FOOT POSTURE IN NEUROMUSCULAR DISEASE:
DEVELOPMENT AND EVALUATIONOF A
NOVEL METHOD FOR QUANTIFYING CHANGE IN FOOT
POSTURE USING CHARCOT-MARIE-TOOTH DISEASE AS
A CLINICAL MODEL

A, C. REDMOND

DOCTOR OF PHILOSOPHY
2004
UNIVERSITY OF SYDNEY



The University of Sydney
Copyright in relation to this thesis*

Under the Copyright Act 1968 (several provision of which are
referred to below), this thesis must be used only under the
normal conditions of scholarly fair dealing for the purposes of
research, criticism or review. In particular no results or
conclusions should be extracted from it, nor should it be copied
or closely paraphrased in whole or in part without the written
consent of the author. Proper written acknowledgement should
be made for any assistance obtained from this thesis.

Under Section 35(2) of the Copyright Act 1968 ‘the author of
a literary, dramatic, musical or artistic work is the owner of
any copyright subsisting in the work'. By virtue of Section 32(1)
copyright ‘subsists in an original literary, dramatic, musical or
artistic work that is unpublished’ and of which the author was
anAustralian citizen, an Australian protected person or a person
resident in Australia.

The Act, by Section 36(1) provides: ‘Subject to this Act, the
copyright in a literary, dramatic, musical or artistic work is
infringed by a person who, not being the owner of the copyright
and without the licence of the owner of the copyright, does in
Australia, or authorises the doing in Australia of, any act
comprised in the copyright'.

Section 31(1)(a)(i) provides that copyright includes the exclusive
right to‘reproduce the work in a material form'.Thus, copyright
is infringed by a person who, not being the owner of the
copyright, reproduces or authorises the reproduction of a work,
or of more than a reasonable part of the work, in a material
form, unless the reproduction is a 'fair dealing' with the work
‘for the purpose of research or study' as further defined in
Sections 40 and 4| of the Act.

Section 51(2) provides that "Where a manuscript, or a copy, of
a thesis or other similar literary work that has not been
published is kept in a library of a university or other similar
institution or in an archives, the copyright in the thesis or other
work is not infringed by the making of a copy of the thesis or
other work by or on behalf of the officer in charge of the
library or archives if the copy is supplied to a person who
satisfies an authorized officer of the library or archives that he
requires the copy for the purpose of research or study'.

*Thesis' includes 'treatise’, dissertation' and other similar
productions.

RARE BooKs g



Foot posture in neuromuscular disease: development and
evaluation of a novel method for quantifying change in foot
posture using Charcot-Marie-Tooth disease as a clinical
model.

A.C. Redmond

Submitted in fulfilment of the requirements
for the degree of Doctor of Philosophy (Medicine)

2004

Department of Paediatrics and Child Health
Faculty of Medicine

University of Sydney



Publications arising from work undertaken during the preparation of this thesis.

Book chapters

The sections of Chapter 2 covering the physical manifestations of CMT in the lower
limb, and the effectiveness of the various treatment approaches, have been published
in two co-authored book chapters on CMT:

Chance P., Escolar D., Redmond A.C., Ouvrier R.A. Charcot-Marie-Tooth Discase.
in Darras, B, and Jones, R.H..(eds) Neuromuscular Disorders in Infancy, Childhood
and Adolescence. (Butterworth Heinemann, 2002) ISBN 0750671904.

Ouvrier RA, Ryan M, Redmond A. Treatment of Peripheral Neuropathies.
In:Treatment in Pediatric Neurological Disorders. Ed by: Singer H, Kossoff E,
Hartman A, Crawford T., Marcel Dekker, New York (In Press).

The candidate hereby declares the original and primary authorship of all such lower
limb related material published in these co-authored book chapters.

Conference proceedings
Preliminary data have been published as:

Redmond A.C., Ouvrier, RA.; The secondary manifestations of Charcot-Marie-Tooth
disease (CMT) and their effect on health related quality of life. Meeting of the
Peripheral Nerve Society, July 26-30, Banff, Canada; Journal of the Peripheral
Nervous System 2003: Vol 8; (81), pp 53

Redmond, A., Burns, J. Ouvrier, R.A. Crosbie. J., Peat, J. An initial appraisal of the
validity of a criterion based, observational clinical rating system for foot posture.
“Static and dynamic classification of the foot” Meeting, 19"-20" May 2000,
Annapolis, Maryland. Proceedings published in Journal of Orthopedic and Sports
Physical Therapy 2001;31 (3) 160

Evans, A., Copper, A., Scharfbillig, R., Redmond, A.C,, Scutter, S., Williams, M.,
Sheppard, L. Reliability of the foot posture index and traditional measures of foot
postion. Proceedings of the 19™ Australasian Podiatry Conference - From theory to
evidence to practice. Canberra 2001. Australian Podiatry Council, 2001.

The candidate declares the collaborative nature of these publications but also declares
that all results presented within this thesis are the product of his own independent
analyses.

The candidate also contributed to:

Scharfbillig R., Evans AM., Copper A., Williams M., Scutter S., Iasiello,H., Redmond
AC. Criterion Validation of Four Criteria of the Foot Posture Index . Journal of the
American Podiatric Medical Association 2004;94 31-38.



ACKNOWLEDGEMENTS

There are many people who contributed to this project. In particular I would like to thank:
My supervising team:
Professor Robert Ouvrier, Petre Foundation Professor of Paediatric Neurology
Associate Professor Jack Crosbie, Department of Physiotherapy
Associate Professor Jenny Peat, Department of Paediatrics and Child Health

For assistance with funding:
The CMT Association of the US, for the Moore Fellowship 2001.
The Podiatrist’s Registration Board, New South Wales, Education and Research
Account.
The Australian Podiatry Education and Research Fund of the Australian Podiatry
Council.
The University of Sydney, Postgraduate Research Support Scheme.

For their practical assistance with the various experimental stages:
The CMT Association of Australia for their assistance with the survey and throughout
the latter stages.
The University of Leeds, Rheumatology and Rehabilitation Research Unit,
Bioengineering Division for accommodating me within the unit as a visiting
researcher, and in particular Dr Jim Woodburn for his assistance with the technical
aspects of Chapter Six.
The University of Western Sydney, School of Exercise and Health Sciences, and in
particular Josh Burns and Liz Barr for their unfailing support during the experiments
detailed in chapters four, five and six.
The University of South Australia, and specifically Angela Evans, Rolf Scharfbillig,
Alex Copper and Alison Dalli for their contribution to the reliability studies.
The University of Sydney/Concord Hospital and Dr Garth Nicholson and Dr Kathy
Refshauge for their input into the Moore Fellowship application and the clinical trial
detailed in Chapter Seven.

Other acknowledgments are also made gratefully to The University of Huddersfield, Latrobe
University and to all the clinical staff who input at various stages of the development of the
new measure.

All studies were approved as appropriate to the experimental site by the Human Research
Ethics Committees of:

The University of Sydney

The Children’s Hospital at Westmead

The University of Western Sydney

The University of South Australia

Finally and personally, I would like to thank those close to me who helped me through the
PhD process. Great thanks are due to my wife Anne-Maree for her unstinting love and
support, and also to Lowri and Nia for coping with me during the tense times. Lastly, in
addition to acknowledging his supervisory role formally, I would also like to state my deep
personal gratitude to Professor Robert Quvrier. His wisdom, and the inspirational role model
he has provided reached far beyond the PhD process.

i



ABBREVIATIONS USED IN THIS THESIS

95%CI Ninety five percent confidence interval
AFO Ankle-foot orthoses

AJC Ankle joint complex

DSD/DSS Dejerine Sottas Disease/Syndrome

CMAP Compound muscle action potential

CMC Coefficient of multiple correlation

CMT Charcot-Marie-Tooth (disease)

CMTAA The Charcot-Marie-Tooth Association of Australia
EMT Electro magnetic motion tracking

FFO Functional foot orthosis

FHSQ Bennett’s Foot Health Status Questionnaire
HL Heel lift

HMSN Hereditary Motor Sensory Neuropathy
HRQoL Health Related Quality of Life

HS Heel strike

1CC Intraclass correlation coefficient

ICS Joint coordinate system

MCU Motion capture unit

MNCV/NCV Motor nerve conduction velocity / nerve conduction velocity
MT]J Midtarsal joint

MTP Metatarsophalangeal (joint)

MS Midstance

NCSP Neutral calcaneal stance position

NwWB Non-weightbearing

OR Odds ratio

PMP22 Peripheral myelin protein 22

RCSP Resting calcaneal stance position

RMS (error) The Root Mean Square (of the error)

ROM Range of motion

SD Standard deviation

SEM Standard Error of the Measure

SF-36 The Medical OQutcomes Survey Short Form-36 item questionnaire
STJ Subtalar joint

TO Toe off

VAS Visual analogue scale

WB Weightbearing

iv



ABSTRACT

This thesis has two main research aims. The first is to describe the prevalence and
scope of leg and foot problems in the most common form of peripheral neuropathy
Charcot-Marie-Tooth disease. The second is to identify, develop and validate a

- method by which structural changes occurring in the lower leg and foot of people with
CMT can be quantified in the clinical setting.

A survey of more than 300 people with CMT is presented, which confirmed the high
prevalence of foot pathology in the CMT population and provided an insight into the
clinical sequelae. The impact of CMT on health related quality of life appears to lie in
the mid range for similar chronic diseases. The impact of disease was predicted
significantly by severity of leg muscle weakness, and was discase impact was
manifest in both the physical and mental health dimensions. Leg muscle cramps were
highly prevalent in this sample and also contributed to impaired HRQoL. Footwear is
a significant problem for people with CMT, and footwear issucs were markedly
greater for women than for men. Self-reported structural change in foot structure
mirrored the anecdotal literature with a preponderance of CMT feet reported as being
high arched.

An extensive review of the literature informed the development of a novel clinical
instrument for assessing foot structure, the Foot Posture Index (FPI). In three samples
covering carly childhood through to adulthood the FPI proved adequately reliable
(ICCs 0.89 to 0.57, Measurement error 1.13 to 1.26 units), and was more reliable
when used by an experienced clinician in a later CMT sample (1ICC=0.97).
Concurrent validation against the best available motion analysis solutions
demonstrated that the FPI estimates some 64% of true variation in static foot posture,
and some 41% of true variance in dynamic function.

The FPI has met with a positive response from the foot health and gait analysis
communities and has been rapidly assimilated into the clinical and research
communities. The availability of a quick and easy tool that can quantify foot posture
presents opportunities for better evaluating foot deformitics and treatments in the

future.
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CHAPTER ONE. INTRODUCTION AND BACKGROUND

Chapter overview

Structural foot pathology is so jprevalent in people with neuromuscular disease as 10 be
considered almost universal ©°, and even in the general population the point prevalence of
foot related morbidity is some 57% ! much of which is of structural or functional origin 3
Despite the high prevalence of foot pathology, there exists at present no widely accepted or
adequately validated method for quantifying variation in foot posture in the clinical setting®.
The continued absence of an acceptable method presents a barrier to clinical assessment, and
to the development and evaluation of treatments.

In this thesis a novel method for assessing foot posture is described, and its validation in the
general population and its specific application to the foot in inherited peripheral neuropathy
is detailed.

1.1 INTRODUCTION

The inherited neuromuscular diseases as a group affect approximately 1 in 1000 people in the
developed world, and the most common inherited neuromuscular disease, Charcot-Marie-
Tooth disease (CMT), affects approximately 1 in 3000 people 7 Over the last 20 years, the
molecular biology and the genetic basis for a range of neuromuscular diseases have become
much better understood. The understanding of the physical effects of these disorders is
however, still limited. Many of the treatments aimed at addressing the physical changes
associated with neuromuscular diseases have changed little in the past 50 years, although not
because of any particular success with existing treatment approaches, and consequently many
current treatments remain controversial. Generally, the efficacy of the current treatments has
not been evaluated thoroughly. Foot deformities, and their relationship with the inherited
peripheral neuropathies are reviewed in depth in Chapter Two.

It is somewhat ironic that while disorders such as CMT have become relatively well
understood at the celtular level, basic cardinal data describing the epidemiology of its
associated clinical features are limited. Almost all of these patients have foot deformities,
including clawed toes and high arched, often painful feet. Similarly, difficulties with balance,
temperature regulation, cramps, and so on are reported anecdotally as common, but how

common has not been clear. This deficit in knowledge is addressed in Chapter Three with the



first large-scale survey of the secondary features of CMT and their effects on Health Related
Quality of Life (HRQoL).

There is a broad range of conservative and surgical interventions encountered in the clinical
setting, but while a number of surgical series exist in the literature, no quality prospective
randomised trials have yet been conducted. Almost no data exist for the efficacy of
conservative therapies and the range of treatments in use currently suggests that there is little
agreement in the field, a likely consequence of the lack of supporting evidence. Anecdotal
reports from patients also suggest variable levels of satisfaction with the treatments currently
in use, although in the absence of good data it is difficult to examine this further. With
mainstream treatments of variable efficacy, patients report adjunct use of a range of self-
administered conservative and alternative therapies, although again, there were no data
describing how widespread is the use of these home remedies, nor any indication of their

effectiveness. These issues are also examined in Chapter Three.

Good data on the efficacy of interventions for foot pathology is rare in all fields, and the
existing concerns are by no means confined to neuromuscular diseases. The complex nature
of the human foot, and the difficulties associated with its accurate and objective measurement,
have long been barriers to the evaluation of foot pathology in clinical studies. In recent years,
organizations such as the Research Council of the American Orthopaedic Foot and Ankle
Society have highlighted as a priority, the need for better measures of foot pathology 8 The
Foot and Ankle Special Interest Group of the American Physical Therapy Association
published in 2001, a consensus statement identifying priorities for foot outcomes research.
The statement identified precisely some of the main characteristics which are felt by experts
in the field to be necessary for better evaluating foot posture in the clinical setting’. Key
points included in the consensus statement were:

1. The foot is a complex structure, and classification systems should be reflective of this
complexity.

2. Both dynamic and static methods of describing foot function have identifiable
strengths, and both methods have shortcomings that cannot be resolved given the
limitations of current technology.

3. Some means of standardization of approaches is desirable.

4. Where possible, the description of foot structure and function should be based on

continuous measures rather than grouping into distinct ‘foot type ' categories.



5. Multifactorial variations in structure and function must be recognised and
incorporated into assessment. Measures need to reflect the complexity of the
interrelationships occurring within the leg and foot.

6. The development of valid and reliable functional assessment tools should be a

priority.

Ciearly, foot pathology exists throughout the population at large and so problems with clinical
evaluation of foot type, and the novel solution proposed in this thesis, have potential
significance beyond any specific application in CMT.

Extreme foot types (such as pes planus and pes cavus) are usually recognised quite readily by
clinicians, but subjective foot evaluations are often relatively unsophisticated and result in
empiric, dichotomous clinical classifications, not well suited to the thorough evaluation of
treatments. Objective, technology-driven solutions have gone some way towards improving
the evaluations of foot pathology and related interventions in the laboratory setting, but such
systems are not available to the average clinician. High quality, objective analyses are also
extremely costly and time consuming to use, leading to concerns over the cost-effectiveness
and appropriateness of such technological approaches in clinical decision making. Attempts in
the clinical setting, using compromise clinical evaluations to quantify the degree of deformity
at initial assessment, or to quantify its progress over time, have generally proven unreliable
and inaccurate ',

It is clear that for evaluations of therapies for the foot and ankle to improve, suitable new

measures for quantifying the structure and function of the foot must be found.

1.2 AIMS
The aims of individual component parts of the study are presented as appropriate in cach

chapter, there were however, two over-arching aims for this thesis.

1. To obtain comprehensive descriptive data relating to the common physical
problems encountered in patients with CMT, with an emphasis on those problems
associated with the lower limb and foot.

2. To develop and validate a tool for better assessing baseline foot deformity and

evaluating existing treatments.
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In this thesis, a novel method is proposed for quantifying standing foot posture in the clinical
setting. The new measure produces an index value without units, which describes the standing
foot posture in various anatomical segments and planes. It has been named the Foot Posture
Index (FPI). The solution derives from a growing consensus in the literature regarding the

891517 the candidate’s sixteen years

future direction of foot evaluation in the clinical setting
of experience in the field, and considerable reading. The desirable characteristics are
presented and discussed and the basis for the derivation of the measure presented in detail.
The validation process is described in terms of a rigorous biomechanical experimental phase
and illustration of the clinical application of the measure. Finally the context for its
application in the evaluation of CMT is provided, and the utility of the new measure in the

clinical setting is evaluated.

1.3 RESEARCH QUESTIONS

Research questions explored in this thesis:
i. What is the current state of knowledge regarding the effects of CMT on the lower limb

and foot?

ii. .What are the effects of CMT on sufferers’ general HRQoL, and on the health status of
the lower limb?

iii. What are the shortcomings of existing measures of foot and ankle posture and
function?

iv. What are the desirable characteristics of a clinical measure of foot and ankle
pathology?

v. Can a non-technological, low-cost clinical tool provide data of adequate validity and
reliability for use in clinical practice?

vi. Can the new measure be used to evaluate the foot deformity of this group of people in

a clinical trial context?

This study focuses on people with CMT because the incidence of foot pathology in this group
is higher than for almost any other clinical population ?. In this group of patients, the
development of a new tool to quantify foot posture has the potential to make the greatest
immediate impact. The applicability of this study is more far-reaching however and the new

measure may be suitable for measuring change in foot posture associated with other
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neurological or musculoskeletal disorders, or to quantify variations in the general population.
Quantitative evaluation of foot posture has been so problematic in the past that most objective
studies of lower limb function have ignored the intricacies of foot function, simply modelling
the foot as a single rigid segment 18 This approach is justified on the basis of reducing error
in these studies, but does little to provide data on the development of the distinct foot types
seen in practice. Studies focussing on the foot have attempted to quantify accurately, specific
aspects of foot function, but are usually plagued by poor reliability and poor validity 101312 15-
5 If the measure proposed in this thesis proves useful, and its validity is confirmed in wider
use, there is some potential for improving the evaluation of foot postures in the clinical
setting. This would result in better clinical assessments, but importantly, improved

cvaluations of treatment, and better data on the suitability of the myriad treatments currently

employed.

1.4 METHODS
The methods employed in a complex thesis such as this are necessarily varied, and are

therefore considered independently in each chapter.

Chapter Two
The background to the problem was developed in detail from the existing literature. Current
limitations in the understanding of the lower limb features of neuromuscular discase were

examined, and existing suggestions for methods to address these deficits were appraised.

Chapter Three

The widespread physical manifestations of the most common inherited neuromuscular disease
were identified in a large national survey of 324 adults and children with CMT, conducted in
conjunction with the CMT Association of Australia. The survey employed the Medical
Outcomes Survey “SF-36" *°, a well-validated general measure of HRQoL, and also

» 27 along with a series of CMT

employed Bennett’s “Foot Health Status Questionnaire
specific questions to further investigate the impact of CMT on the lower limb. The FHSQ
responses provided for the first time, high-quality comparative data on the specific
manifestations of CMT in the foot, allowing comparison with a normal population, and
highlighting the key areas of concern in the CMT community. A CMT specific section

provided an insight into the effects of CMT on the lower limb, and the treatments tried and

12



preferred by patients. This data is a valuable source of empiric, descriptive information about

the effects of, and management of CMT in the lower limb.

Chapter Four
An alternative method for assessing foot posture was derived from a wide-ranging review of
the literature. The construction process is detailed, highlighting the interaction between the

component parts, and the selection of component measures.

Chapter Five

The feasibility and applicability of the approach was assessed in a small pilot study. The pilot
study examined issues such as the empiric reliability of the composite measure, ease of use,
and the clinical utility. A small group of practitioners used the first draft of the developmental
measure and the consistency of the responses was evaluated empirically. The test-group also
evaluated, via questionnaire, the ease of use, ease of understanding, and usefulness of each of
the components.

Aspects of the validity and internal component reliability were explored in a study
benchmarking the new measure against an existing clinical measure, prior to finalisation of
the component criteria. In a moderately large sample (N=131), concurrent measures were
taken using the FPI and a second clinical measure (Rose’s valgus index). Ordinal regressions
were then used to calculate the coefficients of determination for the FPI in relation to the
valgus index. This stage of the study program also investigated the validity of the component
measures of the FPI, and its internal reliability.

The inter-rater, and intra-rater reliability of the measure was explored in three clinical
populations, preschool children, older children and adults (N=89). Either three or four raters
measured both limbs of three samples of participants on two separate occasions. Intra class
correlation coefficients, measurement error, and mean-difference plots are used to describe

the reliability of the measure.

Chapter Six

The concurrent validity of the measure was investigated against a bespoke, three-dimensional
software reconstruction of the static position of the lower limb. The development of the three-
dimensional modelling protocol is outlined, and issues in developing benchmark measures are
discussed. The concurrent validity was evaluated further against a more sophisticated static

model, and an advanced dynamic evaluation of gait. This experiment was also able to provide,
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as far as possible, ‘gold-standard’ data against which the concurrent validity of the FPI is
assessed. The internal (inter-item) reliability, the construct validity, sensitivity and specificity

were explored in detail.

Chapter Seven

A preliminary trial evaluating the effects of night splinting allowed the use of the FPI in a
sfmilar context to that in which it may be employed in future. The pilot clinical trial was
undertaken ostensibly to evaluate the utility of the new instrument in a clinical setting but also

contributes preliminary data on one of the more widely used therapies.

The process of validation described in this thesis is more thorough than that undertaken
previously for any other measure of foot posture. The process highlighted some limitations
with the FPI, and indeed some limitations in what currently pass for industry-standards. The
thesis addresses the key issues of the validation process, but further work will be required to
complete the picture. Notably, the reliability of the FPI requires further investigation in each
specific population in which the FPT might be applied. As technology permits, and better
gold-standards become available, it may also become appropriate to re-visit some of the
concurrent validity experiments. Some of the data reported in Chapters Five and Six are less
conclusive than would be desired, although the methods tested the boundaries of existing
technology, and therefore the results must be considered reflective of the current state of the
art. The survey described in Chapter Three was a joint venture between the candidate and the
CMT Association of Australia (CMTAA), and the survey design process necessarily reflected
compromise between the candidate and the day-to-day activities of the Association.
Nevertheless, only well-validated and widely-used surveys were employed for data to be
subjected to inferential, comparative analysis, and these data are robust and highly
informative. Finally, it is recognised that the pilot study evaluating the FPI in a clinical trial
setting outlined in Chapter Seven, is clearly too small to be reported formally as a clinical
trial, The full-scale splinting study continues within the department, and for the purposes of
this thesis is presented only in so far that it illustrates a use for the FPI, and provides a context

for the FPI in practice.
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L5 SUMMARY
In this chapter the outline of the thesis is documented. The introduction highlights the need

for a new approach to quantifying variations on foot posture, and overviews the rigorous
process to which the new measure was subjected. The particular importance of the foot in
peripheral neuropathy has been highlighted to create a context for the thesis, and the complex
and varying methods have been outlined.

An overall introductory summary has been presented, which is intended to complement a final
section of over-arching discussion and conclusions at the end of the thesis. Where appropriate,
each of the experimental chapters includes a more restricted summary of the aims of the
specific section, together with an introduction, discussion and conclusion as they relate to that
specific section. This enables a concise discussion of the 1ssues relevant to the section at hand
without detracting from the broader thesis.

The need for a new approach to evaluating the foot and ankle has been presented and justified,
and the relevant arguments will be developed fully in later chapters. The potential impact of
the research to the patient with neuromuscular disease and the wider population has also been
highlighted. As with the aims, the overall methodologies have been described here, but
because of the many approaches employed in this wide-ranging program, details will follow
in the appropriate chapters. The general limitations are acknowledged, and again the issues
specific to the various experimental phases will be developed in each chapter as appropriate.
On the basis of this outline, the detailed exploration of the thesis will proceed in the

subsequent chapters.
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CHAPTER TWO — A REVIEW OF THE LITERATURE

Chapter overview

In this review, the literature describing the clinical features of CMT is discussed, with an
emphasis on the manifestations of CMT in the lower limb. The limitations of existing
treatments for the foot and leg in CMT are also appraised, and later in the review the range
of approaches available to the clinician and researcher for evaluating foot posture and
function are considered in detail.
The review will refer to all forms of CMT and related diseases, but will emphasise the more
common, hypertrophic forms of CMT (CMT Type 1), and, in particular, CMT TypelA.
CMTIA has been emphasised for several reasons

a) it is the most common specific form of CMT

b) the ready availability of a diagnostic genetic test for CMT1A, makes it an attractive

and confirmable clinical model for scientific study

¢) CMTIA is reported to be associated with a high incidence of foot deformity,

highlighting the relevance of this specific manifestation to the program of work.

2.1. DEFINITION OF CMT

Charcof-Marie-Tooth disease (CMT) was first described in 1855 by Virchow 8 and named
after the subsequent work of Jean-Martin Charcot and Pierre Marie in France, and Howard
Tooth in the United Kingdom in 1886 2230 A number of CMT sub-types with distinct clinical
features were identified during the 20th century. Clinical differentiation was the basis for the
seminal classifications of Dyck and Lambert who classified CMT according to its two main
phenotypic forms 3132 1n CMT Type 1, distal weakness and deformity, absent or diminished
stretch reflexes, decreased motor nerve conduction velocities and nerve hypertrophy, combine
with evidence of segmental demyelination and onion bulb formation on biopsy to create the
clinical picture. CMT Type | is commonly known as the ‘demyelinating’ form or
‘hypertrophic’ form of CMT and its commonest form, CMT1A, has now been shown to be

due to a tandem duplication of DNA at chromosome 17 (17p11.2-12) 33 34

, Of to a point
mutation of the gene for peripheral myelin protein PMP22, which lies within this region . In
CMT Type 2, the ‘axonal’ form, nerve conduction velocities are normal or only mildly
reduced, stretch reflexes are normally present and there is no nerve hypertrophy. Currently the

CMT Type 2 phenotype is known to arise from mutations on chromosomes 1,3,7 or 19 %3¢,
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The primary phenotypic classifications remain in widespread use despite advances in the

detection of genetic abnormalities. At the time of writing at least 38 genetic variations of

CMT are known (summarised in Table 2.1).

Note: In the genetic, neurological and orthopaedic literature, the terms Hereditary Motor
Sensory Neuropathy (HMSN) and CMT are often used interchangeably, despite subtle
differences in classification and definition. Debate continues over the accuracy of the
nomenclature, but for the purposes of this review the term CMT will be used unless the
literature specifically employs the term HMSN.

Table 2.1. Sub-classifications of the Charcot-Marie-Tooth syndrome.

(after Ouvrier 1996, Murakami et al 1996, Bromberg 1997, Auer-Grumbach and Strasser-Fuchs 1998, Vance et
al 2000, Chance 2001, Berkhoel 2002, and the US National Institutes of Heaith “On-line Mendelian Inbheritence

In Man” database )
Disorder Inherit Chromosomal  Pathologic Histopathologic Clinical features
(OMIM ance locus mechanism features
Number)
CMTI1A AD Chromosome 17 DNA duplication, Sheath Distal weakness, mild
{118220) 1.5Mb PMP 22 protein hypertrophy, functional impairment,
duplication at onion bulb slowing of NCVs
17p1l.2-12 formation
CMTIB AD Chromosome 1| Duffy linked, Similar to Similar to CMT1A or
(118200) 1q21-23 Myelin Protein PO CMTIA ormore  more severe (see
mutation severe Dejerine-Sottas)
CMTIC AD Chromosome LITAF missense
16p13.1-pl2.1
CMTID AR Chromosome EGRZ/KROX20
: 10g21.1—q22.1  mutation
CMTIE AD Chromosome PMP22 mutation Associated with
(118300) 17pli2 sensorineural deafness
CMTIF AR/AD Chromosome NEFL mutation Early onset, severe —
8p21 confused with
Dejerine-Sottas
syndrome
CMTI1 AR Unknown Fewer classic Early onset, similar to
onion bulbs, basal CMTIA but more
lamina bulbs complex.
more frequent.
Tomacula present.
CMTX1 X X Chromosome  Connexin 32 (gap Demyelination X linked —absence of
(302800) linked Xql3.1 junction protein and axonal male-male
AD GJIB1) mutation. degeneration. transmission. Females
NB. GJBI and PO Minimal mildly affected. Males
mutations have also  hypertrophy. more severely affected
been found in MNCVs lower than in CMTI1A.
CMT2 patients. than normal but
CMTX2 X Xp22.2 Unknown faster than Rare X linked — Only
(302801) linked CMTIA 1 family affected.
AR Females very mildly
affected.
CMTX3 X Xqg26 Unknown As for CMTX2 but 2
(302802) linked families studied
AR
CMTZA AD Chromosome 1 Kinesin family Axonal Normal NCVs, Later
(118210} 1p35-36 member gene 1B degeneration onset than CMTI1A

(KIF1B) mutation
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CMT2B AD Chromosome RAB7 missense Large and small Single kindred,
3q13-q22 fibre loss sensory features
CMT2Bl1 AR Chromosome LMNA missense Confined to a small
(605588) 1921.2-3 Moroccan pedigree
CMT2B2 AR Chromosome Unknown Confined to a small
{605589) 19gq13.3 inbred Costa Rican
pedigree
CMT2C Linked to Unknown Severe, including
(606071) Chromosome 12 respiratory failure, and
vocal weakness
CMT2D AD Chromosome GARS mutation Clinically similar to
(601472) 7pls CMT2A, spinal
atrophy
CMT2E AD Chromosome NEFL gene
(607684) 8p21 mutation
CMT2F AD Chromosome Unknown Single kindred
(606595) 7q!1-q21
CMT2G AR Chromosome GDAPI missense 3 kindreds, severe with
(607706) 8ql3-g2i.1 vocal weakness
CMT2H AR Chromosome GDAPI1 missense Pyramidal features,
(607731) 8q21.3 single Tunisian
kindred
CMT2I AD Chromosome MPZ (P0) mutation Late onset
(607677) 1g22Chromoso  GDAPI missense
me 8q21.3
CMT2]1 AR Chromosome MFPZ (P0) mutation Sensory and pupillary
(607736) 1q22 abnormalities
CMT2K AR Chromosome GDAP! missense Single Moroccan
{607831) 8q13-q21.1 kindred
CMT3 AR and Chromosome Periaxin (PRX), Hypomyelination, Clinically severe,
(145900) AD 19q13.1, PMP22, MPZ (P0),  basal lamina infantile onset, global
(Dejerine- 17p11.2, 122 EGR2 onion bulb delay, cranial and
Sottas {a number of formation. spinal nerve
Syndrome) specific allelic MNCVs <10m/s involvement. (shares
variants have common features with
been reported) severe CMTI1A
especially in the
tetrasomic
homozygous variants)
CMT4A AR - Chromosome 8  GDAP1 mutation Axonal Early and severe onset,
{214400) occ AD  ql3-q2l.1 degeneration complete distal (to
elbows and knees)
paralysis by teens.
Often non-ambulatory.
CMT4B1 AR Chromosome MTMR2 gene Congenital Clinically mild to
(601382) 1122 mutation hypomyelination,  severe, early distal
CMT4B2 AR Chromosome SBF2 mutation excessive myelin  weakness and pes
(604563) llpl5 outfolding, onion  cavus. Cranial nerve
CMT4C AR Chromosome KIAA1985 mutation bulbs, slow signs. Confined to
{601596) 5q32 NCVs. small pedigrees.
CMT4D AR Chromosome NDRG1 mutation Closed gypsy
(601455) 8q24.3 pedigree, associated
Lom type with deafness
CMT4E AR Chromosome EGR2 (Krox20
(605253} 10g21-22 mouse homolog)
mutation
CMTA4F AR Chromosome Periaxin (PRX) See CMT3 (Dejerine-
{145900) 19913 Sottas Syndrome)
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CMTS5 AD Not known. Unknown Axonal Two families,

{600631) Linkages degeneration. pyramidal features,
excluded at marked leg cramps,
Chromosome and late cnset.
1,3,7,10,17

CMT AR Chromosome GDAPI mutation Intermediate 2 Turkish families,

intermediate 8qi3-g21.1 NCVs mixed axonal and

A (608340) demyelinating

features. Fairly mild.

CMT AD Chromosome Unknown

intermediate 19p13.2-p12

B (606482)

CMT AD Chromosome Unknown 2 unrelated families

intermediate 1p335

C (608323)

CMT AD Chromosotmne MPZ (P0) mutation

intermediate 1922-q23

D (607791)

Hereditary Chromosome 17 DNA deletion (or Presence of Acute onset weakness

neuropathy 1.5Mb deletion  missense mutation)  tomaculous and sensory loss

with at 17pl11.2-12 affecting PMP 22 changes on biopsy  following nerve

liability to protein synthesis with uncompacted  trauma. Often the

pressure myelin. Mild functional deficit is

palsies slowing of temporary, returning to

(HNPP) MNCVs, but baseline levels over

(162500) conduction block  time. May be episodic.

may be present.

Roussy- Chromosome 17 PMP22 or MPZ Similar features to

Lévy 500Kb partial {P0) mutation CMT1A but with

Syndrome duplication at associated gait ataxia

(180800} 17p11.2 and and tremor. In later life

' Chromosome may suffer neuropathic

1922-923 foot ulcers.

2.2, EPIDEMIOLOGY OF CMT

The group of conditions making up the CMT phenotype represent collectively, the most

common inherited type of neuropathy, and one of the more common inherited disorders in

man. Reports of the prevalence are as high as 1:2,500 in the general population but have

shown wide variation. In one Nigerian account of hereditary neurologic disorders among

black Africans, a retrospective review of hospital records suggested that this racial group has

a prevalence of inherited neuropathy of only 0.15:100,000 ®_Other studies in the African

community *' suggest however, that the Nigerian data underestimate the prevalence.

Conversely the prevalence of 41:100,000 reported in a Norwegian population by Skre *

probably over-estimates the prevalence. The prevalence of 17:100,000 in a Welsh population

4 and 28:100,000 reported in Cantabria 7 are probably realistic.

Estimates for the proportion of Type 1 to Type 2 cases vary greatly, although the broad

consensus in the literature indicates that Type 1 represents between one-half and two-thirds of

all cases of CMT 744,
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2.3. AETIOLOGY OF CMT

2.3.1 Genetic basis of CMT Type 1 - emphasising CMT1A.

Seventy to eighty percent of cases who present with the clinical picture of CMT Type 1 will
test positive for a duplication of a specific region on chromosome 17 450 a figure which is
fairly constant for both familial and sporadic cases 4 The linkage of the genetic basis for
CMTIA to chromosome 17 was first reported in 1989 by Raeymakers et al, and Vance et al 3
3_Subsequent studies *'® confirmed this linkage and localised the mutation to a segment of
band 17p11.2-12 which codes for a protein Peripheral Myelin Protein 22 (PMP22) (see Figure
2.1). Intragenic point mutations within the PMP22 coding region can similarly result in the
same clinical presentation 3357

In homozygous (tetrasomic) offspring of two affected parents, the clinical syndrome 1s usually
particularly pronounced 5859 and has been likened to a Dejerine-Sottas type presentation 60
This concomitant increase in severity with the double duplication strongly supports the theory

6182 4 relationship demonstrated in mouse models 33636 In

of a dose-response relationship
humans the general variability in severity of the clinical presentations does result however, in
some overlap between severe heterozygotes and mild homozygotes % An under-dosing effect
of PMP22 is seen in the clinical entity of Hereditary Neuropathy with Liability to Pressure
Palsy (HNPP) where there is usually a deletion of the same 1.5Mb region found to be

duplicated in CMT1A %,

Figure 2.1. Genetic duplication in CMT1A and deletion in HNPP (after Chance 1993)
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Other forms of CMT type 1 have been shown to be associated with mutations on
Chromosome 1, coding for Myelin protein Pg (CMT1B), and more recently discovered
mutations include those on Chromosome 10 in the region coding for EGR2 /KROX20
(CMTI1D), on Chromosome 16 coding for Lipopolysaccharide-Induced Tumor Necrosis
Factor-Alpha Factor —LITAF (CMTIC), and on Chromosome & coding for neurofilament
protein, light polypeptide — NEFL (CMT1F). The remaining CMT]1 forms are recognised by
phenotypic features but have not been localised to specific loci.

Three further forms of forms of hypertrophic CMT have been linked to mutations on the X
chromosome (CMTX1,2 and 3). The dominant form (CMTX1) has been localised to a region
coding for Connexin 32 (Gap Junction Protein 1) but despite some linkage evidence the
genetic basis is not known for the other forms.

CMT type 2, the axonal form, may again be sub-classified according to a large number of
genotypic and phenotypic entities as outlined in Table 1.

CMT type 3 is commonly known as Dejerine-Sottas Syndrome (DSS), and a number of allelic
variants have been reported for Chromosomes 1, 17 and 19, leading to dysfunction in
pathways involving PMP22, Py, Periaxin and EGR2¢77°,

Finally CMT type 4 a relatively uncommon sub type has again been shown to be associated

with a range of allelic variants including Chromosomes 5,8,10,11 and 19 nn

2.3.2 Patterns of Inheritance

The most common forms of Charcot-Marie-Tooth disease are associated with an autosomal
dominant pattern of inheritance, and thus family history is important. Sporadic cases of CMT
present some further difficulty to the clinician however 7 as the variability in physical
features combines with the absence of a pattern of inheritance to cloud the clinical diagnosis.
In many cases, absence of family history can be due to minimal phenotypic expression of an
inherited genotype in the parent, however it has been suggested that de novo mutations also

4- .
0707476 and the issue of

account for a significant proportion (5-30%) of sporadic CMT cases
doubtful paternity must also be considered. Guidelines have been produced which suggest
clinical algorithms for the selection of genetic tests, and decision pathways based on clinical
findings *'. Judicious use of genetic testing is required not only to minimise the high cost of
the testing, but also because the locus for a number of CMT types remains unknown. While
some authors advocate wide ranging genetic screens ® many types of CMT remain diagnoses

of exclusion.
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233 Diagnosis of CMT - Electrophysiology

Electrodiagnostic tests used in evaluating CMT include age and temperature controlled
assessment of motor and sensory nerve conduction velocity (MNCV and SNCV), latency of
evoked response, and amplitude of compound muscle action potentials (CMAP). The tests are
described in detail in the literature and will not be reviewed extensively here. They are
important, because until the advent of genetic testing, electrophysiological tests formed the
basis for CMT classification * ™, CMT Typel is characterised by slowing of nerve
conduction velocities, usually to below 38m.s-1, ™ Decrease in MNCYV to pathological levels
usually precedes the onset of symptoms, sometimes by many years 8081 Normal adult values
for MNCV lie in the range of 45/50 to 60m.s-1, a range which is attained in the normal child
by approximately 3 years of age 3828 Gome slowing of MNCVs is also often seen in
association with axonal forms of CMT, but is less pronounced than that seen in the
hypertrophic forms, and is due to the depletion of large diameter fibres % rather than the
myelin derangement seen in CMTI1A.

CMT type 2 is typically associated with marked reduction of compound muscle action
potentials (CMAP), although CMAPs will also be reduced in long standing hypertrophic
CMT ¥ % The reduction of CMAPs in CMT type 2 is associated with axonal degeneration
alone, and the MNCVs usually remain above 38m.s-1 ",

The relationship between long-term axonal loss and disease severity in CMT type 1 as well as
in CMT?2, is receiving renewed attention, and a number of authors have recently suggested

that axonal loss may be more significant than previously thought 891

2.4. PatHOLOGY OF CMT

2.4.1 General pathology

As was outlined in the previous sections, the genetic mutations affect proteins with a variety
of functions in peripheral nerve tissue, giving rise to the specific pathologies. A brief outline
will be provided for the three most common forms of CMT, CMTIA, CMT2A and CMTXI.
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Figure 2.2 Distribution of major myelin proteins in peripheral nerve (after Roa &

Lupski 1994)

It has been proposed that PMP22 has a regulatory role in the normal development and
compaction of myelin,89 92 939% and also appears to aid the adhesion of myelin components &
% In CMT1A, PMP22 dysfunction leads to significant changes in the nerve sheath including
Schwann cell prolifc:ration31 32, and onion bulb formation © *°. The mean ratio of axon
diameter to total fibre diameter (the so called ‘g’ ratio) may be altered in CMT1A and
Dejerine-Sottas Discase P

Failed myelin compaction has been noted in HNPP patients 9 and in mouse PMP22 knock-
out models °". Peripheral myelin protein dysfunction is also implicated in the CMT1B sub-
type, in which disordered production of Myelin Protein Zero (MPZ or Po) leads to myelin
uncompaction 102:104 * A 1oss of function in the gap junction protein connexin 32, leads to the
X linked phenotype CMTX "% 1%,

In addition to the changes observed in the myelin sheath, the CMT group of disorders can also
be associated with a range of axonal changes. CMT type 2 is characterised by normal
myelination but by milder weakness associated with axonal degeneration 197 Primary axonal
degeneration characterises CMT Type 2, although it should be noted that even in the
hypertrophic forms of CMT, abnormalities in the myelin sheath will in turn, affect the
function of the axon. This is particularly so in the longer fibres in which the axonal effects are
more profound * 90108 - Over time, muscles innervated by the deficient nerves show
progressive functional and histological change 63109107 patty infiltration and moderate

atrophy are observed 19 with fibre atrophy and fibrosis 2L
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2.5. GENERAL CLINICAL PRESENTATION

The diagnosis of CMT must include consideration of the overall clinical picture because of
the incomplete relationship between the genetic/electrodiagnostic testing, and functional
deficit and symptoms 4584112116 The common clinical signs of CMT1A are given in Table

2.3.

Table 2.2. Typical clinical signs of CMT1A
(after Murakami 1996, Alvarez 1998, MacMillan 1994, Nicholson 1991, Walker

810989"1,1 Hzoﬂogendijk 1994, Thomas 1997, Shy 1999, Ouvrier 1999, Vinci 2003) ' 7
Clinical Features Comments
« Insidious onset and slowly progressive motor  in 18-30% of patients with CMT, weakness is
weakness the first presentation. Weakness is
demonstrated in 90-97% of CMT cases
e Onset in first two decades of life onset in 1st decade in 75-80% and by 2nd
decade in 94%
Tripping and lateral ankle instability in 10% this is the first presentation
Progressive pes cavus demonstrated in 80-90% of CMT cases
Gait changes —steppage or ‘marionette’ gait ~ decreased ankle dorsiflexor power leading to
Joot drop
e Calf muscle atrophy
e Calf cramps
s Autonomic changes including intolerance of
- cold and postural hypotension
¢ Hand weakness —difficulty writing or
operating zippers or buttons
¢ Impairment 1o, or loss of sensation — with or
without neuralgia
+ Essential tremor demonstrated in 10-25% of CMT cases —
(Note the overlap with the Roussy-Levy
syndrome)
¢ Diminution or absence of deep tendon demonstrated in 86-94% of cases

reflexes — Ankle jerk most affected
o Inability to heel-walk due to weakness of the ~demonstrated in 92% of cases
anterior leg muscles
Slowed nerve conduction velocity
Nerve thickening and onion bulb formation
Decreased activity
Evidence of male to male transmission in (aids in differentiating CMTI1A from CMTX)
some kindreds

While the majority of cases have their onset in the first two decades, later onset is not
unknown. Late onset cases tend to be associated with a milder phenotype and have less
slowing of the MNCVs 3 The weakness characteristic of CMT is more significant in distal
muscle groups than proximal. Weakness is also more profound in the legs and feet than in the

upper limbs, and while upper limb strength may be normal in 10-15% of affected individuals,
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some weakness in the legs is all but universal 119120 15 the upper limb, decreases in muscle
strength range from 20-40% at the shoulder to 30% at the elbow, whereas in the lower limb
the decrease in strength associated with CMT eventually, is approximately 50% at the knee
(flexion and extension) and 75% at the ankle 121

Mild sensory loss is a common finding in CMT1A although it rarely causes significant
functional impact '*>. The main impact of sensory deficit is the impairment of proprioception

and consequently of balance %,

2.5.1 Impact of CMT disease

The impact of CMT is highly variable, whether between people with the same CMT sub-type,
within kinships * *® or even within homozygous twins 13 "and the features can range from the
sub-clinical to the highly disabling. One-third of CMT1A patients have reported being unable
to run *, and more than half to have measurable impairments to normal walking "4 The self-
reported impact of the physical aspects of differing CMT types was reported in a Swedish
study of patients with CMT Type 1 and Type 2 45 More than one-third of Type 1 respondents
and slightly more than half of the CMT Type 2 group reported ‘moderate’ or ‘severe’
disability.

Only 40% of CMT sufferers are able to maintain full employment and 16% will never work
124 5 substantially higher incidence of unemployment than is found in the general population.
In one study of disability and quality of life in 50 CMT patients, CMT was reported by 58%
of the respondents to interfere with their professional capacity, and 70% indicated that their

CMT restricted leisure activities ',

2.52 Incidental features of CMT

A number of incidental clinical findings may be associated with CMT. A prevalence of
concomitant spinal deformity of approximatety 30-50% has been reported in children and

d, '¥1?7 with an incidence as

young adults with CMT 1% and hip dysplasia is widely reporte
high as 8-10% "',

In addition to the typical sensorimotor disorders, patients with CMT often report
superimposed autonomic-type changes such as intolerance to cold 13031 - Abnormal responses
to cold have been reported in more than three-quarters of CMT Type 1 patients, although both

the patterns and degree of responses are highly variable, and do not necessarily relate to the
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degree of general disease 130132 Muscle cramps, especially in the calf muscles, are a fairly
common clinical presentation, but whether such cramps are vascular in origin, or related to
other aspects of the neuromuscular disease, is not known 183

In patients with severe forms of CMT, widespread neuropathy may rarely result in serious

21 4 .
120134 by ramidal

presentations such as diaphragmatic weakness and nocturnal hypoventilation,
features, optic disturbance, intellectual impairment and incontinence 120 These signs are
likely to occur only in cases of severe and long standing disease however, and are also

unlikely to be associated with duplication confirmed CMT1A.

2.6. PRESENTATION OF CMT1A IN THE LOWER LIMB

Rarely the lower limb in CMT can present with a pes planus, although the typical lower limb
presentation in CMT is of a cavus foot type, flexible in the early stages, but becoming
increasingly severe and fixed as the disease progresses 13135136 The degree of fixation can be
determined using the lateral block test of Coleman and Chestnut 137 in which a solid block of
material is placed under the lateral forefoot. A rigid cavus fails to adapt to this weightbearing
challenge '*. It has been suggested 13138 that the pes cavus deformity seen in CMT is usually
of the “forefoot’ or ‘anterior’ type in the classification system of Samilson and Dillon 139 This
is possibly due to the dynamic nature of the initial deformity, and seems to contrast with the

more ‘posterior” or ‘global’ cavus deformity seen in some congenital conditions.

Figure 2.3. A. Anterior cavus and B. global or posterior cavus (after McCluskey 1989)
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In more advanced stages of CMT, the rearfoot may come to lie in a varus position, with the
forefoot in a flexed, valgus position secondary to plantarflexion of the first metatarsal '3 The
actiological processes leading to the formation of a cavus foot are discussed later.

The pes cavus is often associated with other secondary features including pressure lesions on
toes due to toe clawing, distal migration of the plantar fat pad with plantar calluses,
metatarsalgia, difficulty with shoe fitting, and increased weightbearing on the lateral side of
fhe foot, sometimes with associated stress fractures -3 117136 140146 The forefoot may be
adducted, and the fibula displaced posteriorly because of external rotation of the ankle and
rearfoot associated with rotation of the calcancus into varus °. The calves are usually thin due
to muscle atrophy in the lower leg 3 although adipose pseudo-hypertrophy has also been
reported in rare cases 133147 and should be considered when evaluating patients with CMT.
There is still some debate over the precise mechanism by which the cavoid foot changes
occur. Dwyer, in 1975, reviewed then current theory on the formation of the pes cavus
deformity and presented 23 hypotheses proposed between 1867 and 1953 encompassing
neurological and primary bony mechanisms 148 The modern understanding of the mechanism
was better developed and with specific application to CMT by Sabir and Lyttle in 1983 ? and
Mann and Missirian in 1989 '*°. Today, technological limitations still preclude the
development of a definitive model, so all explanatory models are hypothetical, based on
limited data. The theoretical bases for the more influential models are outlined below,
summarised with a working model derived from current consensus in the literature which can

serve for application in clinical practice.

2.6.1 Mechanisms of cavus foot changes

2.6.1.1 Mechanisms of cavus foot changes - centrifugal weakness model
In 1982, Sabir and Lyttle * suggested that the pattern of weakness was centrifugal. They

postulated that the intrinsic musculature was the first affected, and that this caused clawing of
the digits, which in turn, precipitated cavus changes through tightening of the plantar
structures. This hypothesis was initially supported by a subsequent computed tomography
(CT) study " in which the distal muscles of the foot appeared to be affected earlier than the
muscles in the leg, but has become less widely accepted recently as the compartmental model

described below seems to offer better fit to the clinical picture.
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2612  Mechanisms of cavus foot changes - compartmental weakness
model
A more compartmental pattern of denervation and muscle weakness was proposed by Mann

and Missirian in 1988 '¥.

Figure 2.4. Compartments implicated in the formation of the cavus deformity

associated with CMT.

Tibialis anterior
(weakened)

Peroneus
brevis (more
distal -
weakened)

Tibialis posterior
(relatively unaffected)

Peroneus longu
(more proximal -
relatively
unaffected) Soleus and
Gastrocnemius
(relatively unaffected)

The compartmental model proposes that anterior compartment weakness combines with
normal tibialis posterior and peroneus longus function, to produce a relative over-pull of the
postero-medial musculature, causing a consequent imbalance in the direction of inversion,
adduction and plantarflexion. The compartmental model has received support from studies
exploring cadaveric muscle weight 151 and later, cross sectional muscle area on magnetic
resonance (MR) images 152153 Using MR imaging, the relative cross sectional areas in
patients with pes cavus, when compared to normal controls, were similar to the pattern of
atrophy predicted by the model of Mann and Missirian. Specifically, the ratio of the cross
sectional area of the peroneus longus muscle to the tibialis anterior muscle was significantly

increased over normal, suggesting atrophy of tibialis anterior and dynamic overpull of the
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peroneus longus. This finding was evident in patients with CMT, in a group with other

neurogenic causes of pes cavus, and in a small group with idiopathic anterior cavus 13,

2.6.1.3  Mechanisms of cavus foot changes — modified compartmental

weakness model (all muscles affected but with varying functional

consequences)

Despite the relatively promising results in the MRI studies of multi-pathology pes cavus, a
less predictable distribution was found in a later MRI study of CMT patients 1% In this study,
fatty infiltration of muscle, and muscle atrophy in CMT was observed at mid-calf level as
well as more distally. As expected, atrophy was most profound in the lateral compartment at
the mid-calf level, but the anterior, lateral and posterior compartments were all affected in the
distal calf. The ratios of muscle cross-sectional areas were not reported in detail however, and
this precludes direct comparison with other MRI studies. Olney attempted to explain the
identifiable but obviously incomplete relationships between atrophy and clinical presentation,
proposing that even where the posterior compartments are affected along with the anterior
musculature, the relatively powerful (posterior) peroneus longus muscle will preserve more of
its function than the originally weaker (anterior) peroneus brevis. It is proposed that this
relative relationship is similar for the anterior and posterior tibial muscles also 138 There is
some confusion in the author’s presentation of the detail in this theory, as the pairs of muscles
reported by Olney as antagonists are not the antagonist pairs usually referred to in the
literature. Nevertheless, across the various studies, the compartmental dimensions appear,
broadly at least, to support a model in which some weakness occurs in all compartments, but

with more profound functional effects occurring in the antero-lateral compartments.

2.6.1.4 Shortcomings of existing models

The understanding of the mechanism by which the cavus foot develops is incomplete, and
better data in this area are needed to improve predictions of clinical changes in patients, with
better planning of treatments to counter them. Furthermore, the generalised evidence in the
literature fails to accurately reflect the individuality of the actual presentations of patients in
the clinical setting. The gap between theory and clinical presentation is well illustrated by
Stilwel et al who report in their serics of CMT patients, a visible asymmetry in muscle

dimension and degree of fatty infiltration between left and right sides in some subjects,
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despite symmetrical clinical presentations % Price et al claimed a predictable variation in
muscle atrophy on computed tomographic imaging which, it was proposed, can be used to
classify the changes according to a predominance of either common peroneal nerve or tibial
nerve involvement '*°. These two forms of atrophy should lead to either a pes cavus or pes
planus presentation respectively, two highly dissimilar foot types. Even for such a gross
distinction as this however, the differences in atrophy were small in comparison to significant
factors such as inter-subject variation, age, gender and affected side. The tibial and peroneal
classifications proposed were not evident either in the linear regressions the authors employed
in their statistical analysis, and were postulated only from the authors’ empiric observation of
residuals. While the observation of the two types is coherent with current theory, these data
cannot be considered strong supporting evidence, and serve to highlight the difficulties in

developing a coherent explanatory model substantiated by good data.

2.6.1.5  Mechanisms of cavus foot changes — a practical clinical model

For the purposes of practical application in the clinical setting, a working theoretical model of
the progress of the pathology can be derived from existing literature and is well summarised
in the reviews of Holmes et al *, Alexander and Johnson 136 Price et al 150 and Aktas and
Sussman '“2. This clinical model proposes that the weak intrinsic musculature combine with
the normal long toe flexors to cause clawing of the digits. The relatively normal peroncus
longus, inadequately opposed by its weakened antagonist, tibialis anterior, causes
plantarflexion of the first metatarsal and the anterior cavus. The strong tibialis posterior is also
inadequately opposed by the weakened peroneus brevis, which then acts with the long flexors

to adduct the forefoot (See Figure 2.5).

