared to barefoot gait 

(Kennedy et al., 2018; Wegener et al., 2011). Spearman’s correlations were used to determine 

associations between PA (PAQ), and disease severity (CMTPedS), ambulatory capacity 

(normalised 6MWD) and perceived walking ability (Walk-12). Stata v15 was used for data 

analysis. 

9.4 Results 

9.4.1 Participants 

One hundred children, 50 with CMT and 50 age- and gender-matched TD controls, 

participated in this study with a mean age of 12.5 years (range 4–18 years old). CMT subtypes 

included CMT1A (37), CMTX (6), CMT2 (2), CMT1B (1), CMT4A (1), CMTDIB (1) and 

unknown/no genetic diagnosis (2) (Figure 9-2). Participant characteristics are outlined in 

Table 9-1. There were no statistical differences in height and weight between the groups. The 

CMT group had a higher BMI compared to the TD group (p = 0.003) but remained within 



 

174 

a healthy range of 16–21 kg/m2 for the mean age of 12.5 years (Growth reference data for 

5-19 years, 2018). The participants with CMT were moderately affected by their disease 

(mean CMTPedS score 20/44 (SD 8) 95% CI [18, 23]) and had weaker dorsiflexor muscles, 

poorer balance (BOT) and reduced lower limb muscle power as assessed with a standing 

long jump (all p < 0.001) compared to their TD peers. 

 

Figure 9-2 Percentage breakdown of CMT subtypes 
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Table 9-1 Participants characteristics and clinical measures (CMT and TD) 

 CMT  

Mean (SD) 
[95% CI] 

TD  

Mean (SD) 
[95% CI] 

Mean 
difference 

Effect 
size 

d 

p value 

Gender male : 
female 

24:26 24:26 - - - 

Age (years) 12.5 (3.9) 
[11.4, 13.6] 

12.5 (3.9) 
[11.4, 13.6] 

- - - 

Height (m) 1.51 (0.20) 
[1.46, 1.57] 

1.51 (0.20) 
[1.46, 1.57] 

- - 0.9 

Weight (kg) 49.1 (21.8) 
[43.0, 55.3] 

44.5 (17.2) 
[39.6, 49.4] 

4.7 (17.9) 
[0.4, -9.8] 

- 0.07 

BMI (kg/m2) † 20.5 (5.9) 
[18.8, 22.2] 

18.6 (3.5) 
[17.5, 19.6] 

2.0 (5.7)  [0.4, 
3.6] 

- 0.003 

Max dfl range - 
average (degrees) 

25.0 (6.2) 
[23.1, 26.9] 

36.7 (7.6) 
[34.4, 39.1] 

11.7 (1.5) 
[8.7, 14.7] 

1.7 < 0.001 

FPI - left - median 
(IQR)(-12 to +12) 
† 

0 (-2 to 6)  5 (3 to 6) 5 - < 0.001 

FPI - right - 
median (IQR)   (-
12 to +12) † 

1 (-2 to 6) 5 (2 to 6) 4 - 0.01 

Dflr strength 
(Newtons) a 

47.3 (27.4) 
[39.5, 55.1] 

90.1 (25.6) 
[82.8, 97.4] 

42.8 (37.6) 
[39.5, 55.1] 

1.6 < 0.001 

Plflr strength 
(Newtons) a 

146.0 (76.5) 
[124.2, 167.7] 

153.2 (43.7) 
[140.8, 165.6] 

7.2 (82.2)   [-
16.1, 30.6] 

0.12 0.5 

CMTPedS ( /44)  20 (8) [18, 23] - - - - 

Balance BOT    ( 
/37) a 

19 (9)    [17, 
22] 

32 (3)    [31, 
33] 

12.1 (9.2) 
[9.5, 14.7] 

1.8 < 0.001 

Standing long 
jump (m) a 

0.69 (0.38) 
[0.58, 0.80] 

1.42 (0.32) 
[1.33, 1.51] 

0.73 (0.50) 
[0.59, 0.87] 

2.0 < 0.001 
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 CMT  

Mean (SD) 
[95% CI] 

TD  

Mean (SD) 
[95% CI] 

Mean 
difference 

Effect 
size 

d 

p value 

6MWD (footwear) 
(m) a b 

485.1 (160.9) 
[427.1, 543.1] 

639.8 (83.1) 
[609.9, 669.8] 

154.8 (170.4) 
[93.3, 216.2] 

1.2 < 0.001 

N6MWD 
(footwear) b c 

338.4 (114.6) 
[297.1, 379.8] 

440.9 (54.0) 
[421.4, 460.4] 

102.5 (95.4) 
[68.1, 136.8] 

1.1 < 0.001 

† Wilcoxon signed-ranks test; a selected lower limb items from the CMTPedS completed by TD 
participants; b 6MWT in footwear n = 32; c normalised to height. Abbreviations: 6MWD: six minute 
walk distance; BMI: body mass index; BOT: Bruininks-Oseretsky test of motor proficiency; CMT: 
Charcot-Marie-Tooth disease; CMTPedS: CMT pediatric scale; Dflr: dorsiflexor; ES: effect size; FPI: 
Foot posture index; IQR: interquartile rank; Max dfl range: maximum dorsiflexion range; N6MWD: 
Normalised 6MWD; Plflr: plantar flexor; TD: typically developing 

9.4.2 Measures of functional ambulation 

Thirty-two participants with CMT completed the 6MWT in footwear and 18 walked barefoot 

due to site dependent protocol differences. Seven participants with CMT wore ankle foot 

orthoses (AFOs) and two wore customised foot orthoses. No TD participant wore orthoses. 

Analysis of the 6MWT included only the subset of 32 participants with CMT who wore 

footwear and their TD matched controls.  

Participants with CMT walked significantly shorter distances in six minutes compared to 

their matched TD peers with a large effect size (mean difference 154.8 m, p < 0.001, d = 1.2 

(95% CI [93.3, 216.2]); Table 9-1). When 6MWD was normalised to the participant’s height 

to account for the influence on step length, the significant difference remained, as did the 

large effect size (mean difference 102.5, p < 0.001, d = 1.1 (95% CI [68.1, 136.8]); Table 9-

1).  

Over two thirds of the participants with CMT reported that they functioned independently 

on all surface types in their home environment (FMS-5 score = 6) (Figure 9-3). However, in 
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their school (FMS-50) and community (FMS-500) environments, over half reported that they 

required assistance or additional support, such as rails when using stairs, assistance on uneven 

terrain, or gait aids or wheeled mobility (FMS score ≤5) to move about in community 

environments (Figure 9-3). 

 

Figure 9-3 The percentage of CMT participants (n = 50) reporting their typical mobility at 

home (FMS-5), school (FMS-50) and in the community (FMS-500); rating 6 = independent on 

all surface types, does not require a rail for stairs, 5 = independent on flat terrain, requires a 

rail for stairs, 4 = walks using crutches, 1 = uses a wheelchair/wheeled mobility (Appendix E) 

Participants with CMT reported that their disease generally had a mild effect on their gait 

and gait-related activities with a transformed Walk-12 mean score of 24.7% (mean 24.7 (SD 

19) 95% CI [19.3, 30.2]). Closer inspection of the individual questions revealed that except 

for the use of gait aids, 50–75% of the participants felt that their disease affected their gait 

and gait-related activities at least “a little bit” (Figure 9-4). Nearly 30% or more of participants 

reported moderate or greater effects on their ability to run (43%), ascend or descend stairs 

(41%), how far they could walk (41%), increased concentration required when walking 
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(39%), the smoothness or co-ordination of their walking (33%), increased effort to walk 

(31%) and how fast they could walk (31%) (Figure 9-4). One participant with CMT failed to 

complete the Walk-12 questionnaire.