Over time fibrosis and contracture of the plantar structures will also contribute to an
increasingly severe and rigid position ! It is not clear whether the varus position of the

4 155
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calcaneus is a primary consequence of the tibialis posterior muscle overpul
secondary change resulting from the valgus forefoot 156 Theoretical arguments have been
advanced in support of both explanations 1136 130 byt only limited experimental data exist. The
radiographic analysis of the osseous foot changes associated with CMT reported by Aktas and
Sussman suggests that while excessive plantarflexion of the first metatarsal on the mid foot is
a universal finding, rearfoot involvement is less commeon. The finding of a consistent pattern

of forefoot deformity does tend to support indirectly, aspects of the Mann and Missirian
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muscle imbalance theory, and supports the contention that the calcaneal varus occurs

secondarily in CMT.

Figure 2.5. Relative mechanical advantage of the musculature around the ankle
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The role of muscle imbalance in the precipitation of a range of deformities about the ankle is
equally intriguing when viewed in the broader context of severe CMT and other positional
disorders. In the reports of individuals more severely affected with CMT, the more
widespread neuropathy leads not to a worsening of the typical pes cavus, but to a weakened
“flail’ foot with pes plano-valgus and little soft tissue contracture or bony change.

When muscle imbalance occurs in a pattern reversing that typically found in CMT, i.e. a
weakened postero-medial compartment, the counterpoint to the pes cavus typical of CMT is
observed. Thus in patients with preserved peroneal function, diminution or absence of tibialis
posterior function rapidly results in the development of a severe plano-valgus deformity.
Highlighting the importance of dynamic muscle imbalance in this model, Mizel et al reported
a small series of eight patients with pre-existing traumatic palsy of the antagonist peroneal
group, in whom tibialis posterior tendon transfers were performed 17 n the peroneal
deficient patients, the foot developed little or no structural change post-surgery, despite the
medial weakness brought about by the posterior tibial tendon transfer. The authors highlight

the similarity in their series to the imbalances seen in CMT, and postulate that in such
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conditions weakening of the unaffected muscle may prove of benefit to the patient. This has
not been confirmed in any clinical studies of CMT cases but makes for an interesting
observation.

Two case studies reporting the longer-term consequences of traumatic laceration to the
peroneal tendons also provide some insight into the formation of the cavus foot deformity '*®
159 In both of these cases, undiagnosed complete lacerations of the peroneus longus tendon
with involvement of peroneus brevis, resulted in a developmental cavus characterised by
inversion of the calcaneus and adduction of the forefoot but with minimal plantarflexion of
the first metatarsal, In neither case was reconstruction of the severed peroneal tendon
possible, and thus both proved resistant to correction, even with the transposition of other
tendons. Both authors again highlight the parallels with the cavus type deformities seen in
neuromuscular disease, and emphasise the importance of establishing and maintaining the
subtle balances in the musculature around the ankle.

In the cavus foot, any increasing in the varus attitude of the calcaneus will predispose the
patient to inversion instability of the ankle even in the neurologically normal population 160,
The lateral compartment weakness in CMT further exacerbates the problem of lateral ankle
instability, and ankle inversion trauma is another of the more common features of CMT in the

lower limb ',

2.6.2 The effect of CMT on gait

The structural changes are often the most striking featurc of the lower limb in CMT, however
these static changes reflect important if subtle alterations in dynamic function. The gait
pattern in the typical CMT patient is one of a high stepping gait, precipitated by failure of the
weak anterior ankle musculature to adequately dorsiflex the foot during the swing phase of
gait ' 217 139 The swing phase of this ‘marionette’ gait pattern, noted in the original paper of
Charcot and Marie %, ends with either a toe-to-heel, or foot-flat loading response 1141149
rather than the normal heel-to-toe gait. One study has quantified empirically, drop foot in
static single limb stance 17 but studies analysing in detail the gait of CMT patients are rare.
Kuruvilla et al presented in 2000, the first video based gait analysis, and report significant
differences from normal comparators '®'. Some irregular findings were noted at both proximal
and distal joints in the leg during walking. The most profound finding, as expected, is of a

significant aberration in ankle motion. The foot falls into plantarflexion through the swing

phase, and makes ground contact at the forefoot in a plantarflexed position. The video study
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confirms previous anecdotal reports that the knee exhibits greater flexion throughout the gait
cycle. This is particularly pronounced at toe-off, probably to aid in ground clearance.
However, in contrast to previous observational studies and anecdotal reports "2 hip flexion
and extension was found to be relatively normal, with greater medio-lateral sway at the hip in
the CMT group the only abnormal finding. It is not clear whether increased sway is due to a
hip abductor/adductor imbalance as part of the CMT neuropathy, is secondary to spinal

deformity, or due to a physical compensation for the foot drop.

2.7. TREATMENT OF LOWER LIMB PATHOLOGY IN CMT

In the absence of quality data to inform clinical decisions, surgical and non-surgical
treatments for the lower limb in CMT remain controversial and varied. It has been noted
previously in the preceding chapter that addressing this deficit would be aided by the

development of instruments capable of better quantifying changes associated with treatments.

2.7.1 Non-surgical treatment

A number of suitable goals have been proposed for non-surgical management of the leg and
foot in CMT. They include maintenance of function and comfort, protection of weakened

62 [
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joints, ensuring patient safety, and conservation of energy during walking
approaches, such as simple cushioning, can be readily adapted from established management
principles used in foot pathology associated with other conditions, and will often improve the
quality of life of the patient with CMT. Conversely, non-operative strategies aimed at
minimising the progression of the structural changes over the longer-term, have been reported
to be generally unsuccessful in CMT and in other neurogenic causes of pes cavus
development *° 139156163 A range of non-operative treatments including night-splints, ankle-
foot orthoses (AFOs) and other orthoses have also been suggested to be relatively
unsuccessful > ' % although there are no controlled trials evaluating these approaches

rigorously.

2.7.1.1 Strengthening

The weakness associated with the CMT disease process underpins the majority of the clinical

signs and symptoms. Strategies aimed at strengthening weakened muscles therefore represent
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an intuitive approach, and a range of strengthening regimes using both non-weightbearing and
weightbearing exercises has been proposed !, Gains in thigh muscle strength have been
reported over a 24 week training period for one randomised trial of a strengthening program
in CMT patients '* 167 An increase of 21% in the strength of the Maximurm Voluntary
Contraction (MVC) was found, but the evaluations were performed on proximal leg muscles,
those least affected by the disease process in CMT thus presenting a significant limitation to

the clinical application of the results.

2.7.1.2 Stretching

A range of dynamic and passive, weightbearing and non-weightbearing, stretching approaches
is found in the literature. The benefits of stretching the progressively contracting soft tissue

structures are intuitive, but data on the efficacy of such approaches in CMT are limited.

2.7.1.1.1 Stretching - Passive stretching exercises
Passive stretching exercises are used in a range of conditions associated with soft-tissue
contracture. There are no studies of the effect of passive stretching exercises in patients with

CMT, but this approach is widely advocated for these patients Lsalez

2.7.1:1.2 Stretching - Splinting
Night splints are widely used in a variety of conditions which present with limited joint

ranges of motion, and although patient compliance can be poor in older children, they are
considered a benign approach and are in widespread use. A small number of studies have
evaluated the efficacy of splinting in conditions such as cercbral palsy, but the effectiveness
of ankle splinting in providing long-term improvements of calf muscle flexibility in CMT is
unknown. The serial application of progressive plaster or resin casts over 3-6 weeks has been
shown repeatedly, to increase available range of motion at the ankle as a consequence of
lengthening the tendo Achilles 168169 This has not been investigated specifically in CMT, but
consistent results have been obtained in other groups such as children with cerebral palsy and
idiopathic toe-walkers 170171 Gerial casting secondary to soft-tissue surgery in CMT patients
has been proposed but not evaluated 163 While cavoid changes in many pathologies are
associated with shortening of the tendo Achilles, it is not clear whether these types of
approaches will be applicable to the treatment of foot deformity in CMT. Data from the only
radiographic study of the CMT foot to-date suggests that in the anterior-type cavus deformity
generally seen in CMT, the ankle joint is already excessively dorsiflexed, with the tendo

Achilles already either normal, or of exaggerated length 142 If this is the case, surgical and
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conservative treatments currently aimed at improving the plantigrade weightbearing position
of the foot may be better directed toward the contracted midfoot than the rearfoot and ankle /

tendo Achilles complex.

2.7.1.3 Shoe insoles and orthoses

172173
, through

The use of AFQOs during daytime walking has a rapid impact on function
p-hysical support of the drop foot during walking 1162 Worn at night as non-weightbearing
splints AFOs have been reported anecdotally to reduce contracture of tendo Achilles (TA) and
other soft-tissue | '** 16, In patients with foot deformity, the addition of a contoured inner sole
surface such as found on an in-shoe orthosis may increase patient comfort 1178172 1t has been
shown that contoured orthoses redistribute load over the plantar surface of the foot and reduce
pressure 175 and such an approach may be appropriate for patients with foot deformity. Shoe
modifications have also been described which can assist with this reduction in pressure e,
Dynamic functional approaches such as lateral forefoot wedging have been hypothesised as
being beneficial to the function of the foot, but no quality data are available to support such

assertions.

2.7.2 Surgical treatment

There is a variety of approaches available for the surgical management of foot and leg
deformitics seen in CMT. These range from the limited interventions of single tendon
transfers, to the substantial interventions of reconstruction and triple arthrodesis 133 Often the
approaches are used in combination 136176 Clearly the presence of significant, fixed deformity
will require a more aggressive approach, and the management of these feet is less
controversial. In the flexible foot however, longer-term issues influencing both the cause and
the treatment combine with the theoretical but unproven capacity to prevent or limit future
deformity, to make decisions more difficult. Soft tissue procedures which preserve joint
motion are attractive in principle because of the theoretical potential for better function post-
operatively !. The option for further, more radical surgery is also preserved should the initial
soft tissue surgery prove inadequate 138 Conversely, arthrodesis is irreversible and while
arthrodeses may produce adequate results in many cases, any approach aimed at selected joint
destruction will have some impact on subsequent function.

Arthrodesis is considered an end-stage or salvage procedure in most other conditions, but in

CMT the progressive nature of the disorder clouds the issue, and it is widely postulated that
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because of the inexorable progression of the muscle weakness seen in CMT, soft tissue
procedures are doomed to fail from the outset. Proponents of this argument contend that soft
tissue surgery provides inadequate control over the muscle imbalances, and that long-term
control over the cavus deformity in CMT is best achieved with early arthrodesis 7 To
further confuse the argument however, the few studies to have followed triple arthrodesed
patients with CMT in the longer-term, suggest that promising short-term outcomes of
arthrodesis are often followed by significant longer-term problems of surgical failure,

recurrence and compensatory degeneration of neighbouring joints 128163 178,

A compromise position suggests that staged surgery, firstly involving soft tissue releases to
minimise deformity, later followed by arthrodesis for stabilisation may, in theory at least,
result in better outcomes 128 138165 179180 7 ovitt et al reported 25 years ago, their anecdotal
experience that patients undergoing early soft tissue surgery have less severe deformity at the
time of subsequent arthrodesis 181 and this has also been reported subsequently 138182 The role
of early soft tissue surgery in delaying arthrodesis has also been advocated by other authors
128179183 hyt there is little data to support this. In the future, comparative studies employing
appropriate randomisation protocols are essential to determine the relative merits of early soft

tissue surgery and early arthrodesis.

This part of the review has focussed on the lack of consistent data for CMT; however the
confusion over definition, and the lack of outcome measures for treatments applies similarly
to most foot-related pathologies. The lack of suitable outcomes for the clinical evaluation of
foot posture and function, places significant limits on our understanding of the change process
occurring in all postural/functional foot pathologies. By extension, the implications for
evaluations of interventions directed at stopping or reversing any change are greater still. At
present, the lack of adequate outcome measures for the foot is one of the main barriers to the
development of an evidence-based approach for the assessment and treatment of disorders of

the foot and lower limb. This is the case not only in CMT but also in the general population
184
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2.8 EVALUATION OF FOOT AND LOWER LIMB DEFORMITY, AND FUNCTIONAL

IMPACT.
The definition, quantification and evaluation of the effect of treatments for foot pathologies
require evaluation of a complex musculoskeletal structure. Subjective clinical impressions can
be compelling to the experienced practitioner, but are inadequate for quality evaluations of
disease and therapy. Obtaining truly objective and criterion based measures presents greater
difficulty than might initially be anticipated, and controversies over method and approach
remain 6 185 186
Historically, the most universally accepted classifications of foot type have been based on
readily recognised and relatively extreme co-existing pathology, such as the talipes
deformities resulting in the clubfoot/ cavo-varus deformity, or pes plano-valgus secondary to
cerebral palsy. In these cases the pathology is usually accompanied by identifiable
neurological and profound histological change 187 and in the presence of such a characteristic
clinical picture, even subjective classifications have strong face validity. Such discrete
classifications (for instance, ‘clubfoot’ versus ‘normal’ or ‘pes planus’) are consequently in
widespread use.
Greater difficulty arises when there exists in clinical practice, a need for foot posture/function
evaluation that relates to more subtle variations from the ‘normal’ or ‘ideal’ foot type 187188
and for exploration of the potential for associations between the foot type and secondary
pathology and symptoms. In such situations simple, subjective, dichotomous classifications
are generally inadequate.
Ideally, clinical measures of the foot would be based on objective, accurate and valid
methods, but in practice the cost and time-consuming nature of objective studies, particularly
dynamic studies, have been found to be prohibitive for most clinicians '8 Until advances in
technology provide for a cost-effective and quick objective assessment technique, clinicians
will continue to rely on essentially subjective methods for at least the preliminary screening of
foot posture in the clinical setting.
There are many types of clinical setting where such a need exists. For example, as well as the
pressing need to evaluate progression of disease or success of therapy'® in neurogenic foot

deformities as outlined in the previous section, a wide range of foot types is seen in the

otherwise healthy population. There is some weight of evidence linking various foot types
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with secondary musculoskeletal complaints 145190209 it in the absence of objective measures
of foot posture, confirming or quantifying such links is impossible.

There is a range of existing measures of foot posture and function, including subjective and
pseudo-objective clinical methods, and technology driven, truly objective methods although

all have limitations as detailed in the subsequent sections.

2.8.1 Subjective measures of lower limb structure and function

2.8.1.1 Classification and quantification of gait and standing foot posture

As noted above, early methods of classifying foot type and foot function were usually based
on empirical observation such as the presence of the talipes deformities, or specific signs such
as the presence of a ‘flat’ arch or clawed toes. Indeed the subjective observation of dynamic
functional events during gait, an important part of any functional assessment, remains much
the same to this day '*°. This is truc even if the practitioner has access to a well-equipped gait
analysis facility for subsequent objective assessment.

Practitioners in the field have long sought to be able to quantify objectively, at least the static
foot posture, and the most profound development in this regard was first proposed by Root et
al 29211 The Root theoretical model was the first pseudo-objective attempt to quantify foot
posture and to relate this to models of dynamic function. The model has become widely
adopted among practitioners concerned with treating disorders of the foot. In practice, direct
measurement of the small anatomical segments of the foot, the underpinning premise of the
Root approach, has proved subject to large amounts of error. Unfortunately, a lack of
validation of the techniques at the time of introduction led to their widespread adoption before
these flaws were recognised. The large errors, coupled with generous clinical interpretations
of the supposedly objective results have led to a number of problems with this model, which
despite the superficial appearance of objectivity and a scientific base, remains essentially
subjective. It has taken some 10 years of consistently critical reliability and validity studies H
1415188212215 4 o onvinge the clinical professions to lessen their reliance on the pseudo-

objective results of this assessment approach.
Many of the difficulties with obtaining accurate clinical measures arise because of the

complex structure of the foot. The large numbers of bones and the interdependent nature of

many of the joint complexes means that motions often occur about composite and
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dynamically mobile axes, rather than those of the more readily visualised and constrained

joints such as the knee and elbow 216-220

Kitaoka et al reviewed more than 1000 published papers relating to interventions for foot and
ankle pathology, to identify methods used for the grading of the success of such procedures
and to determine the applicability of rating scales in reporting clinical results 184221 A range
of methods was employed, with no consensus as to the applicability, and the authors report
that the majority were used with no attempt to determine criterion or content validity, Many
measures are reported that are objective or pseudo-objective, but which have little or no
relevance to the clinical situation or are invasive, time-consuming or require expensive
equipment. Kitaoka identified features considered desirable for a rating system for foot and

ankle treatments'®* ?*!. The key features highlighted by Kitaoka et al are:

e The scale should be reproducible

e It should be comprehensive enough to reflect the complexity of the condition yet
simple enough to be user friendly

o It should include subjective and objective clinical factors graded to allow for
quantitation

o It should be sensitive enough to detect changes.

s The scale should facilitate statistical analysis.

e It should not be time consuming 1o use.

o Tt should not require sophisticated equipment such as a gait laboratory.

¢ The measures should be taken in a weightbearing posture, as joint responses to input

forces are dependent on foot loading 21,

Ideas for solutions to the inherent problems of subjective assessment are many, varied and
not all new. Kelly, as early as 1947, had recognised the inadequacy of relying on single
measures, and classified the foot using a range of some 32 measures derived from footprints
and other indicators obtained with the subject standing, sitting or semi-weightbearing 22 A
multifactorial approach to the static standing assessment of foot type was also proposed by
Cook et al, who examined the correlation between three standing measures 2 1In this study
the techniques were well described, and the study involved repeated measures on an

adequately large sample of 138. However, the reliability analysis was methodologically weak,
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employing a non-standard protocol which could not support the authors’ claim that the results
of all three techniques are highly correlated, and that the results are interchangeable.

Dahle et al, in a study of the rating of 77 subjects by three trained clinicians using a criterion
based, multifactorial rating schema, found that clinicians were able to classify foot type
reliably in the clinical setting 1% Dahle also made specific mention of the need to define and
agree on criteria, and to train the observers. Simple clinical measurement of arch height at a
number of sites was found to have high intratester reliability (ICCs 0.87-0.91) and moderately
high intertester reliability (ICCs 0.74 —0.79) in a study of 100 subjects undertaken by
Saltzman et al '®. The authors also correlated the clinical measures with comparative
radiographic measures. The statistical analysis of this exercise is weak but Pearson’s R values
are reported for a number of anatomical features. For talar height, which was the only
measure in which the radiographic and clinical measures were directly comparable, Pearson’s
R was 0.81, implying a coefficient of determination of 65% (R? not reported). This paper
would have been more informative had the authors performed a linear regression and reported
the results of those calculations. Data have also been reported, in a later study in which
various measures of the arch height at 90% of full weightbearing produced intraclass
coefficients of intertester reliability of 0.84 and intratester reliability of 0.85 28

A wide-ranging, criterion based system for the classification of foot types was proposed by
Scherer and Morris, who argue the need for a multifactorial classification system, and
presented a comprehensive if complex approach to foot classification **°. The system of
classification is unfortunately presented with no corresponding analysis of its reliability or
validity. Given the lack of data supporting its validity and the lack of widespread adoption,
the authors overstate their case in their presentation of pathological subgroups, and prediction
of the incidence of pathology associated with various classifications. Implementation of the
Scherer and Morris system in any form cannot be justified without better data on its reliability
and validity.

A number of attempts have been made to produce measurement systems that quantify foot
posture in the clinical setting, thesc are dealt with further in Chapter Four where the

background to, and derivation of the new instrument are presented in detail.
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2.8.2 Objective measures of lower limb structure and function

2.8.2.1  Radiographic measures

Radiographic measures are an initially promising modality as they are widely thought to
provide an accurate basis for the quantification of the relationship between bony segments.
Radiographic approaches have been widely employed in the evaluation of foot type in the
research literature. In the review of the literature undertaken when preparing this chapter, at
least 118 papers were found to report the use of radiographic measures to quantify foot
posture.

The routine use of radiographic imaging raises ethical issues regarding exposure to ionising
radiation, a particular concern for young patients with a progressive deformity. Consequently,
while radiography may be used sparingly during the course of progressing foot deformity and
in association with particularly aggressive treatment regimens, it is not suitable for routine
practice and multiple repeat measures over prolonged periods. Alternative imaging techniques
not requiring ionising radiation, such as ultrasound and magnetic resonance imaging are
discussed briefly later, but are currently too expensive to be considered a standard clinical
assessment.

There are two main areas of methodological concern with plain film radiographic measures of

227 .
226 227 is

foot posture. The first, magnification associated with source and plate placement
usually controlled for. The second significant issue affecting the reliability and validity of
radiographic measures relates to identification of the bony morphology. Factors underlying
this problem are clear visualisation of bony segments, the effects of parallax and definition of
segmental centroids from visible margins 226228 Radiographic measures are widely
considered among the most reliable of the measures available to the clinician but, because of

2 Perry et al reported a

the problems highlighted above, are still subject to some error
parallax effect on the measured length of metatarsal bones of up to 19% and on the measured
angles of up to 5°, depending on the position of the foot during exposure of the plate.
Cavanagh et al investigated the reliability of 27 radiographic measures and found that
between day reliability ranged from ICC=0.44 to 0.98 depending on anatomical site. The
orientation of the talus and the navicular and cuboid articulations were among the least
reliable measurements (ICC=0.44 to 0.71), but the relationship between large, highly visible
bones such as the first and second metatarsal also differed significantly between sessions.

Despite conclusions by these authors that the talar inclination angle is not sufficiently reliable
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for use in evaluations of foot structure, this remains one of the more widely employed
measures. Some studies have demonstrated statistically significant and clinically meaningful
differences in key radiographic measures, including the talus, in distinct foot types such as pes
cavus and pes planus 0 However, despite some systematic differences in the overall group-
means in such studies, significant inter-subject variation precludes the use of many of these
measures to define normal or abnormal foot posture, or to define reference values to be
aiaplied to individual patients 21 1n Saltzman and El-Ghoury’s 1995 study of differences
between tibial centre of load to calcaneal contact point in the rearfoot of 57 normal subjects,
they found a mean distance of 8mm but a 95%CI for the mean of -7° to +23°. This large
between-subject variation is also reported in Vanderwilde’s determination of development of
radiographic angles in normal children 22 in which eleven radiographic angles were
measured, each demonstrating 95%Cls of + 10° from the mean or greater. In adults, Steel’s
evaluations further confirm this limitation **'. This between-subject variability highlights the

difficulties of making comparisons between individuals from X-ray measures.

A further difficulty with routine X-ray evaluation for objective quantification of foot
posture/function is the dependence on the necessary facilities, and the time and expertise
required to measure and interpret the results. This is highlighted by an extravagant protocol
described by Demp in which a complex method for defining an ellipsoid of best fit is used to

define and classify foot types *°

. The complexity of the underpinning calculations and the
difficulties associated with imaging alt patients appropriately have ensured that the method
has not been adopted widely.

As noted previously in this section, alternative modem techniques such as computed
tomography and magnetic resonance imaging address many of these deficits and may offer
some exciting opportunities in the future 23 At present however, these techniques are costly,
and the axial sections, which are not aligned with the anatomical components of the foot, can
be difficult to interpret. Experimental technology can provide highly detailed three-
dimensional reconstructions, but these techniques are not yet mainstream 24235 One
significant current limitation of the techniques is that they can be used currently only to image
the non-weightbearing foot and ankle, reducing the validity of the measures 234229,

One recent study has added a further factor into the equation, as the effects of the Wolfe-
Davis law may become relevant in the case of bony measurement following long-standing

deformity. Significant morphological differences were demonstrated between the shape of

foot bones in individuals with flat feet in comparison to normal controls 238 1t is not clear
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whether such changes are a cause or a consequence of long term flat footed function but the
findings call into question the validity of applying values derived from normal samples in the

assessment of flat feet.

2.8.2.2 Laboratory based methods

Since the advent of the microcomputer it has become easier to assess objectively and non-
invasively, lower limb dynamic function, although still with limitations. Most systems
evaluating dynamic function rely on sophisticated analysis of video film, or tracking of
markers using electromagnetic or ultrasonographic techniques 237242 While even the gold-
standard gait analysis facilities are still subject to larger degrees of measurement error than
would be desirable 2 27 2#2% state of the art equipment and methods can now produce
acceptable results for joints exhibiting larger ranges of motion such as hips, knees and ankles
27243247 por the smaller, closely inter-related joints of the foot, even state of the art
techniques provide less satisfactory objective outputs 243248 These issues are discussed later.
This introductory review is largely confined to routine clinical techniques, as few clinicians
will use instrumented gait analysis as a routine clinical tool, and the aim of this study is to
provide a better solution to this specific problem rather than a definitive solution to gait
evaluation.

Accurate, objective data detailing dynamic function remains the ideal, but the facilities to
produce such objective data are expensive (often in excess of Aus$500,000), and the process
of preparing the patients, and then acquiring and analysing the data can be overly time-
consuming for routine paticnt assessment. A more specific review of the relevant gait analysis
techniques is presented as appropriate in Chapter Six where the concurrent validity of the new

clinical measure is evaluated relative to such a system.

2.8.2.3 Clinical methods

Many techniques have been proposed that are supposed to produce better data than from
clinical observation, but without resorting to the expensive and time-consuming methods
outlined in the previous section. Without exception these are compromise solutions 6 but they
are often more suited to the various demands of the clinical setting, and some have proven
popular as screening and preliminary evaluative tools. Also without exception, all have
significant limitations 6,

Among the many approaches to objectifying foot posture arc those based on inked footprints,

or similar methods of preserving an image of the foot in contact with the supporting surface.
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Footprints are readily and quickly obtained and, depending on the technique, can often be
preserved indefinitely. Many modern techniques use inked foot prints or more sophisticated
electronic capture to quantify foot type and estimate function, according to angular
relationships of anatomical landmarks, or the calculation of relative arca of different parts of

249230 and can yield useful clinical

the print. These have proved to be relatively reliable
information with out being unduly time-consuming or requiring expensive equipment.
Freychat et al described in detail a method by which such information could be obtained from
footprints, and report a relationship between certain transverse plane measures and the
associated foot type 50 They also, however, confine the commentary to this transverse plane
relationship between the forefoot and rearfoot and note the incomplete relationship between
their transverse plane data and the observed overall foot type. Kouchi and Tsutsumi also
explored this relationship in a comparison of transverse plane position of the midtarsal area
and three-dimensional foot morphology 3! In reporting the results of their principal
component analysis they state that the single most important variation in human foot shape is
the difference between a pronated, flat foot and a normal or arched foot. They report that this
feature of flat footedness is correlated with abduction at the midfoot, (similar to Freychat’s
‘open foot’) but they do not quantify the degree of association. Kouchi and Tsutsumi also
mention that there are exceptions to the proposed planar associations, noting that some
markedly abducted feet maintain a well-developed plantar arch. Subsequent studies by a
group including Freychat documented a relationship between the open or closed foot type and
leg stiffness when the leg was modelled as a single linear spring, although only 18-22% of the
variance in measured leg stiffness was explained by the footprint data 22 Kernozek also
reports a relationship between arch index and the total amount of rearfoot motion occurring
during gait *°. This relationship is incomplete however, and together with the data of
Freychat et al, and Kouchi and Tsutsumi implies that while transverse plane motion at the mid
foot is an undoubtedly important part of the story, this approach, in common with other

14 140 249 254-256 140 257-261 and measures such as

measures based on foot prints , pressure readings
the Arch Index **, fails to take into consideration the many other factors affecting dynamic
gait. In a study of the relationship between measures derived from footprints (transverse
planc) and directly measured arch height (sagittal plane) this oversimplification was
demonstrated by Hawes et al 2% In multiple footprint measures of 115 subjects it was found
that apart from a very general association at the extremes, the footprint parameters were not
related to directly measured arch height. Hawes summarised the study with a strongly worded

conclusion, “The categorisation of the human foot according to the footprint measures
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evaluated in this paper represent no more than indices and angles of the plantar surface of the
foot itself”. The relationship between two static measures, Arch index and radiographically
determined, normalized navicular height was later quantified in a small study, yielding a
coefficient of determination of 0.50 **.

The implication remains however, in common with the findings outlined in the previous
paragraphs, that it is probably too simplistic to use observations from only one plane to
aﬁempt to give a reliable indication of the overall foot morphology 15140263264 s is
recognised by Cavanagh and Rogers who limit their conclusions regarding the Arch Index (a
function of the area of the print in each of the anterior middle and posterior thirds), to its value
as a measure of characterizing footprints. Of more concern is the lack of linearity in at least
one of the area index measures the Chippaux-Smirak index. In one study including 118
normals aged 15-17 years, both high arched and low arched feet demonstrated decreases in
the Chippaux-Smirak index in comparison with the mean value from morphologically
‘normal’ feet 2**. Such a finding calls into question the entire concept of using arca measures
from footprints as a basis for classifying foot structure. One proposal for foot-type
classification based on a footprint index was outlined by Tareco et al 265 The technique was
based on the assumption that the ratio of medial midfoot force to total midfoot force would
yield an objective measure of total foot pronation/supination. In this case the new, objective
measure was benchmarked against subjective assessment using an undescribed protocol. In
practice the technique demonstrated poor sensitivity and misclassified more than 50% of the
feet judged clinically to be ‘flat’. The coefficient of determination for the prediction of the
clinical classification by the footprint index derived measure was 27%, a figure in agreement
with much of the data for single plane measures 26238,

As with radiographic measures, it is important to note the significant between-subject
variability in these measures. For one set of angular measures derived from footprints from a
normal population of 17 year olds 2% the mean angles of 42.9° to 46.3° were associated with
959 CIs of 23.5° to 65.3°. Area-based measures fare worse still, and the Arch Index yields a
95%ClI for the normal range equal to —0.1 to 0.99 for males and 0.13 to 0.93 for females,
almost the entire possible range **°, while the Chippaux-Smirak Index yields 95%Cls from —
0.02 to 0.60. These broad ranges have also been confirmed in a larger sample 267 While

changes in these measures can provide some indication of group effects in large group studies,

individual comparisons must be made with care.
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Techniques involving measurement of the angles and positions of anatomical landmarks
directly on the foot are probably the most common approaches. Of these techniques, the most
common are measurement of the angle relationships of the calcaneus, either relative to the leg
or the floor, and measures of arch height.

Measurement of calcaneal angle has been reported widely in the literature. Estimates of the
reliability of the techniques vary greatly 268 but the majority of accounts suggest poor
reliability '®'*. Typical figures are provided by Pierrynowski et al when they report data
demonstrating that experienced practitioners can place the rearfoot within +/- 3° of the true
position on 90% of occasions 269 While this precision may sound commendable, a range of 6°
would encompass error of the order of 50-100% of the total variation encountered in clinical
practice. Six repeat measures by the same practitioner bring the error down to an acceptable
level but this repeated measures protocol does not reflect the rigour with which the techniques

are pursued in clinical practice 10

The direct measurement of the height of medial arch of the standing foot, has been reported
several times and employing a number of different protocols. In its simplest forms this
involves direct measurement of either arch height, the height of the navicular tuberosity, or
the height of the dorsum of the foot at a specific point. More complex techniques normalise
these measures against various interpretations of foot length. Finally, a quasi-functional
component is introduced by the use of composite measures such as navicular drop in which
the foot is measured in its resting state and again in an artificially induced ‘neutral’ position,
the difference between the two measures providing an estimate of the behaviour of the foot. In
theory it is supposed that measurement of arch height is simple in concept and execution, that
the measurement should be reliable and that the height of the arch should be a reasonably
close indicator of foot function '*.

If the raw height of an anatomical landmark is used however, the value of the measure tends
to be limited to repeat measures within individual patients, as inter-subject variation makes
between-subject comparisons inappropriate. Composite measures such as navicular drop
involve two measures on each individual, one to determine the starting height and a second in
a pre-determined reference position such as subtalar joint (STJ) necutral. This approach
improves the comparability of the results between subjects but at the expense of decreased
reliability, as the repeated measures introduce more potential for error and, as has been
discussed in detail above, the establishment of the neutral reference position is itself of

questionable validity and reliability. The reliability of double measure techniques such as
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navicular drop is low for inexperienced practitioners 270 although has been reported to be
acceptable in intrarater evaluations of more experienced practitioners 27 vielding an ICC of
approximately 0.8 (SEM ~2mm). This figure was in accordance with the subsequent study of
Sell et al (ICC 0.83,SEM 1.7mm) %7, who also investigated interrater reliability and found an
acceptable level of reliability as evidenced by an ICC of 0.73 (SEM 2.1mm). Intra-rater
reliability of raw measures of arch height and navicular height has been found to be
aéceptably high %, but again the inter-rater reliability is criticised. In this study the data were
collected concurrently with a measurement of valgus index, and it is unfortunate that the
relationship between the sagittal plane and frontal plane measures is not reported. The
coefficient of determination for navicular drop and composite forefoot /rearfoot position has
been described as lying between R2=0.24 to 0.33 ¥"!, with most of the predictive value
derived, as would be expected, from the rearfoot position component. These values are similar

258 and suggest that the fundamental

to those found by Cavanagh et al outlined previously
limitation associated with measuring motion in only one plane persists over a range of
selected paired measures. Early work by Nigg had reported a co-efficient of determination of
0.27, for the explanation of variability in transverse plane shank motion by single plane
measurement of arch height '*°. The limitation imposed by single plane measures is supported
by the findings of Song et al in their evaluation of two new, experimental methods for
assessing foot function. In a discriminant analysis performed by these investigators, inclusion
of three measures in the model enhanced the ability of the analysis to classify correctly,
planus and rectus foot types in a small sample a0

Navicular drop is considered by a number of authors to be a more valid indicator of foot

function than the traditional rearfoot measurements employed in the Root approach 1415272

although it is a single plane measure only and provides an incomplete clinical picture. The
reliability of navicular drop has been reported to be acceptable (ICC 0.73 to 0.83) and it is in
widespread use®’*?72,

The arch angle or the ‘Feiss’ line is an angle formed by lines drawn from the medial malleolus
to the tuberosity of the navicular to the head of the first metatarsal 143268274275 The arch angle
is simply a variation of the other measures of navicular height, with the navicular tuberosity
acting in this case as the origin of the angle between proximal and distal landmarks. The angle
thus changes as the navicular tuberosity moves either dorsally or plantarward with change in
foot posture. The measurement of the arch angle has been reported to be adequately reliable
268 although is not in widespread use. In a novel variation described by Nigg et al, a measure

of the rigidity of the arch was also introduced with the proposition of a ‘Relative Arch
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Deformation’ (RAD) statistic, which factors in the degree of change between loaded and

2% There is a suggestion that stiff arches

unloaded arch height, normalised to body weight
tend to show higher coupling with leg rotations, with lower arched feet showing less coupling
with leg rotations. This degree of coupling is widely recognised clinically, although it remains
controversial 14 1822022127727 ‘There is possibly some merit in including this factor in
assessing foot posture and function, although the formula needs validation and the relative
cdmplexity of the approach has precluded its wide uptake.
One other factor that has been widely proposed to affect the degree of coupling between the
foot and the leg, is the orientation of the axis of rotation of the subtalar joint 220230280281 The
behaviour of this axis has been demonstrated to be extremely complex in dynamic studies,
and a number of in vitro studies have shown substantial variation in axial orientation between
specimens *' 21828228 (Only one study has demonstrated the axes of rotation in vivo, using
permanently implanted Tantalum markers in each of the tarsal bones in healthy volunteers **,
such invasive methods are clearly not applicable to clinical practice. A method for
ascertaining the STT axis of rotation was proposed by Morris and Jones and 1994. The method
is highly subjective and unfortunately, the authors report no reliability analysis on the 18
subjects they used to illustrate the application of the technique. The findings of Morris and
Jones differ somewhat from the pre-existing data and from their own radiographic
benchmarks *”°, themselves of doubtful methodological validity. While they attempt to
explain the differences theoretically, given the current level of evidence, the technique must
be considered of doubtful value. The inclusion of an estimate of rearfoot joint axis is
clinically appealing and has been advocated for clinical studies 2 however the reliability of
such techniques is questionable.
Tn addition to the inherent variability in orientation of the axes of rotation, consideration must
also be given to the complexity of function associated with reciprocity in many of the coupled
systems. The ratio of input to output motion will vary for the rearfoot and midfoot under
closed chain conditions, depending on whether the input force is applied to the distal or the
proximal part of the couple 283286 No attempt has yet been made to factor complex coupling
into clinical measurements.

SUMMARY
In this review the background to CMT has been discussed and the implications for the foot
developed. The existing measures of measurement of foot posture have been reviewed, and

the need for a new instrument for assessing changes in foot structure and function has been
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demonstrated. Clinical measures are needed to supplement costly and time-consuming
laboratory methods as these technology-driven solutions are often impractical in the clinical
setting. It has been shown that existing clinical measures are either subjective or largely
unreliable, and with few exceptions, the existing clinical measures fail to evaluate the foot in
multiple planes, therefore providing an incomplete picture of general foot posture.

As a result of these shortcomings, definitions of foot pathology are weak and often
cohtroversial, and evaluations of treatments for the foot remain inadequate. In conditions such
as CMT, where foot posture and function may change as the disease progresses, or may be
modified by management of the condition, the need for accurate yet easily applied assessment
methods is great, yet none of the conventional approaches allow the clinician to quantify the
foot posture reliably in the clinical setting.

One consequence of this lack of adequate foot measurement tools is that treatments aimed at
addressing foot pathology in the neuromuscular diseases are poorly evaluated, leading to
approaches based on ‘custom and practice’, and which are heavily dependent on the personal
experience of the clinician. In the current environment of evidence-based-medicine this is
clearly inappropriate. More data are needed in order to establish the relative efficacy of the
various surgical approaches, and whether conservative interventions such as stretching,
splinting and orthoses have a role in managing the longer-term effects of CMT on the lower
limb.

In order to study the foot in CMT, a validated system for quantifying the natural history and

response to treatment appears to be an essential pre-requisite.
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CHAPTER THREE — A SURVEY OF THE MANIFESTATIONS
OF CMT AND ITS EFFECTS ON THE LOWER LIMB.

Chapter overview

The secondary features of CMT are widely recognised by neurologists, but good data are
scarce. As part of the program of work described in this thesis it was considered appropriate
to obtain better data on the impact of CMT on sufferers, with particular emphasis on the
effects of CMT on the lower limbs.

Due to the relatively low prevalence of CMT in the population and the variety of secondary
presentations, it has proved difficult historically, to assemble samples of CMT patients
sufficient to collate epidemiological data in face-to-face situations. The CMT Association of
Australia (CMTAA) had attempted previously to survey members but had done so without
expert assistance, and the results had been unsatisfactory. As part of the candidate’s activities
with the CMT Association of Australia (CMTAA), a collaborative survey was designed, the
Australian Charcot-Marie-Tooth Health Survey 2001. The data reported in this chapter are
derived from this collaboration, conducted under the academic and research direction of the
candidate.

The full Australian Charcot-Marie-Tooth Health Survey, 2001 covers a wide range of clinical
features, not just those occurring in the lower limb, and the final report for the full survey
runs to more than 150 pages of single space type. Including such a wide-ranging report in full
would be inappropriate to the specific aims of the thesis, so only those aims, methods, results
and discussion specifically relevant to the effect of CMT on the lower limbs are detailed this
chapter.

For the interested reader, copies of “The Australian Charcot-Marie-Tooth Health Survey
2001. Results and Final Report” are lodged with a number of CMT organizations including
the CMTAA, the CMT Association of the US, and the Peripheral Nerve Society.

3. 1. AIMS

The aims of the study detailed in this chapter were (with an emphasis on the lower limb):

—

To evaluate the impact of CMT on patients’ quality of life.

2. To attempt to provide better information on the range of secondary features reported

anecdotally in the literature

To estimate the prevalence of the key features of CMT.

4. To identify patient perceptions of the non-surgical treatments currently used in the
management of the secondary features of CMT.

5. To identify factors that might be useful as prognostic markers for the course of the

disease and relevant interventions.

(¥

3.2. INTRODUCTION

A number of approaches to the survey were evaluated, including face-to-face interviews,
clinician led assessment, and telephone interviews. A repeat of a postal survey was ultimately

considered the best option because of the low prevalence of CMT, combined with the
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geographical spread of patients around the country. The limitations associated with this mode
of data acquisition will be considered in interpreting the data. Most significant among these
are recall bias, and potential for patient confusion over terminology and therapeutic
approaches. It was decided however, that the overall benefits of increasing sample size
outweighed the weaknesses of the postal survey approach, but the limitations of a patient

completed postal survey must still be considered.

The requirements of the CMTAA executive were initially, to collate simple descriptive
information about the secondary effects of CMT and to investigate treatment approaches
commonly employed in the CMT community. The CMTAA executive, as a lay group without
research expertise, wished initially to design a simple form and to mail it without validation.
The candidate’s involvement however was the basis for a more rigorous approach.
A first priority was to attempt to source a previously validated tool for the survey. A thorough
search of the literature revealed no such tool validated for use in patients with CMT. It was
decided instead to employ one of established generic measures of health related quality of life
(HRQoL). This would provide information directly useful to the CMT community, but
importantly, would also allow for comparison of the impact of CMT on HRQoL with other
disorders.
Criteria were identified to determine the most suitable measure, these were:
» Evidence of validation in the general population.
o Validation in a sample with CMT or a similar degenerative neurological disorder.
e Availability of age and gender matched normative values for the Australian
population.
¢ Auvailability of data for a broad enough range of chronic disorders to enable
comparison of the effects of CMT on HRQoL.
« Sensitivity to a range of aspects of HRQoL beyond pain. In particular, the measure

used had to be sensitive to the potential effect of CMT on physical function.

Many instruments were potentially suitable. After an initial review, four candidate HRQoL
instruments were considered in more detail. The Medical Qutcomes Survey, Short Form 36
item version, the SF-36 **, The EuroQol Group’s EQ-5D, The Sickness Impact Profile (SIP)
288 and the Stanford Health Assessment Questionnaire (HAQ) *.

51



The Medical Qutcomes Survey, Short Form 36 item version, the SF-36°%".

The MOS SF-36 was developed in 1988 by the RAND corporation from a larger
survey of the health of the population in the United States. It is intended to yield a
scoring profile, highlighting various aspects of physical and mental status, and
quantifying the burden of disease and the effect of treatments 287,
The SF-36 consists of 36 individual questions (items) aggregated into eight
dimensions:
1. Physical function — the extent to which a person is limited by their health in
performing a range of physical activities
2. Impact of physical health on role performance — the extent to which physical
health affects work or other daily activities
3. Bodily pain — severity of pain experienced and the impact on activities
4. General health — health status combined with perceptions of health relative to
others.
5. Social functioning — the effect of health or emotional problems on the quality
and quantity of social interactions
6. Vitality — perceived levels of energy or fatigue
7. Impact of emotional health on role performance — effects of emotional
problems on work or other daily activities
8. General mental health — the extent of feelings of anxiety, depression or

happiness

The eight scores are cach expressed on a scale of 0-100 where a higher score equates
with greater well-being. The cight dimensions can also be further aggregated into a
physical and mental health component summary score (PCS and MCS).

The validity of the SF-36 has been evaluated in a wide range of populations including
the USA, UK, and specifically in Australia 290291 11 1998 the Australian Bureau of
Statistics (ABS) published a large survey of 18,800 people in the 1995 Australian
population providing a set of population norms 22 The SF-36 is validated for postal

surveys and self-completion > ***.

The EuroQol Group’s EQ-5D

The EuroQol group developed a six-point instrument in 1990, modified to the current

five-point instrument (EQ-5D) in 1991. The EQ-5D is a self-completion instrument
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employing five descriptive questions answered by trichotomous closed responses. The
EQ-5D yields a single quotient score, which makes it attractive for economic studies.
The EQ-5D has been validated in a number of clinical populations 2% Normative data
are available for the United Kingdom % and New Zealand populations 27 but not for
the Australian population. Euroqol is reported to be outperformed on overall

performance profile by SF-36 7* .
The Sickness Impact Profile (SIP)

First described in 1976 2, the SIP has been widely used as an outcome of general
health status and since the survey reported in this chapter was conducted, has been
used as a secondary measure in a study of CMT patients 4 The 136 items in the SIP
are grouped into 12 categories describing different functional behaviours. The SIP has
been validated comprehensively, and is suitable for use as a self administered
instrument %, No Australian study or ABS population norms exist for the SIP. The
SIP has been thoroughly validated but in comparative studies the SF-36 has been

recommended over the SIP 31392,

The Stanford Health Assessment Questionnaire (HAQ)

The HAQ, first described in 1980 is primarily intended for use in patients with
arthritis 2. The HAQ focuses on five dimensions and is generally considered to
emphasise the upper limbs function over the lower limbs. The HAQ has been

validated for self administration and it remains widely used in the arthritis community
303 304

Ultimately the Australian version of the SF-36 was determined to be the best option for this
survey. It is widely used and has been extensively validated, both by the original authors and
subsequently by independent researchers. It has also been specifically compared to a range of
other measures of HRQoL including the SIP and Euroquol EQ-5D, and deemed to be superior
299301302 1t hag not been validated specifically in CMT or in any similar chronic
neurodegenerative disease, but has been widely employed in a range of disorders. A
comprehensive table of normative data exists for the Australian population. The SF-36 also
met the requirement of yielding data on the functional impact of discase, as well as allowing

the exploration of the psychological effects of life with CMT.
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One criticism of generic measures of HRQoL is that they are often less sensitive than would
be desirable, to the specific effects of a disease process. It is good practice therefore, to
supplement the use of a generic HRQoL measure with a more specific secondary measure 305,
In the case of this study the effects of CMT on the legs and feet was of concern, and an
appropriate foot related HRQoL measure was sought.

Since 1991 the most commonly used foot specific measure of HRQoL has been the Foot
Function Index, originally developed for use with patients with rheumatoid arthritis. The FFI
does however have some recognised shortcomings and is intended to be specific to

Rheumatoid Arthritis. More recently, a number of new measures have been developed.

The Foot Function Index (FFI)

The FFI, published in 1991, was developed as an outcome measure for patients with foot
pathology and foot pain 3% The authors carried out the initial validation of the instrument in
patients with rtheumatoid arthritis, and because of the specific nature of the items included in
the FFI it has proved difficult to justify its use in other patient groups.

The FFI comprises 20 items which aggregate into 3 subscales : pain, disability and activity
limitation. The FFI is validated for self-administration and each item is completed by the
respoﬁdent indicating their perceived response to a question on a 100mm visual analogue
scale. The scales are anchored at each end with a verbal statement representing the opposite
extremes of the dimension being measured. Scores are derived by dividing the scale line into
10 equal segments and assigning a score between 0 and 9 to each response. The aggregate
subscale scores lie between 1 and 100, based on dividing the actual score by the maximum
possible score the subscale 396 As the first foot specific HRQoL measure to be developed, the
FFI is in widespread use 397 despite some concerns over its validity in patients without
rheumatoid arthritis >°®. The most common persisting use of the FFI outside of the rheumatoid

arthritic population is the use of the pain subscale in isolation.

American Orthopedic Foot and Ankle Society (AOFAS) foot and ankle rating

scales

The AOFAS scales were developed in 1994 to better evaluate the outcome of orthopacdic
surgery to the foot and ankle 263 The AOFAS scales are in widespread use in orthopaedics,

and the inception of the AOFAS initially appeared to be one of the more promising
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developments in the evaluation of foot therapies. There are four scales, one each for the ankle-
hindfoot, midfoot, hallux and lesser toes.

The AOFAS have presented no validation of the foot and ankle scales however, and one
recent report has been highly critical, suggesting that the scoring of the four scales is
susceptible to ‘bizarre, skewed behaviour’ and recommending that refinements of the scales
should be sought **®. The AOFAS scales are completed by the clinician in consultation with
fhe patient, and include a mix of subjective, patient related variables, combined with

physician assessment of features and outcome. Hence they are not true HRQoL measures.

Foot Health Status Questionnaire (FHSQ)

The FHSQ was developed in Australia by Bennett et al and is a foot-specific measure
intended to assess change in HRQoL associated with surgical and conservative interventions
7 The FHSQ has been subjected to a fairly comprehensive validation process and has already
been used in patients with a range of conditions, generating a normative data set for this
measure in the general Australian population 310,

The FHSQ scores HRQoL in four general health domains derived from the generic HRQoL
measure, the Medical Outcomes Survey, Short Form-36 (SF-36), and in four foot-specific
doma.ins: foot pain, foot function, footwear and general foot health. The FHSQ is scored such
that such that each of the domains yields a value between 0 and 100, with a high score
representing good foot health and a low score, poor foot health. The FHSQ has been directly

compared to the FFI in one comparative study and was found to be more sensitive to change
308

The Manchester Foot Pain and Disability Questionnaire (MFPDQ)

The most recent addition to the stable of foot specific HRQoL measures, the MEPDQ shows
some promise in the evaluation of foot related health status. It comprises 19 short statements
with trichotomous responses. It has been subjected by its authors to a validation process and 1s
suitable for self- administration *''. There have been no direct comparisons between the
MFPDQ and any other foot specific HRQoL measures, and as yet, there are no normative data

against which to make comparisons.

The foot specific HRQoL measure chosen for inclusion in the Australian Charcot-Marie-

Tooth Health Survey, 2001 was Bennett’s FHSQ. This choice was based on the FHSQ best

55



fitting the defined criteria i.e. evidence of validation, and the existence of Australian norms,
coupled with its similarity to, and compatibility with the SF-36.

Having decided to include the SF-36 and FHSQ measures, the collection of descriptive data
on CMT was considered. It was not deemed appropriate at this stage to design and validate a
specific HRQoL measure for CMT, as there was no imperative to quantify change in HRQoL

specific to CMT. A purely descriptive question-set was designed for this section of the

survey.
3.3. METHODS
3.3.1 Survey construction

The first stage was to make a preliminary identification of the common areas of secondary
presentation occurring in CMT. This was achieved by combining a rigorous review of the
literature (outlined in Chapter 2) with consultation with the CMT community, and health
practitioners involved in CMT care. The consultation process was initially based on verbal
interviews with representative health disciplines including two neurologists, two
physiotherapists, one occupational therapist and three podiatrists, and an open consultation

session at a CMTAA meeting.

The interviews with health care practitioners were simple and based on two open questions.
Respondents were asked:

What secondary features of CMT are you aware of?

and

What treatments for the secondary features of CMT in the lower limb are you aware

of?

The respondents were also asked to indicate any other areas they would wish to see included
in the survey. The questions formed the basis for an open dialogue with the responses
recorded by the author. From the combination of literature review and initial interviews, 13
areas were identified as having sufficient relevance to warrant further consideration (Table

3.3)
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Table 3.3. Areas of interest identified during initial interviews.

1. Demographic variables 2. Family history — heritability

3. Diagnosis 4. Pregnancy

5. Physical changes — Back 6. Physical changes — Arms/hands
7. Physical changes — Legs/feet 8. Sensory changes

9. Assistive aids and devices 10, Footwear

11. Balance 12. Treatment — conservative

13. Treatment- surgical

These were incorporated into a preliminary draft of the survey. Where possible the guestions
were designed to elicit closed responses, and where appropriate any closed response was
combined with an option for a further open response to provide more detail. All questions
relating to patients’ perceptions and their rating of experience were based on the well
recognised five-point Likert type scale 312319 As far as possible the scales were consistently
ordered with no change, or the minimal change in perception acting as the left anchor, and the
maximal change acting as the right anchor. Each of the five response options was labelled in

each question for clarity.

332 Pilot study

The draft survey was piloted by the CMTAA at a local meeting. Pilot participants were asked
to identify any problems with the survey, and to nominate areas of concern not covered by the
draft survey forms.
Three further areas of interest were identified as a result of the pilot process

14. Genito-urinary manifestations

15. ‘Restless legs’

16. Alternative therapies
A number of minor amendments were also made to the survey forms resulting in the final
form detailed in Appendix D
The Australian Charcot-Marie-Tooth Health Survey, 2001 was a wide ranging survey that

explored all the areas outlined in
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Table 3.4. Only those items in bold typeface are reported in this chapter. For the results

relating to the other features the reader is directed to the Australian Charcot-Marie-Tooth

Health Survey, 2001 - Results and Final Report.
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Table 3.4. Areas explored in the full survey

AREAS

INCLUDED IN | COMMENTS ON REASONS FOR INCLUSION AND TYPE OF DATA
THE SURVEY | REQUIRED

Gender Tdentification of gender specific variation in presentation and inymct was

considered valuable. Gender based differences have been noted in other

health measures such as the SF-36.

Marital status

Included to investigate the e{;fect of presence of a partner or significant
other on local support mechanisms. The classifications used were those
used by the Australian Bureau of Statistics.

Age at last Age related variations in health status are widely reported, and it was

birthday desirable to stratify analyses by age. It is also appropriate to treat some
juvenile data differently to the adult data.

Age at An indicator of the duration of disease was desirable although

diagnosis/ Age | problems with recall are a concern. The two can be combined into a

at onset of broad indication of the gap between onset of symptoms and diagnosis.

symptoms

Initial diagnosis | Many CMT patients complain that lack of medical awareness leads to
delayed diagnosis and misdiagnosis at initial presentation.

Type of CMT To obtain some indication of the proportion of CMT population affected
by the various types of CMT. The potential problems with relying on
patient recall funderstanding were considered but it was considered
necessary to attempt to differentiate CMT types. In the absence of
physician confirmation, these responses are to be interpreted with
caution.

Family history A series of questions was formulated concerning the inheritance of CMT.

Pregnancy It has been reported previously that some women experience a Worsening
of their neuropathy during pregnancy.

Scoliosis The prevalence of scoliosis reported in the literature is variable and
dependent on the diagnostic criteria used. Obtaining the patients’ own
perspective was considered worthwhile.

Changes in A number of peripheral changes are reported by patients with CMT.

arms/hands/ These include weakness, muscle wasting, tremor, hyper-sensitivity to

legs/feet cold and changes in foot structure.