 

 

1
7
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Figure 9-4 Percentage of participants with CMT (n=49) responses to the question “How much has your disease…”

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Limited your ability to walk?

Limited your ability to run?

Limited your ability to climb up or down stairs?

Made standing when doing things more difficult?

Limited your balance when standing or walking?

Limited how far you can walk?

Increased the effort needed for you to walk?

Made it necessary to use gait aids when walking indoors?

Made it necessary for you to use gait aids when walking outdoors?

Slowed down your walking?

Affected how smoothly you walk?

Made you concentrate on your walking?

Percentage of participants with CMT

Not at all A little Moderately Quite a bit Extremely
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9.4.3 Measure of physical activity 

Participants with CMT were less physically active than their TD peers when they reported 

on the previous week’s activity using the PAQ-C (p < 0.001; Table 9-2). On average the 

CMT group reported 40 minutes per day moderate to vigorous PA (MVPA 283.6 mins per 

week) whereas the TD group reported 45 minutes per day (MVPA 318.0 mins per week) (p 

< 0.001). One participant with CMT failed to complete the PAQ-C questionnaire and their 

matched TD control was removed from the analysis. 

 CMT n = 49 TD n = 49 p value  

PAQ-C † ( /5)    Median 
(IQR) 

2.2 (1.5–2.7) 2.8 (2.3–3.3) < 0.001 

Est. MVPA (mins/week) 
Mean (SD) [95% CI] 

283.6 (211.6) 
[222.8, 344.3] 

318.0 (202.5) 
[257.2, 374.4] 

< 0.001 

† Wilcoxon signed-ranks test. Abbreviations: CMT: Charcot-Marie-Tooth disease; TD: typically 
developing; PAQ-C: physical activity questionnaire child; Est. MVPA: estimated weekly moderate to 
vigorous physical activity  

9.4.4 Associations between physical activity, disease, functional ambulation and 

perception of disease on gait and gait-related activities 

Table 9-3 presents the Spearman’s correlation analyses between PA (PAQ-C), disease 

severity (CMTPedS), functional ambulatory capacity (normalised 6MWD – footwear) and 

perception of disease on gait and gait-related activities (Walk-12) in 31 participants with 

CMT. The strongest association was found between PA and normalised 6MWD with a 

moderate to good association between the two (ρ = 0.71, p < 0.001) and an inverse 

moderate association between PA and CMTPedS (ρ = -0.52, p < 0.001). The moderate to 

Table 9-2 Physical activity score (PAQ-C) and estimated weekly moderate to vigorous physical 

activity for participants (CMT and TD) 
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good association between normalised 6MWD and CMTPedS was expected given 6MWD 

contributes to the CMTPedS score. 

Table 9-3 Spearman’s correlations between physical activity (PAQ-C), disease severity 

(CMTPedS), functional ambulatory capacity (normalised 6MWD) and self-reported effect of 

disease on gait and gait-related activities (Walk-12) in participants with CMT 

 Physical activity 
(PAQ-C) 

ρ, p value 

Disease severity 
(CMTPedS) 

ρ, p value 

Ambulatory 
capacity 
(N6MWD)     

ρ, p value 

Disease severity 
(CMTPedS) 

ρ = -0.52, p < 0.001   

Ambulatory 
capacity 
(N6MWD) 

ρ = 0.71, p < 0.001 ρ = -0.78, p < 0.001  

Self-report of 
walking ability 
(Walk-12) 

ρ = -0.46, p = 0.01 ρ = 0.39, p = 0.03 ρ = -0.38, p = 0.03 

ρ Spearman’s rho. Abbreviations: CMT: Charcot-Marie-Tooth disease; TD: typically developing; 
PAQ-C: physical activity questionnaire child; CMTPedS: CMT Pediatric Scale; N6MWD: normalised 
six-minute walk distance 

9.5 Discussion 

The findings of this study across two Australian paediatric neuromuscular centres suggest 

that children with a moderate degree of disability related to CMT, are limited in their capacity 

and ability to safely and efficiently undertake gait and gait-related functional activities in their 

everyday lives. Functional ambulation was limited in children with CMT across all measures: 

capacity as measured by the 6MWT; performance in the everyday environments of school 

and community; and the child’s perception of their walking ability. Further, physical activity 

levels in a group of children with CMT was reduced compared to their TD peers. Over half 

of the children with CMT felt that their disease affected their gait and related activities, 
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reporting greater limitations with their functional ambulatory performance and mobility at 

school and in community environments. Of note, nearly 75% of the children in this study 

were diagnosed with CMT1A, generally considered a milder subtype, yet functional 

ambulation and physical activity were considerably limited even in a milder subtype. Greater 

disease severity was moderately and significantly associated with reduced ambulatory 

capacity, as measured with a 6MWT, and lower levels of PA. Children with CMT who 

identified greater limitations to their gait and gait-related activities reported being less 

physically active.  

Knowledge gained from this study can be considered within the framework of the ICF to 

further illustrate the relationship and interactions between disease, functional ambulation and 

PA in the daily lives of children with CMT (Figure 9-5).  
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Figure 9-5 The relationship between disease severity (CMTPedS), functional ambulatory 

capacity (6MWD), physical activity (PAQ), environmental factors outside of the home (FMS) and 

self-reported limitations to gait and gait-related activities (Walk-12) in children and adolescents 

with CMT as illustrated by the ICF framework. 

Over 40% of children with CMT felt that their disease limited their ability to walk longer 

distances at least moderately, as reported in the Walk-12, and ambulatory capacity was 

markedly reduced in children with CMT compared to their TD peers. Six-minute walk 
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distance provides an indication of the maximum distance children can walk at fast speed. 

However, the clinical testing environment is in contrast to the environments outside of the 

clinic, which present changeable conditions and impediments to gait. Distance requirements 

for community ambulation have been suggested by one study of adults, to range from 16 

metres (walking to the front of the house) to 677 metres (walking around a large shopping 

centre) (Salbach et al., 2014). A further study of predictors of community walking ability 

suggested that a 6MWD of 367 metres is the cut-off point for identifying community 

ambulatory capacity in adult stroke survivors (Bijleveld-Uitman, van de Port, & Kwakkel, 

2013). Whilst both these studies are in adult populations, community distance requirements 

for children are likely to be comparable. It is encouraging that over 90% of the children with 

CMT walked over 380 metres in six minutes. However, four participants in the present study 

walked less than 367 metres. Notably, these participants had a mix of diagnostic subtypes 

(CMTX = 2, CMT4A = 1 and CMT1A = 1), were all adolescents aged 14 years or older, and 

were more severely affected by their disease (CMTPedS ≥ 35/44). Given the association 

between disease severity and 6MWD, it is likely that children with greater disease severity 

will be more restricted in their ability to walk longer distances required in community 

environments. 

Environmental setting and higher-level gait-related activities, for example climbing stairs, 

provided greater challenges to children with CMT. Whilst most children with CMT reported 

no difficulty with independent walking in their home environments, over half the children 

reported functional difficulties in their educational or school environments and the wider 

community. Whilst the distances traversed in educational facilities are unknown and likely 

vary from one school to another, the FMS suggests 50 metres as a distance required to move 

about the indoor school environment, for example, between classrooms within a single 
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building (Harvey, 2008). However, outdoor areas, especially in larger schools which often 

comprise multiple buildings, are more likely to pose greater distances, and are more reflective 

of requirements in the general community. Further, uneven surface types and multi-level 

buildings often requiring the use of stairs and rails, add to the challenges of the environmental 

setting for children with CMT. 

Intrinsic mechanisms including balance, co-ordination and concentration play an important 

role in gait and gait-related activities of daily living. School and community environments 

demand greater effort and concentration for children with CMT, as they avoid, or attempt 

to avoid, uneven terrain or obstacles and instances in which they may be accidentally knocked 

in the hustle and bustle of a crowded area. Approximately one third of the CMT cohort felt 

that the smoothness or quality of their walking was at least moderately affected by their 

disease. Two thirds also noted that they needed to concentrate on their walking at least “a 

little bit” if not more, a subconscious skill for their TD peers. The CMT cohort had 

significantly worse balance compared to their TD peers. Nearly a third of the children with 

CMT reported difficulty with fast walking, which is problematic particularly in 

secondary/high school where short time frames between scheduled classes are usual. The 

outdoor playground, crowded hallways and locker-bay areas of schools add to the complexity 

of walking and navigating the school environment, often with the additional requirement of 

carrying a heavy school bag, computer or school books.  

Physical activities that involve running and jumping are limited in children and adolescents 

with CMT. Three quarters of the CMT cohort felt that their disease limited their ability to 

run, and performance of a standing long jump was markedly reduced in children with CMT 

compared to their TD peers. These physical limitations are likely to contribute to the relative 
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lower levels of reported PA in the children with CMT as many sports and activities typically 

played by children and adolescents involve running and jumping, such as basketball, soccer, 

football and informal playground activities including chasey/tag or skipping rope. Group 

estimates of MVPA were significantly lower for the CMT group compared to the TD group. 

However, for both groups estimated MVPA were well below the recommended Australian 

physical activity and sedentary behaviour guidelines of 60 minutes per day (Australia's 

physical activity and sedentary behaviour guidelines, 2014). This is reflective of the growing 

body of evidence that Australian children, and indeed children globally, whether or not they 

have a physical disability, are less physically active (The Australian Health Survey 2011-12, 

2012; Physical Inactivity: A Global Public Health Problem, 2017). For children with CMT 

however, the health implications of lower PA and inversely higher sedentary behaviours, are 

likely to have a greater effect on their overall health and quality of life (Carlon, Taylor, Dodd, 

& Shields, 2013; Neter et al., 2011). 

This study found that disease severity is inversely associated with PA levels in children with 

CMT, similar to the findings of a small study of children with mixed neuromuscular 

diagnoses including four children with CMT (Holtebekk, Berntsen, Rasmussen, & Jahnsen, 

2013). Less active children had greater disease severity and reported greater limitations to 

their gait and gait-related activities. Prior research suggests this may be a lifelong concern, as 

adults with CMT also report limitations to physical activity (Anens et al., 2015; Ramdharry 

et al., 2017a). The current study expands on these studies in adults to establish that PA is 

limited from childhood in CMT, similar to other paediatric disorders that present with 

physical impairments such as cerebral palsy, muscular dystrophy and spina bifida 

(Woodmansee et al., 2016). Given these findings, it is important that physical activity 
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education is provided to families of children with CMT, and that healthcare clinicians 

encourage and facilitate participation in age-appropriate physical activities from a young age. 

It is uncertain what factors may facilitate or present as barriers to PA in children with CMT. 

Some evidence from children with other physical disabilities and impairments indicates that 

they may self-limit physical behaviours to avoid social embarrassment in sporting and social 

situations (Bloemen et al., 2015). Similarly, it is likely that the risk of social embarrassment 

may also be a potential barrier to PA in children with CMT. This thesis has found that 

children with CMT fall significantly more often than TD peers (Chapter 8), and the current 

study identified that over 60% of children with CMT considered that their walking was 

uncoordinated or less smooth and that they needed to concentrate on their walking. Children 

with CMT may self-limit PA to reduce and prevent incidences of falling or near-falls, similar 

to reports in young adults with cerebral palsy (Morgan, Soh, & McGinley, 2014). Further 

barriers may include difficulty accessing suitable activities that are inclusive and provide 

opportunities to be physically active in the local community (Shields & Synnot, 2016). 

Equally, finding disability-trained and supportive trainers or coaches is an ongoing problem 

in the Australian context (Shields & Synnot, 2016).  

There were several strengths to this novel observational study of functional ambulation and 

PA in paediatric CMT. The cohort, drawn from two states in Australia, included a broad age 

and developmental range spanning childhood and adolescence, and a wide spectrum of 

disease severity and subtypes. The use of the validated and reliable CMTPedS, provided a 

meaningful measure of disease severity across the age range. Generalisability to other CMT 

populations is likely given disease severity in this study was similar to reported levels in a 

large cohort of 520 children from across several international centres (Cornett et al., 2016). 
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The age- and gender-matching of children with CMT to TD controls strengthened the study 

findings and placed the findings within the context of typical development.  

Whilst the PAQ has not been specifically validated in children with a disability, it 

demonstrated a clear and significant difference between the CMT and TD groups and the 

use of Saint-Maurice et al.’s (2014) calibration method provided a meaningful group estimate 

of weekly MVPA. The FMS and Walk-12 have also not been validated in paediatric CMT, 

however, both demonstrated clear deficits in the CMT cohort spanning childhood and 

adolescence. The self-report Walk-12 provided a unique insight enabling the children to 

articulate their experience of how CMT affects their function in gait and gait-related activities. 

The mean Walk-12 score in this current study was double that found in an earlier study of 

21 children with CMT1A (mean age 11.9 years, SD 2.8) (Pagliano et al., 2011), which was 

surprising given the high percentage of children with CMT1A and a similar mean age in this 

study. Reported limitations to running, balance, walking longer distances and ascending and 

descending stairs, were similar in both studies. 

There were also several limitations to this study. As a sample of convenience, the clinical data 

for the children with CMT was collected per local protocols. The 6MWT component of the 

CMTPedS in Sydney was conducted barefoot along a 25-metre circuit, whereas in 

Melbourne, children were tested in footwear along a 20-metre circuit. Footwear is known to 

significantly increase gait speed (Kennedy et al., 2018; Wegener et al., 2011) and thus was 

likely to affect the 6MWD. To address this, analyses that included 6MWT data excluded the 

barefoot participants. The difference in circuit length may have affected the final 6MWD, 

with the shorter length circuit potentially shortening the distance walked, due to increased 

number of turns in the test (Ng et al., 2013). The implication of walkway length differences 
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for this study however, are likely to be minimal given all the TD children were tested on the 

shorter circuit. Therefore, any error due to circuit length differences is likely to have led to 

an underestimation of group difference. 

No single method of PA measurement or monitoring in children and adolescents captures 

both objective and descriptive information and the use of a single recall questionnaire in this 

study has its limitations. Dollman et al. (2009) suggested that the best model is to measure 

PA objectively, for example with accelerometry, in combination with subjective self-report 

or questionnaire over the same period. Whilst the benefit of the recall questionnaires is that 

they can be conducted during the study visit, a disadvantage of these questionnaires is that 

they rely on recall memory of the child and/or the parent (Dollman et al., 2009; Sirard & 

Pate, 2001). These questionnaires provide an estimation of the amount of activity as opposed 

to objective measurement of activity time. Utilisation of the calibration method of estimating 

MVPA suggested by Saint-Maurice et al. (2014) provided a meaningful quantification of PA 

however it was only a group estimate. This is important to highlight when interpreting the 

PA findings of this study, particularly given the heterogeneity in age and disease severity of 

this sample. Although the limitations of the use of the PAQ-C are acknowledged, to date 

there have been no other studies documenting PA in paediatric CMT, thus its use in this 

study provides a starting point on which future PA studies can be built. 