Sensation The subsections evaluated under the heading of sections included
cranial nerve functions (vision and hearing) which are usually only
minimally affected, and peripheral sensation.

Bladder and Genito-urinary dysfunction supposedly affects only a small proportion of

sexual function CMT sufferers but is highly significant to those affected.

Loss of This leads to increased risk of injury or slowed reaction to pain. The

protective loss of sensory perception associated with CMT is usually small, but

sensation when severe can be significant.

Positive Anecdotal reports of shooting or tingling sensations in the limbs are

neuraesthesia common but unquantified.

‘Restless legs’ Reported by a small number of CMT patients in the clinical setting. This
is not disabling but is a noted feature.

Aids and The requirements for these is varied, but dependency on aids is of great

devices concern to CMT patients. In particular, information regarding the

proportion of CMT sufferers becoming wheelchair bound was a priority.
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Footwear The impact of CMT on finding suitable footwear is covered in the
solutions FHSQ and was not therefore duplicated in the descriptive survey.
However, the CMTAA requested an option for people with CMT who
had identified solutions for their footwear problems, to share their
information. A box was provided which was not for inclusion in the

statistical analysis.
Balance Patients report a range of balance problems and coping strategies.
Conservative Many conservative treatment options are employed in people with CMT,
treatments including stretching/strengthening regimes, day splints, night splints,

shoe orthoses and plaster casts. Respondents related their experiences
with these approaches and provided information about their perceptions
of the relative merits of the approaches.

Alternative In the absence of a cure for CMT and an arguably ad hoc approach to the
therapies medical management of many of the sequelae, many patients with CMT
have tried alternative therapies in attempt to palliate symptoms. We know
little of these self-help habits nor their efficacy, and it was considered a
valuable section to add.

Surgical A valuable but problematic area to survey. Patients are ofien ill-informed
therapies about the type of surgeries they may have undergone, and there is great
potential for confusion over terminology. Furthermore surgical
technigues vary by surgeon, and changes in techniques over time preclude
provision of a comprehensive list for closed responses. Classes of
surgeries were presented therefore, and patients were requested to report
their experience with the various classes of surgery.

3.3.3. Survey delivery

Eight months prior to the commencement of the survey, to maximise participation, a publicity
campaign was started by the CMTAA. This included a personal letter from the CMTAA
president, and multiple publicity pieces in association newsletters. The survey was delivered
by post to all members of the CMTAA in August 2001, together with a detailed cover letter
explaining again the purpose of the survey and encouraging participation.

The CMTAA mailing list database contained contact information for 375 members including
57 members who are health professionals, or non-CMT sufferers with a secondary interest.
The active sample was therefore 318 members who each received by mail, a copy of the form,
with a deadline for completion and return eight weeks later.

Survey forms were anonymised so that members could provide full feedback without fear of
repercussion. There had been some concern noted at the initial survey development meetings,
that patients’ long-term relationships with the medical staff involved in their care would be
problematic unless responses were completely anonymised. Follow-up to the initial mail-out
was therefore aimed at the CMT community at large (newsletter, local state events and at the

CMTAA Annual General Meeting), rather than by direct contact.
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The CMTAA contact details were documented on the survey and the covering letter, and
members were encouraged to contact the CMTAA for clarification or assistance if help was
needed to complete the survey forms. Respondents too young to complete the form
themselves were permitted to do so with the help of parent/guardian.

During the period immediately after the mail-out, the CMTAA offices and telephone lines
were continuously manned during office hours on Monday, Wednesday and Friday.
Ihdividual contacts were not itemised but office staff indicated that some 10-15 people
contacted the offices for such assistance. After one extension to the initially advertised return

deadline, the response set was finalised five months after the mail out.

334 Data management

On arrival in the office the responses were codified, and data were entered into one of two
systems by CMTAA office staff. Part A (CMT responses) and B (SF-36 responses) were
entered into a bespoke database authored in Microsoft Access. Missing data for the SF-36
were treated according to the SF-36 authors’ protocols, with imputation of items if fewer than
50% of items in a domain were missing, or omission of the case’s SF-36 score if more than
this were missing. Part C (the FHSQ) was entered into the proprietary FHSQ software, and
scoring was undertaken within this software.

Data for Parts A and B were exported from the database into SPSS v11.1 for full analysis. SF-
36 data were exported into a pre-defined template, and processed according to an SPSS script
developed at the Clinical Health Outcomes Centre, Department of Health and Community
Care, Canberra, ACT (used courtesy of Dr B. Shadbolt) and validated against the MOS

standardised data set.

3.3.5 Strategy for data analysis

All data are first presented descriptively, along with exploratory analyses where appropriate,
to identify factors potentially influencing the various variables. Where a predictive
relationship may exist, the data are modelled using an appropriate regression technique. The
data for the health related quality of life measures are presented in two discrete sections. The
data are represented descriptively in the first section and at the end of the chapter, a series of
regression models are constructed in which the interactions between factors that might predict
quality of life in patients with CMT, are brought together to provide some indication of the

real impact on the lives of CMT sufferers.

61



3.4. RESULTS
A total of 330 people with CMT were mailed survey forms, the sample comprised of the 318
people on the CMTAA database and a further 12 who requested copies of forms after hearing
of the survey from relatives or from the CMT press. 324 completed surveys were received, an
empirical response rate of 98.2%. This is exaggerated however, because 74 responscs were
received as multiple returns coordinated by CMTAA members representing a family or group
(250 single returns, 25 x double returns and eight triple returns). Thus the response rate
adjusted for multiple respondents per CMTAA member was 85.8%.
Prior to analysis, the data were subjected to a rigorous error checking protocol, including re-
entry of a random sub-sample of data, checking for mutually exclusive responses (such as
male gender and pregnancy). In total, 3240 items were subject to checking and four errors
were detected (0.12%). There was no evidence of systematic error or mismatch of cases in

data entry.

3.4.1 Respondent demographics

The sample consisted of 132 males (40.7%) and 192 females (59.3%). 85 (26%) had never
married, 198 (61.1%) were currently married or living in a de facto relationship, 27 (8.3%)
separated or divorced and currently single, and 14(4.3%) reported their marital status as
widowed.

The mean reported age of the sample (N=320) was 46.2 years (46.2 years for males and 46.7
for females), with a range of 2 to 87 years.

There were 18 (5.6%) respondents aged less than 16 years, and 61 (16.9%) aged 65 years or
older.

As might be expected, the technical definitions required for the classification of CMT types
led to some difficulties for patients, and the type of CMT was not well reported. 145 (44.9%)
were not sure of their CMT type, 106 (32.8%) reported CMTI1A, 6 (1.9%) CMT1-other
demyelinating form, 23 (7.1%) CMT2 axonal form, 5 (1.5%) CMT 3 (Dejerine-Sottas
Disease), 27 (8.3%) CMT X linked, and 11 (3.4%) ‘other’ forms. Despite confusion over their
precise disease classification, 222 (68.5%) of respondents reported having had genetic testing
to check the diagnosis, with genetic confirmation of peripheral neuropathy in 178 (54.9%). A
binary logistic regression model indicated that younger people were more likely to have had

genetic testing (OR=0.982 (95%CI 0.970 to 0.995), P=0.007).
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3.4.2 Indicators of health related quality of life in the sample (Questionnaire

parts B and C.)

(The MOS Short-form 36 (SF-36), and Foot Health Status Questionnaire (FHSQ))

Both the MOS SF-36 and FHSQ have been validated in adult populations, but the validity of
these measures in paediatric populations is unclear. The SF-36 and FHSQ data presented in
this analysis are based therefore, only on the responses of those returns from adults, i.e., only
those over the age of 18 years (N=302). The mean age of this group was 48.66 years, with a
gender distribution of 127 (42.1%) male and 175 (57.9%) female.

The overall SF-36 and FHSQ data will be supplemented where possible in this analysis, by
age and gender matched normative data. The SF-36 normative data are derived from the 1995
ABS Australian Population Norms 22 and the FHSQ norms are derived from data published

by the original author 27310,

The CMT sample demonstrated a slightly different age and gender profile to the normal
population. The overall scores for the CMT population are thus presented for the CMT
sample overall, and for the sample, age-adjusted to the Australian normal population using the

direct standardisation formula recommended by the ABS 22

2i mi X pi
P

Where mi = the unstandardised mean score for each age strata, pi = the population count for
the standard population in each age strata, and P = the total standard population.

The significance of any differences between age standardised scores for the CMT sample and
the normal population are tested using one-sample T-Tests with the relevant population

normal value as the test value.
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3.4.2.1 Overall effect of CMT on SF-36 and FHSQ scores

Table 3.5. Age-standardised SF-36 scores for the CMT sample and comparative

Australian norms (Scored 0-100 in each dimension, where 100 = perfect health)

Sample (N)  Physical Role Bodily General Vitality Social Emotional Mental

function physical pain health function role health

Age 82.5 79.8 76.8 71.6 64.5 84.9 82.3 75.9
standardised

Australian

norms

Age 57.35 65.24 65.38 6191 51.09 77.02 76.83 72.20
standardised

CMT

sample

(N=295)

Gender

Male 55.04 59.07 65.72 609 51.98 76.31 75.54 72.83
(N=124)

Female 55.4 63.3 65.67 63.01 50.32 77.92 78.17 73.14
(N=171)

Significance of differences between the CMT sample and norms.

Mea_n diff ;i::‘;(z-)m? ;lf}.:)(-zll to jgls‘; (-143to '-?90'; (-l.4to— -_113]."1"25-16.2 1o —_1.%)(-10.510 :g:?)(-l().S to -13215 (-53 to-
(95%ClI)

_Significance P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P=0.003 P=0.002
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Table 3.6. Foot Health Status Questionnaire Scores for the CMT sample and

comparative Australian norms (Scored 0-100 in each dimension, where 100 =perfect

health)

Sample (N)  Foot pain  Foot Shoe General foot
function health

Australian 85.0 89.0 40.0 62.0
norms

Age 68.69 58.01 24.73 38.88
standardised

CMT

sample

(N=291)

Gender
Male 69.65 54.73 32.99 32.80
(N=124)
Female 69.69 54.0 19.94 36.74
(N=171)

Significance of differences between the CMT sample and norms.

. SO (70t.  SZ1(35510-  143(173t-  265(-297t0-234)
Mean diff 2.0 28.7) 11.4)

(95%CI)

Significance  P<0.001 P<0.001 P<0.001 P<0.00]
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Figure 3.6. Comparison of SF-36 scores in CMT with the general Australian
population (ABS 1995).

SF-36 scores for CMT vs healthy general population

General population

CMT (age standardised) —

People with CMT demonstrate significantly lower SF-36 scores than the general population in
all SF-36 domains. The disparity between people with CMT and the normal population is
greater for the physical domains than for the mental health domains. The effect of age
standardisation is more apparent in the physical domains as the slightly increased age in the
CMT sample further deflates the physical domain scores.

Figure 3.7. Comparison of FHSQ scores in CMT with the general Australian

population

FHSQ scores for CMT vs healthy general population

%0 — — |~ General population (aged 45-54)
— e o CMT (raw)

—tr—CMT (age standardised)

= = CMT (aged 45-54)

FHSQ score

Foot pain Foo function Shoe wear General foot health
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There is a highly significant difference between the FHSQ scores of the CMT sample
compared to the normal population in all domains. In proportional terms, the differences
range from 19.1% for foot pain, to 38.2% for shoe wear. The data suggest that CMT has a
marked impact on foot related HRQoL

3422  Effect of gender on SF-36 and FHSQ scores in people with CMT
and normal controls

Figure 3.8. The effect of gender on SF-36 scoring in people with CMT.

Comparison of SF-36 scores in Males and Females with CMT

80 = — ¢l

[
3 ABS

H [ norms

2 -+ 4 --CMT SF-36 Male
& —=—CMT SF-36 Female

Physical  Physicalrola Bodiy pain Vitaiy le. Montal haalth
tunction

SF-36 domains

Gender related differences in SF-36 scores have been reported previously, with a trend toward
marginally higher scores in males in the general population. The gender profiles for SF-36
scores in people with CMT are remarkably similar for the two genders. Males report slightly
lower scores in most domains, but the differences are not substantial. This contrasts with the
general population, in which female scores are marginally lower. In the CMT sample Mann-
Whitney U tests revealed no significant differences between the responses of males and

females (Z=-1.029 to -0.015, P=0.998 to 0.303).
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Figure 3.9. The effect of gender on FHSQ scoring in people with CMT.

Comparison of FHSQ scores in Males and Females with CMT

80 [ Normal population
-~ --CMT FHSQ Male

—=— CMT FHSQ Female

FHSQ score

Foot pain Foot function Shoe. General foot health
FHSQ domains.

The rating of foot pain, foot function and general foot health is similar for both genders. There

is however a marked difference in reported impairment in the footwear domain, with females

reporting 39.6% greater impairment than the male respondents. Footwear was the only FHSQ

domain where gender differences reached statistical significance (Z=-4.56, P<0.001).

3.4.23  The effect of age on SF-36 and FHSQ scores in people with CMT
and normal controls

Figure 3.10. The effect of age on SF-36 scoring in people with CMT

SF-36 scores in CMT by age

SF-36 score

Physical function  Physical role  Bodily pain  General health Vitality Social function  Emotional role  Mental health
SF-36 domains

Age has a significant impact on SF-36 scores, with substantial lowering of scores in older

patients. The trend in the CMT sample is less consistent than the trend for the general
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population suggesting some confounding effect according to disease severity or other CMT
specific factors. The data for the younger six strata are more compressed than the comparable
age stratified scores of the general population, suggesting a floor effect imposed by the

disease itself.

Figure 3.11. The effect of age on FHSQ scoring in people with CMT

FHSQ scores in CMT by age

FHSQ score

Foot pain Foot function shoe General foot health
FHSQ domains

The age related trends in three of the FHSQ domains are small and generally are in line with
expectations, indicating worse foot health with increasing age. It is interesting to note

however, that respondents in the age ranges 25-45 report the worst impairment with footwear.

3.4.2.4 A comparison of the SF-36 scores in people with CMT and other

chronic conditions.

The SF-36 scores for the CMT sample were compared with the scores from published studies
describing health status in a range of conditions.

The ABS Australian population normal population, and a second normative group are
presented in green. Parkinson’s disease is presented in orange, stroke is presented in
pinks/purples, other cardiovascular disease in blues, and musculoskeletal disease is presented

in shades of grey/black.
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Figure 3.12. Comparison of SF-36 scores in the CMT sample with a range of chronic conditions

SF-36 scores for a range of conditions

ety CMT (age standardised) |
_ |—®—Nomms (oversil 1395 ABS)

©  Norms (Schrag)
——&—Amputees (Dougherty)
——a— Parkinson's (Schrag)
—8—0A knee (Jones)
-~ @ - A hip (Jones)
— & — OAlegs (Angst)
—3— 112 CVA (Mayo)
——3-12 CVA (Mayo)

612 GVA Anderson

—+— Corant dis (Dardik)
—— int claud (Patterson)

SF-36 domains

Physical  Role physical  Bodily pain  General health _ Vitality ~ Social function Emotional role Mental health
function SF-36 Score

Comparative data are derived from:

Patterson, Pinto et al. 1997; Anderson, Rubenach et al. 2000; Mayo, Wood-Dauphinee et al. 2000; Schrag,
Jahanshahi et al. 2000; Angst, Aeschlimann et al. 2001; Dardik, Minor et al. 2001; Dougherty 2001; Jones,
Voaklander et al. 2001. "%,

Overall, the CMT SF-36 scores lie in the middle of the range of scores for the conditions
being compared. Parkinson’s disease and CMT scores are similar for the two physical
function domains although CMT patients report more pain and less impairment to their
general health. The mental health component scores are lower in CMT than Parkinson’s
disease.

CMT patients appear to have better health than patients affected by osteoarthritis in the lower
limbs. The CMT scores are higher than the scores for patients in the initial three months post-
stroke, but the improvement in the stoke patients more than 6 months post CVA results in a
set of scores broadly similar to the CMT patients, a feature noted in an unrelated study

published after these data were collated ot
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343 CMT and structural/physical changes (Questionnaire part A)

Respondents indicated on a five-point Likert scale how severely they felt themselves affected
by some of the physical changes that can occur in conjunction with CMT. The format of this
section of the questionnaire took the form of a single question:
“Please indicate how severely you are affected by the following common features of CMT.”
Followed by an itemised list of features, alongside five boxes with Likert anchors as
described previously:
Weakness of the legs/feet (including a comparison of upper and lower limbs)
Muscle wasting of the legs/feet (including a comparison of upper and lower limbs)
Sensitivity to cold of the legs/feet (including a comparison of upper and lower limbs)
Flat feet
High arched feet

The full questionnaire is reproduced in Appendix D. This chapter reports only the data
specific to the lower limb, and the reader is referred to the full report for comprehensive
results including the complete range of systemic and upper limb factors.

The data are presented, based on a consistent protocol for each of the variables. For the sake
of brevity, brief summaries only are presented for some of these analyses, particularly where

findings are clearly not significant. The analyses performed were:

An overall descriptive report — outlining key findings, with graphical representation of total
responses (reported for all variables) descriptive statistics, and a brief comparison of upper
and lower limb responses. The proportion of responses is reported graphically using pie-

charts.

Sub group explorations were then undertaken to investigate the effects of the factors gender
and age on the reported structural/ physical changes. For the categorical factor gender, visual
inspection was made using box-plots of the reported severity for each level of the two factors.
For brevity, these are not presented. Similarly, scatterplots were constructed to explore the
relationship between age and the reported severity of each of the structural/physical changes

but are not presented here.
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To evaluate the interactions between the factors, a regression model was calculated for each
variable. Binary logistic regression modelling was considered a more robust approach than
ordinal or linear regression modelling because of the potential problems with the large
number of levels within the data set. To enable cross-tabulation and logistic regression
modelling, variable recoding was undertaken as follows:

o Severity of weakness was dichotomized so that the most severe two categories were
collapsed into a single category designated ‘More severe’. The lower three levels of
weakness response were collapsed into a single category designated ‘Less severe’.

e Data from respondents with confirmed CMT1A were separated out for comparison

with responses from the rest of the sample.

» The continuous variable ‘age’ was stratified into 20 year strata as recommended by the

Australian Bureau of Statistics (0-20, 21-40, 41-60, 61-80, 81+).

The individual effects of the factors are presented for completeness, along with continuity
corrected chi-square results with significance. For the full logistic regression model the odds
ratio (OR), its 95% confidence interval and significance level are presented. Significant
factors are highlighted in italics. A final summary paragraph is provided for each variable to

aid in the interpretation of the tabular data.
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3.4.3.1 Feet/legs - weakness

Question form: Please indicate how severely you are affected by...weakness in the legs and
Jeet

More than 80% of the respondents reported moderate or worse weakness in the legs/feet.
Indeed only 7% reported no leg/foot weakness, a figure in accordance with the many reports

in the literature +* %

. More than half of respondents considered the weakness in their legs/feet
to affect them ‘quite a lot’ or ‘severely’. There was more weakness reported in the lower
limbs than the upper limbs, with more than half reporting ‘quite a lot” or more weakness in

the legs, compared with less than 30% in the arms (see full report for details).

Figure 3.13. Pie chart of severity of weakness

Notat all 6.56%
Seversly 1531%

Alittle 12.19%

Quitea lot 35.94% Moderate amt  30.00%

Table 3.7. Factors influencing weakness - logistic regression modelling

Examining the effect of CMT type, 46.8% of respondents with confirmed CMT1A reported
severe weakness compared to 52.3% of all other types (chi square=0.818, P=0.366). More
males (61.2%) than females (44.2%) reported severe weakness (chi square=9.124, P=0.003).
The effect of age was not linear but the chi-square model revealed a possible age related

effect (chi square=11.556, P=0.021).

A binary logistic regression model was constructed to test for main effects, including
interactions.

OR (95%CTI) P Value
CMT type 1.17 (0.69 to 1.98) 0.560
(other)
Gender 2.05 (1.29 t0 3.27) 0.002
Age 1.02 (1.01 to 1.03) 0.001
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The regression model confirms the effect of gender, with male respondents more likely than
females to report more severe weakness with an odds ratio of approximately two. The effect
of age is statistically significant but small in the adjusted model, with the risk of reporting

more severe weakness increasing x1.02 per 20 years. The model confirmed that respondents

with CMT1A did not report any more or less severe weakness compared to other groups.

3.4.3.2 Feet/legs - muscle wasting

Question form: Please indicate how severely you are affected by...muscle wasting in your
legs/feet.

Apart from negative reports from a small group (13%), muscle wasting in the legs and feet
was reported by most respondents, a finding almost identical to previous reports %A high
proportion (43%) again reported their muscle wasting as falling into the two most severe
categories. Confirming the studies of Thomas et al 120 we found the prevalence of leg/foot
muscle wasting to be very high, and higher than the prevalence of wasting in the arms/hands

(see full report).
Figure 3.14. Pie chart of severity of muscle wasting

Notatall 13.12%

Sevarely 1531%

Alitlo 16.25%

Quite alot 2781%

Modorate amt  27.50%

In common with the results from the exploration of weakness, more males (56%) than females
(33.9%) reported severe wasting (chi square=14.621, P<0.001). Examining the effect of CMT
type, 34.2% of respondents with confirmed CMTI1A reported severe weakness compared to
46.1% of all other types (chi square=2.957, P=0.086). The effect of age was more linear than
for muscle weakness and the chi-square model suggested an independent age related effect
(chi square=13.197, P=0.001).
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A binary logistic regression model was again constructed to test for main effects, including

interactions.

Table 3.8. Factors influencing muscle wasting - logistic regression modelling

OR (95%CI) P Value
CMT type 1.53 (0.88 to 2.65) 0.131
(other)
Gender 2.52 (1.57 to 4.05) <0.001
Age 1.02 (1.01 t0 1.03) <0.001

The regression model confirms the effect of gender, with male respondents more likely than
females to report more severe wasting with an odds ratio of approximately 2.5. The effect of
age is again statistically significant but small in the adjusted model, with the risk of more

severe muscle wasting increasing x1.02 per 20 years. The model confirmed that respondents

with CMT1A did not report any more or less severe wasting compared to other groups.

3433  Feet/legs - sensitivity to cold

Question form: Please indicate how severely you are affected by ... sensitivity to cold in your
legs/feet

Fewer than one-quarter reported not being sensitive to cold, and 58% rated their sensitivity to
cold as being ‘moderate’ or worse.

Figure 3.15. Pie chart of severity of sensitivity to cold

Severely 15.41%

Notatall 23.90%

Quite alot 24.84%

Alittle 17.92%

Moderate amt  17.92%
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When rating sensitivity to cold, more females (61%) than males (54%) reported severe
sensitivity, although the difference was not statistically significant (chi square=1.262,
P=0.261). The CMT type appeared to have little effect either, with both confirmed CMTIA
cases (61%) and all other groups (58%) reporting similar rates of the more severe category of
response (chi square=0.164, P=0.685). There appeared to be an age-related effect, with a low
proportion of the 0-21 age strata reporting severe sensitivity to cold (35%}, a similar higher
proportion of respondents in each of the three age strata between 21 and 81 years (58% to
64%), and a higher proportion again in those over 81 years (83%) . The effect of age
independently was significant (chi square=11.128, P=0.025).

A binary logistic regression model was again constructed to test for main effects, including

interactions.

Table 3.9. Factors influencing sensitivity to cold - logistic regression modelling

OR (95%CID) P Value
CMT type 0.88 (0.52 to 1.49) 0.630
(other)
Gender 1.33 (0.85 to 2.12) 0214
Age 1.02 (1.00 10 1.03) 0.010

The regression model confirms the absence of effect of either gender or CMT type in reported
severity of sensitivity to cold. The effect of age was again statistically significant but small.
These data appear to confirm anecdotal reports of increased sensitivity to cold in people with
CMT. It has been demonstrated that some 85% of people with CMT disease have an abnormal
plethysmographic response to cold stress, although the underlying mechanism 1§ not
understood, and CMT related autonomic dysfunction does not appear strongly related to cold

intolerance %,

3434 Foot structure

The effect of CMT on foot structure was explored using a similar approach to that used for the
previous data. Firstly however, some confirmatory exploration of the data was undertaken to
ensure the validity of the self reported data for such a clinically defined variable. One
consideration was to ensure that the two mutually exclusive extremes of these responses had
not been misunderstood by the respondents. Respondents were deemed therefore to have

misclassified their foot type if they scored >4 on both questions i.¢. had reported both
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severely flattened and high arched feet. Fifteen such response sets were noted and responses
from these individuals were therefore excluded from this part of the analysis.

Variables were recoded as described previously, with the exception that the foot type
characterisation was dichotomised by collapsing the two most severe categories and the three
least severe categories respectively, rather than recoding based on the 50™ centile. This
change was introduced because of the skewness in these responses (see Figure 3.12). For this
and subsequent analyses, a fourth factor was also introduced into the sub group analyses and
logistic regression modelling — leg/foot weakness. This variable was introduced to test the
hypothesis that those with severe weakness may be more prone to the secondary effects of
CMT *. The leg weakness was introduced as a dichotomous factor recoded from original

responses as outlined in Section 3.4.3.

3.4.3.4.1 Foot Structure - Flat feet
Question form: Please indicate how severely you are affected by...flat feet

Very few respondents reported their foot type as significantly flattened. There are no data

available for the general population against which to compare these responses.

Figure 3.16. Pie chart of reported severity of flat foot
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CMT type appeared to be more important in reported flat foot than it was for the variables
explored in the previous section. Only 3% of respondents with confirmed CMT1A describing
their foot type as severely flattened, compared with 11% of respondents with other forms of
CMT (chi square=4.075, P=0.044). Gender was not a factor (males 10%, females 8%, chi
square=0.106, P=0.755), nor was age (chi square=2.737, P=0.603), or self-reported severity of
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weakness (chi square=1.172, P=0.279). A binary logistic regression model was constructed
as in the previous section to test for main effects, including interactions.

Table 3.10. Factors influencing reporting of flat footedness - logistic regression

modelling

OR (95%CI) P Value
CMT type 4.45 (1.03 to 19.28) 0.046
(other)
Gender 1.073(0.47t02.43)  0.8364
Age 1.14 (0.76 to 1.71) 0.524
Leg/foot 0.59 (0.25 t0 1.39) 0.227
weakness

Almost all of the explanatory weighting for the relationship between CMT type and flat foot
appeared to load onto CMT type. Those respondents with forms of CMT other than CMT1A
were approximately four times more likely to report flat feet than those with confirmed
CMTIA.

3.4.3.42 Foot structure - High arched (cavus) feet
Question form: Please indicate how severely you are affected by .. high arched feet

Nearly three-quarters of all respondents reported their feet as being moderately highly arched
or worse, although 21% did not consider themselves to have high arches. The prevalence of
CMT related cavus deformity reported in the literature varies considerably. While the higher

21481 our data are in close agreement with the lower

estimates are in the range of 80-90%
ranges reported in the epidemiological and detailed clinical studies of Hoogendijk et al "

Skre 42, and Holmberg ©.
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Figure 3.17. Pie chart of severity of high arched feet

Notatall 21.00%
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Quite a lot  28.33%

As would be expected if the data are valid, CMT type also appeared to be influential in
reporting of cavus foot high arched foot types, demonstrating an inverse trend to the reporting
of flat feet. While 49% of all other CMT respondents reported a severely high arched foot
type, 68% of those with confirmed CMT1A reported a severely high arched foot type (chi
square=7.262, P=0.007). Gender was again not found to be a factor (males 57%, females
52%, chi square=0.732, P=0.392), and again age did not appear related to severe pes cavus
(chi square=5.406, P=0.248). Self-reported severity of leg/foot weakness was significant, with
64% of those reporting severe weakness also reporting a pes cavus foot type compared to only

45% of those with less severe weakness. (chi square=1.172, P=0.279).

Table 3.11. Factors influencing reporting of high arched feet - logistic regression

modelling

OR (95%CI) P Value
CMT type 2.47 (0.14 to 4.40) 0.002
Gender 1.16 (0.71 to 1.88) 0.564
Age 0.99 (0.98 to 1.01) 0.452
Leg/foot 2.36 (1.44 to 3.86) 0.001
weakness

Severity of cavus foot change was linked to both CMT type and severity of leg/foot weakness.
Presence of confirmed CMT1A and severe leg foot weakness each increase results in an

increase in the odds ratio of greater than two.
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3.4.4 CMT - sensory impairment

In this section respondents were asked do indicate how often they noticed impairments
relating to a number of aspects of somatic sensation (i.e. loss of sensation, susceptibility to
burns, slow reaction to pain, shooting pains, paraesthesia, cramps and restless legs). These are
initially described simply, and compared where relevant to the existing literature. Binary
logistic regressions explore the link between frequency of each of the sensory manifestations,
recoded as a dichotomous variables based on the 50" centile, and age, gender and CMT type
as in the previous sections. Muscle weakness is retained in the analysis, based on a previous
hypothesis that the muscle weakness reported in the previous section may be a general marker

for disease severity **.

3.4.4.1 Shooting pains in legs/feet

Question form: Do you experience shooting pains in your legs/feet?

More people reported shooting pains in the legs/feet (59% ) than in the arms/hands (38%)
(Wilcoxon’s test, Z=-7.569, P<0.001, N=311). The proportion of people reporting lower limb
shooting pains ‘often’ or more frequently in the legs/feet was 21.9%, compared with 10% in

the upper limbs.

Figure 3.18. Pie chart of frequency of shooting pains in legs/feet
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Table 3.12. Factors influencing shooting pains - logistic regression modelling

Dependent variable: Leg/foot shooting pains
Independent variables: Gender, age, leg weakness, CMT type

OR (95%CI) P Value
CMT type 139(0.82t0237) 0227
Gender 0.76 (04810 1.22)  0.255
Age 1.0 (0.98 to 1.01) 0.531
Leg/foot 1.52(0.95t02.44)  0.082

weakness

Frequency of shooting pains was not associated significantly with any of the factors either

individually or in the adjusted model.

3.4.4.2 ‘Pins and needles’ in legs/feet

Question form: Do you experience ‘pins and needles’ in your legs/feet?
A significant majority (72.3%) of CMT sufferers report pins and needles in the legs/feet. For

more than one-in-eight CMT sufferers (16.7%) these occur ‘very often’ or are ‘constant’.

Figure 3.19. Pie chart of frequency of ‘pins and needles’

Constantly 4.40%

Very often 12.26%
Never 27.67%

Often 15.41%

Occasionally 40.25%

Table 3.13. Factors influencing reporting of ‘pins and needles’ experience - ordinal
regression modelling

Dependent variable: Leg/foot ‘pins and needles’
Independent variables: Gender, age, leg weakness, CMT type

OR (95%CT) P Value
CMT type 1.23 (0.71 to 2.14) 0.460
Gender 0.88 (0.53 to 1.45) 0.624
Age 0.99 (0.98 to 1.00) 0.266
Leg/foot 2.05 (1.23 to 3.40) 0.006

weakness
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This model determined that severity of foot and leg weakness was the only significant predictor
of the frequency of lower limb pins and needles with those reporting more severe weakness

also reporting more frequent pins and needles with an odds ratio of approximately two.

3443 Cramps in the legs

Question form: Do you experience cramps in your legs/feet? (cramps = painful spasms in the
muscles)

114120133

Leg cramps are widely reported in the literature , a finding confirmed by this study.

Fewer than one-quarter of the sample reported being unaffected by leg cramps. For 20.3% of

CMT sufferers the cramps occur very often or constantly.

Figure 3.20. Pie chart of frequency of cramps in legs/feet

Constantly 4.36%

N 21.18%
Very often  15.89% i

Often 19.63%

Occasionally 38.94%

Table 3.14. Factors influencing leg cramps - logistic regression modelling

All the factors were entered into the ordinal regression model.

Dependent variable: Severity of leg cramps
Independent variables: Gender, age, leg weakness, CMT type

OR (95%CI) P Value
CMT type 2.29 (1.36 to 3.88) 0.002
Gender 0.78 (0.48 to 1.25) 0.296
Age 1.00 (0.99 to 1.02) 0.676
Leg/foot 1.42 (0.88 to 2.29) 0.156

weakness
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Gender was not a significant parameter in the combined model, and age as expected, did not

contribute significantly. Leg/foot weakness was not a predictor of the frequency of cramps.

There was a statistically significant effect of CMT type in the regression model, with
respondents with confirmed CMT1A reporting more frequent leg cramps with an odds ration

of greater than two.

3.4.44 ‘Restless legs’

Question form: Do you experience ‘restless’ legs at night or when sitting?

Restless legs were not a significant problem for most people with CMT, although some 21.2%
report restlessness in the legs ‘very often’ or ‘constantly’, with a further 24.9% reporting

restlessness ‘often’.

Figure 3.21. Pie chart of severity of ‘restless legs’

Constantly 9.03%

Never 26.47%
Very often  12.15%

Often 24.92%

Occaslonally 27.73%

Table 3.15. Factors influencing restless legs - ordinal regression modelling

Dependent variable: Restlessness of legs
Independent variables: Gender, age, leg weakness, CMT type

OR (95%CTI) P Value
CMT type 1.08 (0.65 to 1.81) 0.766
Gender 0.81 (0.51 to 1.28) 0.360
Age 1.00 (0.99 to 1.01) 0.777
Leg/foot 1.61 (1.01 to 2.57) 0.043

weakness
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Leg/foot weakness is again a significant explanatory variable, with the odds ratio of more
frequent restless legs raised in those with more severe leg/foot weakness. Other parameters
are not significant, with the frequency of restlessness in the legs independent of gender, CMT
type or age. Gemigiani et al have reported previously that restless legs are not seen in paticnts
with CMT type 1 but in more than one third of patients with axonal CMT *%. Our data do not
support these findings, with evidence of heterogeneity in the prevalence of reported restless
légs in people with the demyelinating and axonal forms of CMT. The Gemigiani study used
stringent criteria for the diagnosis of restless legs syndrome, and is likely to have been more

conservative estimate than our patients’ self-reported estimation.
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3.4.5 CMT — impacts on daily function

The first section took the form: ‘Do you use any of the following aids or devices? (please tick
all that apply)’: followed by a list including all of the aids and devices detailed in this

section.

3.4.5.1 CMT and use of aids and devices

It is known that people with CMT often require assistance, although the proportion of people
affected, and the possible predictive markers are not known. Again these data are presented
starting with an overall summary of responses, followed by analysis of the contribution of
various factors to an explanatory regression model. The factors of interest are:

Age

CMT type

Leg/foot weakness as a marker for disease severity.

Marital status, which was also included in this section to determine whether the

availability of a partner may influence dependency on aids and devices. As the

_ hypothesis was dependent solely on the availability of a partner, the three singles
states (single, divorced/separated and widowed were aggregated into one category) for

comparison with the couples (married/de facto).
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3.4.5.2 Aids and devices, wheelchair

Fewer than 6% of 302 eligible* respondents in this sample reported using a wheelchair. This
represents a lower proportion than the 10% often quoted in the literature but a slightly higher
proportion than the 1/119 reported in a previous study of disability in CMT 5

*Note: to ensure that the concept of use of a ‘wheelchair’ had not been confused by
respondents, with the use of a ‘pushchair’ or ‘stroller’ for young children, responses for those
aged <=5 years were not included in the questions relating to wheelchair use.

Figure 3.22. Pie chart of the proportion of respondents using a wheelchair

True 5.56%

False 94.44%

Table 3.16. Factors influencing wheelchair dependence - Logistic regression modelling

Dependent variable: Wheelchair dependence
Independent variables: Age, CMT type, leg weakness, marital status

OR (95%CI) P Value
Age 1.05 (1.02 to 1.08) 0.001
CMT type 4.86 (0.61 to 39.14) 0.137
Leg/foot 3.102 (0.94 to 10.28) 0.064
weakness
Marital status 5.52 (1.88 10 16.21) 0.002

The mean age of non-wheelchair users was 45.6 years, significantly lower than the mean of
60.72 in the wheelchair using group. Age was a strong predictor with the risk of wheelchair
dependency increasing x1.05 per 20 years. Leg/foot weakness was weakly associated with
increased risk of wheelchair dependence but did not reach significance. There was a
significant relationship between marital status and wheelchair use. Single people (including
those separated, divorced or widowed), had nearly a six-fold risk of wheel chair dependence

compared with those in a married/de facto relationship. The risk of wheel chair dependence
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was not related to type of CMT despite only 1% of respondents with confirmed CMT1A

being wheelchair dependent compared with 7% of respondents with other forms of CMT.

3453 Aids and devices, motor scooter

Only 2% of this sample of 324 respondents uses a motor scooter.

Figure 3.23. Pie chart of the proportion of respondents using a motor scooter

False 97.84%

Table 3.17. Factors influencing motor scooter dependence - logistic regression modelling

Dependent variable: Motor scooter dependence
Independent variables: Age, CMT type, leg weakness, marital status

OR (95%CI) P Value
Age 1.06 (1.01 to 1.11) 0.027
CMT type 0.55 (0.10 to 3.16) 0.502
Leg/foot 4.51 (0.52to 39.22) 0.172

weakness
Marital status  3.24 (0.68 to 15.40 0.139

The mean age of non-motor scooter users was 46.04 years, significantly lower than the mean
of 63.71 in the scooter-using group. Age was again the most significant predictor as it might
be in the general population, with the risk increasing x1.06 per 20 years of life. No other

factors were significant predictors of reliance on a motor scooter.
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34.54  Aids and devices, walking stick

All 324 respondents answered this question. Nearly 20% of this sample reported using a
walking stick.

Figure 3.24. Pie chart of the proportion of respondents using a walking stick

True 17.28%

False 82.72%

Table 3.18. Factors influencing walking stick dependence - logistic regression modelling

Dependent variable: Walking stick dependence
Independent variables: Age, CMT type, leg weakness, marital status

OR (95%CI) P Value
Age 1.07 (1.0410 1.09)  <0.001
CMT type 091 (0.41t02.02)  0.812

Leg/foot 5.55(2501013.32)  <0.001

weakness
Marital status  1.05 (0.50 to 2.18) 0.902

The proportion of respondents in this sample using a walking stick to aid ambulation is
several times higher than the <5% reported previously in French patients with confirmed
CMT1 *. It is not clear why this should be the case, although age related differences might be
significant. Data on the prevalence of walking stick use in the general population were sought
but could not be found. The mean age of non-walking stick users was 43.1 years, significantly
lower than the mean of 62.13 in the walking stick using group, hence age was a significant
predictor in the model with the risk of stick use increasing x1.07 per 20 years of life. Leg/foot
weakness was also strongly associated with increased risk of walking stick dependence, with
the risk increased to more than five-fold in those with more severe leg/foot weakness. Marital

status and CMT type did not predict walking stick reliance.
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3.45.5 Aids and devices, walking frame

All 324 respondents answered this question. Fewer than 6% of this sample uses a walking
frame.

Figure 3.25. Pie chart of the proportion of respondents using a walking frame

True 3.70%

Falso 96.30%

Table 3.19. Factors influencing walking frame dependence - logistic regression
modelling

Dependent variable: Walking frame dependence
Independent variables: Age, CMT type, leg weakness, marital status

OR (95%CI) P Value
Age 1.12 (1.05t0 1.18) <0.001
CMT type 2.28 (0.26t0 19.87)  0.454
Leg/foot 3.33 (0.66 to 16.91) 0.147

weakness
Marital status 1.44 (0.38 to 5.46) 0.590

The mean age of non- walking frame users was 45.45 years, significantly lower than the mean
of 71.58 in the walking frame using group. Once more, age was a moderate predictor with the
risk increasing x1.113 per year of life. Leg/foot weakness was also associated with increased
risk of walking frame dependence, with the risk more than doubling with each point of
reported increased severity. Marital status and CMT type were not related to walking frame

dependence.

89



3.4.5.6 Aids and devices, in-shoe orthoses

All 324 respondents answered this question. A significant proportion of this sample currently
uses in-shoe orthoses.
Figure 3.26. Pie chart of the proportion of respondents currently using in-shoe

orthoses

Table 3.20. Factors influencing current in-shoe orthosis use - logistic regression
modelling

Dependent variable: In-shoe orthoses current use
Independent variables: Age, CMT type, leg weakness, marital status

OR (95%CI) P Value
Age 0.98 (0.97 10 1.00) __ 0.009
CMT type 2.161 (1.272 10 3.61)  0.004
Leg/foot 091 (0.57t0 1.47)  0.705

weakness
Marital status ~ 0.98 (0.58 to 1.66) 0.937

The mean age of non-users of in-shoe orthoses was 48.9 years, higher than the mean of 40.3
in the in-shoe orthosis wearing group. Age was a weak predictor with the use of orthoses
decreasing slightly per year of life. Neither leg/foot weakness or marital status were
associated with increased in-shoe orthosis use. The risk for in-shoe orthosis use was related to
type of CMT however, with respondents with CMT1A twice as likely to use in-shoe orthoses,

as the other groups.
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Aids and devices, ankle-foot orthoses
All 324 respondents answered this question. Fewer people in this sample use AFOs than in-
shoe orthoses.

Figure 3.27. Pie chart of the proportion of respondents using ankle-foot orthoses

True 18.83%

False 81.17%

Table 3.21. Factors influencing AFO use - logistic regression modelling

Dependent variable: AFO current use
Independent variables: Age, CMT type, leg weakness, marital status

OR (95%CI) P Value
Age 1.00 (0.99 to 1.02) 0.790
CMT type 3.07 (1.31 10 7.22) 0.010
Leg/foot 3.91 (2.02 to 7.57) <0.001

weakness
Marital status  0.70 (0.36 to 1.36) 0.293

The mean age of non AFO orthoses wearers was 45.61 years, higher than the mean of 49.92
in the AFO orthoses using group. Age was not a significant factor overall, but the graphical
output (not presented here) suggested some non-linear relationship which is developed below.
AFO dependence was related to type of CMT, and people in the group with forms of CMT
other than CMT1A were more likely to use AFOs than the CMT1A group with an OR of
more than 3.0. As might be expected, leg/foot weakness was a significant predictor of AFO
use, with the risk of AFO dependence nearly four times greater in those with more severe leg

weakness. Marital status was not associated with altered risk for AFO orthoses use.
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The non-linear relationship with age was developed further as it appeared from the graphical

output that there may be a watershed around the age of 20 years which may be influential.

The stratified age data were thus cross-tabulated with AFO use to identify significant non-

linear interactions.

Table 3.22. Cross tabulation of stratified age with AFO use.

Age stratified
0-20 21-40 41-60 | 61-80 81+ TOTAL
Use False | Count 27 82 88 57 5 259
AFOs Expected 299 72 374 64.8 4.9 259
True | Count 10 7 20 23 1 61
Expected 7.1 7 206 15.3 11 61
Total Count 37 89 108 80 6 320
s ) :
Ouds Tl S |
ratio(95%CI) 0.611) 3.622)

Chi square=13.668, P=0.008

The 21-40 age group demonstrate a reduced odds ratio of 0.26 indicating reduced odds ratios

for AFO use compared with other age groups, while CMT sufferers in the 61-80 age group

are approximately twice as likely to use AFOs. Possible reasons for this are developed in the

discussion.
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3.4.6 CMT — non surgical treatments

In this section of the survey respondents were asked to indicate their experiences with the
conservative treatments itemised. The overall usage figures are reported, along with overall
data on reported easc of use for each of the therapies. The effectiveness is also reported
overall and then explored further in an attempt to determine whether treatments may be better
targeted at specific patient groups.

The sub-groups investigated were again, age, CMT type, with leg/foot weakness included as a
surrogate for disease severity. The data are reported graphically and again, following recoding
of the dependent variable into a dichotomous variable based on response about the 50"
centile, are entered into a logistic regression model in an attempt to establish predictors for the

likely effectiveness of an intervention.
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3.4.6.1 Stretching exercises

Stretching exercises — usage

Nearly 70% of the respondents had tried stretching exercises at some point.
Figure 3.28. Pie chart of the proportion of respondents having tried stretching

False 30.56%

True 69.44%

Stretching exercises — ease of use Stretching exercises — effectiveness
Stretching exercises were generally For all its ease of use, less than half the
considered easy to use as a modality. Only respondents reported that stretching

one respondent found stretching exercise regimes were, in their opinion, *quite’ or
regimes impossible to comply with, while more effective. For just less than one
nearly three-quarter reported ‘no” or only quarter however the degree of effectiveness
‘minimal’ difficulty in complying with was high (‘very helpful” or *100%
stretching therapy. effective’).

Figure 3.29. Pie chart of the reported Figure 3.30. Pie chart of the reported
‘ease of use’ of stretching exercises effectiveness of stretching exercises

| Ease of use - Stretching
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1M Minima ifficuty
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None of the three factors explored appeared strongly related to the perceived effectiveness of
stretching. Leg/foot weakness showed a weak inverse relationship, suggesting that those with
least severe weakness tended to find stretching more helpful.
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Table 3.23. Factors influencing stretching effectiveness - logistic regression modelling

Dependent variable: Effectiveness of stretching
Independent variables: Age, leg weakness, CMT type

OR (95%CI) P Value
Age 1.01 (0.99 to 1.02) 0.443
Leg/foot 0.85(0.50 to 1.48) 0.583
weakness
CMT type 0.78 (0.43 to 1.40) 0.400

Although stretching exercises were considered effective by nearly half of all respondents

there were no factors that demonstrated any significance within the model.
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3.4.6.2

Ankle/foot splints/orthoses (AFOs) - (daytime use)

AFOs are reportedly often used for functional daytime use in people with anterior leg

weakness leading to dropfoot. Only one-quarter of the respondents (N=80) reported having

used AFOs for daytime wear.

Figure 3.31. Pie chart of the proportion of respondents having tried AFOs

True 24.69%

False 75.31%

AFOs (daytime) — ease of use

Of the 80 people who reported having used
daytime ankle/foot splints, nearly 80%
found them easy to use.

Figure 3.32. Pie chart of the reported
‘ease of use’ of AFOs

Ease of use - AF splints day
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AFOs (daytime) — effectiveness

Those that use daytime ankle/foot orthoses
find them useful. Fewer than one-in-five
respondents considered them to be of only
‘little help’ or ‘useless’. Nearly 70% of
respondents who had tried AFOs found this
treatment approach ‘very helpful’ or *100%
effective’. No data exist in the literature for
comparison.

Figure 3.33. Pie chart of the reported
effectiveness of AFOs

Effectiveness - AF splints day|
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Table 3.24. Factors influencing perceived effectiveness of AFO use - ordinal regression
modelling

Dependent variable: Effectiveness of daytime AFO use
Independent variables: Age, leg weakness, CMT type

OR (95%CI) P Value
Age 1.02 (0.99 to 1.04) 0.181
Leg/foot 1.16 (0.38 to 3.59) 0.796
weakness
CMT type 1.74 (0.53 to 5.70) 0.359

Again there were no factors that were significant to the model, there was a suggestion of a
weak linear trend toward increasing reported effectiveness with age in the preliminary

graphical evaluations, but adults’ and children’s responses appeared to differ.
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3.4.63  AFOs/splints (night time)

AFOs/ankle splints are sometimes used at night to provide a sustained stretch to the calf
musculature. Only 13% of the respondents in this survey reported having tried night splint
stretching.

Figure 3.34. Pie chart of the proportion of respondents having tried night splinting

True 12.96%

False 87.04%

AFOs/splints (night time) — ease of use AFOs/splints (night time) — effectiveness
Nearly one-third of the 42 respondents who ~ The wearing of night splints was not

had tried night splints found them very considered particularly helpful by more
difficult or impossible to comply with. than 60% of respondents. A little over one
Only one in eight respondents reported no in ten did however report that night splints
difficulty with using this therapy. were ‘very helpful” or ‘100% effective’.
Figure 3.35. Pie chart of the reported Figure 3.36. Pie chart of the reported
‘ease of use’ of night splints effectiveness of night splints

Ease of use - AF splints night Effectiveness - AF splints night
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Table 3.25. Factors influencing perceived effectiveness of night splinting - ordinal
regression modelling

Dependent variable: Effectiveness of night splinting
Independent variables: Age, leg weakness, CMT type

OR (95%CI) P Value
Age 0.99 (0.96 to 1.02) 0.501
Leg/foot 1.53 (0.35 to 6.73) 0.576
weakness
CMT type 4.14 (0.80 to 21.59) 0.091

No factors were significant in the adjusted model although CMT type, before adjustment for
age and superimposed weakness had appeared individually significant. Some 63% of
respondents from the confirmed CMT1A sample reporting night splinting to be effective
compared with 30% of the other CMT types but despite being moderately close to statistical

significance the difference was not supported in the adjusted model.

3.4.64  Shoe inserts (experience of use at any time previously)

Shoe inserts or in-shoe orthoses may be used by people with CMT to improve the mechanical
function of the foot or to redistribute excessive pressure around the foot. As would be
expected, more people reported in response to this question that they had tried shoe inserts “at
some point’, than had reported ‘currently” using them in the previous question on page 89.
Just less than half of the respondents had tried in-shoe orthoses at some point.

Figure 3.37. Pie chart of the proportion of respondents having tried shoe inserts

True 47.53%
False 52.47%
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Shoe inserts — ease of use Shoe inserts — effectiveness

In-shoe orthoses are generally considered Seventy percent of the respondents who
by the CMT community to be easy to use. had used in-shoe orthoses reported that they
Only 17% of the respondents who had were ‘quite helpful” or better.

worn them (N=154) considered them

difficult to use.

Figure 3.38. Pie chart of the reported Figure 3.39. Pie chart of the reported
‘ease of use’ of shoe inserts effectiveness of shoe inserts
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Table 3.26. Factors influencing perceived effectiveness of shoe inserts - ordinal
regression modelling

Dependent variable: Effectiveness of shoe inserts
Independent variables: Age, leg weakness, CMT type

OR (95%CI) P Value
Age 1.01 (0.99 to 1.03) 0.559
Leg/foot 2.25(1.15 10 4.39) 0.017
weakness
CMT type 1.412 (0.70 to 2.85) 0.337

Leg/foot weakness was a significant contributor to the model indicating that shoe inserts were
more likely to be ineffective in those with more severe weakness with an odds ratio of more
than two. The preliminary descriptive evaluations had revealed that shoe inserts were
considered ineffective by more respondents with more severe weakness (60%) than those with
less weakness (42%), and this finding is confirmed in the adjusted model suggesting that

orthoses maybe of greater benefit in milder cases.
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3.4.6.5 Plaster casts

The application of plaster casts to provide a prolonged stretch is used in cases where tight calf

musculature has proven resistant to less invasive treatments. In this regime, casts are applied

serially, and worn constantly over a period of 2-6 weeks. Only a small number of respondents

(N=20) had tried plaster casts. The small sample precludes the construction of meaningful

regression models and these data are therefore presented descriptively only.

Figure 3.40. Pie chart of the proportion of respondents having tried plaster casts

True 6.17%

False 93.83%

Plaster casts — ease of use

Stretching exercises were considered easier
to use as a modality than might have been
expected for a modality with a significant
impact on daily function. Nearly half the
respondents reported the therapy as
presenting no difficulty or only minimal
difficulty.

Figure 3.41. Pie chart of the reported
‘ease of use’ of plaster casts
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Plaster casts — effectiveness

The respondents were equally divided on
the benefit of plaster casting. One half felt
casting to have no effect or only minimal
effect, while for half it was considered
‘quite helpful’ or better. For only 10% was
casting considered ‘very effective’ or
better.

Figure 3.42. Pie chart of the reported
effectiveness of plaster casts
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3.4.6.6  Strengthening exercises (non-weightbearing or ‘NWB”)

Strengthening programs to address the progressive muscle weakness are commonly
prescribed to people with CMT. The effectiveness of these in improving distal muscle power
has not been evaluated in clinical trials however. Strengthening programs for the legs may
involve exercises undertaken sitting or lying (non-weightbearing) and using free weights, or
may be done weightbearing using the body mass for resistance, and replicating movements
used in daily function. Just less than one half of the sample reported having tried non-
weightbearing exercise regimes to improve strength.

Figure 3.43. Pie chart of the proportion of respondents reporting having tried non-

weightbearing strengthening exercises

True 44.75%

False 5525%

Strengthening (NWB) — ease of use Strengthening (NWB) — effectiveness

Non-weightbearing strengthening exercises ~ Fewer than half the respondents reported
were generally considered easy to comply ~ thatthe non-we_:lghtb_eam}g.strex‘lgtl'leramg
with. Only 31% of the sample reported regimes were, in their opinion, ‘quite” or

significant difficulty with compliance. more helpful. Non-weightbearing
strengthening regimes were perceived as

less effective than stretching regimes.

Figure 3.44. Pie chart of the reported Figure 3.45. Pie chart of the reported
‘ease of use’ of non-weightbearing effectiveness of non-weightbearing
strengthening exercises strengthening exercises
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Table 3.27. Factors influencing NWB strengthening effectiveness - ordinal regression

modelling

Dependent variable: Effectiveness of NWB strengthening
Independent variables: Age, leg weakness, CMT type

OR (95%CTI) P Value
Age 1.01 (0.99 to 1.03) 0.385
Leg/foot 1.01 (0.51 to 2.00) 0.583
weakness
CMT type 1.33 (0.62 to 2.84) 0.464

There were no significant factors in the model.

3.4.6.7 Strengthening exercises (weightbearing (WB))

A similar proportion of respondents had tried strengthening regimes weight bearing and non-
weightbearing. Only 30 had tried one of the regimes of strengthening exercise without the

other.
Figure 3.46. Pie chart of the proportion of respondents reporting having tried

weightbearing strengthening exercises

True 42.28%

False 57.72%
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Strengthening WB — ease of use Strengthening WB — effectiveness

The responses for ease of use of The responses for effectiveness of use of
weightbearing strengthening regimes weightbearing strengthening were again
appeared to mirror those for the non- similar to those for the non-weightbearing
weightbearing strengthening regimes. strengthening regimes, although

weightbearing exercises were perceived as
being marginally more effective.

Figure 3.47. Pie chart of the reported Figure 3.48. Pie chart of the reported
‘ease of use’ of weightbearing effectiveness of weightbearing
strengthening exercises strengthening exercises
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Table 3.28. Factors influencing effectiveness of weightbearing exercises - ordinal
regression modelling

Dependent variable: Effectiveness of WB strengthening
Independent variables: Age, leg weakness, CMT type

OR (95%CI) P Value
Age 1.00 (0.99 to 1.02) 0.726
Leg/foot 1.24 (0.63 to 2.44) 0.535
weakness
CMT type 1.06 (0.49 to 2.25) 0.891

The two approaches (WB and NWB), appear to carry a similar perception of ease of use and

effectiveness although in neither case was there a significant factor in the models.
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3.4.7 CMT - alternative therapies

Seventy-four respondents gave 111 responses on their use of alternative treatments. In all, 26
alternative therapies were identified.

Table 3.29. Use of alternative therapies

Therapy Number Therapy Number tried
tried

Homeopathy 3 Vitamin therapy 4
Naturopathy 8 Cell therapy (Niehans) 1
Massage 15 Mannatech tablets 1
Chiropractic 10 Alexander technique 1
Muscle stripping 2 Reflexology 4
Electromagnetic 1 Tai Chi 1
therapy

Hydrotherapy 7 Traditional Chinese 1

Medicine

Yoga 5 Maharishi Ayur Vedi 1
Gym exercises 5 Deep tissue 4
Acupuncture 23 Herbal tonics 1
Bowen technique 4 Diet Candida 1
Pilates 2 Hatchard’s Way 1
Reiki 2 Myra Therapy. 3

Twenty-four respondents had used multiple alternative therapies (two or more).

Women were nearly twice as likely as men to use alternative therapies (odds ratio =1.789
(95%CI 1.046-3.06), X%=4.577, P=0.022). A full analysis of the use of alternative therapies is
given in the CMTAA survey report.

3.4.8 CMT — surgery

In response to the question on surgeries, 101 respondents returned data on 209 foot surgeries.
Sixty-two people had undergone multiple surgeries (more than two episodes of surgery). The
average age of first surgery was 24.4 years, second surgery 29.3 years, third surgery 33.2 and
fourth surgery 32.2 (this apparent anomaly results from 3 of the i1 people who had undergone
four surgeries having had multiple surgeries in early life). Again, for brevity the full analysis
of this complex area of the survey is not included here, as the subsequent work in this thesis
relates primarily to evaluation of conservative therapy. The interested reader is again directed

to the full CMTAA survey report for details.
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349 Predictors of overall health outcome

The final analysis of the survey dataset involved the construction of a series of multiple
logistic regression models in an attempt to quantify the factors contributing to the patients’
reported health related quality of life. On the basis of the previous analyses in the chapter and
an empiric assessment of clinical importance, the relevance of all the factors to overall quality
of life scores was considered. For the reasons outlined in the table, the following factors were
determined to be of greatest interest and were further explored for suitability for inclusion in
the regression modelling.

Table 3.30. Factors included in regression modelling of predictors of health outcome.

Variable Reasons for inclusion
Gender A factor independent of CMT disease but potentially
influential over HRQoL

Age A factor independent of CMT disease but potentially
influential over HRQoL

Marital status (couple or single status A factor independent of CMT disease but potentially

only) influential over HRQoL

CMT type To evaluate comparability of the different forms of
CMT and their effect on HRQoL

Leg/foot weakness As a marker of disease severity

Severity of pes cavus To determine whether the most common foot
deformity contributes to HRQoL scores

Shooting pains in the legs/feet To determine whether the day-to-day presence of
positive neurogenic features impacts on HRQoL.

Pins and Needles in the legs/feet To determine whether the day-to-day presence of
positive neurogenic features impacts on HRQoL.

Cramps in the legs To determine whether the day-to-day presence of

positive neurogenic features impacts on QoL

It is not appropriate to include in regression modelling factors that are largely co-dependent,
and the score and ordinal variables were first re-assessed therefore for co-linearity. As noted
previously, leg and foot weakness was significantly correlated with several of the intended
factors. Shooting pains, leg cramps and pins and needles were highly correlated. Exclusion of
co-dependent variables reduced the factors to be included to :

Age

Gender

Marital status
CMT type
Leg/foot weakness
Leg cramps
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Logistic regression models were again constructed after first dichotomising each of the SF-36
dimension response sets to scores either side of the 50th centile. Those responses below the
50th centile were categorised as ‘poor health’ and those above, ‘good health’.

A table of regression summary statistics is provided for each HRQoL dimension with a
significant factors highlighted with italics. A brief summary is provided at the end of the four
physical health dimensions, at the end of the mental health dimensions of the SF-36 scores,

and again and for the four foot-specific dimensions of the FHSQ.
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Logistic regression modelling —SF-36 dimensions

SF-36 Physical Function

Dependent variable: SF-36 Physical function dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

cramps

OR (95%Cl) P Value
Age 1.82(1.37 to 2.43) <0.001
Gender 1.56 (0.91 to 2.68) 0.109
Marital status  0.57 (0.31 to 1.01) 0.056
CMT type 1.15(0.63 t0 2.12) 0.655
Leg/foot 6.68 (3.91to 11.43) <0.001
weakness
Cramps 2.02 (1.18 to 3.45) 0.011
SF-36 Role Physical

Dependent variable: SF-36 Role Physical dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

cramps

OR (95%CI) P Value
Age 1.38 (1.07 to 1.79) 0.013
Gender 0.87 (0.53 to 1.41) 0.573
Marital status ~ 0.76 {(0.45 to 1.29) 0.307
CMT type 0.94 (0.54 to 1.64) 0.840
Leg/foot 2.40 (1.49 to 3.88) <0.001
weakness
Cramps 1.94(1.18103.18) 0.009
SF-36 Bodily pain

Dependent variable: SF-36 Bodily pain dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

cramps

OR (95%CT) P Value
Age 0.89 (0.69 to 1.14) 0.349
Gender 0.94 (0.57 to 1.53) 0.795
Marital status  1.05 (0.62 to 1.77) 0.851
CMT type 1.35(0.77 to 2.38) 0.297
Leg/foot 1.58 (0.98 to 2.58) 0.062
weakness
Cramps 3.65(2.21106.01) <0.001




SF-36 General Health

Dependent variable: SF-36 General health dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

cramps

OR (95%CI) P Value
Age 0.87 (0.681t01.12) 0.280
Gender 0.97 (0.60 to 1.57) 0.901
Marital status  1.12 (0.67 to 1.88) 0.658
CMT type 1.12 (0.65 to 1.95) 0.683
Leg/foot 2.69 (1.66 to 4.31) <0.001
weakness
Cramps 2.02(1.24 t0 3.30) 0.005

Summary for SF-36 Physical Component Scores

Leg/foot weakness and cramps were both related to physical HRQoL as measured by the SF-36.
In the physical function dimension leg/foot weakness was highly significant with a greatly
enhanced risk for those with more severe weakness reporting worse Physical Functioning
(OR>6.0). Leg/foot weakness was significant in all of the physical dimensions except Bodily
Pain where leg cramps were highly significant. The risk of those with more frequent leg
cramps rteporting Bodily Pain scores below the 50" centile (more pain) was increased
approximately 3% fold. Age was a significant factor in tow of the physical dimensions as
might be expected, with increasing age increasing the risk of reporting physical impairment
worse than the median response (OR 1.38-1.82 per 20 years of life). Gender, marital status
and CMT type did not appear to affect significantly the scores in the physical dimensions of
the SF-36.
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SF-36 Vitality

Dependent variable: SF-36 Vitality dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

S i

! cramps

i

|

OR (95%CI) P Value

A Age 1.28 (0.99 to 1.64) 0.056
Gender 1.22 (0.76 t0 1.99) 0.412
Marital status ~ 0.97 (0.58 to 1.62) 0.916
CMT type 1.35 (0.77 to 2.34) 0.296
Leg/foot 1.98 (1.23 to 3.20) 0.005
weakness
Cramps 2.00(1.23 10 3.26) 0.005
SF-36 Social Function

Dependent variable: SF-36 Social function dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

cramps

OR (95%CI) P Value
Age 1.24 (0.96 to 1.59) 0.096
Gender 1.31 (0.811t02.12) 0.275
Marital status  2.04 (1.21 to 3.34) 0.007
CMT type 0.93 (0.53 to 1.60) 0.781
Leg/foot 2.05(1.27 to 3.32) 0.003
weakness
Cramps 1.76 (1.08 to 2.85) 0.023
SF-36 Emotional role

Dependent variable: SF-36 Emotional role dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

cramps
OR (95%CI) P Value

Age 1.23 (0.96 to 1.60) 0.093
Gender 0.96 (0.59 to 1.56) 0.861
Marital status ~ 0.59 (0.35 to 1.00) 0.048
CMT type 1.01 (0.57 to 1.77) 0.983
Leg/foot 1.11 (0.68 to 1.81) 0.667
weakness

Cramps 1.86 (1.14 to 3.05) 0.013
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SF-36 Mental health

Dependent variable: SF-36 General health dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg
cramps

OR (95%CI) P Value

Age* 0.78 (0.61 to 1.01) 0.051
Gender 1.42 (0.88 to 2.29) 0.148
Marital status  0.99 (0.60 to 1.64) 0.971
CMT type 2.23 (1.38 t0 3.59) 0.858
Leg/foot 6.68 (3.91 to 11.43) 0.001
weakness

Cramps 1.50 (0.93 to 2.42) 0.096

* Note: Younger people reported worse mental health scores

Summary for SF-36 Mental Component Scores

Leg/foot weakness and cramps were linked to the SF-36 mental component scores in a
number of dimensions. Both were significant in three models and cramps were borderline for
significance in the fourth. More severe leg/foot weakness was associated with a substantial
increase in risk of a score in the Mental Health dimension (depression/anxiety), indicating that
the discase related weakness may be mentally debilitating as well producing the more obvious
physical effects. The presence of more frequent cramps was associated with an increased risk
(OR=1.76 10 2.0) of scores below the 50" centile (i.e. scores indicating poorer mental health)
in Vitality, Social Function and Emotional Role.

Age was not significant in any of the models although it was close to significance in all four.
Of note is the trend towards increasing age increasing the risk of lower mental component
scores in all dimensions except for Mental Health, where younger respondents were at
marginally higher risk of worse scores. Marital status was only significant in the Emotional
Role and Social Function dimensions and the responses were associated with opposite spectra
of risk. In the Emotional Role dimension respondents without partners reported less risk of
significant impairment of their role than those with partners (OR 0.59), while singles were at

greater risk of more severe impairment to their Social Function (OR 2.04).
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Logistic regression modelling -FHSQ dimensions

FHSQ Foot pain

Dependent variable: FHSQ Foot pain dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

cramps

OR (95%CD) P Value
Age 1.26 (0.96 to 1.64) 0.089
Gender 1.20 (0.73 t0 1.99) 0473
Marital status  0.86 (0.50 to 1.48) 0.589
CMT type 1.80 (1.01 to 3.20) 0.045
Leg/foot 2.23(1.34103.71) 0.002
weakness
Cramps 4.00(2.41 10 6.62) <0.001
FHSQ Foot function

Dependent variable: FHSQ Foot function dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

cramps

OR (95%CI) P Value
Age 1.46(1.11t0 1.91) 0.007
Gender 1.32 (0.79 to 2.22) 0.291
Marital status ~ 0.53 (0.30 to 0.94) 0.028
CMT type 1.63 (0.90 to 2.95) 0.109
Leg/foot 5.01¢3.00108.38) <0.001
weakness
Cramps 1.74 (1.04 to 2.92) 0.036
FHSQ Shoes

Dependent variable: FHSQ Shoes dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg

cramps

OR (95%CI) P Value
Age 1.10 (0.85 to 1.42) 0.454
Gender 3.23(1.951t0 5.32) <0.001
Marital status  1.373 (0.81 to 2.32) 0.269
CMT type 1.86 (1.05 t0 3.27) 0.033
Leg/foot 1.38 (0.84 to 2.62) 0.210
weakness
Cramps 2.09 (1.28 to 3.44) 0.003
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FHSQ General Foot Health

Dependent variable: FHSQ Foot pain dimension
Independent variables: Age, gender, marital status, CMT type, leg/foot weakness, leg
cramps

OR (95%CI) P Value

Age 1.26 (0.97 to 1.62) 0.076
Gender 0.87 (0.54 to 1.41) 0.582
Marital status  0.70 (0.41 to 1.17) 0.169
CMT type 0.92 (053 to 1.58) 0.754
Leg/foot 2.13(1.3310 3.42) 0.002
weakness

Cramps 1.28 (0.79 to 2.08) 0.315

Summary for FHSQ Foot-specific Scores

Leg/foot weakness and cramps were both significant in three of the four models. Those with
more frequent cramps had a greatly increased risk of reporting poorer HRQoL in the foot pain
dimension (OR 4.0). Those reporting more severe weakness demonstrated substantially
increased risk for reporting low (poor) scores in the Foot Function dimension (OR=5.01) and
double the risk for scores below the 50" centile in Foot Pain and General Foot Health.
Disease independent factors (gender and age) were less consistent, although females were at
increased risk of severe impairment in the FHSQ Shoes dimension (OR=3.23), whichis
consistent with the gender specific influence noted in the descriptive evaluations at the
beginning of the chapter. The risk of impairment in the FHSQ Shoes dimension was also
dependent on CMT type with respondents in the confirmed CMT1A group nearly twice as
likely to report FHSQ Shoes scores below the median. Age was significant only in the Foot
Function domain, a finding consistent with its significance in the general Physical Function

dimension of the SF-36 reported previously.
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3.5 DISCUSSION AND CONCLUSIONS.

The broad intentions of the survey were to improve our understanding of what, to-date, has
been an incomplete clinical picture, to provide better information for patients, and to compare
the effects of CMT on health related quality of life (HRQoL), with the impacts of other
diseases. It is a strength of this survey that the HRQoL data were derived from validated and
widely used measures, providing quality data describing the place of CMT in the spectrum of
other chronic diseases. The additional HRQoL data derived from the FHSQ survey has greater
limitations but is still useful and significant. The lack of validation of the CMT specific
question-set must be acknowledged, particularly where respondents were required to provide
information of a clinical nature. It was noted in the introduction that it was not considered
necessary to construct a fuily validated HRQoL measure for this one-off survey, but the
limitations of the piloting program and the absence of a rigorous validation should be factored

into any conclusions drawn from the survey.

The response rate of 86% was high for a postal survey, especially as there was no capacity for
direct follow-up, and reflects the strong sense of community in the CMT Association. Male
respondents are marginally under-represented compared with the general population 2
although the spread of ages and CMT types was good. Patient self-reporting of CMT type is
problematic, even in this relatively well-informed community, and although some 45% were
honest enough to report being unsure of the precise type of CMT, others will have
erroneously reported their disease type. Data relating to CMT type must be viewed therefore
as a broad indicator only.

People with CMT score lower than the general population on all dimensions of the SF-36 and
FHSQ indicating significantly poorer HRQoL confirming the data from the SIP sccoring ',
The trend was particularly marked for the physical dimensions of the SF-36 and for the
FHSQ. Foot HRQoL in CMT was worst in the domains of foot function and footwear. The
responses to the footwear items confirm anecdotal reports from the CMT community
indicating significant problems with obtaining suitable footwear. The problem is, perhaps
unsurprisingly, worse for female than for males, probably reflecting the greater conflict
between fashion and function seen generally in female footwear.

The SF-36 scores for the CMT community showed much greater differentiation with age than

is seen in the general population, possibly indicating some cumulative effect of the disease on
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HRQoL over the lifespan. The FHSQ scores also demonstrated considerable worsening with
age except for the domain exploring footwear related issues. Interestingly the lowest scores in
this dimension were seen in the age strata spanning the years 25-45, It is not clear why this
should be the case. This may be a period when disease severity accelerates, although
laboratory data do not support this. An alternative hypothesis is that this age group is likely to
be highly socially active, and perhaps more conscious of appearance. This may create conflict
Between the demands of style, and adaptation to footwear choice required by the progress of

the disease.

The type of CMT did not appear to be highly influential of reported HRQoL, with the
exception of the small group reporting CMT type 3 (Dejerine-Sottas Syndrome). This is
arguably the most severe of the CMT types and resulted in significant reduction in reported
HRQoL in the physical function and physical role dimensions of the SF-36. Those with DSS
also reported less bodily pain and foot pain (i.e. higher scores) than those with other forms of
CMT, although their foot function scores were low. Those with DSS reported fewer footwear
problems than those with other CMT types, perhaps due to less foot deformity, reduced
activity, or maybe better access to prescribed footwear because of greater general disability.
This-anomaly warrants further investigation in future.

Examination of the SF-36 scores for CMT and a range of other chronic conditions reveals
useful information about the impact of the disease on sufferers. CMT does not impact
substantially on lifespan and its impact is often trivialised as a consequence. Clearly, as a long
term degenerative condition, CMT does not have as severe an impact on HRQoL as the pain
associated with advanced arthritis, or the significant impact on function seen immediately
post-stroke, but it is comparable to other chronic conditions such as Parkinson’s disease, and
to stroke patients six-months after the cerebrovascular cvent, as noted previously "% These
data suggest that in the absence of quantification, the impact of CMT on the HRQoL of
sufferers has been underestimated previously.

The patient’s own estimate of the severity of disability has been suggested previously to be a
good marker of disease severity % and was thus of great interest in this study. Self-reported
muscle weakness was much more profound in the lower limbs than the upper limbs, a finding
in agreement with previous reports. Weakness was also implicated in the severity of muscle
wasting in both upper and lower limbs, although age also factored in the severity of muscle
wasting. It was interesting to note that muscle wasting was reported as more significant by the

male respondents. It cannot be determined from this study the extent to which this reflects any
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genuine gender-related difference in muscle atrophy, whether loss of muscle strength is
genuinely more important to the work and leisure activities of men, or whether psychosocial
definitions of masculinity influence their reporting of the impact of reduced muscle strength.
Sensitivity to cold is often mentioned by patients with CMT and increased sensitivity to cold
in the legs and feet was a reported by three-quarters of respondents. Sensitivity to cold was
perceived to be worse in the lower limbs than the upper limbs, in agreement with anecdotal

reports and in common with most ‘vascular-type’ presentations.

Estimates of prevalence of CMT-related foot deformity vary widely. It is remarkable that
many papers refer only to generic foot deformity, often commenting on the preponderance of
foot deformity, but failing to provide specific data on the proportion of cavus/planus
presentations. This may well be due to the recognised difficulties in defining foot type in
CMT ¥ and as already addressed in the review of the literature. The problems described
previously must therefore be considered to apply even more profoundly to patient self-
reported data. Nonetheless the patients’ own reports are broadly in agreement with the clinical
literature. Flat feet were reported to be a relatively uncommon presentation in CMT, with
fewer than 15% of respondents rating flatfootedness in the worse three classifications. Indeed,
more than 80% reported their feet as not being flattened ‘at all’ -a figure entirely in agreement
with previous studies 2 There was less reporting of flatfootedness in the younger age groups,
although it cannot be confirmed whether the prevalence is really lower or whether other
factors, such as a perception that some flatfootedness is more normal in children, also comes
into play in these responses. It must also be considered that for many of the adult responses
surgical interventions will have artificially altered the foot structure, perhaps creating a flat
foot type from a previously cavus foot. The high prevalence of a cavus foot type was in

agreement with the previous literature.

Shooting pains in the limbs were problematic for more than half of the respondents in this
sample. The prevalence of the milder positive neurogenic presentation of ‘pins and needles’ is
higher again, affecting more than three-quarters of the people with CMT represented by this
sample. For both of these presentations the lower limb is affected more than the upper limb,
probably reflecting the more advanced disease progression in the lower limbs.

The other positive physical signs explored in the survey were cramps and restless legs. It is
not known whether these manifestations relate to neurogenic or other mechanisms but

anecdotal reports of these features in CMT are common. This survey confirmed a high
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prevalence of leg cramps in people with CMT. While the mechanism underpinning the
cramps is not known, in this sample, the relationship between weakness and prevalence of
cramps is again of note. Cramping may result directly from the primary neurogenic factors
also causing the progressive weakness, or the cramps may be secondary features, perhaps
reflecting underlying histological or functional changes in the muscie. This warrants further
research, as the presence and severity of leg cramps proved a significant factor in the models
bredicting HRQoL. There is a suggestion that addressing cramping in the CMT population
may improve quality of life for these patients.

Three-quarters of the sample reported restless legs, a higher proportion than reported in
studics employing physician definition/diagnosis of the problem. Again there was a

relationship between restlessness of the legs and muscle weakness.

The survey explored the use of aids and assistive devices, ranging from those required only by
the most impaired people, to those potentially of benefit to many people with peripheral
neuropathy. The devices likely to be required by more impaired people (wheelchairs, electric
scooters, walking frames) were not used by a high proportion of respondents, and the
proportion of our sample using a wheelchair to aid mobility was actually slightly less than
suggested in the anecdotal literature. Single people were more dependent on a wheelchair for
mobility, but electric scooter use was not related to marital status. Dependence on these ‘high-
end’ aids was highly age-related, and CMT-related weakness, while marginal for significance
as a factor predicting wheelchair use, was not a significant factor in the model predicting use
of an electric scooter. Walking stick and walking frame use was again highly age dependent,
although in the case of these aids, leg/foot weakness also appeared more relevant to the
models. This suggests that disease related weakness may be additive to the increased
dependence on such aids normally associated with ageing in the general population. Age
normalised data for the use of such aids in the general population could not be found, but
would doubtless be helpful in interpreting the disease specific effects in the CMT population.
A significant proportion of respondents reported current use of in-shoe orthoses, and the
subsequent exploration of al! those who had used these devices found that more than 70%
reported them to ‘quite helpful’ or better. The positive effects of in-shoe orthoses appeared to
be greater in people with less weakness, with the perceived effectiveness reduced in more
severe cases.

Ankle-foot orthoses (AFOs) have been suggested to be helpful in restoring function
although there are no scientific data to support this. AFOs were used by fewer people than
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reported using in-shoe orthoses. The risk for AFO use loaded heavily on severity of leg/foot
weakness, although the effect of age was illuminating. In the age group representing those
aged less than 20 years, the prevalence of AFO use was largely in line with the figure
predicted by cross tabulation, but in the age group 21-40 years the use of AFOs was only one-
quarter of that predicted. Conversely in the 61-80 age strata the prevalence of AFO use was
increased to double that which might be expected. It is unlikely that the inexorable progress of
fhe disease process itself would have produced such age-related variation alone, so other
factors are also implicated. The FHSQ data suggested that this age group also find footwear
issues particularly profound, and it is possible that similar factors may be implicated, namely
a trade-off between social acceptability or cosmesis, against the burden of disability imposed
by the CMT. Older people may be more prepared to accept the reduced cosmetic appeal, or
may succumb to progressing weakness, while the very youngest age strata are more likely to
be wearing AFOs primarily at the behest of parents. These hypotheses cannot of course be
tested within the context of this study, but are worthy of consideration. In the subsequent
evaluation of the effectiveness of AFOs, more than 70% of people who had used them did
consider the approach effective. The overall model predicted a creditable one-quarter of the
variance in improved effectiveness, but this did not load onto any specific factors. The adults
and children exhibited quite different response patterns. This perhaps reflects the mainly
fashion/cosmetic considerations, but the many factors likely to influence success with this
treatment should be considered carefully by the prescribing physician when AFOs are being
contemplated.

Of the more aggressive non-surgical therapies, night splinting was generally considered
unhelpful and difficulties were reported in relation to compliance. Again, the best results
were reported by patients with less weakness, but night-splinting did not appear to be a
popular modality overall. This conflicts with the anecdotal literature ' '®® but in the absence of
clinical trial data, firm conclusions are not appropriate.

Unsurprisingly, plaster casting was considered more difficult to comply with than removable
night splints, but conversely, was also considered marginally more effective. Whether this
trade-off is ultimately worthwhile is unknown. Strengthening of weakened muscles, either
weightbearing or non-weightbearing, was considered effective by the majority. Strengthening
regimens were reported to be easy to use, but studies of compliance in other areas have
suggested that long-term compliance in such self-directed regimes tends to be poor. There is

little to scparate weightbearing and non-weightbearing approaches, although the
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weightbearing approach was considered marginally more effective, perhaps reflecting its
improved relevance to real-life activities.

Stretching is widely advocated, even in the absence of any trial data 1162 and had been tried
by 70% of the respondents. Stretching exercises are considered easy to use, although as noted
previously, actual compliance is often poor in practice. Stretching is considered effective by

half the respondents.

Alternative therapies were widely used, with a wide variety of approaches reported. Many
respondents who had tried one alternative approach also tried other alternative therapies.
Surgery for CMT is an area of great concern for physicians involved in the care of these
patients. As noted in the literature review, there are no established standards of surgical care
in this field, and any surgical approach employed in an individual case cannot be well
substantiated in the literature. Many respondents had undergone surgery although there was
little variation in reported outcome regardless of whether patients had been subjected to more
or less aggressive surgeries.

The overall predictors of HRQoL in people with CMT were interesting. Of the general
physical health dimensions, leg/foot weakness was the single most influential factor in the
analysis, appearing as a significant factor in three of the four SF-36 physical dimensions. Age
was also implicated in reducing the reported physical health related quality of life, as it is in
the general population 22 although age standardised figures point to a significant disease
specific effect. The pain dimension appeared to be affected more by the presence of cramps
than features secondary to other physical factors such as foot deformity.

In the general mental health dimensions, the merit of leg/foot weakness as a marker for
overall disease severity is again substantiated. Leg/foot weakness and cramps were both,
perhaps surprisingly, significant factors in the predictive model for three of the four mental
health dimensions. Other, less influential factors included age and marital status.

As was seen in relation to the general health scores, foot health status was dependent on a
range of disease-specific and disease-independent factors. Foot pain scores were influenced
by increased frequency of cramps and by leg/foot weakness. Foot function was strongly
related to leg/foot weakness and age, with the frequency of cramps again acting as a minor
factor. The reported impairment with footwear was related only weakly to frequency of
cramps, and this factor was overwhelmed by the influence of gender. It is difficult to discuss
why females should report greater difficulty with footwear without engaging in broad,

anthropologic speculation. It is widely believed however that female fashion footwear is less
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accommodating to the foot than the equivalent male footwear. It is likely therefore, that the
mismatch between the female foot and shoe recognised in the general population is
exacerbated in people with a foot pathology related to CMT. Also to be factored into this
aspect of the discussion is the potential for women with a foot type altered by CMT, to
experience difficulties in finding and buying suitable footwear from high street outlets. In this
context, greater footwear-related difficulties will be reported by women, not just because of
i)hysical shortcomings in shoe shape or structure, but also because of social/cultural issues
such as cost and physical accessibility, which will influence the availability of more
accommodating shoes.

Finally, the importance of leg/foot weakness in predicting the impact of CMT disease on the
lower limb is illustrated by the domain in the FHSQ of general foot health, variation of which

loaded entirely on leg/foot weakness.

Conclusions

The conclusions drawn from this study must be considered in light of the methodological
limitations of the survey technique, and clinical trials are clearly required in this area of study.
Nonetheless, this is a large sample, and the study clearly addressed the main aims. The survey
is the first to examine the effects of CMT on HRQoL and has yielded invaluable data in this
regard. In terms of the impact on sufferers, CMT lies in the mid range of chronic conditions,
and the effects have probably been underestimated previously. The specific type of CMT did
not, in this sample, appear to be of great importance, but this should be explored further in a
sample in which the CMT type is confirmed by physician assessment before such an assertion
can be made with any confidence. Health related quality of life in these patients is predicted
strongly in many dimensions by leg/foot weakness, and it could be argued that a thorough
evaluation of weakness should be emphasised in all evaluations of patients with CMT. Even
diligent recording of self-reported assessment of weakness is likely to yield information
useful to the clinician. Lower limb problems are highly prevalent in people with CMT, along
with many other secondary features. Few people with CMT rely on aids to any great extent.
Milder cases appear to respond reasonably well to more conservative therapies, with
stretching and strengthening regimes evaluating relatively strongly. Splints and casts are not
favoured by the CMT community. AFOs improve function in a proportion of people with
more profound weakness, but the complex social factors must be considered by the
prescribing clinician. In-shoe orthoses are also considered helpful by many people who have

tried them. These are a non-invasive approach with fewer social/cosmetic implications than
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AFOs, and warrant further evaluation in clinical trials. ‘Alternative’ therapies did not evaluate
well generally, although massage and chiropractic may be of benefit. The choice of surgical

intervention remains unclear.

In summary, this survey met the aims outlined at the beginning of the study and has yielded
data which should impact on the understanding and care of people with CMT. The impact of
CMT on quality of life has been quantified and the prevalence of a range of features, hitherto
recognised only anecdotally, has been described. Weakness has transpired as a useful
predictive marker, and its evaluation and documentation should receive greater emphasis.
Similarly cramps are widely recognised, but their influence on HRQoL responses has not
been considered previously. Further directions for future research have been identified, and

clinical trials in a number of areas would be advantageous.

It is clear from the review presented in Chapter Two, and from the foot-related data presented
here, that further work on the manifestations of CMT in the foot is a priority for this
community. Given that the barriers to such work imposed by the absence of suitable clinical
measures of foot type have already been established, the next three chapters will focus on an
attempt to produce and validate an appropriate instrument, before returning to a more CMT-

specific focus in Chapter Seven.
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CHAPTER FOUR, CONSTRUCTION OF A NOVEL RATING
SYSTEM FOR EVALUATING FOOT POSTURE, THE FOOT
POSTURE INDEX (FPI).

Chapter overview

Chapter Two presented a discussion of the shortcomings of existing clinical measures for
assessing the foot, and suggestions for improvements found in the literature. Chapter three
describes an attempt to measure the impact of CMT in general on the lower limb, and in this
chapter the process is described by which a new measure, the Foot Posture Index, was built
from basic principles, in an attempt to address the shortcomings of current measures of foot
posture.

The construction of the FPI is, throughout, grounded in the literature and so this chapter
starts with a justification for the factors that were considered appropriate to the new
measure. The derivation of the new measure from existing literature is then described, along
with the preliminary attempts to assess the general feasibility of the approach, and the
evolution of early iterations of the index. The chapter concludes by presenting the draft of the
FPI to this point, the version that was investigated further in the validation processes
described in Chapters 5 to 7.

4.1 AIms
The aims of the stages presented in this chapter were:

¢ To identify the desirable characteristics of a new measure of foot posture.

» To identify in the literature, a number of component measures that together, would
provide for an enhanced evaluation of foot posture.

o To assess the feasibility of using this approach in the clinical setting.

« To generate structured feedback from clinicians, on the merits of using the new
measure, and if appropriate, to refine the measure prior to validation studies.

4.2 FACTORS DEFINING THE NEW MEASURE

Many of the guiding principles for the derivation of the measure were provided by either the
2001 consensus statement of the Foot and Ankle Special Interest Group of the American
Physical Therapy Association (detailed in Chapter 2)® and the recommendations of Kitaoka et
al V7, both discussed previously.
These guiding principles warrant further discussion, and are discussed sequentially in points
421t04.2.7.

1. Both dynamic and static methods have identifiable strengths and weaknesses.

2. Measures should be taken weightbearing.

3. A measure should include graded subjective and objective clinical factors.
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4. Where possible, the measure should use continuous measures.

5. Measures need to reflect the complexity of the interrelationships occurring within the
leg and foot.

6. The scale should be validated.

7. Measures should be quick to use and should not require sophisticated equipment such

as a gait laboratory.

4.2.1 Dynamic and static evaluation of foot function.

In an ideal world, all clinical decision making relating to the lower limb would be based only
on validated, non-invasive and objective measures of dynamic function. Technology has not
yet evolved to the point where this is possible however, even in the best equipped facilities.

23 189

Dynamic evaluations of gait are costly and time consuming , and once objective data

32 In the clinical setting

have been obtained, agreement on its interpretation can still be low
the ideals of objectivity and accuracy are sacrificed to save clinician time, and to preclude the
need for expensive equipment 18 " Gait may be observed empirically, but so-called
observational gait analysis is known to be unreliable 330 except for detecting substantial
variations from normal >*', and quantification of the more subtle variations in gait is simply
not possible without the time consuming and expensive approaches alluded to above. In
practice, the most commonly applied compromise is to take static measurements with the
intention of inferring dynamic function from the static data, based on the widely held
assumption among clinicians that the static foot posture gives the clinician a useful indicator
of the likely function of that foot 15246 There is though, evidence that there are measurable
differences between static and dynamic measures, with static measures seeming to
underestimate the extreme positions encountered during gait 332333 Any use of static measures
should include therefore, at least some consideration of the degree to which the static measure
may predict the true motions occurring during walking. A range of static measures have been

employed previously with the aim of estimating dynamic function. These are discussed

below.

4.2.1.1 Arch Index
Atkinson-Smith and Betts (1992) employed the arch index, followed up with video gait

assessment. The arch index is an objective measure of an inked foot print, in which the area of
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the midfoot is divided by the sum of the hindfoot, midfoot and forefoot areas % The
Atkinson-Smith study employed only nine subjects however, and all of the subjects were
selected on the criterion of having either a normal to high arched foot type. The authors of the
paper report concerns over the reliability of the measures used to determine the rearfoot
measures during gait, which relied on an ad hoc manual measure rather than the more
sophisticated computer tracking regarded as optimal in gait studies. The small number of
-subjects, the lack of a range of foot types employed combined with dubious validity of both
the static and dynamic measures and suggest that the authors overstate their conclusion that

static foot prints arc unreliable indicators of foot function.

4.2.1.2 Radiography

The relationship between foot morphology and the resulting pressures underneath the
weightbearing foot have been investigated by Cavanagh and others " 2% Cavanagh et al
investigated the relationship between a complex set of static radiographic measures, and
dynamic plantar pressures under the heel and first metatarsophalangeal joint. In this study
some 35% of the variation in pressures was explained by variation in combinations of
radiographic measures, although to attain this degree of prediction a combination of four
radiographic angles were required. Individual radiographic measures in isolation explained no
more than 13% of the dynamic variance. This association between the morphology and
pressures remains the best reported to date. Even though radiographic measures are
supposedly the ‘gold standard’ among static evaluations however, the authors report some
problems with reliability. For six of the 27 measures the ICC was less than 0.75, reflecting
problems also encountered by Anderson et al 236 An exploration of the relationship between
static structure and plantar pressures at specific sites in the foot was provided by Walker and
Fan *>* who conclude that the site of peak pressure was not well predicted by their measures
of standing foot posture. These data are not supported however by the subsequent report of
Arangio and co-workers 144 in which a medial shift in load was associated with systematic
pronation of the foot and a lateral shift in load occurred with supination. A five degree shift
was associated with approximately 50% increase in the moment about the navicular-medial
cuneiform and calcaneal-cuboid joints respectively, during pronation or supination

movements.
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4.2.1.3 Foot prints

In one novel variation, Freychat derived foot prints from both static and dynamic passes over
a specially designed apparatus 250 A variety of angles were obtained from the relationships of
the anatomical segments identified on the footprint. The coefficient of determination of the
dynamic footprint data and its capacity to predict several measures of force under the foot was
35-40%, again a figure similar to that of Cavanagh et al. This however, was based on the
relationship between two dynamic measures. The relationship between the static foot print
and the dynamic force data were not reported, but the correlation between the static and
dynamically derived foot print angles were low (R=0.37), suggesting a still weaker

relationship with the force data.

4.2.14 Two and three dimensional motion analysis

The strength of the relationship between static posture and dynamic function has been
supported by more recent work by Donatelli et al 335 and Comwall and McPoil *°, In the
Donatelli study agreement between the static and dynamic measures was good although the
study was methodologically weak, relying on clinical static cvaluation and only a two-
dimensional dynamic assessment. In the Cornwall and McPoil study, simple repeat
measurements of navicular bone height in static stance and dynamic movement during gait
using an electromagnetic motion tracking system demonstrated close agreement between the
static and dynamic measures. These findings contrast with the findings of Cashmere et al who
demonstrated only a weak relationship between standing medial arch height, and the arch
compression during gait (R=0.089) 37 and those of Hunt et al who, as part of the same group
of researchers, also investigated the relationship between static measures of medial arch
height and heel eversion with their dynamic equivalents. Hunt et al, concluded that individual
static measures are poorly predictive of dynamic motions 38

It is possible that the conflicting conclusions from these data reflect the findings of McPoil
and Cornwall in a previous 1996 study, in which the coefficient of determination between
independent foot static and dynamic measures (for example arch height vs calcaneal angle)
was found to be particularly low. (R*=0.17) **. It is also possible however, that the
relationship between static and dynamic measures varies according to site. Nawoczenski et al
33 reported a high correlation between the static and dynamic measures of hallux dorsiflexion
using an electromagnetic motion tracking system. It is likely that this finding reflects the
larger ranges of motion seen at the first metatarsophalangeal joint, and the relative stability of

markers attached to the segments proximal and distal to the joint under investigation.
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Clearly, the extent of the relationship between static measures and subsequent dynamic
function will continue to be limited even with improved static measures 8 as the dynamic
component is substantially more complex. A number of other factors including structural

253

factors such as leg rotation (foot placement angle) “°, the physical rigidity of the foot and leg

276 340 134342 point of application of input force *% and

, active and passive muscle contro
subtle neuromuscular mechanisms as proposed by Nigg 343 mmay come into play, along with

| the structural and morphological characteristics of the foot.

There can be no doubt that dynamic measures remain the ideal but, given the ready

availability of static measures and the limited application of dynamic measures in routine

clinical practice, static measures may continue to play a part in the assessment of the human

foot for some time.

4.2.2 Weightbearing and non-weightbearing measures

An open kinetic chain exists where an anatomical segment moves relative to one fixed point
but where the remainder of the segment is free to move in space i.e. in a non-weightbearing
state such as seen in the arm and hand. The foot and leg more usually function weightbearing
however, in a closed kinetic chain where the limb is constrained at both ends. In the case of
the many, interdependent relationships occurring in the small joints of the feet, this closed
chain activity becomes particularly important. Many of the early attempts to objectify

213 344
, and

assessment of foot and leg function were based on open kinetic chain measures
have thus been criticised by clinicians as lacking clinical applicability and validity 70 The
effects of varying degrees of loading were investigated by Kitaoka et al in 1995 who
determined differences between loaded and unloaded measures of up to 9.4° at the TNJ and
4.4° at the subtalar joint, equivalent to 20-30% of the joints’ total range of motion 2! In
practical terms this underpins a systematic underestimate of weightbearing function when
non-weightbearing measures are employed 45 188 Despite the theoretical superiority of
weightbearing measures, proponents of high quality, objective measures note that the
difficulties associated with accurate in vivo measurement in the closed chain remain
insurmountable, resulting in measures of generally poor reliability 346347 More general
qualitative assessments are widely used in the clinical field, but are themselves of limited use
where they do not adequately quantify the function of the parts. Most now agree that
weightbearing assessment is preferable, with supplementary measures from non-

. . . . 47
weightbearing assessments also incorporated if necessary 188221 272 345 347
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4.2.3 Subiective and objective clinical factors

Due in no small part to the seemingly intractable problems associated with pseudo-objective
measurements derived from angles measured directly from the joints, or from lines drawn on
the skin, Keenan, in 1997 was moved to comment:

‘Rather than attempting to quantify the position and range of motion of the foot in terms of
degrees, there is some evidence to suggest that a more qualitative or positional assessment
would be more appropriate’ .

This is substantiated by the data of Pearce and Buckley 1% who identify significant
overestimation of angular rotation by clinical measures. They also conclude that empiric
clinical measurements may be more valid than spurious clinical measurements in degrees.

This concept is developed further in the following sections.

4.2.4 Continuous scales and categorisation of foot type

One long-standing difficulty with foot type assessment is associated with defining an
appropriate reference point or ‘neutral position’. This is highlighted by the range of examples
whereby definitions of neutral are based on anatomical convenience rather than functionally
meaningful positions. 188348349 Thys, irrespective of the technological efforts directed toward
establishing accurate measures of foot function, this area of study remains handicapped by the
continued inability to define the starting point for all such measures 1414034 Evenifa
compromise definition is accepted, and the neutral position is defined, for instance, as the
position of maximal congruence in the talo-navicular joint, then the problem remains that an
inherently subjective measure acts as the starting point for all subsequent objective measures
212 This fact alone may indicate hopelessness of attempting to rely solely on objective
quantification of foot function. Experienced practitioners have been shown to achieve some
consensus when required to place the foot into a ‘neutral’ position, but only after as many as
six measures on the same subject '° and more reliable or useful bases have been sought.
Astrom and Arvidson propose that the entire paradigm of an ‘ideal’ foot is based on an invalid
theoretical concept, arguing that a proper reference should be based on clinical observations,
rather than on unreliable and theoretically driven but unsubstantiated considerations 7 It has
been proposed that the theoretically ‘normal’ foot i.e. the subtalar ‘neutral” foot is a rarity *¥
23! 1t is argued that the range of theoretical definitions of pathology which in truth also
encompass subtle variations from normal is quite large, and Cornwall and McPoil in 1999
advocate using the term ‘typical’ to ameliorate the dispute over the definition of the

theoretical term ‘normal’ **°.
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Despite the difficulty in defining ‘normality” it is possible to identify characteristics
associated with various types of foot morphology 133 These are so well documented as to be
taken for granted, indeed Anderson 236 makes the tongue in cheek observation that ‘typically a
clinician calls a foot flat when it appears flat.’

To date most such methods have focussed on only one aspect of foot function and there
remains no single, easily performed method for quantitatively determining different foot types
351 Kelly, as early as 1947, had recognised the inadequacy of relying on single measures.
Kelly outlined a study in which five such measures derived from footprints, and a range of
other indicators employed with the child standing, sitting or semi- weightbearing yielded data
from a total of 32 empirical morphological and functional variables 22

Menz has also questioned the validity of inferring complex foot function from discrete single
plane measures > although his proposed solution incorporated techniques that involve multiple
moderately complex, instrumented measures. While such measures are largely objective, the
inconvenicnce associated with obtaining them has led to limited uptake of this approach.
Where pragmatic clinical assessments are required, measurements using clinician generated
criteria are common in medicine. In the evaluation of benign joint hypermobility syndrome
for instance, hypermobility is almost universally defined according to a nine point scale
known as the Beighton-Carter-Wilkinson (BCW) scale 32 In using the BCW scale, the
presence or absence of a range of specific criteria are simply noted and scored by the
clinician. The combination of the criteria thus enables a composite score giving an indication
of the overall mobility of the individual. The BCW scale has been criticised for its simplicity,
its subjectivity, and its non-linearity, all criticisms which could equally be levelled at a
criterion based measure of foot posture. In practice however, because there is no definitive
laboratory or biochemical assay which can provide a definitive quantification of joint
mobility, the BCW scale remains the almost unanimous choice of clinicians wishing to
quantify quickly, the joint mobility in the clinical setting®. Modifications to increase
objectivity have been suggested over the years, 334355 but without exception have fallen
rapidly into disuse, as the simplicity and clinical utility of the existing measure remain its

most compelling features 93,

4.2.5 Multifactorial variations in structure and function

Foot function is a product of the combined motions occurring at the STJ/ MTJ and at distal
joint complexes. The interrelationships of the joints of the foot have been discussed at a

theoretical level in a number of papers **°**' 3%6-359 and some of the theory has been
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substantiated by the in vivo studies of Cornwall & McPoil 30 Quzonian & Shereff 360
Lundberg et al 358 and Winson et al °®!, and by the intervention studies of Astion et al 362 In
these studies the combined function of the segmental components (often the rearfoot, mid foot
and the metatarsals) are thoroughly investigated. The importance of the midfoot is
highlighted in the magnitude of motions observed in the midtarsal segment 358360361 and the
interrelationships between the segments have been described in some detail. Astion et al
employed the clever design of selective arthrodesis of cadaverous foot /ankle complexes. In
this study of ten specimens the effects of the complex interrelationships between the joints in
the rearfoot and midfoot were explored in detail 382 In agreement with the work of other
authors 2135037358360 15000 excursions were found in the mid foot joints, and in the talo-
navicular joint in particular. Importantly however, Astion et al were able to demonstrate the
importance of this joint to consequent motions in other joints in the foot. In any of the
combinations of arthrodesis that involved the TNJ, motion in the other joints was restricted to
approximately two degrees.

Central to the concept of the new measure is the recognition that movement in the joints of the
foot is tri-planar and will therefore result in observable changes in all three body planes >'®**
344 1 vitro studies have long suggested that single plane measures, in particular frontal plane
rearfoot motion is an inadequate basis for predicting subtalar motion 363 Qimilarly the ink
footprint derived arch index has been shown to be only moderately correlated (R=0.71) with
normalised navicular height (note: this equates to R?=0.50, although the R? was not modelled
or reported explicitly)262. Mueller reports 27-33% coefficients of determination for navicular
drop to rearfoot / forefoot position "1 Freychat again reports a similar figure (36%) from a
composite rearfoot to forefoot angle derived from an inked footprint, but these represent only

the relationships between static motions in various segments and body planes.

Foot pronation/supination involves a complex triad of motions comprising eversion of the
rearfoot and adduction and plantarflexion of the talus on the calcaneus, however, and there is
considerable between-subject variability in the degree of coupling of each of thesec component
motions 41327 02BN Thig yariability was noted early in the clinical tomographic studies
of the rearfoot joint ranges of motion 364 and has since been confirmed in many studies.
Despite the acknowledged complexity of the foot joints, much of the clinical examination
used today relies on inadequate single planc measures such as inversion /eversion of the

rearfoot *** or arch height '*° 28
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The contribution to the composite motion of the foot, of specific motion in each of the
component planes varies between individuals according to the orientation of the joint axes,
the rigidity of the structures and the point of application of forces about the joints 33 In one
in vitro kinematic study of composite talo-crural and talo-calcaneal motions, incorporating
multi-planar observations has been shown to be superior 383 The implication is thus that
measures involving more than one planar component would offer benefits in the
quantification of foot posture.

This concept is described and developed by Smith in his 1997 treatise on the surgical
management of flat feet 264 In this paper, different types of foot are identified, each associated
with dominant motions in one of the three cardinal body planes. This of course represents an
oversimplification of the problem but serves to highlight the main issuc. Song ¢t al similarly
conclude that existing systems of classification are deficient where they do not differentiate
variations in foot posture/function caused by 1st ray position, transverse plane deformity, and

forefoot/rearfoot sagittal plane deformities I3 The incomplete relationship between pairs of
g p P p P

discrete single measures is well documented 255271 and was discussed in the review in Chapter
Two.
4.2.6 Repeatability and validation

Tt is widely recognised that measurement of the small joints of the foot is less reliable than
measurement of large joints such as the knee and hip 88 The issues of reliability have been
discussed in Chapters One and Two and will not be developed again here. One point to note
however, relates to the issue of drawn segment bisections, lines drawn on to the skin against
which supposedly objective clinical measures can be derived. Significant error has been
shown to exist even in the preliminary marking of segment bisection lines 366 introducing
error before the act of manual measurement.

Recent attempts have been made to attempt to refine the marking of bisection lines through
calliper-derived markings " but while this approach appears to improve the technical
reliability of measurements, such techniques are time consuming and technically awkward,
and have not been adopted in routine practice. Any new measure must be better evaluated for
reliability and validity prior to its adoption in practice, to prevent a repeat of the existing state

of affairs.
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4.2.7 Time to complete the assessment and requirement for specialised

equipment

Tt has been noted previously that the time taken to undertake objective evaluations and
requirement for specialised equipment can be a barrier to their use in clinic '*°. Further
detailed discussion of this point is therefore unnecessary, other than to make the point that it
was considered desirable therefore, for a clinical measure such as the FPI to be quick to

conduct and not to require specialist equipment.

4.3 CONSTRUCTION OF A DRAFT FOOT POSTURE INDEX

4.3.1 Identification of potentially suitable components

In a comprehensive review of the literature, 119 papers were identified as describing in
adequate detail, the clinical evaluation of foot posture. Descriptions ranged from incidental
outlines of the methods used to evaluate interventions, through to comprehensive studies of
the validity or reproducibility of specific measures. It is recognised that even a large search
such as this may not include all such literature but the degree of duplication encountered
toward the end of this stage of compilation, indicated that the majority of the concepts
reported in the literature had been covered.

From the 119 papers reviewed, a range of 36 clinical indicators was identified, many of which

are in current general use as outlined in the table overleaf (Table 4.31}.
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Table 4.31. Clinical indicators of foot posture.

Clinical indicators

Comment

I

Frontal plane position of the calcaneus ' 1 1% 2 21
220 276 275-280 283 284 333 335 342 167378

The frontal plane position of the heel is reported in a variety of forms. Most obviously it may be estimated or measured, with or without a guide bisection.
This was the most frequently reported measure by some margin.

2. Subtalar joint total range of motion non- This was widely reported, but is based on a non-weight bearing measure and so failed to meet the empirical criteria for inclusion.
weightbearing ' ™ 3737 Note: this citation list has been truncated for brevity as this measure was not to be considered further.
3. Palpation of the head of talus 1o determine talo- Palpation of the head of the talus is used widely in defining the ‘neutral’ reference position for further study. Reports reiate to both weightbearing and non-
navicular congruence 027177 E MR L IIMTIEUTIA | yreiohthearing assessment.
7
4. Arch height ™15 17 1% X0 IS D02 RTETI I8 342 70 372 Various interpretations of measures of arch height were reported Arch height measures may reported raw, or normalised to other measures such as foot
373 378 380381 ]eﬂgth.
5. Visible lack of congruence or ‘bulging’ of the talo- | This is a subjective measure but was considered further as the talonavicular joint is known to be important to midfoot stability, and few other measures
navicularjoint 195 219 241 369 373 380 342 383 exist.
6.  Transverse plane deviation of the foot at the mid- Variations on this feature (including Johnson’s widely known ‘too-many-toes’ sign) are commonly reported.
foot 195 219 220 257 258 283 284 342 370 372 373 375 377 380 381 283385
7. Arch index "N The ratio of the area of the middle 33% of a truncated foot print to the area of the total print. Objective and widely reported but criticised for having a weak
relationship with foot function
8. Valgus index " e 387 ‘A measure of the shift of the malleoli over the hindfoot. As with arch index it is objective, but not correlated well with other measures of foot function.
Requires time consuming measurement and is enhanced by the use of special instrumentation.
9. Footprint ‘width’** An empiric measure of the width of the footprint at defined anatomical landmarks. Objective but not well related to foot function.
10. Chippaux-Smirak index’™ Uses a foot print as the basis for deriving a number of lines describing the geometric relationships of the segments making up the print, Objective, but time
consuming and complex.
lt. Photopodogram™ A further variation on the philosophy of the arch index and Chippaux-Smirak index, photopodogram uses a camera to derive an image of the weightbearing
surface of the foot during standing.
12. _Alpha angle ™’ A measure of the forefoot to rearfoot angular relationship in the ansverse plane. Derived from footprints as above
13. Footprint angle of Schwartz’ " A further measure of the forefoot to tearfoot angnlar relationships derived from footprints as above.
14, *Podometrics’ *> A complex multi-angled approach te foot classification. Represents an approach rather than a specific measurement technigue.
15. Contour of the lateral border of the foot =*> This observation is employed by clinicians but its low rate of occurrence in the literature reflects the Jack of acceptance of such subjective measures in the
research community.
16. Convexity of the medial border of the foot™ ™ This observation is noted by chinicians, bit is not a commeon finding, Convexity of the medial border of the foot occurs in severe pes valgus pathology with
significant MT] deformity.
17. ‘Peek-a-boo’ heel sign *° A sign noted when the medial border of calcaneus is visible medially when the foot is viewed anteriorly along it longitudinal axis. Reported to indicate a
cavo-vans attitude of the foot.
18. Congruency of the curves above and below the Often used in clinical practice as a general observation but not quantified. Has not been validated, and in general use is subjective.
laterat malleolus™ ¥
19. Puckering of the skin overlying the sinus tarsi’ - A subjective measure, rarely used in clinical practice, and not adopted by the research community.
20. ‘Archangle’ g The angle formed by two lines connecting the medial malleolus, the navicular tuberosity and the first mtp joint. Allows for quantification of foot posture and
has been validated.
21, Tibial rotation in the transverse plane™ 2" 2** | McPoil and Cornwall used a device (LERMED) to facilitate easier measurement and Nester quantified the shank rotation precisely using a video based
280391 382 analysis system. The linearity of any relationship between foot and tibia was criticised by Reischl et al %, and Nester also notes shortcomings in this
technique.
22. Hallux rotation in the frontal plane > * This appears to be a valid measure and is consistent with the findings of Benink and Lundberg, it is not possible to accurately measure in the clinical setting
however, and is discounted from subsequent consideration.
23, Navicular drop” 7077 This is a pseudo-dynamic test, rather than a simple observation. Navicular drop quantifies the change in navicular height as the foot assumes a relaxed
posture from a ‘neutral’ starting position. Some evidence for its validity but reties heavily on the reliability of the *neutral” position.
24. Relative arch deformation **

This pseudo dynamic test provides a measure of the “stiffhess” of the arch. It is based on the difference in arch height between loaded and unloaded states,




after factoring resistance 1o deformation and body weight. Requires calculation.