Children with CMT are at risk of greater health problems and impairment due not only to 

their disease but disuse associated with reduced PA. Objective quantifiable assessment of PA 

in paediatric CMT, and investigation of potential barriers to PA including fear of falling, are 

areas that require further enquiry. Further investigation of enablers of PA is suggested, 

including whether exercise and increased PA leads to improved ambulatory function in 
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children with CMT. Strength training has been shown to improve activities of daily living in 

adults with CMT (Chetlin, Gutmann, Tarnopolsky, Ullrich, & Yeater, 2004), and has been 

shown to be safe in children with CMT (Burns et al., 2017). In TD children increasing PA 

from one 60-minute physical education class a week to five 40-minute classes a week 

improved muscle strength (Lofgren, Daly, Nilsson, Dencker, & Karlsson, 2013). Given these 

findings, the effectiveness of age-appropriate regular exercise programs including strength 

training and whole-body activity for children with CMT requires further development and 

empirical investigation. Consideration also needs to be given to balance retraining given poor 

balance and falls in children with CMT. Additionally, facilitating access to and participation 

in community-based recreational and sporting activities, including provision of training to 

coaches to enable them to adapt programs for children with physical impairments is required.  

9.6 Conclusion 

Functional ambulation and physical activity levels are adversely and significantly affected, 

and are inversely associated with greater disease severity, in children with CMT. Healthcare 

clinicians, researchers and funding agencies ought to engage with, and promote opportunities 

for children and adolescents with CMT to be more physically active, be it through 

participation in structured, evidence-based exercise and training programs, or community-

based recreational sporting programs. Further research is required to determine whether 

facilitating increased physical activity levels may halt deterioration in functional ambulation, 

and may bring about improvement in both functional ambulatory capacity and performance 

in the everyday lives of children with CMT. 
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Chapter 10 Discussion and conclusion: Synthesis of the 

thesis, clinical implications and future directions 

10.1 Introduction 

The primary aim of this thesis was to investigate factors that affect gait and functional 

ambulation in children and adolescents (“children”) with CMT, in order to inform the clinical 

management of these children, and consider directions for future research. Clinical 

observations and experience from the Neuromuscular Clinic at The Royal Children’s 

Hospital (RCH), Melbourne, prompted the development of the research questions and 

studies that comprise this thesis. The following is a summary of the major themes arising 

from the studies contained within this thesis, discussion of the clinical implications, novel 

contributions of the thesis, strengths and limitations of the studies and future directions in 

management and research in children with CMT. 

10.2 Synthesis of main findings 

The studies in this thesis contribute to and extend the current knowledge relating to gait 

and functional ambulation in children with CMT. Six main themes arose from the research 

related to gait and paediatric CMT: gait dysfunction; functional ambulation; the effect of 

footwear on gait; gait as a predictor of disease progression; incidence and consequence of 

falls; and physical activity. 

10.2.1 Gait dysfunction in children with Charcot-Marie-Tooth disease 

Gait in children with CMT is significantly impaired. Compared to their TD peers, gait is 

slower, as established by the systematic review of paediatric CMT gait (Chapter 3) and 

confirmed in empirical studies in this thesis (Chapters 5 and 6). The studies of gait over short 
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distances at self-selected walking speed (Chapter 5) and over longer distances at fast walking 

speed (Chapter 6) found that shorter step length is likely to be the main contributor to slower 

gait. Foot and ankle weakness is likely to be a key contributor to reduced step length, as the 

children with CMT exhibited significantly weaker dorsiflexors. Whilst the plantar flexor 

muscles were not significantly weaker than the TD controls, they weakened significantly over 

12 months. Greater ankle dorsiflexion range and plantar flexor strength at baseline were 

found to predict deterioration in ambulatory capacity over 12 months, indicating a possible 

link with the length-tension ratio of the plantar flexors and their ability to generate push-off 

power in gait (Chapter 7 (Kennedy et al., 2017; Maganaris, 2001)). This finding is consistent 

with another study of gait in children with CMT that found excessive peak dorsiflexion in 

stance was associated with slower gait (Ounpuu et al., 2013). 

New findings from the studies within this thesis expand the current knowledge of gait 

dysfunction in children with CMT. Wider gait and greater BOS step-to-step variability were 

significant contributors to gait dysfunction over short distances at self-selected speed 

(Chapter 5). Over longer distances and at a faster pace in the 6MWT, step-to-step variability 

increased in not only BOS, but other spatio-temporal variables including step length, step 

time and stride velocity (Chapter 6). Increased BOS step-to-step variability at self-selected 

and fast walking speed was found to be moderately associated with poorer balance in the 

children with CMT (Chapter 5 and 6). Similarly, greater gait dysfunction, including increased 

step-to-step variability, was associated with higher reported levels of physical exertion during 

the 6MWT, and reduced ambulatory capacity (6MWD). 
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10.2.2 Functional ambulation in children with Charcot-Marie-Tooth disease 

Functional ambulation in children with CMT is substantially compromised across several 

measures including capacity and performance in typical every day environments. Whilst gait 

assessment in the clinical environment provides important knowledge of disease 

impairments and gait dysfunction, it does not inform us about function in environments 

typical of childhood and adolescence. Several studies within this thesis investigated 

functional ambulation in children with CMT. By definition, functional ambulation includes 

the ability to safely and sufficiently undertake gait-related activities of daily living (ADLs) 

(Lam et al., 2007). Two studies demonstrated the extent to which the ability to adequately 

undertake activities involving walking longer distances in the community is compromised, 

with reduced ambulatory capacity (6MWD) of between 10-25% in over 60 children with 

CMT (Chapter 6 and 9). Additionally, over 40% of children with CMT reported moderate to 

severe limitations in their ability to walk longer distances on the self-reported Walk-12 

(Chapter 9). These findings provide important evidence of the extent to which children with 

CMT are affected by their disease in comparison to their TD peers (Chapter 6 and 9).  

Environmental factors affecting functional ambulation included distance requirements 

necessitated by school and community settings. The Functional Mobility Scale was used for 

the first time in paediatric CMT clinical research and provided insight into the effect of the 

disease on mobility outside of the clinic environment (Graham et al., 2004). Over 50% of 

the CMT cohort described typically using assistance for mobility in school or community 

environments, be that the use of rails for stairs, assistance on uneven surfaces or the use of 

gait aids or a wheelchair for longer distances (Chapter 9). Further insights were gained from 

the children’s reports of the extent to which their disease affects their gait and gait-related 

activities with the use of the Walk-12 questionnaire (Chapter 9). Aside from the use of gait 
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aids, over 50% of the children with CMT reported that their disease affected many higher 

level functional gait activities including standing balance, the ability to run, and greater effort 

and concentration required to walk (Chapter 9).  