25. Navicular drift” A measure of translational change in the medio-lateral position of the navicular tuberosity parallel to the floor. Similar in concept to the widely used
navicular drop but based on the premise that motian is occurring in 3 planes and that talar head plantarflexion is accompanied by adduction.
26. Arch shape’” The congruence of the curve of the medial arch. This is 2 widely used clinical observation, which has proven difficult to quantitate. It is used in conjunction
with observation of arch height to estimate medial stability.
27. Helbing’s sign'™ 7 7" 3% (also quantified by An observation of deviation of the tendo-Achilles at its insertion to the superior border of the calcaneus. Not quantified or validated but a widely reported
Grumbine) **' ** clinical sign.
28.  Subtalar joint axis orientation™ s Estimation of STJ axis orientation is not strictly an estimation of foot posture. Proponents contend that estimating STF axis orientation in addition to other
estimates of foot posture enhances assessment. Not validated.
29, Medial vs lateral malleolar prominence™ ™ An indication of the medial displacement of the hindfoot thought to ocour with hindfoot pronation. Analogous to Rose’s Valgus index (above) with out
quantification.
30, Passive hallux dorsiflexion in relaxed standing™ Widely known as ‘Jack’s test” or the Huebschner ‘manoeuvre’ , this is a pseudo-dynamic evaluation of medial column flexibility. Despite being in
37-39% widespread clinical use, it is not a direct measure of foot posture and will not be considered further.
31. Lateral arch contour (sagittal plane) > This measure of the relative positions of the anatomical components of the lateral border of the foot is primarily associated with non-weightbearing patient
assessment.
32, Rearfoot, midfoot and forefoot classification A complex system defining a matrix of a range of features apparent in the foot . Foot types are classified according to observations and placed into a matrix ,
matrix™® which then predicts likely function. Not validated and has not been widely adopted.
33.  Malleolar valgus index™” A subtle variation on Rose’s valgus index (See above)
34. “Feiss ling" ¥ The relationship of the navicular tuberosity to a line drawn between the medial malleolus and the 1* mtpj.(see Arch angle}
35. Navicular height 7% 273 Variously reported either as a raw measure, or as a value normalised against foot length.
36. Block test'™’

A test is performed on feet which appear to be cavus in order to determine whether the deformity is fixed or flexible. A non-weightbearing variant, based on
the same principles was also proposed by Price and Price'™.The block test does not attempt to quantify foot posture directly but provides a measure of the
degree of flexibility of a foot position.

It is evident that a wide range of approaches can be applied to evaluating the function of the weightbearing foot, and there is evidence of overlap

between some measures. The measures outlined in the table were next classified according to how each represented the foot. Five categories

were identified: 1) Direct measures of foot posture, 2) Indirect measures of foot posture, 3) Philosophies or approaches to foot classification, 4)

Pseudo dynamic tests, 5)Supplementary tests aimed at predicting how a given posture might function (rather than measurement of the foot

posture per se.)

A single measure incorporating all of the above features was felt to be impractical, as it was impossible to assert that such a complex

combination of factors could be distilled into a single quantitative measure. Mindful that the primary purpose of the new nstrument was to

quantify foot posture according the guidelines outlined in the APTA Foot and Ankle Special Interest Group consensus statement, emphasis was

placed on direct measures that may contribute to fulfilling this specific aim. Direct and indirect measures of foot posture were placed into the

matrix outlined in the table overleaf (Table 4. 32), to identify duplicate measures.




Table 4. 32. Matrix detailing the coverage by existing clinical measures, of the three planes and anatomical foot components.

Rearfoot

Midfoot

Forefoot

Composite (direct)

Composite (indirect)

Frontal plane

»

Frontal plane position of the calcaneus
‘Peek-a-boo’ heel sign

Congruency of the curves above and
below the lateral malleolus

Helbing’s sign

Medial vs lateral malleolar prominence

N/A

. Hallux rotation in the
frontal plane

. Valgus index

Sagittal plane

N/A

s & 2 9

Arch height /normalised arch indices
Visible lack of congruence or “bulging’
of the talo-navicular joint

‘Arch angle’

Arch *deformation’

Arch shape

Navicular drop Lateral arch contour
(sagittal plane)

Navicular height

Feiss line

N/A

. Arch index

Transverse plane

Tibial rotation in the transverse plane

Palpation of the head of the talus to
determine talo-navicular congruence
Visible lack of congruence or ‘bulging’
of the talo-navicular joint

Transverse plane deviation of the foot at
the mid-foot {inc too-many-toes)
Strajghtness of the lateral border of the
foot

Navicular drift

Alpha angle (afier Freychat)

N/A

*  Alphaangle
s  Freychat's angle

Triplanar (all 3
planes)

N/A

N/A

N/A

. Stretching or puckering
of the skin overlying
the sinus tarsi

. Rearfoot, midfoot and
forefoot classification
matrix

Valgus index
Footprint ‘width’
Malleolar valgus index




4.2.1.1 Component selection

Of the measures identified in the above matrix, all those requiring either a formal
measurement or special equipment were excluded, due to potential problems with learning
techniques, or where a requirement for equipment may present a barrier to their use in clinical
practice. Any measures requiring the drawing of bisections based on anatomical features, or
necessitating time-consuming measurements were similarly excluded.
After these exclusions, sixteen measures were selected from the matrix, providing in
combination, adequate coverage of the position of the component parts of the foot.

1) Frontal plane position of the calcancus

2) ‘Peek-a-boo’ heel sign

3) Congruency of the curves above and below the lateral malleolus

4) Helbing’s sign

5) Medial vs lateral malleolar prominence

6) Arch height /normalised arch indices

7) Visible lack of congruence or “bulging’ of the talo-navicular joint

8) Arch shape

9) Lateral arch contour (sagittal plane)

10) Palpation of the head of the talus to determine talo-navicular congruence

11) Visible lack of congruence or ‘bulging’ of the talo-navicular joint

12) Transverse plane deviation of the foot at the mid-foot (inc too-many-toes)

13) Straightness of the lateral border of the foot

14) Navicular drift

15) Stretching or puckering of the skin overlying the sinus tarsi

16) Hallux rotation in the frontal plane

These 16 measures were considered further against the desirable characteristics of the FPI
components outlined earlier. Composite measures covering multiple planes or segments were
excluded, as it would be inappropriate to include composite sub-components in an index such
as the FPL itself a composite measure. Some measures, such as ‘stretching or puckering of the
skin over the sinus tarsi’ were considered too difficult to assess according to specific criteria.
Finally, where there was overlap, with multiple measures assessing similar positions in
similar parts of the foot, those identified as being the most commonly employed were adopted

ahead of those less widely used.
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At this stage it was not yet clear whether a novel measure as was being proposed would a) be
feasible and b) be acceptable to the clinical community. Early, informal but wide-ranging
consultation was undertaken over several months with some 20 practitioners experienced in
the assessment of feet and foot types. Along with the theoretical considerations outlined
above, the input of these clinicians led via an iterative process, to the selection of eight criteria
for a draft version.

During the consultation period it also became clear that precise differentiation of forefoot and
midfoot segments had the potential to be problematic. The consultation versions of the FPI
incorporated measures scoring three anatomical segments, but early feedback suggested that
philosophically, there may be better balance in an index describing only two anatomical
segments, based on an instrument comprising four hindfoot components and four

forefoot/midfoot components.

The position in which the patient would be placed for recording the scores was also
considered. The requirement for the measure to be taken weightbearing has been discussed
previously. The relaxed stance position has been previously shown to be repeatable and was a
natural candidate, although consideration was also given to the assertion that single limb
standing may be a better indicator of dynamic function than the classic double limb quiet
stance’ ™. It was ultimately decided to take all measures in double limb standing because: a)
this position is better known to practitioners and b) the populations in which the new measure

will be used includes patients with balance and postural control limitations.

4.2.1.2 Selection of the scoring system

Once the eight measures were collated into a draft composite index, the scoring system was
developed. A number of options were considered based on the requirement of the new
measure to be simple to score yet to yield valid quantitative data.

Analogue scales are used widely in similar applications but require the clinician to measure
them after the patient encounter, and they can be less reliable than other forms of measure.
Likert type scales are widely used where rapid and consistent data collection is important **,
While Likert—type scoring scales exist in many forms, the common featurcs are of defined
positions on a constant scale, and a limited number of response options 313316 This format
matched the remaining key principles and was considered further.

Likert-type scales may have from three to twenty or more graduations but although increasing

the number of graduations increases the sensitivity of the scale it also decreases the reliability.
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It was also clear that for a clinical tool such as the FPI, where it is desirable to have specific
criteria maiching each point on the scale, a smaller number of intervals is preferable 315318
Likert scales may be presented with an odd or even number of intervals 313317 For surveys it
is common to construct scales with an even number of potential responses to avoid non-
committal responses. For the purposes of the FPI however, it was immediately apparent that
were the scale to have a central value variations toward each of the two postural directions of
pronation and supination could be described symmetrically.

Seven and nine point scales were considered but discarded due to difficulties with defining
multiple criteria, and potential problems for clinicians in learning the many graduations. A
three point Likert scale would be expected to improve reliability but was felt during the
consultation period to be lacking in discrimination. A five point, Likert-type scale with
symmetrical scalar responses either side of a normal neutral position has been suggested
previously to provide the best compromise between sensitivity, reliability and ease of use 3
317 and so this format was considered further for the FPIL. Pronation and supination are
motions either side of a central, idealised ‘normal’ position so instead of scoring the left
anchor at ‘0’ or ‘1’ the central ‘normal’ response was valued at 0, with the sign of the scalar
deviation from this central response indicating the direction of postural change. Foot postures
tending towards a more supinated position arc denoted by a negative score, with a positive

score indicating a feature associated with pronation of the foot.

Features associated Features associated Features associated Features associated Features associated
with marked with moderate with a *normal’ foot with moderate with marked
supination supination posture. pronation pronation

-2 -1 0 +1 +2

With eight component measures, each scored on a symmetrical five point scale, the composite
scores for the eight-item FPI as a whole range from —16 to +16. Including the zero, this makes
a composite scale of 33 points requiring no calculation other than a simple tally of the eight

components. The eight components can also be considered in total, or in various combinations

according to a part of the foot or plane of positional change of particular interest.
Note: in the course of the validation process (detailed subsequently throughout Chapters 4 to

7) the scoring criteria for each component measure were refined continuously. The definitions

provided below represent the first iteration, the latest definitions are provided subsequently.
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4.3.2 Selected component measures

The eight clinical observations included in the early draft of the FPI (FPI-8) were:

Talar head palpation

Supra and infra lateral malleolar curvature.
Helbing's sign

Prominence of the sustentaculum tali

Congruence of the medial longitudinal arch
Congruence of the lateral border of the foot
Abduction/adduction of the forefoot on the rearfoot.
Calcaneal frontal plane position

I R

4.3.2.1 Talar Head Palpation

Clinical observation

The head of the talus is palpated on the medial and lateral side of the anterior aspect of the
ankle. Using either the thumb and forefinger of one hand or the forefinger of both hands the
prominence of the head of the talus is palpated immediately anterior to the most distal portion
of the tibial and fibular malleoli. The relative prominence on the medial and lateral side of
the ankle joint is determined, as an estimate of the congruence of the talo-navicular joint.
This assessment measures the congruence of the talo-navicular joint (TNJ), and represents the
relationship between the rearfoot and mid foot predominantly in the transverse plane. It was
first described by Inman in 1969 and has since been described extensively in the literature a2
213269344347 Tylar head palpation appeared in nearly half of the papers informing this section
of the study. The reliability of this test has been questioned, 212213269344 pacause of the
experience required on the part of the examiner, and the difficulty in accurately determining
congruence of the talo-navicular joint (TNJ) by manual palpation alone. However, the TNJ

has been shown to vary its position significantly with changes in foot posture, and it

represents a useful clinical indicator if taken in the context of other clinical observations.

Criteria for Talar Head Palpation scores were originally defined as follows:

Score -2 -1 0 1 2
Description Head Head Head Head Head not
palpable on | palpable on equally slightly palpable on
lateral lateral palpable | palpable on | lateral side/
side/not on | side/slightly | on lateral | lateralside/ | palpable on
medial side | palpable on | and medial | palpable on | medial side
medial side side medial side
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4.3.2.2 Supra and infra lateral malleolar curvature

Clinical observation

With the patient standing in the relaxed calcaneal stance position, the profile of lateral ankle
is visualised from behind with the observer placing himself or herself in line with a bisection
of the long axis of the foot. The concavity of the curves above and below the lateral malleolus
is observed. In the neutral foot, the curves should be approximately symmetrical above and
below the malleolus. . Frontal plane eversion of the rearfoot associated with pronation will
increase the concavity of the curve below the malleolus, while the reverse will occur with
supination.

The reliability of this method has not been rigorously evaluated, although it has been reported
by Cook et al ** to have a similar degree of reliability to the widely employed calcaneal

frontal plane measure described previously.

The supra and infra lateral malleolar curvature was scored as follows:

Score -2 -1 0 1 2
Description Infra — Infra — Both infra Infra — Infra —
malleolar malleolar and supra malleolar malleolar
curve curve malleolar curve curve
markedly slightly curves slightly more | markedly
straighter straighter roughly curved than more
than supra | than supra equal supra curved than
supra

4323 Helbing's sign

Clinical observation

With the patient still standing in the relaxed calcaneal stance position, the ankle is again
visualised from behind with the observer placing himself or herself in line with a bisection of
the longitudinal axis of the foot. The frontal plane orientation of the tendo-achilles (TA) is
noted at the insertion into the calcaneus. This indicates the frontal plane position of the
rearfoot, as lateral deviation of the TA is associated with eversion of the calcaneus.

222 and has since been

Bowing of the tendo-Achilles was first described in a study by Kelly
described by Franco 143 and others *%° 372 7% Helbing’s sign is almost universal in its use in the

clinical assessment of foot type and function.
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Helbing’s sign was scored as follows:

Score -2 -1 0 1 2
Description Tendo- Tendo- Insertion of Tendo- Tendo-
Achilles Achilles Tendo- Achilles Achilles
markedly slightly Achilles slightly markedly
bowed into | bowed into straight bowed into | bowed into
inversion inversion eversion eversion
4.3.2.4 Bulging of the talo-navicular joint in the region of the sustentaculum tali
Clinical observation

In this observation the patient is again observed from behind while standing in their relaxed
stance position. The area of the medial side of the foot immediately posterior to the
tuberosity of the navicular is observed. Where the TNJ is significantly incongruent in
pronation, the soft tissues averlying the TNJ will be distended 143 369 373 234

This measure was described in more detail by Dahle et al who found it to contribute to a
reliable overall indication of foot posture'”. It has also been shown to be a significant
predictor of MRI quantified foot posture in people with rheunatoid arthritis ***. The reliability
of this technique in isolation has not been established although Dahle reports satisfactory
agreement with other measures.

This is a measure of the relationship between the rearfoot and midfoot in the transverse plane.
The amounts of motion occurring in the midtarsal joints have been suggested to exceed
motions occurring in the rearfoot 3% The midtarsal joint is co-dependent with the rearfoot for
tarsal stability, and changes in talo-navicular joint position are a useful indicator of foot

posture.

Bulging of the area overlying the talo-navicular joint was scored as follows:

Score -2 -1 0 1 2
Description | Area of TNJ | Area of TNJ | Area of TNJ | Area of TNJ | Arca of TNJ
markedly | slightly, but flat bulging bulging
indented definitely slightly markedly
indented
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4.3.2.5 Congruence of the medial longitudinal arch (MLA)

Clinical observation

With the patient standing, the arch height and the congruence of the curvature of the arch is
observed obliguely from the medial aspect. In a neutral foot the curvature of the arch is
expected to be relatively uniform, similar to a segment of the circumference of a circle. As the
foot supinates the arch height increases and the curve of the MLA becomes more acute at the
proximal end of the arch. In the more pronated foot the arch height decreases and the MLA
becomes flattened in its central portion, as the midtarsal and Lisfranc’s joints sublux in the
sagittal plane.

The changes in arch height and congruence associated with changes in foot posture are well
documented. The height of the arch has long been recognised as an indicator of foot function
143220276 (. ith references to flat foot posture documented as early as the 16" century. The
congruence of the arch has been described in the recent literature 37338 but while widely
reported, it is not as universal an indicator as arch height ! The reliability of the clinical
observations has not been well documented. Some authors have questioned the reliability and
validity of measuring arch height accurately 18249255 Cowan in 1994 *©' found that the inter-
rater reliability of clinicians in evaluating the arch height from photographs was variable at
best, although Saltzmann reported the measurement of arch height to represent a valid and
reliable first order approximation of the MLA structure 185 a finding which was supported by

1 272

Sell et al *’* and later by Weiner-Ogilvie. ",

The arch height and congruence are scored as follows:

Score -2 -1 0 1 2
Description | Arch high Arch Arch height Arch Arch very
and acutely | moderately | normal and | lowered with | low with
angled high and | concentrical some severe
slightly ly curved flattening flattening
acute angle

43.2.6 Congruence of the lateral border of the foot

Clinical observation

With the patient again standing in the relaxed calcaneal stance position, the lateral border of
the foot is visualised from behind with the observer placing himself or herself in line with the
longitudinal axis of the rearfoot. The observation of lateral border congruence relates to the
congruence of the joints of the midfoot in the transverse plane 220373 This measure is not
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appropriate where there is a fixed adduction deformity of the forefoot on the rearfoot in the
non-weightbearing state.

Lateral border profile has been described by Dahle et al 1% who found that this measure
contributed with satisfactory reliability to the determination of foot type when used in
conjunction with other measures. Freychat et al 29 suggest that the amount of abduction or

adduction of the forefoot on the rearfoot is a good indicator of foot function.

Lateral border congruence is scored as follows:

Score -2 -1 0 1 2
Description | Lateral border Lateral Lateral Lateral Lateral
markedly border border border border
convex slightly straight slightly markedly
convex concave concave

4.3.2.7 Abduction/ adduction of the forefoot on the rearfoot

Clinical observation

The measure is based on the premise that when viewed from directly behind the heel the
neutral foot will allow the observer to see equal amounts of the forefoot on the medial and
lateral sides. It is important in making this observation for the observer to place himself or
herself carefully in line with the longitudinal axis of the rearfoot. Transverse plane motions
occurring between the rearfoot and the forefoot will allow the visualisation of more of the
forefoot on either the medial or lateral side. In the supinated foot the forefoot will adduct on
the rearfoot resulting in more of the forefoot being visible on the medial side. Conversely
pronation of the foot causes the forefoot to abduct resulting in more of the forefoot being
visible on the lateral side.

Observation of abduction/ adduction of the forefoot on the rearfoot has been described
repeatedly in the literature by Duckworth 389 and others 22 2°®*7 but this clinical sign has not
been documented for reliability. This observation is a variation of the ‘too many toes sign’ i
although other variants such as the ‘peek-a-boo’ heel 3 have been described and rely on the
same theoretical base. This measure is again potentially inappropriate where there is a fixed

adduction deformity of the forefoot on the rearfoot in the non-weightbearing state.
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Abduction/adduction of the forefoot on the rearfoot is scored as follows:

Score -2 -1 0 1 2
Description | No lateral toes | Medial toes | Medial and Lateral toes | No medial
visible. Medial clearly lateral toes | clearly more | toes visible.
toes clearly | more visible equally visible than | Lateral toes
visible than lateral visible medial clearly
vigible
4.3.2.8 Calcaneal frontal plane position (Inversion / eversion)

Clinical observation

The frontal plane orientation of the calcaneus relative to the weightbearing surface is
assessed from behind, with the patient standing. The measurement can be made either with or
without a bisection line drawn on the calcaneus and the reliability of bisection lines have
been discussed previously. In the FPI study the position was visualised without bisection
lines.

This is one of the more commonly used clinical measures of foot posture, and has been
described extensively in the literature 195274 368 369 373 389 The reliability of measuring calcancal
position has been criticised by many authors, 188 212213347 4 1though it has been reported as
being adequately reliable if the same rater takes the measure %68 Tt has been reported to be
more reliable when measured weight bearing 272 3 position that is also considered better
representative of the function during gait s

Goniometric measurement of calcaneal position is probably not valid as a single measure of
foot posture, however it remains a useful observation, and is thought to serve clinically as a

valid indicator of the degree of maximum rearfoot eversion during gait 33,

This is an observational equivalent of the measurements often employed to quantify the

relaxed and neutral calcaneal stance positions. It is scored as follows:

Score -2 -1 0 1 2
Description Markedly Slightly Vertical Slightly Markedly
inverted inverted everted everted
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44 ASSESSING THE FEASIBILITY OF REPORTING FOOT POSTURE BASED ON A

COMPOSITE INDEX OF EIGHT CLINICAL INDICATORS

4.4.1 Introduction

The first stage of the evaluation was to conduct a small pilot study evaluating the feasibility of
the FPI concept prior to expending energy and resources on a more comprehensive validation
process. This stage can be considered a precursor to any formal evaluations and was a single
session undertaken purely to determine whether the entire concept was unfeasible, or whether
there was merit in establishing the formal program of evaluation. The characteristics of
interest at this stage were simple face validity, ease of use and the time taken to perform the
assessments.

4.4.2 Method

Eight podiatrists with clinical experience ranging from 2 to 18 years were recruited from the
staff of the podiatry program at the University of Western Sydney, to perform a series of
evaluations of foot posture using the FPI eight component version (FPI-8). No training was
given, as first impressions were important, although each component and its associated
criteria were outlined at the start of the session. Raters were provided with written instructions
on scoring each component according to set criteria, and data sheets upon which they could
score their ratings confidentially.

Each of the eight removed their shoes and socks in turn and stood in a relaxed standing
position while the other seven clinicians rated independently, the eight FPI components on the
standing participant’s right limb. Group members rated the foot posture without conferring,
and without knowledge of the others’ scoring. The author provided no input to the rating
process at this point.

In a debriefing session the criteria were discussed and the members of the group critiqued
cach of the eight sets of criteria. Finally a short questionnaire was administered in which the
participants were invited to provide, on a five point Likert scale, their ratings of “Ease of use’,
Ease of understanding’ and ‘Usefulness’ of the overall draft FPI-8 measure, and each of its

components.

4.4.3 Analysis
Inferential reliability statistics are inappropriate in a group of this small size. The agreement

between the group members is therefore presented descriptively. Similarly the data for the
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group’s perceptions of the ease of use and utility of the FPI-8 and its components are
presented descriptively only, as appropriate to this preliminary evaluation. Full inferential
analyses of aspects of the reliability and validity are undertaken in subsequent chapters.

4.4.3.1 Agreement between raters

FPI total score

A graphical representation of the agreement between raters is shown below. The graph
demonstrates the mean (+/-95% confidence intervals) of seven ratings of the FPI-8 total score

for each of the subjects 1 through 8.

Figure 4.49 . The mean and 95% confidence intervals for the seven ratings of each of

the eight subjects’ FPI-8 total scores.

FPI| total score Mean +/- 95%Cl
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The agreement between the ratings was adequate for this stage of the study. The group
received minimal training in the use of the FPI, had no chance to develop any experience in
rating feet using the index prior to their participation in the study, and had no access to

manuals or other training materials. The criteria for each of the FPT components were also at

their least refined.

4.4.3.2 Instrument utility

The survey results for the ease of use, ease of understanding and the utility of the FPI-8 are

shown in Table 4.33. For all three items 1 = a low level of satisfaction and 5 = a high level of

satisfaction.
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Table 4.33. Consumer satisfaction with the FPI-8 overall

Ease of
Ease of use  understanding Usefulness
Mean 4.7 4.6 5.0
Minimum 4 4 5
Maximum 5 5 5

4.4.3.3 FPI components
FPI component measures were also evaluated individually and are presented on the
subsequent pages. A figure plotting the mean and the 95% CI of the observations within the

group is presented for each component and the ‘consumer satisfaction’ results are presented.
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FPI component 1. Talar head palpation

Figure 4.50. Mean scores and 35%CI
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Table 4.34. Consumer satisfaction

Ease Ease of

of use understanding  Usefulness
Mean 4.9 5.0 5.0
Min 4 5 5
Max 5 5 3

FPI component 3. Helbing's sign

Figure 4.52. Mean scores and 95%CI
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Table 4.36. Consumer satisfaction

Ease Ease of

of use understanding  Usefulness
Mean 5.0 5.0 4.7
Min 5 5 4
Max 5 5 5

FPI component 2. Malleolar curves

Figure 4.51. Mean scores and 95%CI
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Table 4.35. Consumer satisfaction

Ease Ease of
of use understanding  Usefulness

Mean 47 4.9 5.0
Min 4 4 5
Max 5 5 5

FPI component 4. Calcaneal position

Figure 4.53. Mean scores and 95%CI
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Table 4.37. Consumer satisfaction

Ease Ease of

of use understanding  Usefulness
Mean 4.6 5.0 5.0
Min 4 5 5
Max 5 5 3
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FPI component 5 Talonavicular

congruence.
Figure 4.54. Mean scores and 95%CI
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Table 4.38. Consumer satisfaction

Ease Ease of

of use understanding Usefulness
Mean 4.6 4.4 4.4
Min 3 4 4
Max 5 5 5

FPI component 7 Abd-adduction forefoot.

Figure 4.56. Mean scores and 95%C1
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Table 4.40, Consumer satisfaction

Ease Ease of

of use understanding  Usefulness
Mean 4.9 4.7 4.6
Min 4 4 3
Max 5 5 5

FPI component 6 MLA congruence.

Figure 4.55. Mean scores and 95%CI
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Table 4.39, Consumer satisfaction

Ease Ease of

of use understanding  Usefulness
Mean 5.0 5.0 5.0
Min 3 5 5
Max § 5 5

FPI component 8. Lateral border
congruence

Figure 4.57. Mean scores and 95%ClI
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Table 4.41. Consumer satisfaction

Ease Ease of

of use understanding  Usefulness
Mean 5.0 5.0 5.0
Min 5 5 5
Max 3 3 5
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4434

The face validity was explored with the group, who compared the clinical description of foot

Focus group feedback

types and with the relevant FPI scores.

Table 4.42. Group foot type descriptions

Participant ID | Group description of overall foot type | Mean FPI
' overall
score

1 Pronated — very flat footed. Almost no 8.7
arch

2 Mild cavoid -3.3

3 Unusual. Heel looks like it should be 2.9
supinated but the forefoot is abducted.

4 A bit pronated. Nothing remarkable 59

5 Definitely pronated 7.3

6 Quite normal 4.4

7 Very pronated 10.9

8 Rigid, slightly inverted -1.3

Note that the descriptors in the table are those provided by the group.

There was a good degree of agreement evident between the terminology used in the clinical
descriptions and the composite FPI scores.

The two foot types highlighted as the most pronated and supinated have the highest and
lowest FPI scores respectively. No feet described by the group as ‘pronated’ had a score of

less than +5 and neither of the ‘high arched/ cavoid feet” had a positive FPI score.
The group also defined descriptors for the two functional segments nominated simply as the

‘hindfoot’ and “forefoot’, and these are compared with the relevant component scores in Table

4.43.
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Table 4.43. FPI scores for separate rearfoot and forefoot anatomical segments, along
with group derived descriptors.

Participant | Group defined Mean FPI | Group defined Mean FPI
ID rearfoot rearfoot forefoot forefoot
characteristics score characteristics score
1 Quite perpendicular | 4.4 Very low arch. 43
heel for the overall Almost touching
_ foot type floor.
2 Vertical, evenabit | -1.2 High arch and some | -2.1
inverted clawing of the toes.
3 Vertical, slightly 0.8 Normal looking arch | 2.1
inverted even but forefoot
abducted. A
prominent lateral
arch.
4 Quite everted 2.7 Just pronated 3.2
5 Everted 34 Quite a low arch. 3.9
6 Normal 2.2 Normal 2.2
7 Everted 4.6 Really flat footed 6.3
8 Neutral -1.5 Quite neutral 0.2

The FPI forefoot/rearfoot scores were consistent with the clinical description in seven of the

eight cases, and was sensitive to the two anomalous feet in the group (subjects three and

eight), who had slightly atypical forefoot to rearfoot presentations.

In summary, the debriefing session provided useful feedback which was used to evaluate the

face validity of the new instrument.
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4.5 DISCUSSION AND CONCLUSIONS

The phases outlined in the second part of this chapter represent no more than the first stage in
evaluating the feasibility of developing a new measure along the lines proposed, and a more
detailed series of validation experiments are presented in the subsequent chapters. The initial
feasibility investigation did however identify a range of issues worthy of further discussion.
Starting with the context for the new FPL, it must be recognised immediately that the new
measure is by intent a compromise rather than an absolute advance in its own right. More
objective measures, limited though they may be in technical terms and in their availability to
the clinician, do exist already. In support of the new approach however, it has to be
recognised that the clinical methods commonly used in day-to-day practice demonstrate more
shortcomings than is acceptable for their continued use, and a useful and validated
compromise solution may still represent a genuine advance. The limitations of existing
measures are recognised in some quarters but largely ignored by clinicians, although one
recent large survey of physiotherapists demonstrated that demand for a valid new measure
was high '®. It was considered important therefore that the evaluations of the FPI-8 in
subsequent chapters included quantification of the degree of compromise associated with a
clinical measure such as this.

In any composite measure such as the FPI, there exists the potential for variability in the
relative contributions of the components to produce the same total score despite internal
variability between components (sometimes referred to as a lack of uni-dimensionality). This
is true for any number of measures, including for example, the Beighton-Carter-Wilkinson
scale for hypermobility, and for the majority of health related quality of life measures using
multiple questions, such as in the extensively used MOS SF-36. This potential for internal
inconsistency can be regarded as an undesirable feature, although this perceived deficiency
can also be turned into a positive when it is made possible to break down the total score into
sub-domains, as is the case with the SF-36. The careful composition of the FPI-8 such that
scores can be so divided into sub-domains, (representing either the three body planes or the
hindfoot or forefoot segments), may lead to the FPI having some advantage over existing

single plane/segment measures.
In identifying suitable component measures it is important that the included components were

all derived from existing literature. Firstly this provides a context for the historical evolution

of a new measure, addressing some of the shortcomings of existing techniques, but also it
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ensures that for the most part no new techniques need to be presented or learned. It could be
argued by contrast, that the limitations of existing measures persist in the FPI-8, and while the
cross referencing of multiple components will go some way towards ameliorating this
problem, this inherent shortcoming must be recognised.

Construction of a matrix based on the characteristics of the existing measures did allow for
identification of a range of FPI components covering all the relevant planes of motion and,
uitimately, two anatomical segments. The debriefing sessions with the eight clinicians
involved in the first evaluations were highly informative in this regard, with the discussions
highlighting differences in the clinical interpretation of the component observations by
different observers. Ultimately the aggregation of the midfeot segment into the forefoot
segment proved an appropriate solution, as most of the difficulty arose in the overlap of
features between these two segments. The interposition of the tibia/ ankle joint between the
hindfoot and the forefoot (with midfoot combined), did in the mind of the group allow for a
clearer demarcation between these two segments, and this was the model that is taken
forward. The discussions also highlighted areas where the scoring criteria could be made
more explicit, and where formatting of the datasheets could be clarified. Although the
development of the draft of the instrument was grounded firmly in the literature it is
recognised that this early stage of the initial evaluative process was informal, and as such
should be interpreted as no more than a preliminary phase where the basic concept was
discussed and refined, informing but not pre-empting the subsequent validation process.

The protocol for using the FPI in quiet standing received positive feedback, as it was felt that
the weightbearing examination was more reflective of dynamic function, than evaluations
undertaken non-weightbearing. Quiet standing in double support has been shown to be
broadly representative of function, and importantly for populations with systemic pathology
such as CMT, is an adequately stable position for patients to stand still for the duration of the
assessment.

The FPI is a score of the foot posture, as observed in quiet standing but it must be recognised
that a range of supplementary clinical evaluations will still be required to obtain a complete
clinical picture. The FPI is not intended to be a replacement for all clinical assessments,
merely to provide, for one aspect of the standing foot posture- a more comprehensive
evaluation than is provided by existing measures.

The application of a common scoring scale to a range of components has allowed for the
derivation of a composite score from measures that otherwise might be expressed in a variety

of units. A five point Likert scale provides for differentiation of responses without impacting
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unduly on reliability. Scoring the Likert scale around zero allows for the scores to reflect both
magnitude and direction of postural variation. In preliminary testing, the reliability of repeat
measures and the face validity of the new measure proved acceptable, as did ease of use,
although it is recognised of course, that the test-retest evaluation was at this stage highly
empirical, and that face validity and ease of use are largely subjective assessments.

Of the individual component measures, assessment of malleolar curves, lateral border
éongruence and forefoot, and calcaneal position demonstrated lower agreement than other
measures. Talar head palpation was perceived as the most difficult measure to perform, and
Helbing’s sign showed less capacity for differentiating foot types than the other measures. No
components performed particularly poorly however, and all were deemed suitable for
retention in future drafts. The preliminary draft of the FPI-8, the first working version, and
the final draft, the FPI-6 are presented in Appendices A,B and C at the end of the thesis.

Conclusions

In this chapter the four aims were met. The review of the literature identified both the
characteristics desirable in the new measure, and a range of potential component measures.
Plotting the measures into a matrix, combined with an extensive period of consultation
allowed for the most appropriate mix of components to be incorporated into the FPI draft.
The measure proved easy to use in the clinical setting and received a positive response from
clinicians. The structured feedback was highly positive, suggesting that the users considered
the FPI-8 to be easy to understand and use. As anticipated, the feedback from this preliminary
stage fed into some revisions of the formatting of the datasheets and wording of the scoring
criteria. The FPI-8 demonstrated acceptable face validity both in terms of the total score, and
in the segmental scores.

On the basis of its performance in the evaluations presented in this chapter, the draft FPI was

considered suitable for more formal investigations of its reliability in a range of age groups.
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CHAPTER FIVE. PRELIMINARY FIELD TRIALS OF THE
NEW INSTRUMENT.

Chapter overview

This chapter outlines two separate preliminary field trials, and is thus presented in two

- parts.

In Chapter Five, Section one, the reliability of the FPI-8 is investigated, while Chapter Five
| Section two details a preliminary round of validation, comparing the new FPI-8 with an
extant clinical measure, Rose’s 'Valgus Index'. The aim of the field trials was to provide an
early indicator of whether the FPI-8 had merit enough, in terms of its reliability and validity
to warrant the extensive and evaluations detailed in Chapter Six.

The reliability of the FPI-8 was investigated in three age groups representing the range of
applications for which the measures is intended. This reliability evaluation was undertaken
to establish the technical parameters within which the measure might be expected to
operate, although the reliability of the measure in individual clinical populations will need
to be quantified for studies involving specific foot pathologies.

In Section two the FPI was validated against an existing objective clinical tool. This
evaluation was limited in that it reflected only the degree of agreement between two static
measures of global foot posture, but it represented a level of investment appropriate to this
stage of the process. Notwithstanding the limitations of the twin static assessments, this
study allowed for a detailed analysis of some aspects of the validity of the eight components,
and the finding that a large proportion of the variance in the objective measure was
predicted by the FPI represented an important step leading fo the detailed validation studies
described in Chapter Six.

5.1 CHAPTER FIVE, SECTION ONE — THE RELIABILITY OF THE F'PI IN THREE

AGE-STRATIFIED SAMPLES

5.1.1 Introduction

The reliability of the clinical application of the FPI was examined in three samples
representing three distinct age groups from pre-school to adulthood. It was considered
important to investigate the reliability of the measure independently in the three age groups,

as the reliability of foot measurements have been reported previously to vary with age.

This aspect of the validation process required the input of several practitioners to perform
the repeat measures, and was undertaken with the invaluable contribution of the co-workers,
three experienced podiatrists from the University of South Australia. At the time this group

was reviewing a range of existing clinical foot measures and agreed to collaborate with the
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evaluation of the reliability of the FPI. Thanks are due to Angela Evans, Rolf Scharfbillig
and Alexander Copper for their contribution to this stage of the study.

Some of the data from this study subsequently contributed to a larger independent study
conducted by Evans, Sharfbillig and Copper, evaluating a range of the available clinical foot
measures. Some of the data has therefore been published recently as:

Evans A, Copper A, Scharfbillig R, Scutter S, Williams M. Reliability of the Foot Posture

' Index and traditional measures of foot position: Journal of the American Podiatric Medical
Association, 2003, 93(3) 203-213 **

The analysis of the data presented in this chapter is however, entirely the product of the
candidate’s independent work, and relates specifically and in detail, to the FP1. No external

assistance was received in analysing, compiling, or presenting the results herein.

The reliability studies were approved by the ethics review committees of the Universities of
Sydney, Western Sydney, and South Australia. The boards of governors of the three schools
at which data collection occurred also gave full permission. Individual written consent was
obtained from the adult participants or from the parents of each participating child prior to

their inclusion in the study.

5.1.2 Reliability study 1 — Adults aged 20-50 years

5.1.2.1 Introduction

The adult group was chosen for the first of the reliability studies, because the logistics of
managing the clinical interaction were felt to be least problematic for this age group. It was
decided at the outset to evaluate the two child groups later, once any unforeseen flaws in the
study design had been rectified, and once the examiners had become more familiar with the
data collection protocols.

The three independent examiners had not seen the FPI before their involvement with this
study and the three raters had not used the FPI until the arrival of the candidate the day
before the start of data collection.

A short training session was held immediately, but at the commencement of the reliability
data collection session, each of the independent raters had only had the opportunity to use
the FPI to score between six and eight foot postures. The effect of such inexperience is

discussed in the summary of Chapter Five, Section one.
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5.1.2.2 Method
A repeated measures approach was used, with both limbs of each participant measured
independently using the FPI, by each of four assessors, on two occasions, Over two days.
The FPI manuals were available for reference regarding the specific scoring criteria, but the
candidate, who at the time was the only member of the group familiar with the FPI, did not
offer any advisory input once the data collection had commenced.
5123  Sample
Thirty otherwise healthy normal adults were recruited from among the staff, students,
patients and acquaintances of the School of Physiotherapy and Podiatry, University of South
Australia. Prior to recruitment, potential participants were provided with written details of
the requirements of their participation in the study and each potential participant gave full
written consent.
All participants met the following criteria.

Aged between 20 and 50 years at the time of enrolment

No current injury or disease process affecting the lower limb

No history of significant trauma, disease or surgery with the potential for long term

effects on the lower limb

Presence of ranges of motion in the lower limb sufficient to meet the requirements of

the static assessment

Capacity to understand the information relating to the study and give informed

consent.

5.1.2.4 Preparation of participants

At the measurement session the participants were given, in groups of four, appointments at
30 minute intervals. Participants were clerked-in and briefed by assistants independent of
the study, and then changed into shorts to expose the lower limb from the knee down. All
participants wore a surgical gown and a whole-face mask for the purposes of protecting
their identity from the raters at the retest session. Once prepared for the measurement
session, the participant stood on a large piece of paper in a relaxed angle and base of gait. A
fifth podiatrist, not involved in the reliability ratings, drew an outline of the feet in the
relaxed standing position onto the paper. This paper then accompanied the participant on all
later measures to ensure consistency of foot placement. Each of the four participants in a
group was directed to one of four low raised plinths placed in the four corners of the room.

The participant stood on the paper and returned to the angle and base of gait recorded
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previously. Once the participant was standing comfortably, the FPI scores were rated
independently by the four observers, with the left and right limbs rated in random order. The
participant remained standing on the plinth in one corner of the room while the raters
circulated individually between the four participants in a previously defined random order.
Once each rater had completed a rating of a participant’s foot the rating sheet was placed in
a box so that the scoring was not visible to subsequent raters.

Each participant was known only by a code number to protect their identity from the raters
at the retest session. The order of participants was again randomised at the retest session
minimising the potential for recall of previous scores. Data were recorded to purpose-made
collection sheets, and codified according to rater, prior to transcription onto ¢lectronic
spreadsheets. Analyses were carried out using SPSS for Windows 11.1 (SPSS Inc, Chicago,
IL) and Microsoft Excel (Microsoft Inc, Redmond, WA).

5.1.2.5 Strategy for analysis

The intrarater and interrater reliability were initially investigated using intraclass correlation
coefficients (ICCs) according to the method of Shrout and Fleiss. The appropriate ICC for
the determination of the agreement between raters is Model 2, with the ICC based on a
single measure from cach observer. This application is commonly known as ICC (2,1). The
calculation of the ICC model 2,1 in SPSS v 11.1 wasbased on a two-way ANOVA, with the
observers entered as random effects and with the absolute agreement definition set.
Intra-rater, or ‘test-retest’ reliability was then investigated by deriving ICCs using the
Shrout and Fleiss Model 3,1. In SPSS the ICC (3,1) was computed on a two-way ANOVA
with the observers entered as mixed effects and with the consistency definition set.

In addition to the ICCs, the Measurement Error (ME) was computed for each of the raters,
providing a result indicating the range in which the true value of a given measure might be
expected to lie.

For two ratings ME is given by the formula

ME = SDdifferences
V2

and the result is expressed in the units of the original measurement. The ME and its 95%CI
are reported individually, along with the mean value for the group of four raters.
Finally, mean-difference or ‘Bland and Altman’ plots were constructed to illustrate the

stability of scoring for each of the four observers.
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5.1.2.6 Results — Adult group
Investigation of agreement between raters — interrater reliability
ICC Two-way Random Effect Model (Absolute Agreement Definition): People and Measure
Effect Random
Single Measure Intraclass Correlation (95%CI) = 0.57 (0.27-0.75)
This inter-rater ICC of 0.57 lies on the border between ‘fair’ and ‘moderate’, according to

the classification proposed by Landis and Koch 403,

Investigation of test-retest agreement — intrarater reliability
ICC Two-Way Mixed Effect Model (Consistency Definition):
People Effect Random, Measure Effect Fixed

Table 5.44. Single Measure Intraclass Correlation

ICC 95%Cl F statistic DF
Observerl 073 0.58-083 6.38 59
Observer2 0.79 067-0.87 853 59
Observer3 0.87 0.79-0.92 14.04 59
Observer4 0.85 076 - 091 12.11 59

The intra-rater retest reliability for the FPI scores ranged between 0.73 ‘good’ and 0.87
‘almost perfect’. This indicates a good deal of consistency for cach rater between sessions.
Tt would be expected that the intra-rater, retest reliability would be higher than the inter-rater

reliability.
Tests of relative and absolute agreement in FPI scores.

Table 5.45. Measurement error and the 95%CI

ME
Observer 1 1.48 (-1.42 to 4.38)
Observer 2 1.23 (-1.31 10 3.77)
Observer 3 1.14 (-1.09 t0 3.37)
Observer 4 1.18 (-1.12 to 3.48)
Mean 1.26 (-1.09 to 3.82)

The ME values indicate that the FPI scores for repeat measures by each rater would be
expected to lie within 1.2 to 1.5 FPI scale points of the raters’ true quantification of that

foot.
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Mean-Difference plots of the scalar stability of the FPI scores.
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The Mean - difference plots show good consistency between the rating habits of individual
raters. In all cases the plots are grouped to an acceptable degree around the mean and there
is no evidence of change in variation or difference as the mean score changes. This tends to
indicate stability in the scalar responses, with clustering around the mean not varying

greatly at the outer boundaries of the FPI scoring range.

5.1.3 Reliability study 2 — Children aged four to six years

5.1.3.1 Method

Again, a repeated measures approach was used, with both limbs of each participant
measured independently according to the protocol described previously, on two occasions
over two days. One of the raters involved in the adult evaluations was not available for this
testing period, hence only three raters rated children in this subgroup.

5.1.3.2 Sample

Twenty-nine healthy normal children were recruited via their school. Letters were sent to
the parents two weeks before the data collection sessions outlining the study, inviting the
participation of the child, and providing a contact for further information if required. Parents
indicating a willingness for their child to participate, completed and signed a consent form
and returned it to the school. Only children for whom a completed, signed consent from was

held were included in the data collection.

All participants met the following criteria.
= Aged four to six years at the time of enrolment
= No current injury or disease process affecting the lower limb
= No history of significant trauma, disease or surgery with the potential for long term
effects on the lower limb
» Presence of ranges of motion in the lower limb sufficient to meet the requirements of

the static assessment

Measurements of this sample were undertaken by three of the experienced raters mentioned

previously.
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5.1.33 Preparation of participants
Measurements were undertaken in a cleared area in the library of the school using the same
protocol as was described previously for the adults study. Children attended in groups of
four, for a set of measurements lasting approximately 30 minutes. The children stood on a
raised plinth and the raters moved among them to perform the measures. Again the order of
measurement of the raters and the rating of left and right limbs was randomised. Participants
| exposed the lower legs by rolling up trouser legs or skirts to knee height. As per the protocol

for the adult group, participants stood in a representation of their angle and base of gait for
all measures. Data were recorded to the same data collection sheets, and again codified
according to rater.
5.1.34 Results — Children aged four to six years
Intraclass correlation coefficients
Investigation of agreement between raters — interrater reliability
Two-way Random Effect Model (Absolute Agreement Definition):

People and Measure Effect Random

Single Measure Intraclass Correlation (95%CI) = 0.61 (0.34-0.78)

Investigation of test-retest agreement — intrarater reliability
ICC Two-Way Mixed Effect Model (Consistency Definition):
People Effect Random, Measure Effect Fixed

Table 5.46. Single Measure Intraclass Correlation

ICC 95% CI F statistic DF
Observerl 078 0.65-0.86 7.99 57
Observer2 0.82 071-0.89 9386 57
Observer3 0.78 0.66-0.86 8.13 57

The intra-rater retest reliability for the FPI scores ranged between 0.78 ‘good’, and 0.82
‘almost perfect’. This indicates a good deal of consistency for each rater between sessions.

Table 5.47. Measurement error and the 95% CI

ME (95%CI)
Observer 1 1.13 (-1.09 to 3.37)
Observer 2 1.18 (-1.18 t0 3.49)
Observer 3 1.14 (-1.55 to0 4.59)
Mean 1.15 (-1.29 to 3.77)
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The scalar stability of the FPI scores for each rater is well represented graphically through

the construction of Mean-Difference plots after Bland and Altman.
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The Mean - difference plots again show a good linear relationship between the mean and the
differences. There is some clustering evident in the plot for observer 1, but all the plots
show a linear relationship between the mean score and the difference indicating scalar

consistency in the younger age group similar to that seen in the adult sample.
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5.1.4 Reliability study 3 — Children aged 8-15 years
5.1.4.1 Method

This third part of the reliability evaluation employed the same protocol as for the four year

old group. The rater missing from the second part of the study returned, and so four raters
_performed each pair of measures. Again, a repeated measures approach was used, with both

limbs of each participant independently measured on two occasions over two days.

5.1.4.2 Sample
The sample was again 30 normal, healthy children, this time aged 8-15 years. Recruitment
criteria, invitation to participate, and consent procedures were as outlined in the previous

section, with the only difference being the age of the target group.

5.1.4.3 Results — Children aged 8-15 years

L1l

Intraclass correlation coefficients
Investigation of agreement between raters — interrater reliability
Two-way Random Effect Model (Absolute Agreement Definition):
People and Measure Effect Random
Single Measure Intraclass Correlation (95%CI) = 0.73 (0.62-0.82)

Investigation of test-retest agreement — intrarater reliability
ICC Two-Way Mixed Effect Model (Consistency Definition):
People Effect Random, Measure Effect Fixed

Table 5.48. Single Measure Intraclass Correlation

ICC 95%CI F statistic  DF
Observer 1  0.84 0.74 - 0.90 11.38 59
Observer2 0.83 0.74-0.90 11.10 59
Observer3 0.89 0.83-094 17.89 59
Observer4 0.79  0.68 - 0.87 8.75 59
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The intra-rater retest reliability for the FPI scores ranged between 0.79 ‘good’ and 0.89

‘almost perfect’. This again, indicates a good deal of consistency for each rater between

sessions.
Table 5.49. Measurement error and the 95% CI
ME (95%CI)

- Observer 1 1.13 (-1.08 to 3.34)
Observer 2 1.12 (-1.07 to 3.31)
Observer 3 1.01 (-0.97 t0 3.01)
Observer 4 1.27 (-1.22 t0 3.76)
Mean 1.13 (-1.10 to 3.35)
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Mean-Difference plots for the four observers
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The mean - difference plots are stable and consistent for all four observers.

5.1.5 Summary

The FPI demonstrated moderate to good inter-rater ICCs, good to excellent intra-rater ICCs,
~ measurement error of 1.13-1.26 points on the 33 point scale, and good scalar stability.
Experience with the rating system appeared to improve reliability, with the interrater
agreement better in the second two samples than in the adult group tested first. One rater in
particular, (rater 3 in the first adult test group) while consistent on test-retest, was more

conservative than the other three raters in the initial adult evaluations (see Table 5.50).

Table 5.50. Median scores for the four observers in the initial adult group.

Median score (range)

Observer | 7(-1to0 13)
Observer 2 55(-2to11)
Observer 3 2(-1t09)
Observer 4 55(-2t011)
Friedman %2 95.43, N=30, p<0.001

Three of the four raters had no opportunity prior to the formal evaluations to familiarise
themselves with the FPI. In discussion with rater 3, after testing with the adult group but
prior to the testing sessions in the subsequent paediatric groups, this rater revealed that his
interpretation of the manual may have put him in conflict with the other raters. Specifically,
the working notes in the early drafts of FPI manual indicated ‘where the observer is in doubt
over whether a criterion is met in the presenting patient, they should score towards zero for
that criterion’. Observer three expressed concern that he may have entered a zero score on
many occasions when in fact he felt that there was a scorable criterion present but he ‘could
not be sure’.

From the interview it appeared possible that the isolated difference between observer three
and the other raters was primarily due to difficulties associated with the interpretation and
application of the criteria, coupled with inexperience in the use of the FPL These difficulties

were not as profound in the case of the other three raters and it is thus inferred that the
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ratings of observer three could, in the case of the adult group, be interpreted as genuine

outliers.

Excluding the potentially erroneous measures obtained by rater three and recalculating the

inter-rater ICC (2,1) yields an ICC (95%CI) = 0.69 (0.27-0.84)

Furthermore despite the reduction in observer degrees of freedom the confidence intervals
are slightly reduced implying a more homogenous dataset.

On the basis of the analysis and discussions above, the wording of the preliminary working
notes in the manual was amended to limit the potential for future misinterpretations yielding
unduly conservative scoring responses, and the issue of experience has been addressed
through the addition of a recommendation that new users cross-reference with a colleague,
at least 20 ratings of foot posture using the FPI, before applying the measure in earnest in
the clinical setting. Following revision of the manual and development of some experience
by rater three, his ratings in the subsequent studies of pacdiatric groups fell into line with the
other raters involved, and the overall inter-rater ICCs are consistent across the three age

groups (0.69, 0.73, 0.61).

In summary the FPI scoring system yields good to excellent levels of reliability for test-
retest measurements made by the same observer. For measurements made by different
observers, reliability was good in the two paediatric groups, and the moderate reliability
seen in the initial adult evaluation rose to good on removal of the outlying rater three.
Valuable lessons were learned, informing refinement of the manual, and highlighting the
need for new FPI users to allow some lead-in time to develop some experience in using the

measure prior to its employment in practice.
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52 CHAPTER FIVE, SECTION TwQ- PRELIMINARY CONCURRENT AND

CONSTRUCT VALIDATION OF THE NEW MEASURE

5.2.1 Introduction

This phase of the study evaluated the use of the FPI in the field, and explored the construct
~ validity of the new instrument, as well as estimating its concurrent validity against a widely
used objective measure of standing foot posture. The FPI-8 was included as a second
measure in a large sample of triathletes participating in a study of injury patterns and risk
factors, who were already undergoing objective evaluation of foot posture.
5.2.2 Aims
The aims of this study were

e To determine the concurrent validity of the FPI in comparison to an existing clinical

‘industry-standard’ of standing foot posture.

» To evaluate the construct validity of the FPL.

e To evaluate the internal reliability of the FPL
523 Methods
The concurrent validity of the new FPI was examined using as a benchmark, simultaneous
measures of foot type using Rose’s “Valgus Index” (VI} ¥ The VI was chosen because it is
widely used in clinical foot research and has been reported to be an adequate measure of
foot posture **’. The Limits of agreement (standard error+/- 95% CI) for a single measure
VI scores is +/-3.0, improving to +/-2.0 for 3 repeat measures” . The VI is often used in
clinical foot research because it is among the more objective clinical measures of foot
posture, however it must be noted that the validity of the VI has been questioned by a
number of authors '*'° ®. There is particular concern that the VI, while possibly more
objective than direct goniometric measures, still emphasises heavily, the frontal plane
position of the rearfoot 6
In the absence of a true “gold-standard” for measuring standing foot posture, the VI was

employed as it is a clinical tool that has been widely employed in the clinical setting,
Ratings of the eight clinical indicators of the FPI were undertaken while the subject stood on

a ‘pedograph’, ink and paper mat. Thus the foot posture at the time of scoring was preserved

for subsequent derivation of the V1. The VI was later calculated from the inked footprint
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after the ficld data acquisition phase was complete, and the observer was blinded to the FPI
score when calculating the VI score.

Valgus index is calculated from marking the medial/lateral position of the medial (B) and
lateral (A) malleoli relative to an inked print of the foot in relaxed standing. The geometric
centroid of the heel area of the print is defined using a pair of compasses and a long axis
defined for the foot representing a line from the heel centroid to the 3" toe. The point at

which line A-B bisects the long axis is designated point C.

The formula for deriving the VI is given by
VI = Y% AB-AC x100
AB

The sample comprised club and elite level triathletes attending competitions in New South
Wales, the Australian Capital Territory, and Victoria, Australia. All participants gave full

written consent prior to enrolment.

Data were entered into SPSS for Windows version 11.1 (SPSS Inc, Chicago, IL.) and the
analysis was undertaken in six stages, starting with a basic statistical description of the
sample, and of the FPI and VI data sets. The concurrent validity was evaluated using an
ordinal regression model to evaluate the capacity of the total FPI score to predict VI scores.

The internal and construct validity were assessed via a comprehensive approach including
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examination of FPI inter-item reliability using Cronbach’s alpha coefficient, and assessment
of internal construct validity, in which elements of the FPI representing foot segments and
body planes were entered into two mutltiple regression models. The internal validity was
further explored via factor analysis of the eight sections of the FPI score to identify latent

factors that could also explain the variance in the FPI scores, but were not apparent a prioti.

524 Results

5.24.1 Sample demographics

The sample comprised 91 (69.5%) male and 40 (30.5%) female athletes aged 18-65
(Mean=33.7 years). The VI scores for the group ranged from -3.6 to 33.61 (Mean=10.28,
SD=6.52), values close to those of the normal population described previously 386387 The
FPI scores ranged from —7.0 to 15.0 (Mean=4.9, SD=3.9) representing a good range of the
foot types likely to be encountered in practice. Mean differences between left and right limb
data for both the FPI and VI scores were small (Table 5.51) and both the FPI and VI data

sets were normally distributed.

Table 5.51 Descriptive statistics for left and right limb, FPI and VI data

Right N Mean Mean difference T Sig.
or left (95%CI) value
side
FPI total score  Right 131 4.7-0.47(-1.4210 0.49) -0.96 0.34
Left 131 5.1
VI score Right 125 10.0-0.97 (-2.16 t0 1.09) -0.65 0.52
Left 125 10.5
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5.24.2 Concurrent validity

The clinical measures were obtained for both limbs of each participant, as these data were
required for the parallel investigation of injury risk. To avoid paired limb observations
leading to breaches of the assumption of independence in the data however, data from only
one limb were included in the inferential analyses. In the absence of any clinically
meaningful means for deciding on separation - such as formally established limb

| dominance, it was decided by coin toss to detail data from the left limb.
Regression models were constructed to assess the degree to which the FPI total score as the
predictor variable, explained the variance in VI score, the dependent variable. The ordinal
nature of the FPI scoring necessitated the use of ordinal regression modelling in the manner
described in Chapter Three, where the ordinal regression model yields a goodness of fit
statistic combined with a coefficient of determination along with the parameter estimate (B),

its Standard Errors, the Wald statistic and significance.

The linearity of the relationships was assessed prior to undertaking the regressions.

Figure 5.58. Scatter plot of FPI Score and Valgus Index Score (p=0.776, P<0.001,
N=131)
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5.2.4.3 Ordinal regression modeling

Dependent variable: VI left limb score
Independent variable: FPI-8, left limb score

Goodness of fit (sig) Cox and Snell Pseudo R’ N
X =1457 (P=1.0) 0.590 131

Where good model fit is characterised by high significance values (>0.05).

The Standard Errors, the Wald statistic and significance are tabulated as before.
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Covariate Parameter SE (B) Wald Sig 95% CI (B)
/Factor Estimate
FPI score 551 059 885 .000 437 666

There was good agreement between the VI and FPI -8 scores, with FPI-8 total scores

predicting 59% of the variance in VI values.

52.4.4 Inter-item Reliability

The inter-item reliability was evaluated using Cronbach’s o (Table 5.52). For the cight-item
set, o was 0.834, indicating good inter-item reliability. The individual coefficients in
column three of the table were high or very high for six of the eight FPI components. For
the components based on lateral border congruence and observation of Helbing’s sign
(highlighted in bold for emphasis), reliability was lower, and this is discussed later.

Table 5.52. Cronbach’s o for the eight elements of the FPI.

Scale Scale Corrected

Mean Variance Item- Alpha

if Item if Item Total if Item

Deleted Deleted Correlation Deleted
Talar head palpation 4.1908 11.2633 .6392 8042
Supra and infra lateral malleolar curvature 4.5573 12,1871 6353 8076
Helbing’s sign 4.4809 120516 3635 8524
Prominence of the TNJ 4.4046 12.1966 6518 .8062
Congruence of the medial longitudinal arch 4,5573 10,6179 7184 7917
Congruence of the lateral border of the foot 4.8397 14,2280 1987 8512
Abduction/adduction of the forefoot 4.5344 12.2661 6536 8066
Inversion/eversion of the calcaneus 4.3969 15.2412 7533 7895
Reliability Coefficients
NofCases= 131 Neofltems= 8 Alpha= 0834

5.2.4.5 Internal Construct Validity — FPI-8 segmental and planar components
The construct validity of the FPI was evaluated using forther ordinal regression modelling,
to assess the degree to which each of the individual component observations predicted the
FPI total score. In the first model, components of the FPI representing a range of rearfoot
and forefoot / midfoot segments were included. The six components were talar head
palpation, lateral malleolar curvature, prominence of the talonavicular joint (TNJ),
congruence of the medial longitudinal arch, abduction/adduction of the forefoot on the
rearfoot, and congruence of the lateral border of the foot. In the second regression model,
five components representing measures in each of the three anatomical planes were

introduced. The model included two FPI measures for each of the frontal and transverse

172




plane, and one for the sagittal plane. The five FPI components in this regression model were
inversion/eversion of the calcancus, Helbing's sign (curvature of the insertion of the tendo
Achilles), talar head palpation, abduction/adduction of the forefoot and congruence of the
medial longitudinal arch. All eight FPI components were included in at least one of the two

regression models.

The six FPI components representing the foot segments were significant predictors of the
FPI total score, predicting approximately 91% of variance in the FPI total score (see Table
5.53). This would be expected, as the FPI total score is of course, comprised of the six
components in the model, plus the two others. More importantly, the individual regression
coefficients indicate that all six components were significant predictors of the overall score.
The Wald statistics indicate that the lateral border of the foot component was the weakest
predictor, although even this component made a significant contribution to the FPI total

score.

Table 5.53 Ordinal regression summary table for the six FPI elements representing

rear, mid and fore-foot segments.

Goodness of fit (sig) Cox and Snell Pseudo R’ N
X?=304.009 (P=1.0) 0.914 131
Covariate Parameter SE (B) Wald Sig  95% (1
Estimate (B)
Lower Upper
Talar head palpation 2.144 324 43.868 000 1.510 2.778
Supra and infra lateral 2.722 403 45.724 .000 1.933 3.511
malleolar curvature
Prominence of the TNJ 2.268 439 26.634 .000 1.406 3.128
Congruence of the medial 2.189 408 28.855 .000 1.390 2.988
longitudinal arch
Congruence of the lateral 1.480 347 18.152 2000 799 2.16}
border of the foot
Abduction/adduction of the 2.532 417 36.804 000 1.714 3.35¢
forefoot

Table 5.54 . Ordinal regression summary table for the five FPI elements representing

each of the three body planes.

Goodness of fit (sig) Cox and Snell Pseudo R” N
X% =136.800 (P=1.0) 0.986 131
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Covariate Parameter SE (B) Wald Sig 95% CI

Estimate (B)

Lower Upp¢

Talar head palpation 3.021 376 64.716 .000 2285 375

Helbing's sign 2.321 277 70.276 .000 1.778  2.86

Congruence of the medial 3.399 446 58.017 .000 2.524 427
longitudinal arch

Abduction/adduction of the 2.513 440 32.586 000 1.650 3.37
forefoot

Inversion/eversion of the 3.236 458 50.016 .000 2.339  4.13
calcaneus

Table 5.54 shows that the five elements representing the three body planes predicted nearly
99% of the total FPI score. Again, this high value is to be expected, because the FPI total
score is composed only of those five component measures plus the three excluded
components. The data for each of the individual FPI elements are again more informative,
and while the component estimating abduction/adduction of the forefoot on the rearfoot

appeared relatively weak, all components were again significant predictors to this model.

5.2.4.6 Internal Construct Validity — Factor analysis

The ordinal regression models were based inherently on theoretical assumptions that may be
questionable. To evaluate other factors that could predict the variance in FPI scores, but
which could not be identified a priori, a factor analysis was performed. The model used was
based on a principal components extraction of factors with Eigenvalues greater than 0.9,
with varimax rotation. The first factor extracted explained 49% of the variance in the FPI
score (see Table 5.55).

Table 5.55. Summary statistics of the rotated factor matrix for the FPI item

contributions to the total score.

Eigenvalue
Component Total % of Variance Cumulative %
(Factor)
1 3.95 49.4 49.4
2 0.978 12.2 61.6
3 0.740 93 70.9
4 0.635 7.9 78.8
5 0.571 7.1 85.9
6 0.488 6.1 92.0
7 0.322 4.0 96.0
8 0.317 4.0 100.0

Extraction Method: Principal Component Analysis.
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This factor included seven of the FPI items (see Table 5.56).

The FPI elements with the greatest loading on Factor 1 were frontal plane position of the
calcaneus, medial arch congruence and bulging in the area of the TNJ. Three other elements,
talar head palpation, malleolar curvature and transverse position of the forefoot on the
rearfoot also contributed significantly. The loading for Helbing’s sign was lower than other
items at 0.589 but was still significant.

Table 5.56 Component factor matrix (varimax rotation) illustrating the individual FPI

item loadings on the two factors.

Factor Loading
Factor 1

Talar head palpation 0.712
Supra and infra lateral malleolar curvature 0.716
Helbing's sign 0.589
Bulging in the area of the TNJ 0.774
Congruence of the medial longitudinal arch 0.833
Abduction/adduction of the forefoot on the 0.706
rearfoot

Inversion/eversion of the calcancus 0.833
Factor 2

FPI - congruence of the lateral border of the foot 0.910

The second factor, explaining a small but significant 12% of the variance, was primarily a
function of the congruence of the lateral border of the foot (loading =0.91), suggesting that a
separate subgroup with overall foot function independent of the lateral foot contour might

be evident. The remaining factors explained only 4% to 9% of the variance.

When the data from two multiple regressions and the factor analysis are considered in
combination, all eight elements of the FPI made valid contributions to the FPI total score.
The congruence of the lateral border of the foot was a significant predictor in the regression
model, but was also subsequently identified as a unique factor in the factor analysis. The

role of this element is developed further in the discussion.
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5.2.5 Discussion
It has been discussed previously that one significant shortcoming of existing clinical
measures of foot posture is their reliance on using discrete aspects of foot morphology to
define overall foot posture. Due to the complex inter-relationships of the components of the
foot, these single plane measures may not always describe in adequate detail the range of
foot presentations seen in practice 140216392 The FPI-8 as a composite, triplanar,
multisegmental measure seems to address some of these shortcomings and is thus able to
predict as much as 59% of the variation in the VI score. This represents a significant
improvement on previous reports in the literature, in which maximal values of prediction of

the variance in one measure by another have been reported to range from only 1-17% 24200

253 255271 276 337 338

The FPI does not though entirely overcome some of the limitations of the clinical measures
of which it is comprised. It is recognised that the degree of agreement between the FPI and
the V1, both static measures, is higher than would be expected 1f comparing the static FP1
with a dynamic measure. This is further developed in the subsequent chapter.

The VI is, in common with all clinical measures, subject to many of the limitations outlined
pre\}iously. The V1 is a measure derived predominantly from frontal plane posture, and is
therefore highly influenced by the proximity of the measured line to the axes of rotation in
the rearfoot. As such the VI will not reflect adequately some important aspects of foot
posture that are measured by the FPI, such as arch height and profile. The transverse plane
relationships of the forefoot to rearfoot components will be reflected to some degree in the
VI score, but due to the geometry of the VI, these transverse plane forefoot measures will be
relatively under-represented compared to the frontal plane position of the rearfoot. It was
acknowledged therefore that the VI was perhaps less than ideal as a benchmark measure,
although this serves further to emphasise the need for better clinical measures of foot
posture than exist currently. While any number of alternative clinical techniques might have
been employed as an alternative to the VI, each would have been equally open to criticism.
In light of these issues, the ordinal regression modelling employed here has some
shortcomings in determining concurrent validity in this study design. There is in this type of
model a sometimes false assumption that the dependent variable, the ‘gold-standard’
measure is free of error. When the gold standard is entirely free of error, all of the

unexplained variation in the dependent variable must arise as a consequence of error in the
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predictor. As ‘benchmark’ measures used in most in vivo gait and posture studies are clearly
not free of error, it cannot be determined from the regression model, how much of the
unexplained variance is due to error in the predictor, and how much is a consequence of
unknown error in the dependent variable.
Despite these recognisable shortcomings, the VI was used for a number of reasons. Firstly,
it is widely used for both routine clinical practice and for clinical research purposes, it is
| objective, and the print provides a permanent record. Secondly, the VI has been evaluated
independently and despite some shortcomings, its error and reliability are well documented
at least *¥. Finally, for the specific requirements of this study, the VI represented a clinical
measure which could be performed quickly and concurrently with the FPI evaluations, and
with the FPI observer blinded to VI score, minimising bias.
The triathletes forming the sample in this study demonstrated a wide range of foot postures
according to both VI and FPI scores. All were fit and healthy members of the general
population, and were relatively free of confounders. It is acknowledged that this group is not
closely representative of patients with neuromuscular disease, but does provide for a larger
sample than would be possible in the CMT population and was a homogenous sample well
suited to a technical investigation of the validity of the method. Both the VI scores and FP1
scores in this study suggested that the group-mean foot position inclined toward a slightly
pronated position, a finding consistent with empiric observations at the time, and with
previous studies **'.
Although all eight of the FPI components were found to make a valid contribution to the
total score, two measures in particular, Helbing’s sign, and lateral border transverse plane
congruence warrant further discussion. Helbing’s sign demonstrated only moderate validity,
primarily due its limited reliability. Helbing’s sign proved a valid component of the overall
FPI score in the linear regression models, but while the reliability was adequate to justify its
continued inclusion in the interim, its continued inclusion in later modifications of the FPI
will be reviewed. The other component warranting further discussion is the congruence of
the lateral border of the foot. In the case of this measure the reliability was good, but the
significance values of this element in the regression models suggest that the shape of the
lateral border may also have been influenced by factors other than functionally related
variations in foot posture. The factor analysis confirmed the role of this clement in a second
factor, which appeared independent of functionally related foot posture. Such a finding
would be commensurate with the presence of structural deformity causing variations in

lateral border shape, independent of functional position. Subtle deformities such as the
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cavoid changes seen in CMT, Haglund’s bump on the posterior aspect of the calcaneus,
metatarsus adductus and hallux valgus are all encountered in the otherwise normal foot-
types seen in the population at large, and require further consideration. The presence of
minor structural deformity will impact only minimally on repeat measures on the same
subject, but may affect the comparability of results between patients. In the factor analysis,
the loading of the lateral border element of the FPI on the second factor probably reflects
| the presence, in some of the study sample, of latent structural deformity such as mild
residual metatarsus adductus. The implication for clinical practice is that the examiner, in
any given clinical situation, must be clear about the purpose of the assessment. Where
repeat measures are to be performed on individual patients, the presence of a consistent
structural deformity should have minimal impact, and indeed documenting such structural
changes may prove useful in quantifying changes in disease related foot posture over time.
If comparisons are to be made between otherwise normal patients however, where there is
an assumption that the standing foot posture relates more closely to the foot function than to
structural deformity, it may transpire that consideration should be given to removing a

component from the FPI scoring if an individual demonstrates fixed deformity.

In conclusion, it appears that on the basis of this phase of the validation process, there
appeared to be sufficient merit in the approach to warrant further detailed study of the
concurrent validity. The FPI-8 total score predicted 59% of the VI score variation, which is
a greater proportion than has been reported for previous pairs of foot measurements (such as
between radiographic measures and arch index, R=0.155 (R*=0.02) to R=0.452(R?=0.20))
that had been used to support conclusions of adequate concurrent validity for these other
measures>> **,

The construct validity of the FPI appears good overall, with high internal reliability and
generally valid contributions of the component elements to the total score.

There were limitations in the VI as a gold standard measure however, and while the
simplicity of the VI approach enabled the recruitment of a large sample, the VI cannot
ultimately, be considered a genuine gold-standard. To address these limitations an attempt
was made to enhance the gold-standard through the construction of a three-dimensional
computer model of the lower limb using a sophisticated electromagnetic tracking system.
The process leading to the development of a better benchmark model against which to

evaluate the concurrent validity of the FPI is detailed in the next chapter.
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CHAPTER SIX. ELECTROMAGNETIC MOTION TRACKING
STUDIES

Chapter overview

As part of the validation process for the new measure it was desirable to establish the validity
of component measures and of the aggregate scoring system in relation to a more substantive
gold-standard. Evaluating the concurrent validity of individual component measures was
appropriate so as to quantify the validity of individual measures, and to identify poorly
performing or redundant measures for possible removal from the instrument. A second study
of the revised instrument was required to quantify the extent to which the FPI composite
scores reflect foot posture in static stance and are predictive of foot function during gait. In
this chapter the process of establishing the best possible solution is outlined and two
concurrent validity studies are described, one in static stance and one dynamic study of
normal walking, with both employing electromagnetic motion tracking technology to provide
a gold-standard model of the foot.

In section 6.1 a Polhemus Fastrak™ electromagnetic tracking system (Polhemus Inc.,
Colchester VT) was used to identify anatomical landmarks, which were then modelled in
bespoke software to create a three-dimensional digital reconstruction of the leg and foot in
static stance in each of three positions: resting, pronated and supinated. The EMT model was
used to investigate the concurrent validity of the eight FPI components individually.
Following this part of the study, the continued inclusion of the individual components was
evaluated, and two poorly performing components were deleted from the next draft of the
instrument to create a truncated, six-item version of the FPI (FPI-6)

Section 6.2 details an experiment undertaken to build on the work done in 6.1, evaluating the
predictive validity of the FPI-6 aggregate scores in relation to a stafic and dynamic EMT
functional models.

Both experiments use similar hardware, but the experiment in section 6.1 employs a complex
anatomical static model to identify the contribution of the eight original FPI component parts
10 the total score, whereas section 6.2 uses a simpler but well-validated dynamic model to
estimate the proportion of variance in ankle joint complex (AJC) kinematics predicted by the
FPI-6 aggregate scores

Finally in this chapter, the predictive validity of the FPI-6 is evaluated by assessing the
sensitivity and specificity of the FPI-6 scores to predict the foot posture in the states
artificially induced in the concurrent validation protocol.

6.1 CHAPTER Six. SECTION ONE — CONCURRENT VALIDITY OF THE FPI

COMPONENTS, EVALUATED AGAINST A CUSTOMISED, THREE-DIMENSIONAL

STATIC MODEL OF THE LOWER LIMB IN STATIC STANCE

6.1.1 Introduction
The aim of this section of the thesis was to evaluate the performance of the FPI in relation to

an objective measure of static foot posture. There is currently no true gold-standard however,
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with all clinical measures, and even the majority of laboratory based measures, subject to at
least some of the shortcomings detailed in Chapter Two 15188212213229 248

In an attempt to establish an adequate benchmark, a study was undertaken using hardware

240336339 ymbined with

known to measure small joint segments with acceptable accuracy
custom software written to model the resulting data. Cartesian coordinates of 17 critical
anatomical landmarks on the lower leg were mapped digitally using an electromagnetic
motion tracking system. Rigid models of the shank, hindfoot and forefoot in each of three
postures were reconstructed in software as a comparator for concurrent FPI component
evaluations. Foot postures were measured in a relaxed condition, and after manipulation into
an induced pronated position or supinated position by the addition of medially or laterally
oriented wedges under the heels of the subjects.

6.1.2 Aims

1. To develop a static 3D reconstruction of key joint segments of the foot and ankle, sufficient
to model the standing foot posture accurately, and to quantify objectively, systematic changes
in foot posture.

2. To determine the consistency between component scores derived from the foot posture
index and the results derived from the objective model.

6.1.3 Method

6.1.3.1 Overall method

Concurrent measurements of the foot posture of 20 individuals in each of three positions were
undertaken using the FPI rating system and an objective, three-dimensional model created in
software.

6.1.3.2 Equipment

Electromagnetic motion tracking systems may be used to record either dynamic motions or
static positions. For dynamic tracking, EMT systems must be configured with sensors applied
directly to the skin. For static applications, the sensors may be mounted to the skin, or to a
wand or stylus, which is then used to digitise points on the surface of the segment to be
modelled.

A number of EMT systems exist, each varying slightly but using similar basic principles. The
Fastrak™ system (Polhemus Inc., Colchester VT) used in this study consists of a three-axis
magnetic dipole field transmitting antenna (transmitter), small sensors containing three
mutually orthogonal coils, and a motion capture unit, integrating the sensor output into

positional and orientation data. Three low frequency magnetic fields (12,019Hz) are generated
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in the hardware and passed via a transmitting antenna to generate a field 1to 305 cms from the
source, with a field strength ranging from 1-30,000x10° Tesla (manufacturer’s data).

The system can be configured with either a short range or long range transmitter. The short
range transmitter provides a spherical capture volume with the transmitter at its centre, and a
useable volume in a space ranging from 1 to 76 cms separation from the source. The long
range transmitter provides a spherical capture volume ranging from 90-305cms from the
source (manufacturer’s data). The three-axis coil antenna forming the sensor generates a
signal based on flux in the generated electromagnetic field. The signal is pre-amplified,
demodulated and passes through an analogue-digital converter in the motion capture unit
(MCU) prior to processing in the hardware. Directional cosines and Cartesian coordinates
(X,Y,Z), relative to the global reference frame defined by the fixed transmitter, are then

passed to the interfacing software to yield motion data with six degrees of freedom.

Figure 6.59 The short range transmitter Figure 6.60. A single Fastrak sensor
mounted in a stylus

The root mean square error for the Fastrak™ system is reported by the manufacturer to be
0.15° of rotation and <0.8mm in position in a highly optimised laboratory setup. Independent
data for the set-up using a short-range transmitter confirm errors of less than 1° for sensor
orientation 2*"“*, but suggest error of up to lem in position 7 in the clinical setting. These
data are in accordance with those reported for the similar MotionStar® system (Ascension
Inc, Burlington, USA) evaluated in the most recent published study 242 Prior to data capture

the error of the system was evaluated in detail for each of the two configurations used in this
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chapter. This experimental process is reported fully in Appendix F. In the short range
transmitter configuration used in section 6.1, the EMT system was demonstrated to have a
technical RMS error of between 0.87mm and 2.54mm for the measurement of the Cartesian
coordinates of anatomical landmarks. Intraclass correlation coefficients were 0.999 for a
subset of three landmarks evaluated in detail and reported in Appendix F.

The field emitted by the EMT transmitters are sensitive to interference from ferro-metallic
6bjects and electrical equipment generating electromagnetic interference. EMT systems
therefore require a field relatively free of metallic objects and electrical equipment, and must
be calibrated to their environment ****%, The protocols adopted to ensure freedom from

metallic interference in this study are reported as appropriate in each of Sections 6.1 and 6.2.

For this experiment the Fastrak™ system, the short range transmitter configuration and two
capture channels were used, feeding into a single MCU sampling at 60Hz. Channel one (c))
collected data from a reference sensor fixed to the medial border of the tibia, while channel
two (¢2) recorded the motion of a sensor attached to a stylus, which was used to digitise the
position of the anatomical landmarks. Fastrak data were captured to a Pentium PC using
custom written data capture and terminal control software (RealMotion v1 R.Lee, Polytechnic
University of Hongkong.) Separate routines were written in TurboBasic v10.0 to identify the
stylus tip at each landmark from the Cartesian coordinates and directional cosine values of the
attached sensor, to define the segments from the precise coordinates of the anatomical
landmarks, and to calculate the relative orientation of the segments in the three-dimensional

limb reconstruction.

To ensure consistency of terminology throughout the reporting of these experiments, the joint
coordinate system used to describe the motions and positions is that first described by Allard
407 A slightly modified version of the AJC joint coordinate system has since been endorsed
by an ISB working party “*® but was not available at the time of this experiment.

The maximum radius of the electromagnetic field for accurate data capture using the short-
range transmitter is 75-80cm 247 In this study, the maximum separation of any sensor from
the transmitter was 50cms. All measurements were conducted on a 70cm raised wooden
plinth, positioned in the centre of a room with at least 1.5m clearance to all sides and clear of

sources of metallic interference.
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Figure 6.61. The ankle rearfoot joint coordinate system after Allard et al (1995)
(Adapted from Woodburn ez al (1999))

This joint coordinate system defines a system whereby:

X.Y and Z represents a body- fixed reference frame for the tibia. x,y and z are the body fixed
reference frame for the calcaneus. The X,y and z frame is also used as a local reference frame
to describe all the motions in the midfoot and forefoot. el is the axis fixed to the
tibia/calcaneus and coincides with the X axis of the tibio-fibular frame. Rotation about this
axis (a) consists of dorsiflexion (+ve) and plantarflexion (-ve).

e2 is the common perpendicular to el and e3, the floating axis. Rotation about this axis B) is
defined as inversion (+ve) and eversion (-ve).

e3 is the axis fixed to the calcaneus and coincides with the z axis of the calcaneal reference
frame. Rotation about this axis (y) corresponds to internal/medial rotation (+ve) and external
/lateral rotation (-ve).

6.1.3.3 Clinical protocol

When employing the EMT system to model the coordinates of fixed anatomical landmarks, as
in this experiment, a minimum of three non-contiguous sites are required to describe the
position and orientation of each of the anatomic segments. A number of studies have

194 409

described different protocols for direct or indirect static modelling the leg and foot

however none had described previously any protocol which will allow the separation of data
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from the hindfoot, mid foot and forefoot. Many previous studies have modelled the foot as a
single segment 18 an inadequate model for this experiment, and it was decided therefore to
define a complex landmark set using 17 landmarks (L1.17) to allow foot segmentation as
described in Table 6.57 and Figure 6.62.

Each landmark was identified by inspection and palpation. Once identified, the landmark was
marked with a small cross using an indelible pen. The centre of the cross was used to orient
the tip of the stylus c; for all of the subsequent repeat measures at that sitc.

As noted previously, the RMS error for stylus placement was determined for this protocol, to
be between 0.87 and 2.54 mm per measure, and the error of the calculated segment
orientations of the forefoot segment evaluated in the preliminary reliability study ranged from

+/- 5.3° for the shortest segment side, to +/- 2.9° for the longer side.
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Table 6.57. and

Figure 6.62 Data collection protocol and landmark definition.

Segment Segment Landmark Anatomical definition
abbreviation definition
L, Base of patella
Femoral femm L, Medial femoral condyle
Ls Lateral femoral condyle
Ly Tibial tubercle
Tibial tib m Ls Medial malleolus
L Lateral malleolus
Ly Mid-point Achilles tendon
Lg Insertion of TA into calc
Hindfoot hind = Lo Lower calc
(calcaneus) Lio Medial heel
L Lateral heel
Li» Navicular tuberosity
Midfoot mid L3 Navicular /cuneiform joint line
L4 Cuboid notch
Lis 1% metatarsal head
Forefoot fore m Lis 5" metatarsal base

5" metatarsal head




6.1.3.4 Data acquisition
The sample for the concurrent validation study using the fuil model comprised 20 normal
subjects, recruited from students and staff of the University of Western Sydney. All measures
were undertaken on the right limb only with the participant in quiet standing on a 70cm raised
wooden plinth with at least 1m clearance from any source of electromagnetic interference.
The FPI ratings and the digitisation protocol were undertaken by an independent rater, who
Qas otherwise independent of the study. At the start of the data collection session the rater
carefully marked the 17 anatomical landmarks with a fine indelible pen. These marks then
provided a consistent point for the reapplication of the stylus tip in the repeated measures.
To simulate the full range of variable foot postures that the FPI might be required to quantify,
the subjects were manipulated, according to a pre-determined randomisation protocol, into
each of three positions:

e A functionally neutral position corresponding to a ‘0’ score using the FPI

¢ Their maximally pronated stance position

o Their maximally supinated stance position

The functionally neutral FPI ‘0’ position was obtained by carefully manipulating the foot
position so that the FPI total score rated at 0 or as near as was practicable. The maximally
pronated position was achieved by having the subject internally rotate the leg and evert the
foot until either the foot would move no further without discomfort, or until the lateral border
of the foot started to rise from the weightbearing surface. The maximally supinated position
was achieved by having the subject externally rotate their leg and actively invert their foot.
The maximally supinated position was defined as where no further motion was possible or
when the first metatarsal head started to raise from ground contact.

With the participant standing in the defined position, the independent rater recorded the eight
FPI criterion scores for the foot posture, and while the participant maintained a fixed posture,
the positions of each of the 17 anatomical landmarks were recorded by placing the stylus tip
against the relevant landmark. Maintaining the stylus tip stationary over the landmark for 2
seconds enabled the software to identify presence of a landmark and determine its Cartesian
coordinates. The process was repeated until the foot posture and the anatomical landmarks
had been had been recorded using for each of the three standing positions. Data were stored to
disk for subsequent processing and the FPI scoring sheets were returned to the author for
analysis. The requirement for post processing of the EMT data ensured that all FPI ratings

were completed with the rater blind to the results of the digitisation protocol.
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6.1.3.5 Data processing

Following data acquisition and pre-processing in the MCU and terminal software, data were
passed to the TurboBasic routines where the raw Cartesian coordinate and directional cosine
data were processed into clinically meaningful segmental information, against which the FPI
scores could be compared.

Postural variations in all three planes were calculated for the five joint complexes:

Tibia (L4 - L7) to calcaneus (Lg - Ly1) designation  TCy,.
Tibia (L4 - Ly) to forefoot (L;s - Lj7) designation  TFqg,.
Calcaneus (Lg - Lyy) to forefoot (Lys - L17) designation CFgp,.
Calcaneus (Lg - L1;) to midfoot (L2 - Lia) designation CMgg,.
t(Ly2 - Ly4) to forefoot (L;s - Li7) designation MFu‘g_-,‘

In addition, the frontal plane angulation between landmark markers L7 (mid-point Achilles
tendon), Lg (insertion of Achilles tendon into calcaneus) and Lo (lower calcaneus), was
calculated to give an angle (AA) — the Achilles angle. Finally the true vertical height (V) of
L2 (the tuberosity of the navicular) was determined through triangulation from the positions

and orientations of Lg, L, Lis and L.

Figure 6.63. Navicular height (VL12)and Achilles angle (AA) derivation
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6.1.3.6 Statistical analysis

The data analysis employed two stages. Firstly, the systematic differences in mean position in
the three states were explored, and the significance of any differences calculated to establish
the presence of a systematic effect. The systematic differences were explored using a repeated
measures analysis of variance (ANOVA) model, and the significance of the individual
differences between states (within-subject contrasts) was calculated using a comparison of
main effects, with a Bonferroni adjustment for multiple comparisons.

Secondly, each of the FPI components was entered as the dependent variable into an ordinal
regression model, and the contribution of the EMT measures to the explanation of variance in
each FPI component score was established. As the output from the FPI scoring yields ordinal
data with only five discrete levels it was appropriate to use ordinal regression modeling for

the second stage of the analysis 410
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6.1.4
6.1.4.1

Results

Results 1. Descriptive statistics and significance of systematic differences.

In a study of foot posture such as this, it is predicted by anatomical theory that the values for

each of the three foot positions should be associated systematic and predictable changes in the

relevant measured segmental positions, with values for the neutral or FPI ‘0’ position lying

between those for the pronated and supinated positions. Throughout this section the results are

presented therefore, in a standard order. The maximally pronated position is reported first,

followed by the neutral position, with the maximally supinated position reported third.

Table 6.58. Descriptive statistics and the significance of systematic differences in joint

complex position between the three states.

Pronated state

‘Neutral’ state

Supinated state

Significance of contrasts

Joint Mean angle ° {95%CI) Mean angle ° (95%CI) Mean angle © (95%CI) =’pronated’, N="neutral’,
complex ="supinated’
TCy® -5.9(-9.2t0-2.6) <1.1 (4.7 to +2.6) +8.4(+5.1t0 11.7) P-N, P=0.0%; P-8 and N-§, P<0.001
Tc," +4.1 (+1.4 t0 +6.7) 0.3 (2.9t0+2.4) -1.4 (-3.6 to +3.8} P-N, P=0.005; P-§, P<0.001; N-§, P=0.986
TFs +71.4 (+68.7 to +74.1) +80.9 (+79.3 to +82.4) +80.5 (+78.8 to +82.2) P-N and P-8, P<0.001; N-5, P=1.0
AAM +12.4 (+7.2 to -17.6) +2.2(-2.0t0 +6.2) -2.6 (6.5t +1.2) P-N, P=0.005; P-§, P<0.001; N-5 P=0.094
CM,E +83.3 (+78.7 to 87.7) +89.5 (+86.0 to +93.0) +91.2 (+84.7 to +97.8) P-N, P=0.033; P-§, P=0.003; N-5, P=1.0
CM," +64.2 (+54.1 to +74.3) +61.3 (+55.9 to +66.6} +64.3 (+60.4 to +68.2) P-N and P-§, p-1.0; N-§, P=0.46
cM,) +5.1(+1.2t0 +9.4) +5,5 (+1.5t0 +9.4) +4.0 (0.0 to +8.1) P-N, P=1.0; P-S, P=0.70; N-§, P=0.122
MF./ +40.4 (+34.8 to +46.0) +39.8 (+34.4 to +45.2) +37.8 (+32.2 to +43.5) P-N, P=1.0; P-§, P=0.85; N-5, P=0.653
MF* -81.6 (-90.6 to -72.5) -61.3 (-65.8 t0 -56.9) -51.2 (-55.5 10 -46.9) P-N, P=0.002; P-8 and N-§, P=<0.001
MF,' -35.1 (-41.6 to -28.5) -35.6 (42.0 to -29.1) -37.8 (-44.1 to -31.5) P-N, P=1.0; P-S§, P=0.011; N-5, P=<0.061
CF,! +1233 (+119.8 to +128.9 (+125.1 to +132.7)  +128.7 (+124.7 to P-N, P<0.001; P-§, P=0.054; N-§, P=1.0
+126.7) +132.8)
CF* -0.3 (-3.7 to +3.2} -1.4(-3.5t0+0.7) -2.6(-5.410+0.3) P-N and N-S, p-1.0; P-§, P=0.116
CF,/ -29.9 (-34.8 to -25.0) -30.0 (-34.6 10 -25.4) -33.7 (-38.5t0 -29.0) P-N, P=1.0; P-8, P=0.006; N-8 P=0.004
Landmark Mean height mm Mean height mm Mean height mm
(95%CI) (95%CI) (95%CI)
VL,," +17.7 (+14.9 to +20.5) +26.6 (+23.7 to +29.4) +29.4 (+26.7 to +32.2) P-N and P-8, P<0.001; N-S, P=0.015

¢ F=30.3 (P<0.00D), °F=13.6 (P=0.006) ,° F=42,7 (P<0.001), ¢ F=6.72 (P=0.018), * F=1.69 (P=0.199), ' F=5.58 (P=0.008), ® F=5.97

(P=0.006), " F=0.293 (P=0.748), ' F=1.41 (P=0.257),’ F=1.067 (P=0.354), kp=28.3 (P<0.001),' F=4.7 (P=0.014) " F=17.68 (P<0.001), "
F=89.39 (P<0.001) N=20
Significant relationships are highlighted in beld in column 5.
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Table 6.59. Descriptive statistics and the significance of systematic differences between

Foot Posture Index scores in the three states.

FPI score Maximally pronated ‘Neutral’ (95% Cl) Maximally supinated Significance of contrasts
(95% CI) P="pronated’, N="neutral’,
="supinated’
FPI THF* 1.9(1.8t0 2.0) -0.2 (-0.4 to 0) -13(-1.510-1.0) All P<0.001
FPI Mall® 1.3(1.0to 1.5) 0.1(-0.1t00.2) -0.6 (-1.0t0-0.2) P-N and P-S, P<0.001, N-§,
P=0.003
FPI Helbings* LI (0.7to L.3) 0(0to0) -0.4(-0.7 to -0.1) P-N and P-§, P<0.001, N-S,
P=0.05
FPI calc pos’ 1.4 (1.1 to 1.6) 0.1(-02t00.1) -0.6 (-0.910-0.3) P-N and P-§, P<0.001, N-S,
P=0.002
FPI TNJ* 12(l.0to 1.4) 0.1 (0.2t 0) -0.9(-1.1 to -0.6) All P<0.001
FP1 MLA' 1.3 (1.0to 1.5) 0.3 (0 to 0.6) 03 (-0.8t00.2) P-N and P-8, P<0.001, N-§,
P=0.003
FPI Lat 0.9(0.t0 1.0) 0.3(0.0t00.6) 0{0tw0) P-N and P-S, P<{0.001, N-§,
border® P=0.488
FPI ab/ad" 1(1to1) 0.2(0t00.3) -0.2 (-0.3 to 0} P-N and P-8, P<0.001, N-8,
P=0.03
FPI Sagittal 1.3(1.0te 1.5) 0.3 (0 to 0.6) -0.3 (-0.8100.2) P-N and P-8, P<0.001, N-8,
plane’ P=0.003
FPI1 Frontal 36(3.0t042) 0(-02t00.2) -1.6 (-2.4 t0--0.8) P-N and P-8, P<(.001, N-S,
plané P=0.002
FPI transverse 6.2(58t06.7} 0(-0.4t004}) 29(-38t0-1.9) Al P<0.001
plane*
FPI rearfoot’ 55(48106.1) -0.2 (<0.4 10 0) -29(-3.9t0-1.8) All P<0.001
FPI forefoot™ 44(4.0104.7) 0.5(-0.1t0 1.0) -1.3 (2.1t 0.5) All P<(.001
FP1 Total 9.9 (8.9 to 10.8) 02(-0.41t00.9) 42(-59t0-2.4) All P<0.001
score”

*F = 275.37 (P<0.001), ° F = 82.64 (P<0.001), * F = 42.96 (P<0.001), 9F = 161.44 (P<0.001), "F=117.36
(P<0.001), ' F = 61.35 (P<0.001), * F = 81.59 (P<0.001), "F =87.24 (P<0.001),' F = 61.35 (P<0.001),' F =111.65
(P<0.001), X F = 438.27 (P<0.001), ' F = 184.24 (P<0.995), " F = 216.51 (P<0.001), " F = 253.16 (P<0.001) N=20
Significant relationships are highlighted in bold in column 5.

Figure 6.64. Mean and 95% confidence interval for the FPI total scores in each of the

three states.
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Results 2. Ordinal regression modelling for the eight FPI components

Each of the FPI components was examined in turn to determine which of the segmental

angular relationships derived from the reconstructed 3D EMT model best predicted variance

in each FPI component score. A first iteration of the ordinal regression model entered all
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EMT variables. Subsequent iterations removed EMT variables not contributing to the model
or demonstrating asymptotic correlation of covariates (colinearity or redundancy). As noted
previously a conservative approach was employed to limits the potential for erroneous
rejection of variables during the iterative modelling process 411 Once the final model had
been fitted, only covariates with a significance P<0.05 were reported as significant.

The final iterations are presented in full in tabular form. Part one of the table indicates the
gobdness of fit of the model (where P greater than 0.05 indicates that the model met
assumptions of fit), and the Cox and Snell pseudo-R2 (analogous to the R?, or ‘coefficient of
determination’ in linear regression modelling). Part two of cach table details the EMT
covariates entered into the model, followed by the parameter estimate (B) and its 95%

confidence interval followed by the significance value.
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FPI component one - Talar head palpation.

Dependent variable: FPI component score
Independent variables: Multiple EMT segment positions (iterative)

The combination of 14 EMT derived joint orientations explained collectively 78% of the
variance in the FPI talar head palpation scores, with TFy, CMy , MF, , MFp and CF ali
dgmonstrating Wald statistic >2.0. These five variables were entered into a second and third
iteration, which excluded CM,, CF, and MF,. The fourth and final iteration was conducted

using TFq, and MFp.

Ordinal regression model - Iteration four (final)

Goodness of fit (sig) Cox and Suell Pseudo R N
X% =277.736 (P=0.26 ) 0.703 20
95% CI
B)
Covariates Estimate Lower Upper P value
B Bound Bound
1F, -137 -275 000 049
MFy -164 -227 -101 <001

Link function: Logit.

The two stronger predictors TF,, and MFjp together predicted 70% of the variance in FPI talar
head palpation scoring. Given that it is thought that the clinical assessment of talar head
palpation is an estimate of the degree of congruence between the head of the talus and the
navicular it is consistent with theory that this FPI component should correlate well with a
measure of midfoot to forefoot congruence. It is also coherent with theory that tibia to
forefoot flexion may contribute to variance in estimates of talar head palpation. It might have
been expected however that the y rotations, and the calcaneus to midfoot measures generally

may have been more influential in predicting talar head position.

FPI component two - Malleolar curves

Dependent variable: FPI component score
Independent variables: Multiple EMT segment positions (iterative)

For the FPI component estimating malleolar curvature, the combination of EMT derived joint
orientations explained collectively, 74% of the variance in the FPI scores. A second iteration
entered MFg, CF and TCj into the model, after which TCp was deleted. The third and final
iteration entered MFg and CFy.

Ordinal regression model - Iteration three (final)
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Goodness of fit (sig) Cox and Snell Pseudo R® N

X*=119.56 (P=1.0) 0.693 20
95% CI
B
Covariates Estimate Lower Upper P value
Bound Bound
MF, =211 -.290 -132 <.001
CFp 131 027 236 014

The final model predicted 69% of the variance in FPI malleolar curve scoring, loaded on to

two frontal plane EMT measures.

FPI component three - Helbing’s sign

Dependent variable: FPI component score

Independent variables: Multiple EMT segment positions (iterative)

The initial model explained nearly 80% of the variance in Helbing’s sign variance. Four

iterations were required to reach the final model in which 73.5% of the variance was

explained by four variables.

Ordinal regression model - Iteration four (final)

Goodness of fit (sig) Cox and Snell PseudoR® N
X*=187.26 (P=0.986 ) 0.735 20
95% C1
(B)
Covariates Estimate Lower Upper P value
B Bound Bound
TC, 252 076 428 005
CMy -093 -190 000 048
ME, -290 -423 -156 <001
CFy A9 025 357 024

For the FPI component estimating Helbing’s sign, the final model predicted 73.5% of the
variance. Although much of the contribution to the model came from frontal plane EMT

measures that fit well with standard theory, it is of some concern that the EMT measure of

Achilles tendon angle was eliminated at the third iteration, as Helbing’s sign could be thought

of as a direct clinical surrogate for AA.
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FPI component four - Calcaneal position

Dependent variable: FPI component score

Independent variables: Multiple EMT segment positions (iterative)

The initial model explained 83% of the variance in FPI scored calcaneal position. All five of
the EMT variables with a Wald score >2 entered into the second model were found to be
significant contributors in this second and final model.

Ordinal regression model - Iteration two (final)

Goodness of fit (sig) Cox and Sneli Pseudo R* N
X?=86.22 (P=1.0) 0.798 20
95% CI
(B)
Covariates Estimate Lower Upper P value
B Bound Bound
TC, 160 009 311 038
TF, -290 -494 -086 005
AA -131 -231 -031 {10
MFy -153 -.241) -.066 O
CFp 214 080 348 (2

The FPI component estimating calcaneal angle in the frontal plane was again correlated well
with the EMT measures, with the EMT data predicting 79.8%% of variance in the FPI
component score. Five measures were significant contributors to the model, three of them
reflecting the frontal plane predominance of this clinical measure. It is of note that the EMT
measure of calcaneal angle relative to the tibia directly (TCp), does not contribute to the
model, whercas MFj, the EMT measure referencing the rearfoot position relative to the floor

(via the plantigrade forefoot), makes the most significant contribution to the regression model.

FPI component five - Talonavicular joint congruence

Dependent variable: FPI component score
Independent variables: Multiple EMT segment positions (iterative)

The 14 EMT joint orientations explained collectively almost 80% of the variance in the FPI

talar navicular joint congruence scores.

Ordinal regression model - Iteration four (final)

Goodness of fit (sig) Cox and Snell Pseudo R® N
X2 =100.33 (P=1.0) 072 20
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95% CI
(B)

Covatiates Estimate Lower Upper P value

Bound Bound
TG, 226 097 355 001
AA {85 .006 165 036
MF; 149 212 -.085 <001

The fourth iteration modelled three EMT variables predicting 72% of the variance in the FPI

TNJ measure. The sagittal plane variables (CMy, MF,, CF,,) which appear significant in the

first iteration were highly co-linear and after reducing their number to CMy, the sagittal plane

dropped from the model entirely.

FPI component six - Medial arch height

Dependent variable: FPI component score
Independent variables: Multiple EMT segment positions (iterative)

The EMT measures in combination explained 69% of the variance in medial arch height,
although there was poor model fit overall. MFy, and CFy were entered into the second

iteration, after which CFg was also excluded.

Ordinal regression model - Iteration three (final)

Goodness of fit (sig) Cox and Snell Pseudo R® N
X?=142.96 (P=1.0) 0579 20
95% CI
(B)
Covariates Estimate Lower Upper P value
B Bound Bound
MFy -147 -198 -096 <001

MF}, alone predicts 58% of the variance in FPT observed arch height.

FPI component seven - Lateral border shape

Dependent variable: FPI component score
Independent variables: Multiple EMT segment positions (iterative)

Goodness of fit (sig) Cox and Snell Pseudo R’ N
X* =N/A* 0.720 20

* There were insufficient threshold levels to fit a model to the data.
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95% CI (B)

Covariates Estimate  Lower Bound Upper Bound P value
B

TCy -22.276 -7285.872 7241.319 995
TC, -37.302 -25569.053 25494,449 598
TF. -54.51 -22293.779 22184.718 9%
AA 20.565 -45095.188 45136318 999
CM,, 449.926 -452436.004 453335.855 098
CMp 21.189 -43808.149 43850.527 999
CM, 1002.367 -14502488.71 145(14493.446 1.000
MF, 508.915 -444418.307 445436,138 998
MFy -75.939 -21779.671 21627.793 995
MF, 1041.585 -14490458.6%9 14492541 801 1.000
CF, -470.886 -398064.581 397122810 998
CFy 62.698 -32383.198 32508.594 997
CF, -1050.854  -14476299.76 14474198.053 1.000
Vi 163.350 -197665.502 197992.203 999

This component failed to differentiate foot postures well in this experiment, leading to
problems with model fitting. This result raises questions over the appropriateness of this

component in the FPI measure. This is discussed at the end of this section.

FPI component eight - ab/adduction of forefoot

Dependent variable: FPI component score
Independent variables: Multiple EMT segment positions (iterative)

Ordinal regression model - Iteration two (final)

Goodness of fit (sig) Cox and Snell Pseudo R N
X2 =41.89 (P=1.0) 0.635 20
95% CI
(B)
Covariates Estimate Lower Upper P value
B Bound Bound
TE, -251 -496 -005 045
MF, -176 -280 -073 001
Iy 220 030 Al 024

The three EMT variables entered into the second iteration were significant contributors to the
model. Between the three EMT variables, 63.5% of the variance in FPI scoring of forefoot
position was predicted. It was notable that no transverse plane variables (y) appeared in the

final model.
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6.1.5 The validity of the eight FPI components

A review of candidates for retention or exclusion on the basis of concurrent,

construct and content validity.

The FPI components reflecting rearfoot relationships appeared better predicted by the EMT
-data, than did the FPI forefoot components. There were particular concerns over the weak
relationship between the EMT data and variation in the FPI component measuring lateral
border congruence (poor concurrent validity). The FPI measure of medial arch congruence
had also performed less well than other measures during the concurrent validation study.
Concerns over the reliability of the FPI components estimating Helbing’s sign highlighted in
Chapter Five, also recurred in the concurrent validation study where the EMT measure of
Achilles angle, which is directly analogous to Helbing’s sign, did not make a significant
contribution to the ordinal regression model. The performance of the eight components over
the course of the five feasibility, reliability and concurrent validation studies outlined in

Chapters Four to Six is tabulated below.

Chapter4  Chapter 5 Chapter 5 Chapter 3 Chapter 6
Clinician Item total Multiple Factor Concurrent
rating of correlation ordinal analysis validity vs
usefulness (Cronbach’s¢)  regression vs  (Factor EMT model
total scoret loading) (R2) Comments
Talar head 5 0.62 P<0.001 Factor 1 0.70  Palpation of bony
palpation relationship
Malleolar 5 0.62 P<0.001 Factor 1 0.69 Direct observation of
curvature bony segments
Helbing’s 4.7 0.44 P<0.001 Factor 1 0.74  Direct observation of
sign soft tissue
Calcaneal 5 0.75 P<0.001 Factor 1 0.80 Direct observation of
angle bony segment
TNJ 44 0.67 P<0.001 Factor 1 0.72  Direct observation of
congruence composite bony
segments
MLA 5 0.72 P<0.001 Factor | 0.58 Direct observation of
congruence campaosite bony
segmenis
Lateral 5 0.59 P<0.001 Factor 2 N/A  Direct observation of
border composite bony
congruence segments
Abduction/a 4.6 0.75 P<0.001 Factor 1 0.64 Indirect observation of
dduction composite bony
segments

The FPI component estimating lateral border congruence had clearly performed significantly

less well than the other seven components over the course of the five sets of evaluations. In
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addition to failing to differentiate scores adequately in the EMT study, it had demonstrated
loading onto a separate factor in the factor analysis conducted in Chapter Five (poor construct
validity), and had a relatively low inter item correlation of 0.59 (poor content validity). The
theoretical overlap with the measure of forefoot abduction/adduction, also introduced a degree
of redundancy (poor construct validity) and so the decision was taken to delete the forefoot
component measuring lateral border congruence. Conversely, the FPI measure of medial arch
-congruence, which was among the weaker measures in the EMT concurrent validity study,
had shown high inter-item correlation previously (better content validity). This measure has
low redundancy, being the only measure of sagittal plane foot posture and was reported by the
clinicians to be a useful component (better construct validity). The medial arch measure was
therefore retained.

The FPI measure of Helbing’s sign, first highlighted for its low inter-item correlation (poor
content validity) had caused further concern by showing no significant relationship with its
EMT measured direct surrogate, the Achilles angle (poor concurrent and construct validity).
The fact that the Helbing’s measure was the only FPI component to rely on observation of
soft tissue relationships had also been of concern, as it is bony relationships that are
considered theoretically more significant to foot posture. Ultimately, because of the weak
concurrent validity combined with this reliance on observation of soft tissues rather than bony
segments, and a degree of theoretical redundancy in the observation of multiple measures of
rearfoot frontal plane position {poor construct validity), the decision was taken to remove this
measure also. Removal of the Helbing’s sign component led to the secondary advantage of
maintaining the balance between the forefoot and rearfoot subscales, leaving a matching

number of components in each subscale.
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6.1.6 Discussion of FPI component score evaluation

In this section the two aims have been met. The first aim was to develop a static 3D
reconstruction of key elements of the lower limb that would model the standing foot posture
accurately, and by extension quantify objectively, systematic changes in foot posture. The
EMT model has certainly gone some way towards addressing this, although the limitations
‘imposed by even the best available technologies must be acknowledged. The technical error
of the system at 2.54mm probably represents the best available solution, but the resulting
errors in the reporting of segment orientation of up to 5.3° must still be considered a
limitation of the EMT data as a gold-standard. There was some evidence of limited agreement
between EMT variables that might be expected to be more closely related. For instance arch
height and calcaneal position have been demonstrated to be well correlated previously
(R=0.94), when sensors are mounted directly onto the skin **®. An exploratory analysis of the
EMT data in this study showed relatively poor agreement for similar measures such as arch
height (VL,2) and calcaneal angle (TFg) R=0.34, and arch height (VL,2) with Achilles angle
(AA), R=0.54, suggesting the presence of error in the digitisation protocol. Further examples
of limited agreement between other theoretically related measures in the EMT model such as
TCp and AA (R=0.217), and consistently poor agreement between related CF and MF

measures highlight the limitations of even the best available techniques.

The second aim, to determine the consistency between FPI scores and EMT data was
achieved, within the limitations noted above. It is recognised that these data relate only to
alterations in static posture, and that the changes in posture were achieved by artificial means.
The method of changing the standing posture so as to facilitate large excursions in joint
position was chosen to maximise the differentiation between the positions. Given the
technical limitations of the method, the requirement for relatively large excursions was
deemed paramount at this stage of the validation process. A method for changing foot posture
that more closely approximates clinical practice is employed in Section 6.2.

The ordinal regression modelling allowed for the relationship to be explored between each
FPI component scorc and the full set of EMT variables. This approach revealed both the
presence and absence of several relationships that might not be expected in the context of
current general theories of foot function. It is not clear whether these inconsistencies are a
fault of the FPI, a product of the technical limitations of the system, or reflect shortcomings in

current theory.
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In summary, eight components were evaluated individually against the EMT static foot and
ankle model. Six components had demonstrated adequate validity concurrent, content and
construct validity to this stage, and were considered suitable for further evaluation in the form
of a truncated, six-component version of the FPI (FPI-6). The detailed nature of the EMT foot
and ankle model required for the component evaluations had limited this stage of the study to
static studies. Further evaluation of the capacity of the FPI as a static measure to predict foot

posture during walking was undertaken in a second stage.
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6.2 CHAPTER Six. SECTION TwO — CONCURRENT VALIDITY OF THE FPI,

EVALUATED AGAINST VALIDATED STATIC AND DYNAMIC MODELS OF THE

ANKLE JOINT COMPLEX

6.2.1 Introduction

The first part of the validation study had evaluated the FPI component measures in static
stance, against a new, objective gold-standard and had resulted in rationalisation of the
component measures. It was recognised however that in clinical practice, the FPI scores
would be used in aggregate, with scores combined to give an overall quantification of
standing or walking foot posture. The absence of explicit evaluations of the link between
static clinical tests and dynamic function has been criticised previously ® A second stage was
necessary therefore to determine the extent to which the FPI-6 total score, and the rearfoot
and forefoot subscale scores might predict variance in both static posture and dynamic
function according to a simpler but well-validated EMT model. In conjunction with the
Bioengineering Division of the Rheumatology and Rehabilitation Research Unit (RRRU) at
the University of Leeds, the capacity for the truncated six-item FPI to predict ankle joint
complex kinematics during standing and level walking was investigated using a validated,

dynamic EMT-based foot model 2141241

6.2.2 Aims
1. To evaluate the concurrent validity of FPI-6 aggregate scores against a validated static

EMT model of the ankle joint complex.