10.2.3 The effect of footwear on gait 

The cross-sectional study of gait and footwear found that footwear affected gait in all 

children irrespective of disease (Chapter 5 (Kennedy et al., 2018)). Optimal footwear, defined 

as well-fitting, low heeled footwear that fastened to the foot, positively impacted gait as 

previously demonstrated in a systematic review of TD gait (Kennedy et al., 2018; Wegener 

et al., 2011). Conversely, suboptimal footwear, defined as slip-on styles that do not fasten to 

the foot and slip at the heel, negatively impacted gait. Gait was slower with increased step-

to-step variability (step length and step time) in suboptimal footwear. Whilst the study was 

not powered sufficiently to detect an interaction effect between footwear type and CMT, the 

implications of wearing suboptimal footwear for children with weak feet and poor balance 

are likely to be greater. 

10.2.4 Gait as a predictor of disease severity and disease progression 

This thesis found that gait dysfunction is an indicator of disease and disease progression in 

children with CMT. Over a one year period, gait speed, step length and ambulatory capacity 

(6MWD) decreased when growth in the children was accounted for using normalisation 

methods (Chapter 7 (Kennedy et al., 2017)). Disease progression was greater in adolescents 

(aged ≥12 years) compared to younger children (<12 years) as demonstrated by a greater 

deterioration in 6MWD in the older children over 12 months. Additionally, step-to-step gait 

variability was found in several studies within this thesis (Chapters 5 and 6) to be associated 

with poorer balance and reduced ambulatory capacity. Normalised gait speed and 6MWD, 
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together with measures of step-to-step gait variability, may be functional biomarkers of 

disease severity and progression in children with CMT. 

10.2.5 Falls in paediatric Charcot-Marie-Tooth disease 

Children and adolescents with CMT fall and injure themselves at markedly higher rates, with 

a conservative estimate of falls risk 33 times greater than their TD peers (Chapter 8). Over a 

third of the detailed reported falls resulted in an injury in the children with CMT. Whilst no 

child sustained a fracture during this study, the recommended common injury type reported 

in falls studies (Lamb et al., 2005), there were a number of superficial head injuries and rolled 

ankles requiring medical attention. Falling over is typical in young children with all children 

under the age of seven reporting falls irrespective of disease. However, falls incidence rates 

in children aged over 7 years with CMT were significantly higher. Age was the strongest 

predictor of falls with balance the strongest impairment related predictor. A one point 

improvement in balance score as assessed with the BOT translated to a 17% reduction in 

falls rate. Tripping was the main mechanism of falls with dorsiflexor muscle weakness likely 

to be a major contributor due to foot drop and inadequate clearance of the foot in gait, as 

reported in adults with CMT (Ramdharry et al., 2017b). Weakness in the dorsiflexors of the 

children with CMT was evident in gait with faster foot loading likely due to reduced eccentric 

dorsiflexor control during the 6MWT (Chapter 6). 

10.2.6 Physical activity in children with Charcot-Marie-Tooth disease 

Children with CMT were significantly less active than their TD peers, with the CMT group 

estimate averaging 40 minutes moderate-to-vigorous activity (MVPA) compared to 45 

minutes MVPA per day for the TD group (Chapter 9). Given current Australian and global 

sedentary lifestyle choices, it was not surprising that neither the children with CMT or the 
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TD children were meeting the Australian recommended guideline of 60 minutes MVPA per 

day (Physical Inactivity: A Global Public Health Problem, 2017). Physical activity was 

associated with functional ambulatory capacity with more active children able to walk further 

in the 6MWT. Reduced physical activity in the children with CMT was associated with 

increased disease severity and greater reported limitations with gait and gait-related activities 

(Chapter 9).  

10.2.7 Summary 

The contribution of this thesis to the understanding of the effect of CMT on gait and 

functional ambulation in children and adolescents can be best illustrated by returning to the 

ICF (Figure 10-1). The impairments of CMT, including foot and ankle weakness and disease 

severity are well established, and the clinical characteristics of the two CMT cohorts in the 

studies within this thesis are similar to prior reports in terms of severity of disease and 

subtypes (Burns et al., 2009b; Cornett et al., 2016). This thesis has provided further insights 

into gait dysfunction in paediatric CMT. These include slower and wider based gait, with 

greater step-to-step variability; reduced ambulatory capacity, physical endurance and 

performance in everyday environments; established associations between gait variability and 

poor balance; and documented a high incidence of falls in children with CMT with a 

concerningly high number of injurious falls. Gait dysfunction and functional consequences 

for children with CMT have been investigated within the context of what is typical for 

children, with the use of matched TD controls. Children with CMT are less physically active, 

with reduced functional ambulatory performance in their everyday school and community 

environments. Environmental factors considered included distance requirements, surface 

types and changes in levels, e.g. stairs and kerbs, and the effect of footwear on gait. Finally, 
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children with CMT are well aware of the limitations of their disease in terms of the effect on 

their gait and gait-related activities of daily living. 

 

Figure 10-1 Contribution of this thesis to understanding how CMT affects the gait and functional 

ambulation of children and adolescents utilising the ICF framework 
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10.3 Clinical implications 

10.3.1 Clinical assessment and management 

The findings of this thesis provide healthcare clinicians and the multi-disciplinary teams 

working in neuromuscular diseases with evidence-based knowledge of gait dysfunction in 

paediatric CMT that goes beyond the clinic, and considers the impact of disease in the 

everyday lives and typical environments of the children. Measures of gait and gait function, 

including gait speed and 6MWD, may be responsive biomarkers of disease progression in 

paediatric CMT and should be considered by clinicians when assessing and monitoring 

children with CMT (Fritz & Lusardi, 2009; Kennedy et al., 2017). Importantly, normalising 

gait measures is an essential consideration when evaluating children over time in the clinical 

setting. A recommendation for annual clinical monitoring for a child with stable disease is 

warranted given the deterioration to gait detected in the 12-month longitudinal study 

(Chapter 7). 

The value of clinical assessment tools to gauge function was highlighted in this thesis. The 

Functional Mobility Scale is a quick and user-friendly assessment that clinicians can use to 

interpret functional ambulation in environments common to childhood beyond the 

neuromuscular clinic. Balance is fundamental to many daily activities relating to gait and 

function and can be routinely measured in a standardised fashion. Monitoring balance with 

a tool such as the BOT can provide a clinical measure of falls risk. Assessment and 

monitoring of falls in paediatric CMT is important and should be considered in relation to 

the child’s age and as an indicator of the impact of disease on the child’s everyday function. 

Finally, in considering the management of children with CMT, clinicians need to assess how 

physically active the child is in their daily life and develop ways to clinically measure activity. 



 

199 

The use of a recall questionnaire may provide the clinician with a way of measuring physical 

activity. 

10.3.2 Education and resources 

The findings from this thesis will contribute towards the development of educational material 

for healthcare clinicians and families of children with CMT, including resources on footwear 

choice, falls prevention and physical activity guidelines.  

10.3.2.1 Footwear education 

The study of gait and footwear in this thesis has demonstrated that footwear type impacts 

gait and is therefore an important consideration for children who have foot and ankle 

weakness and balance problems. Whilst there were no interaction effects between disease 

and footwear type in the study outlined in Chapter 5, the negative effects of suboptimal 

footwear on gait and balance for children with CMT are likely to be greater. There is a need 

for educational resources for families and healthcare providers about what constitutes a well-

fitting shoe. Characteristics based on the FAS would include; a shoe that fastens to the foot, 

encloses and does not slip on the foot, a firm heel cup, non-slip sole, adequate room for 

growth both length and width in the toe-box and low heeled (Byrne & Curran, 1998). A 

footwear resource that can guide families on the characteristics of a well-fitting shoe requires 

further development. 

10.3.2.2 Falls prevention 

Despite the evidence from the study of falls in this thesis (Chapter 8) and previous 

retrospective reports of frequent trips and falls in paediatric CMT (Burns et al., 2009b; 

Cornett et al., 2016), there are no readily available educational resources for children with 

physical impairments who fall. Falls education for older adults and within aged care is well-
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established (Falls Prevention, 2018; Prevention of Falls Network for Dissemination, 2015). 

The risk is that children with CMT will self-limit their physical activity behaviour to avoid 

circumstances that could precipitate a fall, as suggested by the evidence in young adults with 

cerebral palsy (Morgan et al., 2014). Falls education beyond the known risk factors such as 

footwear, tripping hazards and environmental conditions (surface types, changes in surface 

levels, lighting) needs to consider several factors including age (younger vs older children); 

disease severity (milder vs more severely affected); facilitation of general physical activity or 

alternatively prescription of specific exercise programs to improve strength and balance. 

Education programs need to be stratified by age and disease severity to encompass these 

additional factors in children. Given the evidence of the association between gait dysfunction 

and reduced physical endurance (Chapter 6), education on fatigue management is a further 

consideration in mitigating falls. Strategies may include managing physical activity with rest 

periods as required and the use of assistive devices such as orthotics, gait aids or a 

wheelchair/motorised scooter for community mobility, for the most severely affected 

children. 

10.3.2.3 Physical activity 

The physical limitations of CMT likely contribute to reduced physical activity and there is 

the potential for a vicious cycle in which children choose to self-limit and opt-out of physical 

activity. In turn, inactivity contributes to greater “disuse” related impairment. Prescription 

and facilitation of greater physical activity should be considered by healthcare clinicians from 

an early age for the child with CMT. Building healthy physical activity habits is important 

and begins with education of the health benefits of greater physical activity for the child and 

their family. It is also important to encourage and reinforce the positive role model parents 
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play, especially a parent who has CMT themselves, in embracing exercise and physical 

activity. 

Physical activity and exercise education for children with CMT is dependent on a range of 

factors. Younger children will often find inclusion in non-competitive, skills based programs 

more appropriate. However, older children may find it more difficult to move into age-

appropriate competitive based sports, especially for those children with greater disease 

severity. Maintaining participation in physical activities is more challenging for older children 

as access to programs that are considerate of their physical impairments is limited and 

provision of appropriate disability inclusion training for coaches is not readily available 

(Shields & Synnot, 2016). Children with physical impairments are more likely to self-restrict 

themselves from sports and physical activities due to either self-awareness or embarrassment, 

or be excluded from team selection due to inability to perform at the level required by the 

competition (Shields & Synnot, 2016). Development of, and inclusion in programs that 

enable children with CMT to engage in physical activities at the level that they can participate 

is required. Additionally, education regarding balancing physical activity, be it organised 

exercise or incidental activity, with safe mobility in community environments is important 

for children with greater disease severity. 

10.3.3 Environmental considerations 

In the everyday environments outside of the child’s home, the CMT disease-related 

limitations on gait and function are more evident. Distance requirements at school and in 

the general community are greater and the child with CMT whose gait is slower will find it 

harder to cover longer distances in a timely manner. In the cross-sectional study of gait 

reported in Chapter 5, the children with CMT walked on average 13 cm/s slower than their 
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TD peers which is at the upper range of MCID for community gait speed in adults, and 

meaningfully slow (Kennedy et al., 2018; Perera, Mody, Woodman, & Studenski, 2006). For 

adolescents in the secondary school environment transition times between consecutive class 

periods is typically five minutes. Short time frames necessitate relatively fast movement 

between classes, often carrying a heavy bag, amongst a throng of other adolescents jostling 

and moving about unaware of others who may have balance deficits.  

Educational institutions need to consider how they can best support the student with CMT 

to reduce the burden and impact of the school environment on the student’s ability to access 

the curriculum. Support for students with CMT might include allocation of ground floor 

classrooms, provision of a lift within multi-level buildings, ensuring distances between 

classrooms are kept to a minimum and provision of a locker close to the student’s main 

classroom. Other processes to assist the student with CMT would be allowing them to leave 

early from class and/or arrive after commencement of class to enable them time to move 

between classrooms free from the rush of the student body. The provision of an adult aide 

to assist the student moving between classes may be required for a student with severe 

disease. As mentioned previously in Section 10.3.2.2, fatigue management and alternate 

mobility strategies may also be a consideration in environments that pose greater distance 

requirements for the child with more severe disease. 
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10.4 Novel contributions of this thesis 

There were a number of novel aspects to the research design and methods in this thesis that 

warrant mentioning: 

1) Measuring and describing the influence of typically worn footwear on gait has not 

been previously reported in children with CMT; 

2) The use of the GAITRite® to measure heel-on to midfoot-on timing as a surrogate 

marker of dorsiflexor eccentric muscle control in foot loading, and as a “measure” 

of foot slap has not been previously reported in CMT or other populations with foot 

and ankle weakness to the author’s knowledge; 

3) The establishment of minute epochs for the 6MWT gait data provided an alternative 

visualisation and interpretation of spatio-temporal data and step-to-step gait 

variability and may be a consideration when investigating physical endurance in other 

disease populations; 

4) Normalising 6MWD in the longitudinal study provided a greater understanding of 

disease progression than examination of the raw data alone; 

5) The use of the Functional Mobility Scale has not been previously used in paediatric 

CMT and was shown to have good utility. This scale is not exclusive to cerebral palsy 

and could be utilised more widely in other populations where mobility is limited; 

6) Finally, the falls protocol utilised in this thesis is the first to prospectively measure 

falls and their consequences in children with a physical disability within the context 

of what is typical of childhood and adolescence. 
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10.5 Strengths  

There were several strengths to the studies contained within this thesis. The overall research 

questions were derived from the thesis author’s clinical experience in a paediatric 

neuromuscular disorders clinic at a large tertiary paediatric hospital. The research studies 

utilised valid and reliable assessments in paediatric and/or CMT populations that 

demonstrated significant differences between the CMT and TD groups. The research 

clinicians undertaking the assessments were trained and experienced in the use of the main 

outcome measures. Valuable insight was gained of the children’s own experience and 

perception of physical exertion and the limitations of their disease with the use of the OMNI 

walk/run and the Walk-12. The novel paediatric falls study was developed in accordance 

with the well-established PROFANE falls protocol (Lamb et al., 2005) and established that 

whilst falls in early childhood are part of typical development, falls beyond the age of 7 years 

are infrequent. 

The findings from these studies are likely to be generalizable to other paediatric CMT 

populations. The two groups of children recruited for the studies in this thesis included a 

wide age range (4-18 years) and approximately equal gender balance across both study 

groups, reflecting the typical distribution of age and gender of children attending 

neuromuscular clinics. The CMT subtypes within the groups were reflective of the 

heterogeneity and prevalence worldwide (Cornett et al., 2016). Two separate cohorts of 

children and adolescents with CMT were recruited from two centres in Melbourne and 

Sydney, which are the two largest population regions in Australia. Age- and gender-matched 

typically developing controls enabled gait dysfunction, functional ambulation, falls and 

physical activity in children with CMT to be situated within the context of what is typical for 

their age and stage of development.  
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10.6 Limitations 

Studies in a rare disease such as CMT may be limited in the power to detect differences 

between subtypes due to phenotypic heterogeneity and small sample sizes. The studies in 

this thesis were unable to demonstrate differences between CMT sub-types for gait and 

functional ambulation. The use of the validated CMTPedS provided a composite score of 

disease severity in these studies and recent publications from the developers of the CMTPedS 

enables interpretation of this outcome measure (Cornett et al., 2017; Cornett et al., 2016). 