2. To establish the degree to which static FPI-6 scores predict variations in foot posture

during normal walking.

6.2.3 Methods
Comparison of FPI measures (six-item version) with contemporaneous static and dynamic
EMT data derived from surface mounted sensor data using a six degrees of freedom lower

extremity model.
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6.2.3.1 Equipment

The EMT hardware again consisted of a Fastrak™ (Polhemus Inc., Colchester VT)
electromagnetic motion tracking system, in this study operating at 30Hz. Thirty Hertz is
generally considered an adequately high frequency for capturing the motion of normal
walking®!, although for studies of running or other high-speed events would be inappropriate.
Data channels were routed through two MCUs modulated in a master/slave arrangement. For
the dynamic studies, stance phase events were appended to the EMT datastream during
capture, by employing force sensing resistors (Interlink Electronics Inc, Santa Barbara CA),
taped to the hallux and the plantar surface of the heel of each foot and routed through to a four
channel unit outputting a digital voltage signal synchronised to, and recorded with the motion
data.

As noted in section 6.1, the system can be used with either a long-range or a short-range
transmitter. Manufacturer’s data suggests that the error for both transmitter set-ups should be
comparable, so transmitter choice should depend in theory, only on the practical application.
Previous studies have explored the error of the Fastrak system in collecting gait cycle data
using the short-range transmitter configuration 405 and more recently with the long-range
transmitter >*’. With the short-range transmitter, the maximum reliable functional radius of the
electromagnetic field is only 75-80cms. The resulting limited capture volume can result in
collection of data from more than one stance phase of one limb being unreliable. For
evaluating the capacity of the FPI to predict aspects of dynamic gait, it was desirable to
collect data for whole gait cycles for both limbs, and using the long-range transmitter it was
possible to ensure that data capture occurred entirely within a reliable capture volume. The
remainder of this section thus relates to the system configured with its long-range transmitter.

Figure 6.65. Twin Polhemus motion capture units (below) and a 4 channel footswitch
(above).
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Figure 6.66. The long range Fastrak transmitter

Sensor data were processed in the Fastrak MCUs as described in the previous section before
being passed automatically to the 6D Research™ motion analysis software package (Skill
Technologies Inc., Phoenix, AZ). Within the 6D software EMT data were filtered using a 6Hz
low pass Butterworth filter to eliminate high frequency signals not related to joint motion.
The data streams from multiple channels also time synchronised to eliminate latency, and
stance phase events were integrated. Using the same ankle joint coordinate system defined in
section 6.1, segmental models were constructed and angular rotations derived. Segment
angular rotation data were output to a spreadsheet and inferential analyses were undertaken

using SPSS v11.1 (SPSS Inc, Chicago. IL.)

6.2.3.2 Laboratory layout

The optimal layout of the data collection area was determined initially from manufacturers’
data, and from iterative passages of sensors through the electromagnetic field. The
manufacturers claim stability of the field with in a radius of 2300mm from the long-range
transmitter. A minimum separation of 900mm is also required. It was established in pilot
testing that the desirable width of the walkway to avoid undue constraints on the subjects is

750-900mm. Therefore, defining a straight path of this width within the functional capture
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volume of the transmitter, gave a theoretical capacity to collect accurate data from straight
line walking for a capture volume with a base area of 900mm (X direction) by 3500mm (Y
direction). In early trials it became immediately apparent however, that the accuracy at the
margins of this theoretical field was lower than the manufacturer’s data suggested (sce
Appendix F). To minimise error, a reduced capture volume, large enough to accommodate
one full step from each limb, but smaller than the theoretical maximum was identified and
defined for further analysis. Within this reduced volume of 800mm (X direction) by 1300mm
(Y direction) by 600mm (Z direction), the mean RMS errors associated with angular rotation
were determined to be 0.8° for o rotations, 0.6° for f rotations, and 0.4° for y rotations. The
mean absolute error in displacement was 5.8mm, figures in accord with those of Day et al 27
and Perie et al 22, The investigative process used to define and calibrate the capture volume is
described in full in Appendix F. On completion of the calibration, the base of the reduced
capture volume was marked out with tape in the middle of an 8m walkway. For the walking
trials, the participants started to walk at one end of the walkway and passed uninterrupted
through the calibrated capture volume at normal walking pace, and continued to the far end of

the walkway.
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Figure 6.67. The final configuration of the walkway, transmitter and calibrated capture
volume.
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For the gait studies the transmitter was oriented so that the fields were aligned to provide a
global reference frame such that the X axis is aligned parallel to the floor and is perpendicular
to the long axis of the walkway. The Y axis is also aligned parallel to the floor but along the
long axis of the walkway. The Z axis represents the vertical and is mutually perpendicular to
the floor and the other two axes. The local anatomical joint coordinate system was that
defined in the previous section and is defined so that it represents a similar alignment to the
above global reference frame if the subject is in the so-called ‘anatomical position’ with the
foot aligned along the Y axis. The orientation of the local AJC joint coordinate system will of
course vary relative to the global reference frame according to the precise orientation of the
body and the limb during gait. As mentioned previously in the AJC local joint coordinate
system defined for this study, motion about the AJC x axis represents rotation (o) in the
direction of plantarflexion or dorsiflexion. Motion about the y axis represents rotation (B) in
the direction of inversion/ or eversion, and about the z axis represents rotation (y) in the

direction of adduction or abduction (internal /external rotation).

6.2.3.2.1 Participant preparation
Fifteen otherwise healthy, normal volunteers were recruited from the staff and postgraduate

students of the Rheumatology and Rehabilitation Research Unit, at the University of Leeds.
Both limbs were instrumented on each participant. The Fastrak™ sensors were fixed to the
leg and foot of each limb with double sided tape and an anchor strap was placed tightly over
each sensor to hold it firmly against the skin. All cables were secured proximally with tape
and passed to the control unit via elasticated straps attached to the thigh and via a belt around

the waist. Cable movement was thus minimized. The sensors measuring AJC motions were
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placed according to the protocol described previously by Cornwall and McPoil 330 These are
sites known to minimize the skin movement over the bony structures, an issue that has been
reported to have been problematic previously 366414 The proximal sensor (S;) was attached to
the medial border of the tibia approximately one third of the distance of the length of the bone
from its proximal end. The second sensor (S;) was attached to the posterior aspect of the
calcaneus, clear of the weight bearing surface. This sensor pair defines a joint complex
comprising tibio-talar (talo-crural) and talo-calcaneal (subtalar) joints. This joint complex
reflecting Tibial to Calcaneus composite motions is designated TC in reporting the results.
The force sensing resistors identifying gait cycle contact events were attached to the plantar

surface of the hallux and the heel with tape.

Figure 6.68. The location of the Fastrak sensors

Sensor 1

The EMT system was calibrated to zero or ‘boresighted’ prior to data collection for each
participant, aligning the transmitter’s global reference frame with the local joint coordinate
system according to the preferred starting position. Boresighting was conducted as follows:
The participant stood on a spot marked in the centre of the calibrated area, facing in the
direction of walking along the walkway. While standing on this spot, the participant was
manipulated into a position based on a zero score using Foot Posture Index (FPI), with the
ankle at 90° and the knee straight. With the participant standing in this manipulated zero

position the software was boresighted by a software procedure built into the 6D research
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package. This boresight position subsequently acted as a reference for all future concurrent
validity measures.

Once the system was boresighted, the participant took several steps on the spot prior to
recording five seconds of static data to allow for the adoption of a natural relaxed standing
position. Participants then returned to the end of the walkway to undertake the walking trials.
For each pass the participants walked the full length of the 8m walkway with the calibrated
-field at its centre. One full gait cycle was obtained for both limbs per pass, with five good gait
cycles recorded for each of the barefoot and wedged states. The sequence for recording the
wedged or barefoot, control states was randomized according to a predetermined
randomization protocol.

Wedges were used to influence the foot into positions that were intended would reflect
pronated (lateral wedge) or supinated (medial wedge) foot postures during gait. The wedged
states were achieved by fixing a 100mm length of preformed 10° ethylene vinyl acctate
(EVA) wedge to the heels with double sided tape and an anchor strap. The pre-wedged EVA
is of the type commonly used to fabricate ‘chairside’ orthoses and is purchased in long strips
which can be cut to the required length. The 6cm wide strip was fabricated from 450kg/m’,
high density cthylene vinyl acetate, with a consistent 10° angle along its length. The accuracy
and the consistency of the angle were checked with an angle finder prior to the
commencement of the study. Pairs cut to 100mm lengths were used in this study to ensure
that the wedge covered the entire weightbearing surface of the heel, while the anterior border
of the wedge reached the medial arch area, immediately anterior to the weightbearing surface
of the heel. The wedges were fixed to the heel with double sided tape, and secured with an

anchor strap which passed, stirrup-like from the medial side to the lateral side of the calf.

6.2.3.2.2 Data collection protocols

Collection of data from statie stance
In each wedged state the subject first stood on a mark in the centre of the calibrated area, with

the feet aligned with the Y axis. The subject took four or five steps on the spot and settled into
a relaxed quiet stance. Five seconds of data were recorded to capture the joint positions in

each of the three standing states.

Collection of data from dynamic evaluations
Participants undertook two practice passes of the length of the walkway in order to

acclimatize to walking with the cables in place. Once the participant was comfortable, the trial
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was started. The participant stood at one end of the 8m walkway and on a signal from the
investigator, walked at a self selected speed along a Y axis guideline running the full length of
the walkway (see Figure 6.69). The base of the calibrated capture volume was marked on the
walkway with tape enabling the investigator to monitor each pass carefully. Any passes in
which the participant did not stay entirely within the capture volume were repeated. An
immediate preliminary analysis of the motion curves was also undertaken for each pass to
assess the face validity. If there was any noise from loosening of sensors, or inappropriate

data from foot switches operating incorrectly, these passes were also repeated.

Figure 6.69. A subject participating in the trial protocol

Once all trials for each state were completed the data were prepared using the 6D Research
software. Joint angle data, and sensor positional data were further processed using Cornwall’s
‘6DNorm’ software (OM. Cornwall, Northern Arizona University, AZ) as described by
Woodburn et al *!, and results were output to a spreadsheet. The 6D Norm utility normalized
motions about the three axes and at each joint complex for each stance phase to 100 centiles.
Multiple trials from each subject were aggregated into a single averaged, and normalized file.
The coefficients of multiple correlation (CMCs) were calculated as described by Kadaba et al.
415 providing a coefficient indicating the consistency of the measures throughout the averaged

motion/time curve.
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6.2.4 Results

6.2.4.1 Results of the concurrent scoring of FPI-6 and collection of EMT static data
Data were obtained from both limbs of 15 of the subjects, and descriptive outputs (such as the
motion time curves) were calculated based on pooled data from both limbs. Where inferential
analyses were performed, data from the right limb only were entered into analyses to avoid
paired observations leading to breaches of the assumption of independence in the data. Static
data for one of the participants were found at post-processing to be corrupted and were not
suitable for analysis. All results from the static stance section of this report relate therefore to
data from 14 participants. There were five female and ten male participants (five female and
nine male where N=14). Data obtained from left and right sides were homogenous and t-tests
yielded no significant systematic differences in left and right side means for TC,, TCp or TC,.
Differences in mean joint positions in the three experimental static states were explored to
evaluate the extent to, and the direction in which, the input (the EVA wedging) had affected
output motion. This stage in the analysis was undertaken to ensure the validity of the motion
data prior to its use as a benchmark for the concurrent validity of the FPL The differences
were explored using a repeated measures analysis of variance (ANOVA) model, and the
significance of the individual differences between states (within-subject contrasts) were
calculated using a comparison of main effects with a Bonferroni adjustment for multiple
comparisons.

The final evaluation of concurrent validity employed linear regression modeling rather than
the ordinal regression approach used in Section 6.1.4.2. Consideration was given to the
relative merits of ordinal and linear regression models due to the debate in the literature
regarding the appropriateness of the two approaches for data such as yielded by the FPI. The
final decision was informed by the large number of levels in the FPI total score (25), which
represent an underlying scale that is effectively continuous, and a growing acceptance of the

robustness of parametric approaches for this type of application410 Hostr

209



6.2.4.1.1 Rearfoot complex static positions in the three wedge states (TC,, TCy
and TC,)

Table 6.60. Means and significance of differences between TCa, TCP and TCy positions

in the three states (N=14)

Joint Lateral wedge No wedge (95% Medial wedge (95% Significance of

complex (95% CI) CI CI contrasts *

TC,? 439(5.11to— -0.66(-2.12t00.81)  -3.66 (-4.98 to -2.34) L-C, and C-M, P<0.001,
3.76) L-M, P=0.489

TCBb -7.74 (-9.03 to - 579(-7.18to—  -2.09 (4.1610-0.02) L-C, P<0.002,C-M and
6.44) 4.39) L-M, P<0.001

TCy 6.8(5.5t08.2) 6.1(5.0 to7.4) 4.2(2.8t0 5.5) L-C, P=0.996, C-M,

P=0.001, L-M, P=0.004

TF = 32.54 (P<0.001), " F = 46.91 (P<0.001), ° F = 13.36 (P<0.001)
*Siate L = lateral wedge (inducing a nominally pronated foot state), state C = control {the no wedged state),
state M = medially wedged (inducing a nominally supinated state)

For TCp position there was a consistent effect demonstrating increased inversion with
progression from the pronated (laterally wedged) state, through the control state, to the
supinated (medially wedged) state. The mean of each state was highly significantly different
from all other states.

Figure 6.70. Mean TCP angle with 95%CI for each of the three states.
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Position about the z axis (TC,) also showed a linear trend in the expected direction, although
the difference between the laterally wedged and control static states is small and not

significantly different. The medially wedged supinated state is 1.9° to 2.6° more adducted
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than the other two states. This smaller difference seen in the TC, positions is to be expected as
the input force was directed at y axis (B) position only. It is expected that motion about other
axes, even in a triplanar joint complex, would be attenuated by the local anatomy % Both
wedged states promoted increased TC, plantarflexion position due to the bulk of the device
under the heel.

Table 6.61. Foot Posture Index (six item version) total scores in the three states.

Lateral wedge No wedge Medial wedge Significance of
{95% CI) (95% CI) (95% CI) conirasts
FPI-6 6.6 (5.9 to 7.4) 42 (3.5t04.9) 1.0 (-0.6 to 2.6) All P<0.001

Total score

F =71.13.09 (P<0.001)

Figure 6.71. Mean FPI-6 score with 95% CI in each of the three states
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There was a systematic progression of all FPI-6 scores from the pronated state, through the
resting state to the supinated state, supporting the hypothesis that the FPI-6 score will change
systematically with a change in foot posture. The relationship between the systematic change

in FPI-6 score and the linear change for many of the EMT data is explored in the next section.

6.2.4.1.2 Concurrent validity: FPI-6 scores and static EMT data.

Prior to undertaking the linear regressions the lincarity of the relationship and homogeneity of
variances was checked graphically and using Levene’s test. The relationships between the
EMT data and the FPI-6 total scores appeared linear (Figure 6.72), and the correlations were
significant (FP1-6 total vs TCg Spearman’s p =-0.729, (P<0.001), FPI-6 total vs TC,,
Spearman’s p = -0.380, (P=0.013))
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Figure 6.72. Scatterplots of rearfoot £ (y axis) and y (z axis) position against the FPI-6
total score (N=15, 3 states).
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(TCp Levene’s statistic 3.5, P=0.04 and FPI-6 total score Levene’s statistic 5.1, P=0.011) but
the two data sets could not be transformed to homogeneity by any standard transformation.
The homogeneity of variance for the TCy position was acceptable (Levene’s statistic ranging
from 0.8, P=0.92). The linearity of the relationship between FPI and EMT data suggests that
a linear regression is appropriate but the poor homogeneity of variances must be considered in

the interpretation of the results.
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TCp vs FPI TOTAL SCORE (6 item version)

Dependent variable: Static TCp
Independent variable : FPI total score (6 item version)

Linear regression model (N=15)

Adjusted R* F Statistic P value
0.64 73.529 <0.00!

TC, vs FPI TOTAL SCORE (6 item version)

Dependent variable: Static TCy
Independent variable : FPI total score (6 item version)

Linear regression model (N=15)

Adjusted R F Statistic P value
0.12 6.74 0.013

For the main variable against which the concurrent validity of the FPI can be gauged (TCp),
the FPI scores and AJC EMT values appeared closely related, with the FPI-6 score predicting
64% of the variance in the EMT data. For the TCy positions, there was weaker evidence of a
relationship between FPI-6 score and the EMT data, although the contribution of TCy motions

to changes in foot posture has been suggested previously to be limited 286418

6.2.4.2 Results of scoring foot posture using the FPI-6 with subsequent collection of
dynamic EMT data

6.2.4.2.1 Reliability of the gait trial data

Gait data were derived from three passes of the walkway in each state. The coefficients of

multiple correlation (CMCs) for ankle joint angular rotations derived from the within-subject

repeat passes ranged from 0.93 to 0.80 (Table 6.62). Data for both limbs and for all 15

participants were used for these analyses.

Table 6.62. Intra-subject CMCs (95%CT) of measures at the AJC. (N=30)

TC, motion TC; motion TC, motion
0.93 (0.92-0.94), 0.90 {(0.88-0.91), 0.80 (0.77-0.83)

6.2.4.2.2 Between-subject variation in dynamic foot joint motion

The intra-subject reliability was higher than for previous studies using video techniques **’

and very similar to the previous study of Cornwall and McPoil using a similar protocol **°,

Between-subject variation followed a pattern similar to that reported previously in the
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literature. It would be expected that there would be greater consistency for repeat passes for
the same subject, than for comparisons between subjects. Differences in motion consistency
were also observed according to the direction of motion. « rotation was the most consistent,
with B and y motions during gait much more variable between subjects. Some of this axis
related difference may be explained by the overall ranges of motion occurring in the three
planes, with larger rotations about the x axis (@ motion) observed during a gait cycle, a factor
fhat would inherently contribute to higher reliability coefficients.

Table 6.63. Between-subject CMCs (95%CI) illustrating consistency of measures at the

AJC (N=30).
TCa motion TCp motion TCy motion
0.75(0.71-0.79), 0.59 (0.51-0.67), .38 (0.33-0.44)
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6.2.4.2.3 Comparisons of the wedged and control (barefoot only) states
The systematic nature of any response in the foot motions to the lateral wedge input, control
/no wedge state, and medial wedge input was assessed in a similar manner to that used for the
static data. TCa data is explored and presented first, followed by TCp and TCy in sequence.
Data are presented for each rotation, with a figure illustrating the entire gait cycle for each
state. Key events from the gait cycle are summarised in tabular form with statistical analysis
of the differences between states at each of these gait cycle events. The inferential statistics
were based on a Repeated Measures ANOVA model, with Bonferroni adjusted multiple
comparisons.
The gait cycle events presented are :

Max = Maximum value for rotation about the joint/ axis

Min = Minimum value for rotation about the joint/ axis

HS = The joint position at Heel Strike (first contact of the heel with the ground)

FF= The joint position at Foot Flat (first contact of the forefoot with the ground)

MS = The joint position at Mid Stance (a temporal point at 50% of the stance phase)

HL = The joint position at Heel Lift (the point at which the heel lifts oft the ground

and all weight is borne on the forefoot)

TO = The joint position at Toe-Off (the point at which the foot is first lifted clear of
the ground)

In addition, the integral of the motions is also presented. This represents the area under
the curve for the entire gait cycle curve. It is used to infer the summative effect of the

shift in joint position.
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Stance events for TC,
Figure 6.73. Motion time curve for TC, (N=30)
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Table 6.64. Key stance events in TC, motion.

Lateral wedge Control Medial wedge ANOYA Significance of
(95% ChH (95% CI) (95% CI) model relationships (N=15)*
Max +2.5 +5.1 +3.0 F=5.68 LC and CM, P=<0.001,
(+1.1 to +3.9) (+3.6t0 6.7) (+1.4 to +4.6) P=0.024) LM, P=0.072
Min -12.9 -10.0 -10.7 F=30.4 LCand CM, P=<0.001,
(-14.1 to ~11.8) (-11.1t0o-9.0) (-12.0to -9.4) (P<0.001) LM, P=0.131
HS -3.7 -2.2 -3.8 F=0.03 N/A
: {-5.1t0-2.4) (-3.6to-0.8) (-3.3t0-2.3) {(P<0.857)
FF -11.3 92 9.9 F=16.81 LC, P<0.001, CM,
(-12.6 10 -10.0) (-10.2to -8.1) {-11.3 t0 -8.6) (P<0.001)  P=0.053, LM, P=0.001
MS -6.4 -3.2 -4.4 F=35.94 All P<0.001
(-7.6 to-5.1) (-4,3 to -2.0) (-5.510-3.2) (P<0.001)
HL -0.4 +2.8 +0.7 F=20.0 All P<0.001
(-1.6 to +0.8) (t14to+4.2) (-0.6t0 +1.9) (P<0.001)
TO -1.3 +0.01 -1.2 F=0.01 N/A
(-2.8 to +0.2) (-1.5to +1.5) (-29 0 +0.4) (P=0.519)
Integral -314.4 -150.2 -232.0 F=36.125 All P<0.001
(-379.6 10 -249.3) (-216.0t0-84.4)  (-303.4 10-160.6) {P<0.001)

*State L = lateral wedge (inducing a nominally pronated foot state), state C = control (the no wedged state),

state M = medially wedged (inducing a nominally supinated state)

Notes: | All values are angles in degrees except for the integral, which represents the area under the curve. Fora.
rotations, positive values represent dorsiflexion, and negative values plantarflexion.
? Significance of individual relationships (contrasts) was only calculated and itemised in Column 6 where

the overall ANOVA model reached statistical significance.

The dynamic data showed a similar trend to the static data, in that the mere presence ofa

wedge rather than the direction of the wedge had the greatest influence on motion, reducing

TC, consistently throughout the stance phase of gait.
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Stance events for TCy motion

Figure 6.74. Motion time curve for TCy (N=30).
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Table 6.65. Key stance events in TCg motion.

Lateral wedge Control Medial wedge ANOVA Significance of
(95% CI) {95% CI) (95% CI) model relationships (N=15)
Max -1.3 -0.7 +2.1 F=47.42 LC, P=0.592, CM and
(-2.4 to-0.1) (-1.8 to -0.3) (+1.0to +3.3) (P<0.001) LM, P<0.001
Min -8.3 -8.5 -5.8 =52.47 LC, P=1.0, CM and
(-9.3t0-7.1) (-9.5 to —7.6) (-6.9 to 4.7} (P<0.001) LM, P<0.001
HS =23 -3.1 -1.9 F=2.247 N/A
(-3.5t0-1.1} (-4.1t0-2.1) (-3.1 t0 0.8) (P<0.145)
FF -3.4 -2.5 +0.9 F=12.58 LC, P=0.102, CM and
(-4.5t0--2.3) (-3.4t0-1.6) (-0.2 to +2.1) {P=0.001) LM, P<0.001
MS -6.6 -5.6 -1.5 F=135.9 LC, P=0.104, CM and
(-7.6 t0 -5.7) (-6.4 to 4.7) (-2.5 to -0.4) (P<0.001}) LM, P<0.001
HL -7.8 -1.9 -4.6 250.78 LC, P=i.0, CM and
(-8.9 to -6.7) (-8.8t0-7.1) (-5.6 t0—3.6) (P<0.001) LM, P<0.001
TO -2.7 -2.6 -1.7 F=11.45 LC, P=1.0,CM
(-42t0-1.3) (-4.0t0-1.1) (-3.210-0.2) (P=0.002) P=0.047, LM, P=0.006
Integral -336.2 -303.8 -108.1 F=98.83 LC, P=<0.538, CM and
(-397.3t0 -2754)  (-354.1t0-253.6) (-167.8t0o—484) {P<0.001) LM, P<0.001

*State L = lateral wedge (inducing a nominally pronated foot state), state C = control (the no wedged state),
state M = medially wedged (inducing a nominally supinated state)

Notes: ' All values are angles in degrees except for the integral, which represents the area under the curve. For p
rotations, positive values represent inversion, and negative values eversion.
? Significance of individual relationships (contrasts) was only calculated and iternised in Column 6 where
the overall ANOVA model reached statistical significance.

As expected, there was a large difference between the three states at the joint, and about the
axis directly influenced by the wedges, namely P rotation (inversion/eversion) at the
ankle/rearfoot complex (Table 6.65). It is also significant that the change in TCg from the
control ‘no wedge’ state produced by the addition of lateral wedges, was much smaller than
the change in TCp produced by the addition of medial wedges. This suggests that in this
sample at least, the control state tended toward the pronated position (lower values of TCp).
This is in agreement with data from the literature and from the findings of the earlier validity
evaluation using Rose’s Valgus Index outlined in Chapter Five.

The change in TCpproduced by the lateral wedge was minimal at the time of heel strike, but
the difference increased rapidly to reach a maximum difference between the pronated and
control states of 1.6°, at 22% of stance phase (13% of the total gait cycle). Thereafter the two
curves steadily converge and by the time of heel lift through to toc-oft and the swing phase
there was no significant difference between the TCg joint rotations in the pronated and control
state.

The addition of a medial wedge to supinate the rearfoot had a marked affect. A relatively
small difference was seen between the states at heel strike but this difference increased

rapidly to a maximum difference in TCjy position of 4.6° by 25% of the stance phase (15% of
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the total gait cycle), shortly after foot flat. The difference between the states decreased
steadily throughout the stance phase but was still a significant 3.1° at heel lift. After heel lift
the gap closed rapidly and the difference at toe-off was only 0.9°.

The integral and the positions at foot flat and midstance, all demonstrated some systematic
progression from the pronated, through the control state to the supinated state, although the
difference between the pronated and control state was not statistically significant for these
measures. Conversely, the difference between the supinated and both the relaxed and pronated
states respectively, were highly significant. In evaluating the concurrent validity of the FP1,
the most representative time-point was considered to be midstance, the instant in the gait

cycle most closely resembling the posture adopted in relaxed standing.
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Stance events for TC, motion.
Figure 6.75. Motion time curve for TC, (N=30).
15 Starce Frase T Sorg Frase

13 1
11 4
9 4
7
5 :
34
1<
-1 4
-3 1

H

Angular Rotation (deg)

nesssssesnlssnanas
E

-5 Lid s HE TO
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 104

% Gait Cycle

Key

Lateral wedge state
No wedge state
= Medial wedge state

221



Table 6.66. Key stance events in TC, motion.

Lateral wedge Control Medial wedge ANOVA Significance of
(95% CI) (95% CI) {95% CI) model relationships (N=15)
Max +10.6 +9.9 +8.6 F=36.03 LC, P=0.136 CM, and
{(+9.5to +11.7) (+8.7to +11.1) (+7.3t0+9.8) (P<0.001) LM, P<0.001
Min +4.3 +3.9 +3.4 F=15.8 LC, P=0.178, CM,
(+3.1to +5.6) (+2.6to +5.2) (+2.0 to +4.8) (P<0.001) P=0.283, LM, P=0.001
HS +5.9 +5.8 +5.9 F=0.05 N/A
. {(+4.7 to +7.1} (+4.6 to +7.0) (+4.6 to +7.2) (P=0.824)
FF +8.1 +71.7 +7.3 F=9.86 LC, P=0.37, CM,
(+7.0 to +9.2) (+6.5 to +8.8) (+6.1 10 +8.5) (P=0.004) P=0.22, LM, P=0.012
MS +9.4 +8.8 +7.2 F=38.8 LC, P=0.357, CM and
(+8.2 to +10.5) (+7.6 to +10.0) {(+5.9 to +8.4) {P<0.001) LM, P<0.001
HL +7.8 +7.1 +5.8 F=53.53 LC, P=0.047, CM and
{+6.6 to +9.0) (+5.7 to +8.3) (+4.4t0 +7.1) (P<0.001}) LM, P<0.001
TO +5.1 +4.5 +3.8 F=22.5 LC, P=0.140, CM,
(+3.7t0 +6.4) (+3.0 10 +5.9) (+2.3 to +5.3) (P<0.001) P=0.044, LM, P=0.001
Integral +486.9 +451.7 +38R.0 F=44.28 LC, P=0.093, CM and
(+420.8 to +552.9)  (+381.3 to +522.1) (+314.5to0 (P<0.001) LM, P<0.001
+461.6)

*State L = lateral wedge (inducing a nominally pronated foot state), state C = control (the no wedged stale),
state M = medially wedged (inducing a nominally supinated state)

Notes: ' All values are angles in degrees except for the integral, which represents the area under the curve. Fory
rotations, positive values represent adduction, and negative values abduction.
? Significance of individual relationships (contrasts) was only calculated and itemised in Column 6 where
the overall ANOVA model reached statistical significance.

For all the gait cycle events after heel strike, the data again demonstrated the same systematic
progression of the TCy values from the pronated state through the control state, to the
supinated state. Again there was a larger change from the control state evident on addition of
the supinating medial wedges, than after the addition of the lateral wedges. It should also be
noted that while the change progressed systematically through the states, the differences in
TC, rotations are much smatler than TCg rotations and the differences at several of the events
are less than one degree. The between subject CMCs were low (0.38) for TCy, and the high
between-subject variability, coupled with the error of the system means that caution must

exercised in interpreting joint rotations about the z axis as a gold standard.
Having explored and described the EMT data in detail, the final analysis of concurrent

validity was undertaken using the most robust of the EMT data (TCp) as the best available

gold-standard, and the FPI total score from the revised six item FPI instrument.
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6.2.4.2.4 Concurrent validity of FPI-6 using the dynamic EMT TCy data as the

gold standard
Having established the coefficient of determination for the FPI-6 in relation to the EMT static
data, it was appropriate to extend the concurrent validity study to quantify the amount of
variance in AJC walking kinematics that can be predicted by the static clinical FPI
assessment. It has been suggested previously that the midstance instant of the stance phase
might be related theoretically to the position assumed by the foot in static stance'™. To
identify the point in the gait cycle that might best reflect the relationship between the static
assessment and a dynamic counterpart, the FPI-6 scores were correlated with TCp at a

number of instantaneous stance phase events (see Table 6.67).

Table 6.67. Correlations (Pearson’s R) for TCp motion data at the key gait cycle events
with FPI-6 total scores (N=15, 3 states).

Minimum Maximum Heel Foot Flat Midstance Heel Lift Toe-Off Integral
Strike
R=-0.458 =-0.520 R=-0.520 R=-0.060 =-0.652 =-0.544 R=-0222 R=-0.565

(P<0.001) (P<0.001) (P=0.694) (P=0.001) (P<0.001) (P<0.001) (P=0.142) (P<0.001)

As might be expected from the assertions in the literature, the highest correlation between FPI
scores and TCp was seen at midstance. TCg at the instant of midstance was chosen therefore as
the dependent variable for exploration in the predictive regression modelling. The linearity of

the relationship was again checked by scatterplotting (Figure 6.76).

Figure 6.76. Scatterplot of EMT derived TCP midstance position versus FPI total score.
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Finally, data for TCp midstance were tested for homogeneity of variances prior to entry into a

linear regression model, as described in the previous analysis of the static EMT data. The
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variance was homogenous for the TCp midstance data (Levene’s statistic 0.321, P=0.727), and

borderline for the FPI-6 total score (Levene’s statistic 4.21, P=0.021).

LINEAR REGRESSION MODEL (N=15)

Dependent variable: TCy; at midstance
Independent variable : FPI total score (6 item version)

Adjusted R? F Statistic P value
0.41 31.786 <().001

6.2.4.3 Summary

The dynamic EMT data obtained in this study were in close accord with the data of Comwall
and McPoil, both for the reliability of the measures and the absolute values observed 330 the
data also reflected the findings of other studies 243415 The total range for the directly
comparable measures TC,, TCp and TC, were within 2° of the values reported by Cornwall
and McPoil and again, were in agreement with other previous data 10243419,

In the linear regression models the FPI-6 total scores predicted 64% of the variance in the
static postural positions at the most representative joint complex/axis combination (TCg), and
41% of the change in dynamic TCg motion at midstance. These coefficients of determination

indicated that the FPI scores reflect adequately well, the underlying change in joint

relationships.
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6.3 CHAPTER SIX. SECTION THREE. PREDICTIVE VALIDITY OF THE FP[

6.3.1 Introduction

In this final section, FPI data derived from the experiment in section 6.1 were used to evaluate
the predictive validity (sensitivity and specificity) of the FPI total score (six item version) in
categorizing the foot posture. Sensitivity and specificity evaluations must be based on
_dichotomous outcomes, whereas the clinical categorisation of foot type relates to at least three
categories (i.c. pronated, neutral/normal, supinated). The analysis is thus undertaken in two
stages, separating out firstly the abnormally pronated state, and secondly the abnormally
supinated state.

6.3.2 Methods

The cut-off points for the FPI six-item total scores were first determined through the
construction of a Receiver-Operator Characteristic (ROC) curve. The ROC curve allows
identification of the value at which exists the best balance between sensitivity and specificity.
Once the cut-off has been established, a two by two table is constructed for each of the

dichotomous pairs and the precision indices are calculated.
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6.3.3 Results

6.3.3.1 Sensitivity and specificity of the FPI total score in predicting the pronated

state

From the graph in Figure 6.77 and the table of curve coordinates it can be seen that for an FPI

score of +4.0, the area under the curve was 1, with sensitivity = 1 and 1-specificity = 0 . This

value of +4.0 was thus chosen as the cut-off for the definition of the non-neutral state in the

direction of pronation for the subsequent analysis.

Figure 6.77. ROC curve for the pronated state vs the combined neutral and supinated

states.

ROC Curve
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Based on the cut-offs derived from the ROC curves, the following two-by-two table was

Coordinates of the Curve

FPI Score  Sensitivity 1-
Specificity

-11.0000 1.000 1.000
-8.5000 1.000 950
-6.5000 1.000 .900
-5.5000 1.000 875
-4.0000 1.000 .800
-2.5000 1.000 .700
-1.5000 1.000 575
-.5000 1.000 450
.5000 1.000 175
1.5000 1.000 .050
2.5000 1.000 .025
4.0000 1.000 .000
5.5000 950 .000
6.5000 .850 .000
7.5000 .550 .000
8.5000 400 .000
9.5000 150 .000
10.5000 .050 .000
12.0000 .000 .000

constructed. This demonstrates the capacity of the FPI score to correctly assign the foot type

to the appropriate known state.

Table 6.68. Two-by-two table for the pronated state vs the combined neutral and

supinated states (N=20, 3 states).

Pronated known state

Not pronated Pronated
Pronated | Not 40 0
FP1 pronated
predicted | Pronated |0 20
state
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From the data in Table 6.68, the precision indices were constructed for the FPI scoring

capacity to correctly predict the pronated state (Table 6.69).

Table 6.69. Precision indices for the pronated state vs the combined neutral and

supinated states.

Summary of diagnostic test
indices of precision

Sensitivity 1
Specificity 1
Diagnostic accuracy 1
Positive Predictive Value 1
Post-test probability test +ve 1
Negative Predictive Value 1
Post-test probability test -ve 0
Likelihood ratio for +ve test N/A
Likelihood ratio for -ve test N/A

Note: The 100% correct classification of the pronated known state by the FPI total score,
precluded the calculation of 95% Cls for these data.

6.3.3.2 Sensitivity and specificity of the FPI total score in identifying the supinated

state

Figure 6.78. ROC curve for the supinated state vs the combined neutral and pronated

states.
ROC Curve
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Diagonal segments are produced by ties.

Coordinates of the Curve

FPI Score  Sensitivity 1-
Specificity

-11.0000 1.000 1.000
-8.5000 1.000 .900
-6.5000 1.000 .800
-5.5000 1.000 750
-4.0000 1.000 600
-2.5000 1.000 400
-1.5000 .950 250
-.5000 875 150
.5000 675 .000
1.5000 .550 .000
2.5000 525 .000
4.0000 .500 .000
5.5000 475 .000
6.5000 425 .000
7.5000 275 .000
8.5000 .200 .000
9.5000 075 .000
10.5000 .025 .000
12.0000 .000 .000

Area under the curve = 0.954 (95%CI=0.96-1.0, P<0.001)
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From the curve coordinates, the FPI score of —1.5 was found to yield a sensitivity of 0.95

and1- specificity of 0.25, this value was chosen as the cut-off for the subsequent exploration.

Table 6.70. Two-by-two table for the supinated state vs the combined neutral and
pronated states (N=20, 3 states).

Supinated known state
Not Supinated Supinated
Supinated | Not 38 5
FPI Supinated
predicted | Supinated | 2 15
state

Again, from the table data, the precision indices for the FPI diagnostic capacity for the

supinated state were constructed.

Table 6.71. Precision indices for the supinated state vs the combined neutral and
pronated states.

Summary of diagnostic test ~ Value (95%CI)
indices of precision

Sensitivity 0.75 (0.56-0.94)
Specificity 0.95 (0.88-1.00)
Diagnostic accuracy 0.88 (0.80-0.96)

Positive Predictive Value 0.88 (0.73-1.00)
Post-test probability test +ve 0.88 (0.73-1.00)
Negative Predictive Value 0.88 (0.79-0.98)
Post-test probability test -ve  0.12 (0.02-0.21)
Likelihood ratio for +ve test  15.00 (4.39-55.23)
Likelihood ratio for -ve test  0.26 (0.12-0.50)

6.3.4 Summary

The sensitivity and specificity of the FPI is high with regard to correct categorisation of foot
type for normal individuals standing in induced pronated or supinated positions. This is of
course an artificial study, and the sensitivity and specificity will, in future, need to be re-
evaluated for each clinical sub-population in which the FPI is to be used. Nevertheless the

exercise provides some supporting evidence for the construct validity of the new measure.
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6.4 CHAPTER SIX, SECTION FOUR. DISCUSSION

6.4.1 Obijective measurement of lower limb posture and dynamic function -

the gold standard

The industry standard for gait evaluations, has long been a multiple camera high-speed video
setup (usually 4-6 cameras), each simultaneously recording the images derived from the
motion of walking. The joints and segments are defined, not usually by the full image, but by
passive reflective or light emitting markers mounted on the skin overlying the relevant bony
segment, at suitable anatomical locations. Using the video /marker approach, a minimum of
three, non-contiguous markers are required to define a single segment, with the software
comparing images from the multiple cameras to identify and track markers, and to construct a
three-dimensional model from the resulting data. This approach has proven useful for
establishing motions about large joints such as the hip and knee where the anatomical
segments are large and well defined, but for smaller joints such as the joints of the foot, the
requirement for three markers to define any single bony segment has resulted in significant
problems with the definition of marker sets and contributes to unacceptable levels of error 1
237366420 11 most cases it is simply not possible to locate three reflective markers on a small
bone such as the navicular, or the other bones of the forefoot, and alternative approaches
using skin mounted ‘wands’ and plates 2l ‘have proven only moderately reliable in the
forefoot “*°. Consequently, to maintain the technical reliability of analyses, researchers using
video based systems often rely on simplifying the model by modelling the foot as a single
rigid segment '®. This is clearly not appropriate to the study at hand.

The limitations imposed by the requirement for three non-contiguous reference points per
segment doubtless compounds error in the stylus protocol outlined in 6.1. In addition to the
accrual of error from the multiple measures required to define neighbouring segments, the
stylus protocol is further limited by its reliance on accurate reporting of sensor translation,
which was reported in the literature and confirmed by our experiments, to be less reliable in
EMT systems than reporting of angular rotation, as is discussed below. The ordinal
regression modelling described some relationships between FPI components and static EMT
joint angles that might not have been predicted, and also failed to find associations between
some components and EMT joint angles that might have been expected to be relatively strong.

The fact that there were large correlations between some FPI and EMT variable pairs supports
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the contention that systematic associations were occurring. It is less clear though why
associations varied across the EMT measures. It may be the case of course that the FPI
components simply do not measure precisely segmental relationships predicted in the theory,
and if the gold standard were truly gold then this would be an inevitable conclusion. It must
also be noted however that there was relatively poor agreement between some EMT measures
even when describing similar positions in similar segments (such as the tibia to calcaneal
-angle and the Achilles angle). In the case of these two EMT measures, although it must be
recognised that one measures bony relationships and the other a soft tissue to bony segment
relationship, it might have been expected that they would have been more closely related than
the R=0.217 that was observed. Furthermore, given that the error in determining segment
orientation was determined to be as high as 5.3° in the worst case, the role of error in the gold
standard probably warrants some acknowledgment. Nevertheless, the EMT data overall
provided a generally acceptable 3D model, and the strength of some FPI -EMT relationships
was fundamental in identifying poorly performing FPI components.

Electromagnetic motion tracking with the sensors mounted directly onto the skin offers some
theoretical advantages over stylus digitisation because only one sensor is required to define an
anatomical segment, and the attachment of the sensors to the body allows tracking of changes
in sensor position in real time, which frees the experiment from static constraints. Skin-
mounted-sensor EMT has been used previously in the evaluation of movement at the shoulder
and spine, but only recently has the technology been applied in the foot 240241 336

Requiring only the mounting of a single sensor, rather than clusters of markers,
electromagnetic motion tracking systems may offer some advantages over video systems in
the study of the kinematics of the foot, particularly for applications where older, single rigid
segment foot models are inappropriate. The reliability study reported here suggested that
when using a Fastrak system with the long-range transmitter, the angular data are more robust
than positional data. This is in agreement with the two studies investigating the use of EMT
over the distances employed in this protocol 242247 The positional data were adequately
reliable (RMS <5mm), over the small distances encountered during measurement of a single
limb over one isolated stance phase, but error of 10-20mm over the larger volume of the ficld
highlights the technical limitations associated, even using what is considered ‘state-of-the-art’
equipment.

The intra-subject reliability for the dynamic ankle joint complex data collected in this study
was better than noted in the video gait analysis literature. Ankle joint complex (TCy) data

described in the literature varies considerably due to the issues discussed previously, such as
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error, skin movement and the definition of reference positions. Our data are however
consistent with the data of Pierrynowski and Smith, and Mosely et al, with regards to the TCy
motion '°#'°, and support the suggestion that the rearfoot complex does not function about a
‘subtalar joint neutral” position but about a position some 4°-8° everted. 10394319 This
tendency toward a slightly pronated relaxed standing position was also reflected in the FPI
scoring (mean 4.9).

The addition of the wedges under the heel made a statistically significant difference to all of
the parameters of rearfoot joint motion and in all planes. The capacity for insoles to alter
rearfoot motions had been contested in previous, small-sample, video based studies %0 but
our data are similar to a growing body of published studies suggesting that medial or
supinatory wedging can affect the rearfoot systematically 243358374422 The TCp motion time
curve produced by the pronation inducing wedge is similar to the curve seen in naturally
occurring pronated feet 423 and in the vaigus feet of patients with rheumatoid arthritis 43 The
agreement between the midstance data obtained in this study, and the data in the literature
appears to confirm the appropriateness of TCj as a gold-standard.

The wedges exerted only a small effect on the rearfoot position in any plane at heel strike
suggesting that there is little carry-over of their effect through the swing phase. The difference
in TCg between the all three states was both statistically and clinically different after foot flat,
through to toe-off, although differences were smaller after midstance in agreement with other

*22 The minimum and maximum eversion, and the integral of the joint range of motion

studies
throughout stance phase were also profoundly different in the three states. There is evidence
however, of moderation of the input force, and no more than 4° alteration in TCg output
motion was seen in the static and dynamic measures, despite an input intervention of +/-10°
about the y axis.

The data for the midstance point are in close agreement with the static standing results of
Lundberg et al, whose detailed radiographic studies probably represent the most reliable data
to-date ***. Lundberg et al had also noted that the rearfoot p motion output did not change
linearly with change in input motion, and in particular reported that 10° of pronatory input
resulted in less change (output change =1.2°) than 10° of supinatory input {(output change
=2.6°), a finding confirmed in our own data.

Systematic changes in TC, and TC, motions are less relevant to the validation of the FPI than
TCj, but warrant some discussion. It is of note that the presence of a wedge under the heel
increases plantarflexion throughout stance phase regardless of the orientation of the wedge as

noted in previous studies”®. The effects of increased plantarflexion on the mechanics of the
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foot cannot be ignored, as the systematic change brought about by the wedging represents
some 19% of the total range of TC, during stance phase. It is known however, that motions in
the same plane at other lower limb joints such as the hip, knee and 1st metatarsophalangeal

4 . .
21423928 and it is possible

joints are large by comparison, typically exceeding 30° at each joint
that <3° change in TC, presents less challenge to the sagittal plane motions of the limb as a
whole. TC, rotations were less influenced by the wedging than TCy rotations in this and
brevious studies”* **?, reflecting the orientation of the wedge effect, and the limited coupling
between rotations about the two axes. That TCj rotations are only moderately associated with
TCy has been noted previously in the literature and was discussed earlier in Section 6.1 and
6.2. A post-hoc check of the relationship between midstance TCp and TC, in the dataset
presented in section 6.2 yielded a non-significant Pearson’s product moment correlation of
R=-0.275 (N=15, 3 states, P=0.067). It cannot be considered surprising therefore, that the

relationship between the FPI scores and EMT measures of TC, are weaker than the

relationship between the FPI scores and EMT measures of TCg.

6.4.2 Predictive validity of the FPI

The linear regressions support the validity of the FPI for predicting dynamic TCy motion. The
association between the tri-planar FPI and midstance foot posture in dynamic gait was better
than reported previously using traditional techniques for quantifying standing foot posture. In
contrast to the data presented in this chapter, Cashmere et al had reported that a single plane
measure (static standing measurement of arch height), predicted only 1% of the variation in
the dynamic equivalent 37 Other data from video studies had reported similar, or only
marginally higher associations of R?=0.06 *®, and R*=0.17 *,

Hunt et al *** % %% have demonstrated moderate agreement between two dynamic measures of
foot posture (medial arch height and calcaneal eversion, R=-0.62) measured with a video
based system, although Cornwall and McPoil had previously demonstrated a higher
correlation (R=-0.942) between navicular bone motion and hindfoot motion using an EMT
system >°°,

Prediction of variation in plantar pressure by measures of static radiographs has been studied
by Cavanagh et al ¥ ¥ While no single radiographic measure predicted more than 13% of the
dynamic variation, up to 35% of the variance in plantar pressures at the first mtp joint was
predicted by a combination of four radiographic measures. The data from the FPI study are
much closer to the data of Cavanagh et al, and seem to emphasise the merit in combining

multiple observations into a composite when attempting to predict dynamic function.
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The results of the sensitivity and specificity evaluations were favourable, although it must be
recognised that the experimental conditions were artificial. It was necessary to manipulate the
categorisation of the variables to reduce the three original states (pronation/ neutral/
supination) into dichotomous states suitable for entry into the sensitivity and specificity
analysis. It would be preferable, in future studies to identify study samples in which there was
a greater tendency to dichotomy of foot posture. It must also be acknowledged that the
-manipulation into each of the three states was artificial, rather than reflecting natural disease
states. These shortcomings limit the conclusions that can be drawn from this phase of the
analysis. The sensitivity and specificity of a test is also a product of the specific application of
the test, and it is recognised that the FPI will need further sensitivity and specificity
evaluations in the specific clinical populations for which it is ultimately intended.

The internal reliability of the truncated instrument was found to be improved over that of the
original eight item version, indicating that the validation process had not only investigated the

existing instrument but had contributed to its development.

6.4.3 Summary

In summary, this chapter met the main aims, which were to establish a standard against which
to benchmark the new measure, and to evaluate the concurrent validity of the FPL. Lower limb
models were employed that allowed an evaluation of the degree to which the FPI components
reflected changes in joint positions, and to illustrate the degree to which FPI measure can
predict variation in dynamic ankle joint complex kinematics. The FPI scores were highly
correlated with the concurrent AJC measures derived from the static lower limb model, and
the coefficient of determination of 0.64 must be considered acceptable for a simple clinical
screening tool, especially when the limitations of the gold-standard are considered.

The FPI proved more successful at predicting variation in dynamic AJC motion than previous
single plane or single component measures, and the R? of 0.41 seems acceptable for a static
measure predicting dynamic motion. The sensitivity and specificity of the FPI was, in this
artificial setting at least, good. Further studies are required to determine the predictive validity

of the FPI in specific clinical populations.
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CHAPTER SEVEN. EXPLORATION OF THE CLINICAL
UTILITY OF THE NEW MEASURE IN A RANDOMISED
TRIAL OF CALF FLEXOR SPLINTING IN PEOPLE WITH
CMT.

Chapter overview

It has been noted in previous chapters that the new foot posture index should demonstrate
clinical utility if it is to represent any improvement on existing instruments. The absence of
satisfactory outcome measures has contributed to the lack of good randomised trial data for
many of the conservative interventions used in CMT, so it was decided to conduct the final
phase of this study within the context of a randomised controlled frial. Ongoing
collaborations with a second team at the Concord Repatriation General Hospital (CRGH) in
NSW had identified existing plans by the Concord group for a pilot study, investigating the
effect on ankle joint dorsiflexion of a six-week regimen of night splinting for people with
CMT. Duplication of aspects of the method between the two centres would, it was considered,
ease the burden of recruitment, increase the power of the sample leading to more meaningful
results, and provide a broader range of patient age groups than would be possible in either
centre individually. A protocol was negotiated which facilitated enough overlap between the
groups to allow pooling of key data.

Note: Combined data from both centres are to be analysed elsewhere for publication, but
data from the Children's Hospital centre only are presented in this thesis. This chapter
represents the candidate’s sole work, and reports progress to late 2003. Recruitment
continues, with the full trial continuing beyond the period of candidature.

7.1 INTRODUCTION

One of the more common conservative treatments used in CMT is ankle-foot night splinting,
used in an attempt to provide a long-term stretch to tight calf musculature. This modality is
used widely, despite absence of any evidence for its effect 164 and, as described in Chapter
Three, despite splinting also being regarded as ineffective by people with CMT.

Calf muscle splinting was chosen as the appropriate vehicle for this evaluation for a number
of reasons. As well as a general need to evaluate the effectiveness of the treatment, it is
considered by some that preventing or reversing calf muscle contracture may have more

general effects on the foot, reducing the tendency toward cavus changes 3162 1t was hoped
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therefore that changes in ankle joint range of motion may also be reflected in foot posture and

therefore may be detectable by the FPI-6.

7.2 AIMS

The aims of the splinting trial were to provide a context in which to:
1. Evaluate the utility of the Foot Posture Index in the clinical setting.
2. Evaluate the reliability of the Foot Posture Index in a sample of patients with CMT to
complement the previous studies in normal populations.
3. Contribute to an evaluation of the merit of night splinting in the management of calf

flexor tightness.

Expressed in the null form, the hypothesis of the splinting trial was:
Hy - The limb subjected to night splinting will demonstrate no change in the primary
measure (ankle joint dorsiflexion) or the secondary measures (including FPI) over the

period of the study, compared either to baseline or to the control limb.

7.3 METHODS

A single blind, randomised controlled trial method was used. The observer responsible for
measurements {the candidate) was blinded to treatment/control limb allocation, with
randomisation codes held in escrow by the departmental administrator until the completion of
the data collection and processing. Participants could not be blinded because the splint is a
physical device, which is applied to the relevant limb each evening. A three-month continuous
regimen of night splinting was randomly allocated to a single limb for each participant, with
the contralateral limb acting as the control. No cross-over was employed at the Children’s

Hospital centre.

7.3.1 Sample

When complete, the trial will have recruited up to 30 participants between the Children’s
Hospital and CRGH centres. For the purposes of this thesis preliminary data are presented for
twelve participants completed at CHW to-date. A preliminary power analysis undertaken
using data provided by the authors of the Lidcombe protocol and its normative data
indicated that N=18 would power the study to detect a 5° change (A) in the primary outcome
at 3=0.8.
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7.3.2 Recruitment

Potential participants were recruited from screening of the hospital records, from direct
contact with children attending the peripheral neuropathy clinic at CHW, and via a short piece
in the CMTAA newsletter. The full flow of patients through the trial recruitment and

participation process is detailed in the trial profile diagram (see Figure 7.81).

7.3.3 Inclusion and exclusion criteria

Participants were recruited who:
o Were aged five years or older at the time of recruitment
e Had a diagnosis of CMT type 1A confirmed by a positive test for the Chromosome 17
duplication in themselves or a first degree relative.
e Were able to give full informed consent to participate
Exclusion criteria:
¢ History of foot surgery in the past twelve months
e Any previous history of arthrodesive foot surgery
e History of any splinting or casting in the past six months

e Inability to comply with the physical demands of the splinting and evaluation protocol

7.3.4 Consent

Full, informed, written consent was obtained from all participants, and from the parents of
participants where the child was aged less than 18 years. All participants received a lengthy
explanatory letter outlining the requirements of the study and advising them fully of their
rights to withdraw. Ethics committee approval for the conduct of this study was obtained from
the Human Ethics Committees of the University of Sydney, and the Children’s Hospital at

Westmead.

7.3.5 Qutcome measures

The treatment is intended to stretch out tight posterior calf musculature, thus the primary
outcome was ankle joint dorsiflexion, alpha rotation ( designated AJDu - comparable to TCa
in Chapter Six). Ankle dorsiflexion was measured non-weightbearing in a supine position

using the Lidcombe template, a bespoke jig consisting of two hinged plates with an adjustable
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axis which is fitted to the calf and plantar surface of the foot 428 (see Figure 7.79). The
Lidcombe template employs a validated standardised protocol in which a known force is
applied slowly while the participant attempts to fully relax the calf muscles. A force of 12 kg
is used for participants over 12 years of age and 7 kg for participants younger than 12. When
the maximum input force is reached, or calf muscle tightness causes the heel to raise from the
foot plate, a photograph is taken from the lateral side capturing the angle between the leg and
the footplate (AJD,). In this study a digital camera was used to record this position, and the
angular position measurement was undertaken using the UTHSCSA software package,

ImageTool for Windows version 2.00.