Cornett et al. (2017) have suggested that disease severity be divided by CMTPedS score into 

mild (0-14), moderate (15-29) and severe (30-44). Future studies might provide greater clarity 

and demonstrate differences if stratified by disease severity rather than CMT subtype. 

Additionally, the longitudinal study of 12 months was a relatively short period in a slowly 

progressive disorder. Differences in gait between subtypes may have been observed with a 

longer follow-up period similar to other paediatric CMT studies (Cornett et al., 2017). 

Limitations in some of the outcome measures utilised also should be acknowledged. 

Measurement of gait in these studies was restricted to spatio-temporal data therefore limiting 

interpretation of gait dysfunction, as there were no assessments of gait in terms of kinematics, 

kinetics or energy expenditure. Whilst the GAITRite® is a valid and reliable measure of gait, 

base of support data has previously been shown to be less reliable in both adults and TD 

children due to high variability (Lythgo et al., 2009; Menz et al., 2004; Thorpe et al., 2005). 

Additionally, footwear was not standardised for the gait assessments as the study was 

purposely designed to reflect what children were typically or usually wearing in everyday life. 

The utilisation of the footwear assessment score enabled the footwear to be characterised 

and grouped accordingly, and the provision of a guide to suitable footwear ensured families 

brought suitable pairs of shoes to the assessments. 
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Data collection method in both the falls and physical activity studies had inherent limitations. 

Under-reporting of injurious falls and the effect of footwear was likely in the falls study due 

to detailed reporting being capped at a maximum of six falls per month per child, despite 

some children falling far more frequently (Chapter 8). Details of the child or family’s prior 

knowledge of falls prevention strategies was also not assessed. Therefore, it is not known if 

the children participating were already avoiding or self-limiting their behaviours to avoid 

falls. The use of a questionnaire to obtain physical activity data is less accurate than 

instrumented methods such as accelerometry and relies on the participant’s memory and 

interpretation of the level or degree of activity. The group estimate of MVPA from the PAQ 

could not account for an individual’s amount of MVPA and was originally formulated from 

a narrower age range of children (Saint-Maurice et al., 2014).  

There were also some limitations to the sampling methods used. The CMT cohorts were 

samples of convenience from specialist clinics, therefore it is possible that the findings may 

be affected by sampling bias. That is, more severely affected children may be more likely to 

be engaged with hospital clinics and associated research. Also, the TD controls were sourced 

from non-affected siblings, staff members, family and friends of the researchers which may 

have also been a potential source of sampling bias. 

10.7 Future directions 

This thesis highlights the utility of gait as a potential functional outcome measure for use in 

clinical trials in paediatric CMT. Both gait speed and 6MWD are indicators of change over 

time and discriminate between children with more severe disease, especially when gait data 

is normalised to account for growth. Gait speed and a 6MWT can be assessed readily in the 

clinical setting and utilisation of Hof’s scaling for body size (Hof, 1996) enables data to be 
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normalised. Base of support width in gait and step-to-step gait variability were also found in 

this thesis to be sensitive indicators of disease severity and change. 

There is a need for comprehensive and evidence-based paediatric CMT healthcare service 

development. Currently, paediatric CMT best practice guidelines are under development, 

including a Delphi survey of international experts in the field covering assessment, 

monitoring and management (Yiu et al., 2017). Across Australia there are three specialist 

paediatric neuromuscular centres, which are restricted to the east coast, The Royal Children’s 

Hospital, Melbourne, Children’s Hospital Westmead, Sydney and Lady Cilento Hospital, 

Brisbane. Whilst these are major centres of the Australian population, children and 

adolescents with CMT in other areas of Australia are restricted in their access to specialised 

multi-disciplinary care. Recommendations from this thesis will contribute towards paediatric 

CMT best practice guidelines which, once completed, will be disseminated and available to 

healthcare providers throughout Australia and worldwide. 

Further research is required to gain a better understanding of footwear for children with 

CMT, especially given the range of foot postures evident, from flexible planus to rigid 

cavovarus (Burns et al., 2009b; Kennedy et al., 2018). Development of specialised footwear 

for children with CMT is likely to be challenging given the breadth of foot deformities, the 

cost of specialty footwear and the fact that children’s feet grow and change. However, there 

are characteristics of well-fitting footwear that can be accounted for in off-the-shelf 

footwear, and further research to develop and investigate the utility of well-fitting footwear 

for children with CMT and foot problems is warranted. 

The study of physical activity in children with CMT was the first to document the extent to 

which disease impacts activity levels in children. However, further empirical studies are 
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required including instrumented data collection in conjunction with a recall questionnaire to 

provide quantitative data of activity and gather knowledge of sedentary behaviours in 

paediatric CMT. Further, investigation of barriers and enablers of physical activity and 

participation in recreational and sporting activities in children with CMT is required. Studies 

of physical activity and intervention studies to improve fitness and health are occurring in 

other areas of childhood physical disability and need to be considered in paediatric CMT 

(Cleary, Taylor, Dodd, & Shields, 2017; Shields & Synnot, 2016; Shields, van den Bos, 

Buhlert-Smith, Prendergast, & Taylor, 2018) 

Very little research exists about safe and effective exercise for children with CMT with only 

one study demonstrating that progressive resistance exercise in a single muscle group is safe 

in children (Burns et al., 2017). Well-designed exercise intervention studies are required to 

investigate the effect of exercise on gait, balance and functional ambulation in children with 

CMT. Effective exercise programs for falls prevention have been undertaken in older adults 

and adults with other neurological disorders (Morris et al., 2015; Sherrington et al., 2017). 

Investigation and implementation of an exercise program that will reduce falls incidence and 

consequential injury should be a priority of healthcare funders. The benefits to the health 

and well-being of not only children with CMT, but other groups of children with physical 

impairment and balance problems are likely to be substantial. 

10.8 Conclusion 

Charcot-Marie-Tooth disease is a degenerative disease, often slowly progressive, but 

nonetheless with substantive and detrimental consequences for children and adolescents 

affected by the disease. In the context of typical development, this thesis builds on existing 

knowledge to enhance the understanding of the effect of disease on gait and functional 
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ambulation, with consideration of the environments in which children and adolescents live, 

learn and play. Knowledge of the effect of footwear on gait in all children irrespective of 

disease, is also broadened. There is currently no cure for CMT, however, clinical trials of 

disease ameliorating interventions are under development. Spatio-temporal gait assessments 

may be informative in measuring the efficacy of potential treatments for CMT. In addition, 

this thesis provides greater knowledge of the wider implications of gait dysfunction in 

children and adolescents with CMT with respect to the impact on falls incidence and physical 

activity, or more specifically, inactivity. The findings from this thesis provide a pathway for 

potentially improving clinical management of gait-related issues in paediatric CMT, through 

education regarding footwear, falls and physical activity. Future research arising from this 

thesis may include investigating the efficacy of exercise to improve gait, functional 

ambulation and conceivably the incidence of falls in children and adolescents with CMT.  
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Symptom/problem relating 
to CMT in children and 
adolescents 

ICF domain ICF code 

Distal muscle weakness Impairment – body 
function 

b730 

Muscle shortening and     
contracture in the feet and  
ankles 

Impairment – body 
structure 

s75022 – muscles of the 
foot and ankle 
s75021 – joints of the foot 
and ankle 

Foot deformity - pes cavus 
and pes planus 

Impairment – body 
structure 

s7502 

Ankle instability secondary to 
weakness 

Impairment – body 
function 

b7603 

Slower gait with foot drop and 
reduced calf propulsion 

Impairment – body 
function 

b770 

Reduced physical endurance Impairment – body 
function 

b455 

Problems with walking over 
short and longer distances 

Activity limitation d4500 – short distances 
d4501 – longer distances 

Problems with walking in 
different environments  
including indoors and     
outdoors 

Activity limitation d4600 – within the home 
d4601 – within buildings 
other than home, e.g. 
School 
d4602 – outside of the 
home and other buildings, 
e.g. public and community 
spaces 

Problems with balance,    
frequent trips and falls    
including standing balance, 
walking on different surfaces 
and around obstacles 

Activity limitation d415 – standing balance 
d4502 – different surfaces 
d4503 – around obstacles 

Problems with running,  
jumping and stairs/kerbs 

Activity limitation d4552 – running 
d4553 – jumping 
d4551 – stairs/kerbs 

Reduced participation in 
sports that involve running 
and jumping, including    
recreational and leisure    
activities 

Participation restriction d920 – recreational and 
leisure activities 

Footwear and foot/ankle 
orthotics 

Environmental factors e1150 

Walking surfaces and change 
in levels - stairs and kerbs 

Environmental factors e210 – walking surfaces 
e150 – stairs and kerbs 

Home, school and    
community environments 

Environmental factors e155 – home (private 
buildings) 
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e150 – school and 
community (public 
buildings) 

Requirement for gait aides and 
mobility devices 

Environmental factors e1201 

 

International Classification of Functioning, Disability and Health (ICF) online brower, 

http://apps.who.int/classifications/icfbrowser/
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Illustrations credit to Bill Reid, The Royal Children’s Hospital Creative Studios  
Permission to reprint granted by Prof. Kerr Graham 
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Walk-12 
Instructions: 
 
These questions ask about limitations to your walking due to your disease during 
the past 2 weeks. 
 
For each statement please circle the one number that best describes your degree of 
limitation. 
 
Please answer all questions even if some seem rather similar to others, or seem 
irrelevant to you. 
 
We would like to know how you feel about these questions but if you need help 
from your parent or an adult it is ok to ask. 
 
If your parent or another adult helped you fill in this questionnaire please tick the 

box “I had help ☺”. 
 

If you have any concerns about these questions or how they make you feel, please 

let your parent and / or the physiotherapist who is doing your assessment know. 

Adapted from Graham, R. C., & Hughes, R. A. C. (2006). Clinimetric properties of a 

walking scale in peripheral neuropathy. Journal of Neurology, Neurosurgery & Psychiatry, 77(8), 

977-979.  
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Study ID: 
 

Date: I had help ☺ 

In the past 2 weeks how 
much has your 
disease… 

Not at all A little  Moderately Quite a bit Extremely 

Limited your ability to 
walk? 

1 2 3 4 5 

Limited your ability to 
run? 

1 2 3 4 5 

Limited your ability to 
climb up or down stairs? 

1 2 3 4 5 

Made standing when 
doing things more 
difficult? 

1 2 3 4 5 

Limited your balance 
when standing or 
walking? 

1 2 3 4 5 

Limited how far you are 
able to walk? 

1 2 3 4 5 

Increased the effort 
needed for you to walk? 

1 2 3 4 5 

Made it necessary for 
you to use support 
when walking indoors, 
eg using a stick or a 
frame etc? 

1 2 3 4 5 

Made it necessary for 
you to use support 
when walking outdoors, 
eg using a stick or a 
frame etc? 

1 2 3 4 5 

Slowed down your 
walking? 

1 2 3 4 5 

Affected how smoothly 
you walk? 

1 2 3 4 5 

Made you concentrate 
on your walking? 

1 2 3 4 5 
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Equation 4 

Equation to transform Walk-12 score 

Transformed Walk-12 score = (Walk-12 raw score – 12)*100/48 

Holland, A., O'Connor, R. J., Thompson, A. J., Playford, E. D., Hobart, J. C. (2006). 

Talking the talk on walking the walk: a 12-item generic walking scale suitable for 

neurological conditions? Journal of Neurology, 253(12), 1594-1602 
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Coding of walk trials into minute epochs was completed by two of the study investigators (RK 

and KC) for each 6MWT. The time stamp of each walk trial indicated the time of the first foot 

contact with the mat. 

Due to an idiosyncrasy of the GAITRite™ software which we could not explain, the time stamp 

of the first walk was consistently within 7-10 seconds of the second walk trial. This was not 

possible and the time difference between subsequent walk trials was in keeping with the expected 

lap times. Therefore, we took the final walk time stamp and worked backwards to allocate each 

walk trial into a minute epoch. 

When there were either 12 or 18 walk trials it was simple to allocate 2 or 3 walk trials per minute 

epoch. However most of the tests were not as straight forward. The example below (Table 1 and 

Figure 1) demonstrates how walk trials were allocated to an epoch. When it was apparent that 

there was only one walk trial in an epoch, this this case walk trial number 7, a review of the gait 

speed determined that the participant had been slowing in the lead up to minute 4. 

Table 1 Example of one participant’s 6MWT. Only one walk trial was allocated to the minute 4 epoch 

(circled) based on the time stamps of the walks. 

Walk trial Time stamp Minute epoch Gait speed 

6MWT 1 11:16:25 AM 1 158.6 

6MWT 2 11:16:33 AM 1 138.2 

6MWT 3 11:17:04 AM 2 146.9 

6MWT 4 11:17:36 AM 2 129.8 

6MWT 5 11:18:10 AM 3 117.6 

6MWT 6 11:18:48 AM 3 129.4 

6MWT 7 11:19:26 AM 4 128.4 

6MWT 8 11:20:00 AM 5 143.7 

6MWT 9 11:20:36 AM 5 109 

6MWT 10 11:21:10 AM 6 140.4 

6MWT 11 11:21:43 AM 6 131.6 

 



Appendix H: Coding of six-minute walk test minute epochs from 

GAITRite® data. 

260 

 

Figure 1 Gait speed throughout the 6MWT from the data in Table 1. Review of the gait speed showed 

that the participant was slowing in minute epochs 3 (Walk 5 and 6) and 4 (Walk 7). 
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Data to support Figure 8-1: Frequency of falls: mechanism, surface type, time of day and location of 

falls detailed in the fall of the day questionnaire (FODQ) for 216 CMT falls and 26 typically 

developing (TD) falls 

Mechanism of fall CMT TD 

Tripped 112 19 
Legs gave way 50 1 
Slipped 8 3 
Overbalanced 25 2 
Other 21  1 
rolled ankle  13 - 
other 8 - 

Total 216 26 

   

Surface type CMT TD 

Inside on a flat surface 75 9 
Outside on a flat surface 47 2 
Outside on an uneven surface 54 7 
Walking upstairs 9 2 
Walking downstairs 11 1 
Up/down a kerb/gutter 8 2 
Playground 7 3 
Other 4 - 
Not reported 1 - 

Total 216 26 

   

Time of day of fall CMT TD 

Morning 67 9 
Afternoon 95 12 
Evening 54 5 

Total 216 26 

   

Location of fall CMT TD 

Home 86 11 
School 66 13 
Community 64 2 

Total 216 26 
CMT – Charcot-Marie-Tooth disease; TD – typically developing 
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