Figure 7.79 The jig and measurement protocol used to measure AJDa.

The Foot Posture Index was employed as a measure of foot posture, with the intention of
documenting the existing foot position, but also to investigate the possibility of quantifying
any change in foot posture that may occur over the duration of the splinting program. For
comparison with current practice the FPI measures were supplemented with a range of
existing clinical measures.

The heel bisection was marked using a straight edge and a palpation protocol described

44
13 186

previously by Ball *** and many others "*°. The total range of non-weightbearing rearfoot
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range of motion (RF ROMyws) was recorded. The position of the heel bisection during
standing was also recorded with the patient standing in double support in a relaxed position
(the relaxed calcaneal stance position or RCSP) and in a ‘subtalar neutral® position obtained
by manipulating the foot while using indicators such as palpation of the head of the talus, and

visualisation of the various curves (the so-called neutral calcaneal stance position or NCSP).

7.3.6 Intervention
The limb allocated to the intervention arm of the study was treated with a commercially
available, off-the-shelf, thermoplastic night splint manufactured by OTS Pty, Melbourne
Victoria (see Figure 7.80). Historically, night splints have been made either to a cast of the
patient’s lower leg, onto which is moulded a tight fitting thermoplastic shell, or are of the off-
the-shelf variety usually available in a range of sizes. Both types of device have advantages
and disadvantages.
Bespoke cast splints, when well fitted, are comfortable and are thought to produce good
clinical outcomes. They are expensive however, often in the region of $200 per splint. Fit of
the device is crucial as it is worn directly against the skin, and patients often report problems
with areas of unduly high pressure where fit is anything but optimal. Patients also report that
the tight fit against the skin also can cause occlusion and discomfort from excessive sweating.
To the advantage of bespoke splints, the tight fit generally produces a low bulk device, and
there is also the potential for individual variations to be incorporated into the manufacturing
process.
The main advantage of the off-the-shelf devices is naturally that they are significantly
cheaper, usually in the region of $50-$100 per device. There are a variety of splints on the
market, and clinical staff at the two hospital sites evaluated a range against the following
criteria before deciding on the device to be used in the study.
Bulk — the device was for use in a predominantly paediatric sample and bulk was a
major consideration. Patients had reported that the bulk of devices used previously had
been detrimental to compliance.
Stability — the device had to be robust enough to provide a consistent stretch over at
least the three-month period of the study. There was some concern that the hinge piece
of some of the adjustable devices (see below) compromised the required stability.
Adjustability — this was a desirable criterion, rather than an essential criterion. To

ensure the optimal trade-off between compliance and correction, there is thought to be
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some merit in using devices in which the amount of corrective force can be altered
through the course of the regimen.

Comfort — as a factor contributing to compliance, comfort is clearly an important
requirement.

Cost — the economics of treatment provision is naturally a factor. While the cost of the
devices to be used in this study was incorporated into the trial budget, value for money

is important in the real-world evaluation of such treatments.

The device most commonly used for splinting adults with CMT at the Concord RGH is a
Rolyan™ splint sourced from Smith and Nephew Orthopedics inc (Memphis, TN), and this
splint was the splint chosen for evaluation at the Concord centre. This device is preferred for
the adults at this centre as it is adjustable and extremely stable. For younger patients the Smith
and Nephew Rolyan device is often considered unacceptably bulky and causes problems with
compliance. Night splints supplied to patients at the Children’s Hospital are usually of the
bespoke variety, although a range of off-the-shelf splints have been tried in the department.
For this study, having defined desirable criteria, the candidate contacted a range of
manufacturers. After careful consideration and consultation with staff at both centres an
adjustable ‘Grenace’ model splint (OTS pty, Melbourne VIC), was chosen for use in this

study as meeting the best combination of the desirable criteria (see Figure 7.80).

Figure 7.80. The OTS ‘Grenace’ splint used in this study.
Note: Two further straps (not shown in picture so as not to obscure the hinge mechanism) similar to the strap at the top of the

device were also attached immediately proximal and distal to the ankle, to hold the ankle joint firmly into the splint.
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The Grenace splint has a hinged ankle component, adjustable by means of a medial and lateral
strip with detachable rivets that enable the angle of ankle dorsiflexion to be adjusted through
six points. Other positive features of the device were an adjustable system of straps that could
be used to cross the anterior aspect of the ankle for improved control of the heel position, and
incorporation of a soft, washable, fleecy lining to improve comfort and reduce skin occlusion.

Grenace splints are not side-specific and may be interchanged between left and right limbs.

7.3.7 Randomisation

The randomisation was age stratified according to three age groups; 0-9 years, 10-15, 16+. In
each age stratum, five sets each of four digit codes identifying left or right limbs were
generated using a computer random number generator, and these codes were used to complete
a series of pro forma letters for the patients, instructing them of the limb on which the device
was to be worn. The letter also contained backup information on how to wear the device, and
advice to ensure that blinding was not broken at subsequent appointments. The letters were
put into opaque envelopes by an administrator and marked on the exterior only with the
randomisation code to be noted later on the participants’ data sheet, and the age group to

which the randomisation pertained.

All potential enrolees in the trial were given the same assessment protocol, and received the
same advice about wearing splints. The application of the splint was demonstrated on both
legs and the fit of the device was checked carefully on both limbs. All baseline outcome
measures were derived prior to randomisation. Randomisation occurred as late as possible, n
line with good research practice guidelines. Only at the completion of the enrolment
appointment, and immediately before the patient was due to leave did they choose one of the
envelopes appropriate to their age stratum. The participants were instructed not to open the
envelope until they had left the clinic and not to discuss the allocation with anyone connected
with the trial. The randomisation code on the envelope was recorded by the investigator for
comparison with the code list for the final analysis.

The participants were given comprehensive verbal instructions on the importance of
maintaining the practitioner blind, and were given instructions on how to avoid breaking the
blind. At follow up, any potential problems with splints were to be dealt with a) by the

candidate only where there was no limb-specific input required or b) by a physiotherapist
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independent of the study who would provide backup if limb-specific attention were required.
An assurance was also given that the participant’s well being was paramount, and that in the
event of a break with blinding being required, the participant would be withdrawn from the

study.

7.3.8 Compliance

Obviously, compliance with the wearing protocol was an important factor, both in
determining the efficacy of the treatment for those who were able to comply, but also for
estimating the degree to which patients are likely to use any such device if prescribed in
practice. Compliance was recorded over the period of participation, in a diary in which the
participant (or parent) estimated the number of hours the splint was worn every night. The
compliance diary was submitted at the final appointment. In an attempt to minimise the
degree to which guilt might bias the responses, the participants and parents were assured that
truthful reporting was the most important aspect in the interest of the study, and that the

compliance diary would not be examined until after the patients had left the study.

7.3.9 Follow up

Patients returned for four visits. At visit one all baseline measures were recorded, including
demographics and descriptive clinical scores. At visit four, all outcome measures were again
recorded (AJD,, non-weightbearing heel range of motion - RF ROMyws, standing heel
positions and FPI score). At visit two and three, only the primary outcome measure, AJD, was
recorded. Information about any adverse events (not side-specific to avoid breaking the blind)

was also solicited at all appointments after the issue of devices.
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RESULTS

The results section is presented in three parts. In the first part, the overall trial composition
and baseline characteristics are outlined. A definition is presented of how the data from the
control and intervention arms was entered into in the clinical utility evaluation. In part two,
the clinical utility of the new measure and existing measures are evaluated, and the clinical
meaning of the FPI scores are presented. Finally in part three, the trial data are examined and

the effect of the intervention evaluated.

7.4.1 Results part 1. Sample characteristics

7.4.1.1  Trial profile

From an original 126 potential participants, twelve were finally randomised to treatment.
Twenty-four patients were not contactable at the address or telephone number indicated in
hospital records, thirty-two did not meet inclusion criteria, and 41 lived too great a distance
from the hospital to travel for the four appointments. Of the remainder, 14 declined to
participate when contacted by the investigator. Two participants underwent the preliminary
evaluation but were found to be physically unable to comply with the requirements of the
evaluation protocol and were withdrawn prior to randomisation. Three participants withdrew
during the evaluation phase. One withdrew in week one, complaining of discomfort in the hip
on the intervention side. One withdrew in week two, not wishing to continue further with the
treatment. The last participant to withdraw did so because of difficulties with travel to the
hospital appointments. Nine patients completed the three-month splinting regimen. The full

trial profile is presented in Figure 7.81.
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Figure 7.81 Trial profile (modified CONSORT statement) for the Westmead centre.
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7.4.1.2 Baseline characteristics

The median age was 13 years (range 7 to 57), with seven males and five females randomised
to treatment. Three participants aged less than ten years were randomised, six participants
aged 10-16, and three adults. At baseline, the foot measures were similar for both intervention

and control limbs and there were no statistically significant differences.

Table 7.72 Baseline characteristics of the trial sample (median values)

Intervention limb Control limb

AlDa 82.4° 82.0°
RF ROMnws 26.5° 21.5°
RCSP 0° 0°
NCSP -0.5° -1.5°
FPI 0.5 -1

In the next section, the clinical utility of the FPI was assessed relative to the other measures.
Evaluation of the reliability of the various measures and illustrations of the FPI scores was
based on test-retest data from the control limbs at repeat appointments. The clinical trial
evaluation compared data from the baseline visit to visit four (at three months) in both trial

arms.
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7.4.2 Results part 2. Clinical utility of the FPI and existing measures

As noted in the introduction to this chapter, the main purpose of the trial was to provide a
context for further evaluating the clinical utility of the new measure. Reliability is clearly
important to the applicability of the measure to the clinical setting, and this section starts
therefore with a report of the reliability of the FPI in the trial sample of patients with CMT.
Subsequently, examples of the range of FPI scores encountered in the study sample are
presented for illustration, and the FPI ratings from the CMT population are compared to the
data from other (non CMT) samples reported in previous chapters.

7.4.2.1 Reliability of measures

The reliability of the investigator in performing the FPI ratings and three other foot measures
(non-weightbearing rearfoot motion, RCSP and NCSP) was examined. The intra-rater
reliability evaluations were undertaken using the control limb data, comparing measures taken
three months apart, at visit one and visit four. The datasheets from previous evaluations were
not made available to the investigator at the time of the fourth visit.

These data are based on the small sample to complete the trial (N=9), and are provided as a
guide only. It is understood that intraclass correlation coefficients (ICCs) would not normally
be the preferred method of analysis for a sample of this size, however for continuity, and for
comparability with the reliability data presented in Chapter Four, the ICC’s are provided here
for illustration purposes. The ICCs are calculated using the Shrout and Fleiss model 3,1 as
described previously using a two-way ANOVA, with the rater entered as mixed effects and

the consistency option set.

Table 7.73 Reliability of the clinical measures

ICC 1ICC95% F statistic D Measurement Error
C1 F (953%CI)
FPl 0.97 0.86t0 0.99 59.56 0.59 (-0.56 to 1.74)

o0

RF ROM 0.83 0.42t00.96 10.88 8 4.00° (-3.84° to 11.84%)
NWB

RCSP 0.60 -0.05t00.89 404 8 3.29° (-3.15° t0 9.73°)
NCSP 009 -79t00.71 082 5 1.51° (-1.45° to 4.47°)

There was no evidence of systematic differences in any of the three weightbearing variables
investigated, but the median measure of RF ROMpws in the control limb was significantly

larger at visit four than at visit one.
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Table 7.74 Evaluation of systematic differences in the four foot measures

Median visit1 Median visit4 Wilcoxon’s Z P
FP1 -1 -2 -0.82 0.414
RF ROMxwe 21.5° 27.0° -2.04 0.042
RCSP 0.0° 2.0° -1.88 0.235
NCSP -1.5° 0.0° -1.63 0.102
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Figure 7.82 a—-d Mean-difference plots illustrating the relative reliability of the four

measures.
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7.4.2.2 Comparison with other data

In order to illustrate the discrimination of scores obtained using the new measure, the figure
below recapitulates median FPI scores from previous sections of the thesis, and compares

them with the scores from the CMT sample.

Figure 7.83. Median and mean FPI values from the various study samples
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There is a clear relationship between the FPI scores and age/disease status, a relationship
which is in close agreement with the literature. The youngest group demonstrate the highest
FPI scores, indicating the most pronated or planus foot characteristics in this group. By later
childhood the foot has stabilised and the FPI scores remain consistent in the 8-15 age group,
the healthy adults, and our sample of triathletes. In contrast the median and mean FPI scores
in the CMT sample are substantially reduced, indicating that the foot posture in this group

tends towards the cavoid.
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7.4.3 Results part 3. Clinical trial

7.4.3.1 Primary outcome — Ankle joint dorsiflexion

The reliability of the ankle joint dorsiflexion measurement protocol was examined from the
repeat measures of the control limb over the study period. The intra-rater ICC (3,1) for the
repeat measures was 0.62 (95%CI 0.23 to 0.89, DF 8) and the measurement error was 3.4°
(limits of agreement —3.3° to 10°). The error of the technical method of software evaluation
of the images was also evaluated as it was felt that the measurement in software might
represent an enhancement over the pen-line and protractor method described originally. One
AJD, measure from each participant was chosen at random and the corresponding image re-
analysed. The intra-rater ICC for the repeat measures was high at 0.97 (95%CI1 0.91 to 0.99)
and the measurement error was 0.5° (limits of agreement —0.5° t01.5°). It is thus apparent
that most of the error associated with this protocol relates to the clinical measurement using
the Lidcombe template jig, while the error of the marking protocol on the digital images is
very low. The error associated with the protocol is high enough however, to be of concern in

the context of the study.

It is common practice in analysing clinical trial data such as these, to use the baseline
measures as a covariate in an analysis of covariance (ANCOVA) model, while investigating
the differences between baseline and follow up measures. A sample size of N=12 clearly
breaches the assumptions required for an ANCOVA, however an alternative technique 1s to
evaluate just change from baseline in the two treatment arms, and investigate for differences
in change between the two groups. This is the approach used in this small sample evaluation.
These data were therefore be explored descriptively at first, with non-parametric comparisons

of change from baseline performed where appropriate using Wilcoxon’s test.
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Table 7.75 Median and mean AJD, at the four measurement points.

Baseline 3 weeks 6 weeks 3 months
Intervention Median 82.4° 84.1° 84.8° 80.0°
limb Mean 84.1° 82.6° g2.0° g1.0°
Control Median 82.0° 81.6° 83.2° 83.9°
limb Mean 81.7° 82.7° 83.8° 82.4°

Figure 7.84. Median change in AJDu over the trial period in the intervention and

control limbs

Changes In AJD alpha over the trial period

70 |- o . , -

—— hterven-tion
‘- --m- -+ Control

60

50 : P

AJD alpha®

40 1. - -

3¢

20 —

ok — -

Baseline Jweeks 6 weeks

3 months

250



Table 7.76. AJD, change from baseline (positive values equate to gain/improvement)

Change from 0-3 weeks 0-6 weeks  0-12 weeks

baseline
Intervention Median -1.3° i 1.9°
Limb Mean =1.1° 1.4° 0.6°
Control Median -0.7° -0.1° +0.9°
limb Mean -1.0° -0.1° -0.7°

Figure 7.85 Box plots indicating change from baseline (median and interquartile range)
in the intervention and control trial arms.
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The minimum meaningful clinical difference has been determined previously to be a five-
degree gain in AJD,*’. There are only small differences between the change from bascline
and the change between intervention and control limb at any time point, and in the
intervention limb there is little change from baseline. The differences between control and
intervention limb AJD, values were not significant at any time point using the Wilcoxon’s

sign rank test.

Table 7.77. Intervention vs control limb, change in AJD, from baseline, Wilcoxon’s test.

To week 3 (N=9) To week 6 (N=6) To month 3 (N=9)
Wilcoxon’s Z score (sig) -0.178 (p=0.0859) -0.943 (p=0.345) -1.008 (p=0.314)

The small numbers preclude generalisation of these results to the rest of the CMT population.
It is worth noting however, that only one of the nine participants demonstrated a gain in AJDq
of greater than five degrees over the three-month trial period, and only five of the nine
demonstrated any gain. The measurement error of 3.4° presented previously, combined with

the small changes noted in this sample means that the null hypothesis cannot be rejected.
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7.4.3.2 Secondary outcomes- Foot posture (FPI total score, RF ROMnws,
RCSP)

The secondary outcomes were measured only at baseline and month three. Data is not
presented further for the measurement of NCSP because of the poor performance of this
measure in the reliability evaluations, and because it is less applicable to patients with more
rigid cavo-varus deformity. Changes in each of the three other measures from baseline to

month 3 are presented in Table 7.78.

Table 7.78 Change from baseline in secondary measures

FPI RF ROMxyws  RCSP
Intervention Median O 2.0° 2.0°
limb (N=9) Mean 0.4 4.6° 1.7°
Control Median O -1.0° 3.0°
limb (N=9) Mean 0.2 -(.9° 1.9°
Again none of the differences were significant using Wilcoxon’s signed rank test.
FPI change(N=9) RF ROMxws RCSP change (N=9)
change (N=9)
Wilcoxon’s Z score (sig) -0.514 (p=0.607) -1.897 (p=0.058) -1.005 (p=0.315)

It would not be expected, in the absence of any significant effect in the primary outcome
measure, to see any significant change in any of the secondary measures. Neither of the
weightbearing measures demonstrated any change of note, and while there was a small
increase in RF ROMNWB, the median change of 2° from baseline and 3° from control was
less than the 4° of measurement error determined previously. This small change in rearfoot

non-weightbearing range cannot be considered clinically significant.

252



7.4.3.3 Compliance and adverse events
Of the twelve patients randomised to treatment, only nine completed the three month regimen.
Two withdrew because of difficulties with the device, while the third withdrew because of
difficulties with attending the clinic. Of the two who withdrew because of lack of treatment
compliance, one reported pain in the hip of the limb being splinted, while the second just ‘did
not like” wearing the splint.

Compliance within the nine who completed the study was varied. Generally the participants
who had worn splints previously felt this specific model of splint to be more comfortable than
others that had been tried previously. However, only two were able to wear the splints without
any problems.

As a result the splints were not worn all of the time by most of the participants. Only one
patient wore the splint every night of the trial. The median compliance was five nights/week
and 6.5 hrs per night. Four participants reported that the splints interfered with sleep, either
making it difficult to get to sleep, or interrupting sleep during the night. Three of these
patients sometimes chose to remove the splint to improve sleep patterns. The most commonly
reported problem was difficulty in achieving a correct balance in the strap tension to maintain
control, but without strap tightness compromising comfort unduly. This problem did not
prevent splint use in any patient, but impaired comfort and resulted in reduced satisfaction.
Three patients needed intervention to assist with comfort, requiring the addition of foam
patches or alteration to the strap configuration.

At the completion of the trial, participants were asked whether they wished to continue
wearing the splints. Six did express a desire to continue, although most would do so with a
less demanding protocol. Techniques proposed to ease the demands of splint wearing
included alternating splints between limbs and not necessarily wearing the splints every night.

Two stated that they would not continue wearing the splints at all, and one was not sure.

7.4 DISCUSSION

This chapter outlines a study in which the clinical utility of the FPI was explored in a sample
of patients with CMT, extending previous validations. The clinical trial method is limited but
reflects both the primary requirement of providing a context for the utility of the FPI, and the
necessary compromises involved in acting as one centre in a dual centre study. The

interpretation of the results presented in this section must also take into account the small
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sample of patients completing the treatment program, and the limitations of the clinical
measures employed. The reliability of the Lidcombe protocol was lower in this study of CMT
patients (ICC=0.62 (95%CT 0.23 to 0.89, DF 8) and measurement error = 3.4° (limits of
agreement —3.3° to 10°), than had been demonstrated by the original authors (ICCs = 0.91 to
0.98, and 95% inter-rater agreement at an error of 8° to 9 ©) 19 Tt is difficult to regard the data
of Moseley et al as definitive however, as their reliability data were obtained from three
éamples of N=5, and the authors noted that the reliability varied between normal and
pathological patients. It is also well recognised that field applications of measurement
techniques rarely demonstrate the degree of reliability proposed by originators of the
technique. Nevertheless, the protocol for measuring ankle joint dorsiflexion must be said to be
to be of questionable adequacy for detecting the relatively small amounts of change that might
be obtained with splinting in people with CMT.

Ultimately the FPI can be considered to have performed adequately in this study, and the
reliability of the FPI in people with CMT appears comparable with its reliability in the
general population. In the absence of change in the primary outcome (AJDa), investigation of
the responsiveness to change of the FPI, was not possible. Although one must be careful not
to overstate these results until confirmed in larger samples and by independent studies, the
FPI appeared to offer a reliable alternative to existing clinical measures for quantifying CMT
foot posture. It was stable over time and offers a measure that is capable of documenting
multi-planar and multi-segment variations in foot posture to within one point on the 33 point
scale.

The range of scores derived from FPI ratings appeared to have face validity, and comparison
with the samples investigated in previous parts of the thesis suggests that the group medians
are consistent with previous clinical descriptions of the presentation of foot types in these

groups.

The secondary aims of the chapter have been met as far as the small sample allows, and this
part of the twin centre study has been able to contribute to the body of knowledge regarding
night splinting in the management of calf flexor tightness. Sixty three percent of respondents
in the CMTAA survey had suggested that night splints were ‘useless’ or of ‘little help’ and it
was certainly appropriate to express the trial hypothesis in the null form. Ultimately it was not
possible to reject the null hypothesis, and while conclusions should not be overstated in an
underpowered study, the absolute group median change of less than two degrees, particularly

when considered in light of the measurement error of the ankle dorsiflexion measurement
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technique, does call further into question the efficacy of night splinting in the management of
the CMT foot.

There are several other methodological considerations that also warrant further discussion in
the context of reporting a clinical trial, however limited in scope. These will be taken in order

of importance to the foundation principles of randomised controlled trial method.

Randomisation. The sample was randomised according to a computer generated
randomisation protocol with the codes held in escrow by an administrator independent of the
study. The randomisation was stratified according to three age groups because the foot is
thought to change in both shape and rigidity with age, a factor potentially influencing the
outcome. Short of out-sourcing the entire randomisation process, the third-party mediated

randomisation protocol was as robust as possible.

Control arm. In this sample the control state was allocated to the contralateral limb rather than
to control patients. Allocation to control limbs would be inappropriate if ‘whole body’
outcomes were being evaluated, but in the context of a local effect, maintaining a within-

subject control reduces between subject variability and represents best practice.

Blinding. When evaluating a physical intervention such as a splint it is not practicable to blind
the patient to treatment allocation and such studies can be considered single blind. To
maximise adherence to the single blind, the investigator was at all times blinded to the
allocation of treatment limb, and participants were counselled on the importance of
maintaining the blind in their interactions with the investigator. Supplementary arrangements
were made for a clinician, uninvolved in the study to be available to patients in need of input
or advice on the splints that might reveal to the investigator, the side of the limb allocated to
active treatment. As consequence, the investigator remained blind to the treatment allocation
until the final data analysis in all cases. The potential for patients to influence the outcome
through their being unblinded is real, but can be considered limited for an objective method
such as was employed here for measuring ankle dorsiflexion. It is possible that patients may
have consciously exerted more or less effort during the measures, but this would require

active commitment to subvert the research process and is considered a low risk.

Sample construction. Clearly this sample is powered inadequately for drawing any substantive

conclusions regarding the efficacy or otherwise of night splinting, although the factors leading
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to the smaller than expected sample warrant discussion. Recruitment proved more
problematic than anticipated, at least in part because of the need to fit in with the requirements
of the partner centre (CRGH), but also because of the clinical heterogeneity of the CMT
population. In itself this has implications for the application of night splinting therapies, as it
is less appropriate to generalise findings in such a heterogeneous group to individuals within
the population at large. The low rate of recruitment from the initial pool of potential

candidates identified from hospital records was of concern to the candidate, but probably
reflects no more than the limitations of most public health record systems. It is worth noting
that there was some differentiation between recruitment/retention on purely clinical grounds,
and recruitment/retention on grounds relating to the specific demands of participating in the
study. This is highlighted by the low recruitment of patients from the direct contacts to the
CMTAA (2 participants from 27 contacts) because the majority of contacts came from
enquirers outside of a realistic geographical catchment. In the event, and despite mnitial
counselling for participants travelling longer distances, one enrolled participant did still
withdraw because travelling for clinic appointments became too onerous. A further two
participants withdrew because of their ability to comply with the demanding assessment
process associated with the trial protocol, rather than because of the treatment, and ultimately
only two of the patients randomised to treatment withdrew because of failure to comply with
treatment or an adverse event (transient hip pain). It should be noted also, that in addition to
the two who withdrew because of inability to comply with the treatment regime, eight of the
remaining 10 reported some problems with wearing night splints. This has significant
implications for clinicians prescribing these devices, and difficulties with compliance are
ignored at the prescriber’s own peril. It is interesting to note that at the debriefing sessions,
when asked whether they would continue wearing the splints once their participation in the
trial had ceased, six indicated that they would do so, but all but one would adopt a less

demanding protocol.

The apparent lack of efficacy of the night splinting regime would call into question current
practice, and more recent data further calls into question the theoretical basis for this therapy.
Radiographic study of the CMT foot has shown that in the anterior-type cavus deformity
typical of many CMT patients, the ankle joint may be dorsiflexed rather than restricted 142 1f
this is the case, then stretching the tendo Achilles would be expected to offer little benefit.

It is of course possible that real gains in ankle joint dorsiflexion were made, but that the

method used to evaluate ankle dorsiflexion was not precise enough to detect the degree of
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change. The Lidcombe template method has been described in detail 28 and is a creditable
attempt to reduce the error associated with measurement of AJD. The candidate attempted to
further enhance the Lidcombe protocol by making highly accurate electronic measures
(measurement error =0.5°) rather than traditional manual measures. The reliability of the
enhanced Lidcombe protocol in this patient group was still less than ideal however, with a
measurement error over the entire protocol slightly greater than 3° (limits of agreement —3.3°
0 10°).

Furthermore it is not possible however, to remove entirely the variation associated with
participant involvement, and between-day factors such as fatigue, motivation and discomfort
must be considered, particularly in a group such as those with CMT. During trial planning, a
five change of degrees was decided upon as the minimal clinically important difference 129430
and only one patient demonstrated a change of this magnitude. It is likely that shortcomings in
the measurement of ankle motion alone will preclude the detection of any change of less than
five degrees magnitude.

None of the secondary outcomes demonstrated any statistically significant systematic change

over time, although in the absence of change in the primary outcome, this is not surprising.

The device itself was generally well-liked by participants, particularly by those who had worn
splints previously. Its light weight, and cushioned interior resulted in several comments
praising its comfort compared to experiences with previous splints. The adjustable nature of
the device also allowed for the ankle dorsiflexion angle to be altered. This is an important
feature if progressive change is sought, as the degree of corrective force can be increased once
the patient had grown accustomed to the device. Conversely the angle can also be reduced if
the device is uncomfortable and two patients made use of this facility. Strap placement was
felt to be an improvement on their previous experiences, although four participants required
adjustment to strap placement or the addition of further padding. Ultimately, despite a
generally favourable response from patients regarding the comfort of the device, compliance
was not especially high (median 5 nights/week) and only one patient wore the splint nightly
throughout the entire trial period. The issue of compliance is of great concern for clinicians
relying on physical patient-administered therapies, with rates of compliance with splinting
regimes known to be lower than for drug regimes 1 and sometimes as low as 25% *2.

Regardless of individual efficacy data, patient compliance remains a barrier to the use of

splints in clinical practice.
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7.5 CONCLUSIONS

In this chapter the three defined aims were met as far as the small sample allowed. The FPI
proved useful, and was not unduly time consuming to conduct, fitting in well with the battery
of clinical evaluations. The range of FPI scores demonstrated adequate face validity in CMT
patients, and the profile of scores in comparison to the various populations studied during the
preparation of this thesis, further supported the contention that FPI is a valid tool for
quantifying foot posture.

The FPI repeat measures on the control limbs were stable over time, indicating satisfactory
reliability, and the mean difference plots for the FPI demonstrated better scalar stability than

did those of the existing measures such as non-weightbearing ROM, RCSP and NCSP.

For the evaluation of calf flexor splinting, it was not possible to reject the null hypothesis,
although the candidate’s data are of course intended to be combined with the CRGH data, and
firm conclusions are inappropriate at this stage. It is noteworthy however that only one of 14
patients randomised to treatment demonstrated improved ankle dorsiflexion greater than the

minimum clinically important difference.

To summarise, this small study gives a useful insight into the utility of the FPI, and
demonstrated that the instrument can be used in the CMT population. The splinting trial
continues and the resulting data will ultimately contribute to a better understanding of the role

of splinting in CMT, a widely used but unsupported treatment modality.
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CHAPTER EIGHT. DISCUSSION AND CONCLUSIONS

Chapter overview

A separate discussion section has already been developed within each chapter detailing
those specific issues relevant to the chapter and dealing with these in depth. In this final
chapter, the discussion focuses on the broader issues that have been identified within the

" thesis, and returns to the overarching aims and research questions identified in Chapter
One.

Each of the six initial research questions is discussed in turn, with an assessment of the
degree to which the questions have been answered, and commentary on the implications of
any remaining gaps in the knowledge base.

The six research questions detailed in Chapter One recapped:

i. What is the current state of knowledge regarding the effects of CMT
on the lower limb and foot?
ii. What are the effects of CMT on sufferers’ general HRQoL, and on
the health status of the lower limb?
iii. What are the shortcomings of existing measures of foot and ankle
posture and function?
iv. What are the desirable characteristics of a clinical measure of foot

and ankle pathology?

v. Can a non-technological, low-cost clinical tool provide data of
adequate validity and reliability for use in clinical practice?

vi. Can the new measure be used to evaluate the foot deformity of this
group of people in a clinical trial context?

Fulfilment of the overarching aims is also debated, along with justification where
appropriate, before a critique of the limitations of the study process pursued in the thesis.

Aims recapped

1. To obtain comprehensive descriptive data relating lo the common
physical problems encountered in patients with CMT, with an emphasis
on those problems associated with the lower limb and foot.

2. To develop and validate a tool for better assessing baseline foot
deformity and evaluating existing treatments.

The implications for future research are identified, with reference to the technological
advances that have been made in recent years, and the supplementary role of the new

measure.
Finally the main conclusions from the thesis are presented, summarising the research

process, the key findings, and their implications.
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8.1 DISCUSSION

8.1.1 What is the current state of knowledge regarding the effects of CMT

on the lower limb and foot?

Data relating to the foot are fairly limited in scope and quality for both CMT and the
population at large. It has already been established that CMT is the most common inherited

. neuropathy’ , and that foot problems have a high prevalence in this population” # The
high prevalence of foot pathology was confirmed in our large survey sample, which also
evaluated the link with disease-related leg weakness (Chapter Three). The prevalence of
foot deformity in CMT alone highlights the need for a better understanding of such
structural changes, although foot posture is important far beyond this specific clinical group.
Foot related morbidity secondary to structural anomalies occurs in association with

#? acquired systemic disease such

435 436

congenital systemic disorders such as neural tube defects

434

, and even in fit, healthy

as rheumatoid arthritis™”, in idiopathic clinical populations

and athletic populations'* 194 197437
CMT is generally well described as a disease, especially in terms of its pathological features

3438 and increasingly its

such as the electrophysiological and histopathological findings
genetics and molecular biology”®. Despite this detailed characterisation at cellular level
however, studies of functional impact are fewer and less robust, with detailed study of the
structural change in the CMT foot - the most common presenting symptom - a rarity. These
limitations in turn, hamper the informed planning and evaluation of treatments leading to

undue variability in clinical practice 169439443

What are the effects of CMT on sufferers’ general HRQoL, and on the health status of
the lower limb?

The effects of CMT on general HRQoL and lower limb specific HRQoL are varied, and
may be more important to patients than might have been expected. Leg weakness was
reported by the vast majority of our sample, and was reported by more than half to affect
them in the two highest categories of severity offered by the survey. Furthermore, the lower
limb was more severely affected than the upper limb across a range of physical
presentations. Many clinicians would take little convincing of the central role of muscle
weakness in the disease process, but it was interesting to note the recurrence of this feature
in the predictive modelling undertaken in Chapter Three. Empirical estimation of muscle

weakness is undertaken routinely as part of the clinical assessment'*®, but given the strength
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of many of the relationships explored in the survey analysis, there may be merit in deriving
better quantitative data on muscle strength and applying such data in a more structured
clinically. At the Children’s Hospital, Westmead, dynanometric evaluation of muscle
strength in CMT patients has, as a consequence of these studies, become part of routine
practice.

In combination, the various lower limb manifestations of CMT contributed to significant
diminution of patients’ HRQoL in comparison to the normal population, and it was useful to
place CMT in this context. Impairment was greatest in the physical dimensions, although
some impact on the mental health dimensions was also apparent, substantiating the prior
observation that there is some psychological cost associated with living with CMT 14 SF-
36 scores for the CMT population lay in the mid range for comparable chronic diseases, in
both the physical and mental health dimensions, as had scores when evaluated with the
SIP''*. Gender differences were minimal in the general health dimensions, and in most
dimensions of foot health with the exception of footwear, for which female respondents
reported significantly lower scores than males. The issues relating to gender-specific
footwear factors were discussed in the chapter, but given that CMT sufferers often report in
clinic their dissatisfaction with footwear, it is clear that this area warrants more structured
evaluation in the future. Reliance on aids and devices was lower than might have been
expected, although no age-matched data were available for a more substantive comparison.
It would be appropriate in the future to match data on wheelchair, scooter and walking
stick/frame use with age matched data from the general and other clinical populations.
Among the physical manifestations, cramps figured more highly than might have been
expected. Leg cramps have been reported previously in the CMT literature 133 but in this
sample the prevalence was striking at some 79%. Perhaps even more significant was the
degree to which leg cramps contributed to diminished quality of life scores in the HRQoL
modelling, reportedly through increased pain and disturbances to sleep. This suggests that
the prevalence of leg cramps is probably being underestimated during clinical consultations,
and that the significance to the individual is being underplayed. Drug treatments and
physical therapies are available to aid with leg cramps*****7 but are not prescribed routinely,

despite severe and episodic cramps contributing to reduced quality of life.
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What are the shortcomings of existing measures of foot and ankle posture and

function?

Any shortfall in the understanding of foot function in CMT is underpinned by the general

paucity of our understanding of foot function in the general population. This understanding

is, in turn, restricted both by the limitations of methods currently available to quantitate foot
changes, and the relatively slow rate at which structural changes occur in the human foot™*

| 448 Static measures are inherently limited in their capacity to predict the subtle variations in

9238 and recent studies of neuro-proprioceptive

motion associated with dynamic function
pathways*® and sophisticated models of adaptations to perturbations to gait 0 suggest that
subtle factors currently at a rudimentary level of understanding may also need to be factored
into future models.

There have been welcome developments recently in the technologies that will aid dynamic,
objective measures of foot function, and these methods will likely provide new insights into
the mechanisms underpinning foot pathology. Digital video techniques, developed with the
financial backing of the animation, computer games, and film industries, are contributing to
the development of systems for medical research, and allow for higher resolution studies
and greater accuracy than was attainable previously. These advances in motion tracking,
coupled with complex engineering models have led to initial attempts to describe the
complex kinetics of the foot 431 "and kinetic models are likely to grow more sophisticated.
For the foreseeable future however, instrumented dynamic assessment is likely to remain the
preserve of the laboratory setting, and clinicians will continue to rely on simple clinical
measures for the majority of their assessments'>. It is apparent that clinicians require data
from clinical measures that better represent the overall foot posture, and it appears from the

258 that collating multiple observations will

data in Chapter Six and in the recent literature
help to close the gap between the ideal dynamic laboratory examination and current single-
plane predominant clinical examinations.

What are the desirable characteristics of a clinical measure of foot and ankle
pathology?

The desirable characteristics of the new measure were in the main derived from two sources,
an initial review”® and a consensus statement °, published at the beginning of the program
of work (Chapter Two). The fit of the new measure as far as possible to these predetermined
characteristics enhances its face validity, and should enhance the uptake of the FPI among

clinicians. Toro et al in a survey of 1826 physiotherapists reported that more than 90%

identified as a priority the need for a new gait assessment tool that can be used quickly and
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easily'®. Given the limitations associated with extracting quantitative data from a dynamic
assessment without complex instrumentation, the FPI represents an advance towards
addressing the needs of clinicians. Ultimately, there will remain some tension between the
desirable characteristics that might be identified by scientists and those identified by the
groups of clinicians reported in the three papers noted above. The FPI does however, bring
something of the scientific rigor to the clinical assessment, and in this context represents a

clear advance on the current state.

Can a non-technological, low-cost clinical tool provide data of adequate validity and
reliability for use in clinical practice?

The initial face validity and ease of usc studies in Chapter Four were useful in informing the
development of the measure, although the results cannot be considered to apply to the FPI in
its later drafts. The reliability exercise outlined in Chapter Five then quantified the technical
reliability of the draft measure. This gives the reader an idea of the likely performance of the
measure in clinical practice, and illustrates broadly the measurement error that might be
expected to accrue when using the measure in practice. It must be remembered however,
that the reliability of an instrument is a function both of its internal characteristics, and the
specific characteristics of the setting and population in which it is being used. The
limitations with the specific set-up used in this study, particularly with the first, adult group,
reflect a learning process on the part of the rating clinicians, and the continued refinement of
the scoring criteria. It should also be appreciated that the reliability of clinical measures
might be expected to be higher within the constraints of a research study than in routine
clinical practice. The data provided in this thesis should therefore be considered indicative
of the technical merits of the measure, but before the FPI is used in a clinical setting, any
prospective user should evaluate their own test-retest reliability. Where results are to be
compared between raters, there is also a strong case for further evaluations of the inter-rater
reliability for that specific clinical population.

The concurrent validity evaluations can conversely, probably be regarded as more
definitive, as it is unlikely that researchers will undertake these types of confirmatory
studies in a range of different clinical populations. The coefficients of determination for the
static measure (R?=0.64) is sufficient to draw the conclusion that the FPI, as a quick and
easy clinical measure is quantifying an adequate proportion of the variability in standing
foot posture. The dynamic EMT section provides the clinician with a clearer idea of the

degree to which the pragmatic clinical approach should limit any inference drawn regarding

263



dynamic function in a patient. The R%0f 0.41 is higher than that reported in the literature for
previous studies of the degree to which static measures predict dynamic function 200337394
and supports the case that the FPI is a more valid clinical measure than those in current use.
The validation of the individual components informed a redraft of the FPI, reducing the
number of components. The final six-item version includes only those measures that were
demonstrated to contribute significantly to the various regression models, and to show

adequate reliability.

Can the new measure be used to evaluate the foot deformity of this group of people in
a clinical trial context?

It was noted previously that clinical utility (features such as ease of use and time taken to
conduct the examination, as well as responsiveness) was rated by physiotherapist clinicians
to be more important than reliability and validity 189 The clinical trial that was conducted, in
part at least, to assess the responsiveness of the FPI yielded too little change in the primary
measure for any meaningful evaluation of responsiveness in the FPI as the secondary
measure. The illustrations of the foot types and the associated FPI scores are useful
however, in enabling the reader to form an impression of the FPI scoring, and in providing
examples of the range of scores that might be encountered in the typical clinical assessment
of CMT foot. The examples range from pronounced and fixed cavus in a 34 year old male,
with associated FPI scores of -6 and -9, through more normal presentations with FPI scores
around zero, to a planovalgus foot in a child with profound muscle weakness and FPI scores
of +9. The sample of CMT patients included in the trial demonstrated a median FPI score
of -0.5, which was, as might be expected, some five points lower than the FPI scores
observed in the other populations investigated in the course of the validation process. The
FPI data from the non-CMT samples are in agreement with previous literature indicating
that the ‘average’ foot in the normal population stands in, and functions about a moderately
pronated position 10347394452 14 is also noteworthy that the standing FPI scores of the 4-6
year old children was significantly higher (i.e. more pronated) than those of the older

children and adults, a finding also mirroring that reported widely in the literature 254266453

454
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8.1.2 Fulfilment of the aims of the thesis

Both the overarching aims have been fulfilled through this program of work.

Aim 1. To obtain comprehensive descriptive data relating to the common physical
problems encountered in patients with CMT, with an emphasis on those problems
associated with the lower limb and foot.

The survey collated responses from the largest cohort of CMT patients to have provided
data on this range of presentations. The clinical features of CMT were described in detail,
and some of the relationships between these features have been evaluated for the first time.
The effects of CMT on health related quality of life have also been described and related to
disease features, as well as placing CMT in the broader spectrum of chronic diseases. It was
apparent that leg-weakness, even self reported weakness, was a valuable marker for
presence and severity of secondary features, and that the importance of leg cramps to people
with CMT has perhaps been underestimated by clinicians. The effects of CMT on foot-
related quality of life was noted to be particularly profound, and the gender specific
differences in footwear-related HRQoL raises questions as to how some of the immediate

requirements of patients might be better considered and addressed by clinicians.

Aim 2. To develop and validate a tool for better assessing baseline foot deformity and
evaluating existing treatments.

The technical limitations of current motion analysis technologies presented a barrier to the
definitive evaluation of the new instrument, but this had been anticipated at the outset and
the validation process was more robust than for any existing measure of foot posture. The
instrument received a positive response from clinicians, performed well in the validation
experiments and represents an advance on available methods for establishing baseline foot
posture and deformity. It has not been possible to establish definitively whether the
instrument will contribute to future evaluations of treatment, but its clinical utility appears
adequate, and carly uptake is encouraging (see Section 8.1.4. ‘Implications for future

research’, for a list of recent applications of the FPI in clinical research).
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8.1.3 Limitations of the research process

Reconciling clinical and scientific demands
Probably the most significant of the limitations arising from the program of work are the
absence of a truly definitive gold standard against which the measure could be evaluated,
and the conflicts arising from the requirement for the new measure to be quick and easy to
“apply in clinical practice. If the FPI were simply extending the accuracy or objectivity of
existing measures, the process of validation may have been more straightforward, as such
incremental gains are potentially easier to demonstrate. Difficulties were encountered
because of the technical limitations of what is regarded as the state-of-the-art, and also
because of ongoing definitional issues relating to foot pathologies that are ill-defined and
poorly characterised.
Having accepted the need for some compromise so that the new instrument would address
the needs of clinicians, it was relatively straightforward to ground the new instrument in the
existing literature. Having accepted compromise however, it became less straightforward to
validate the instrument according to best scientific principles. At the outset, the factors used
to define the new measure had been well described, and the candidate was able to adopt
these with a minimum of modification. In particular, the publication of the APTA foot and
ankle special interest group consensus statement’ went some way towards providing a solid
foundation upon which to base the development of the new measure. In identifying
component measures that might be suitable for inclusion in the new FPI, the process of
defining the components and the scoring system for was undertaken systematically. The
carliest stages of development described in Chapter Four reflect an initially cautious
approach in which clinicians were given the opportunity to comment on the measure in a
structured but relatively informal manner. It would clearly not be appropriate for the full
validation process to have been conducted in such a way, but for the early evolutionary
stages this approach was justifiable and indeed proved helpful, facilitating discourse
between testers and the candidate, and allowing for rapid evolution of the concept in
response to feedback.
The increasing formality and investment that was applied to the development of the measure

as it became clear that the concept was viable, is reflected in Chapters Five and Six.
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Limitations in the gold standards employed in the validations.
The initial concurrent validation study was performed using a measure, the valgus index,
with known limitations as a gold standard®’, but which allowed for concurrent evaluation
with an objective static measure in a large sample. The limitations of the gold standard
restricted the role of this part of the process to informing the development of the measure
| rather than providing evidence of the validity of the final instrument. The agreement
between the two measures was high, and does support the validity of the FPI to a degree, but
it is not clear from these data how much of the unexplained variance is the result of error in
the FPI ratings, and how much the is error associated with the valgus index. In the statistical
modelling used, the assumption is made that all the error is due to the new measure,
although given the published limitations of the VI this is unlikely to be the case. There are
also some limitations in the reliability studies, as these were undertaken to illustrate the
technical reliability of the new measure but cannot be extrapolated to predict the reliability
of the measure in multiple specific clinical populations.
The main study of concurrent validity described in Chapter Six is fairly robust
methodologically, and reflects, arguably, the best science achievable within the limitations
of current technology. In future it would be anticipated that through technological advances,
it will become possible to evaluate individual FPI components against joint-specific
segmental measures derived from video or EMT motion capture. This would represent a
considerable advance on the approach described in this thesis, but is not yet possible. In
trying to create a joint-specific model using existing technology, some new limitations were
identified, as illustrated by the stylus digitisation protocol used in Chapter Six, Section One.
This stylus driven approach allowed for study of highly localised segments, but limitations
were imposed by the error associated with multiple manual placing of the stylus against
anatomical landmarks. A model with sensors fixed to the segment removes this source of
error as well as permitting dynamic study, and detailed multi-segment dynamic modelling
would ultimately be more informative. Preliminary attempts have already been made to
describe the foot dynamically in more than one segment 240420 Bt these data are not yet
well enough understood or of sufficient validity in their own right to be used as a
benchmark in concurrent validation experiments. It is a strength of this validation process,
that the validity of the FPI was assessed by determining the extent to which the static
measure predicts dynamic function®, even if only against an ankle joint complex model. Few

such static measures have been subjected to such a rigorous evaluation.
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The technical limitations of the EMT system have been noted previously in Chapter Six, but
the most important of them warrant some further discussion, namely sampling rate and
system accuracy. The sampling rate of 30Hz is relatively low compared with the sampling
rate of typical force plate cvaluations (~1000Hz) and even video motion tracking (typically
50-250Hz). A low sampling rate such as 30Hz would certainly have the potential to be
problematic for any studies involving rapid motion such as running or jumping studies. For
| walking studies, 30 Hz has been reported to be adequate however 241 "and for this study of
low frequency motions the motion tracking system yielded data that was adequate for the
purpose.
The system accuracy was evaluated in detail as presented in Appendix F, and was found to
be acceptably high. Again some error must be acknowledged however, and ncluded in any
interpretation of these data, particularly as the assumption in the statistical modelling is
again that the EMT measures were an unimpeachable gold-standard. As was noted above
for the stylus digitisation protocol, all the residual variance is therefore attributed to the new
instrument in the analysis, although in practice some of the unexplained variance in the
EMT measured ankle joint complex motions is actually due to random or technical error

inherent to the EMT system.

Application to the CMT and general populations

Undertaking the majority of the validation studies outside the CMT population allowed for a
collection of data in larger samples than would have been possible using CMT population
alone. It was important to evaluate the FPT in at least one group with CMT, to ensure the
applicability of the measure to this group but given the relatively low prevalence of the
disease in the population, and the requirement for three reliability cohorts and two
validation cohorts, in addition to the subjects required for the final clinical utility chapter, it
was not practical to attempt to conduct the full set of validation experiments in patients with
CMT.

With the variable presentation of CMT in the lower limb® ''* and in the absence of any
accepted existing system for categorising foot posture, it would also have been impossible
to have achieved in a CMT sample, clear and non-overlapping groups of pronated, supinated
or ‘normal’ feet. The methods used in this study to create states of pronation and supination
are artificial and could therefore be criticised as being unrepresentative of natural foot

function, however the data demonstrate that the range of foot postures induced artificially

was similar to that seen in the large sample evaluated in the initial concurrent validation
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study, in the reliability studies, and the range of foot postures illustrated at the end of
Chapter Seven. The discrete nature of the categories resulting from the artificially induced
positions was ultimately of benefit to the validation process.

Conducting the evaluations in both normal and CMT samples has demonstrated the merits

of the approach in this specific clinical group, and potentially, in the population at large.

Clinical trial phase

The final investigation of the clinical utility of the FPI was limited by both the small size of
the sample in this part of what is a multicentre trial, and also by the absence of any effect in
the primary outcome as a consequence of the splinting. It had been hoped that there might
be some systematic effect associated with splinting, and although it might be expected that
any effect in the global foot posture would be less than in the primary outcome, it was
hoped that any effect may have been measurable in the FPI scores. Ultimately however the
minimal effect of the splinting intervention precluded the derivation of any measure of
responsiveness. The final chapter therefore is limited to an empirical estimation of the merit
of the new instrument in the clinical setting, appraisal of its reliability in the CMT
population, and illustration of the range of FPI scores that might be encountered in people

with CMT.

8.1.4 Implications for future research

The purpose of defining and validating a new measure was to provide the clinical
community with a new instrument that may be used to provide quantitative data for both
routine practice and clinical research. Clearly, for detailed lower limb studies, dynamic
motion tracking will remain the preferred gold standard for the foreseeable future 189242422
although even in laboratory studies the FPI has already found some favour as a preliminary
screening tool for use prior to instrumented analysis. Where there is a need for a quick
quantitative measure to provide data on a large scale, such as in population studies or cohort
studies, the FPI has some advantages that are already being exploited. Several research
groups are applying the FPI in a range of clinical research situations already at a number of

institutions in Australia, Europe and North America. Some examples of outputs arising from

independent users of the FPI include:

. Payne C., Oates M., Noakes, H. Static Stance Response to Different Types of
Foot Orthoses. Journal of the American Podiatric Medical Association.
Volume 93 Number 6 492-498 2003
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. Noakes H.,Payne C. The Reliability of the Manual Supination Resistance Test
. Journal of the American Podiatric Medical Association. Volume 93 Number
3 185-189 2003

. Payne C, Aquino C. Significance and Clinical Application of the Forces
Needed to Supinate the Foot. Prescription Foot Orthoses Laboratory
Association, Annual meeting Las Vegas, NV. 2003

. Yates B., White S. The incidence and risk factors of Medial Tibial Stress
Syndrome among naval recruits. Sports Medicine Australia Naticnal
Conference, Melbourne, October 2002

. Payne C., Oates M., Mitchel A. The response of the foot to prefabricated
orthoses of different arch heights. Australasian Journal of Podiatric Medicine;
Vol 36, No.1 : 7-12. 2001

. Bickerstaffe J. Effect of a change in foot posture on a patients pain scale. MSc
thesis, University of Stafford

. Brown C, The effect of a functional foot orthoses (FO) on balance parameters
in subjects with pronated feet. MSc thesis, University of Teeside

. Froggat-Bailey J. A randomised controlled trial to investigate the role of
orthoses in knee pain management. MSc, Manchester Metropolitan University

. Warne D The relationship between childhood obesity and abnormal pronation
BSc (Hons) thesis, University of Salford

. Bain J. Comparison of foot type/posture between Rheumatoid Arthritis
patients and non-Rheumatoid Arthritis patients using the Foot Posture Index"
BSc (Hons) thesis, University of Salford.

. Targett R. Foot posture changes in younger children BSc (Hons) thesis,

University of Wales Institute, Cardiff

Halstead J. Relationship between foot posture and passive hallux dorsiflexion

BSc (Hons) thesis, University of Huddersfield.

Rankin C. Incidence of medial tibial stress syndrome (MTSS) and its

relationship to pronation. BSc (Hons) thesis, Auckland University

Key areas for future research.

Hypothesis generating research.
There are a variety of theoretical models that purport to explain the function of the foot in

health and disease. To-date most of the activity directed toward generating explanatory
models of foot function have been based, in the absence of good clinical data, on

395435436 rather than testing of observations. The

development of ‘blue-sky’ theory
availability of a valid, quantitative instrument that can be used to evaluate large numbers of
subjects in a range of clinical populations offers some scope for the generation of new

hypotheses based on observation rather than theory.
Epidemiology 1. Population screening and descriptive studies.

Cardinal studies of the incidence and prevalence of the various foot postures are needed to

inform clinicians of the range of presentations seen in the population at large and in clinical
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sub-populations. To-date studies of this type have been limited because of dissatisfaction
with operational definitions of foot type, foot pathology, and diseasc classification, and

g . o 186
concerns over the validity of the available clinical measures 616186

Epidemiology 2. Associative epidemiological studies.
Studies evaluating the links between structural variables such as foot posture, and

" musculoskeletal symptoms have also been inhibited by the absence of satisfactory clinical
measures>® “'*°_Routine collection of foot posture data may allow for future record

review, and extraction of previously unrecognised relationships.

Cohort studies.
The FPI might have a role in cohort studies, evaluating large numbers of subjects to

quantify foot posture at outset and monitoring change over time. Studies arising from this
type of application might include prospective cohorts investigating the role of foot posture
as a risk factor for developmental pathology such as hallux valgus formation, or studies
monitoring change over time in foot posture in progressive disorders such as CMT or

Rheumatoid Arthritis.

Treatment evaluations.
As noted previously, robust prospective scientific evaluations of foot treatments are likely to

be best conducted using dynamic objective measures and in smaller, tightly controlled
samples** **’. There is a role however, for large scale collection of data describing, for
example, postural effects such as might be seen with functional foot orthotic therapy, and
for prospective studies aimed at identifying predictive markers for successful outcomes in
patients undergoing a range of treatments. Evaluations of changes induced by therapies such

as foot surgeries in CMT may also be aided by clinical evaluation using the FPI**®,

8.2 CONCLUSIONS

Foot pathologies are prevalent in the CMT population and to a lesser extent in the general
population. Many such foot problems are a consequence of altered foot posture or foot
function'® *° %% _ Although not life threatening, foot problems are the source of significant
morbidity, and contribute to reduced health related quality of life. Foot problems in both the
general population and in the CMT population are poorly understood and are often

trivialised.
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Existing clinical measures are inadequate for measuring foot posture as they are either not
of acceptable reliability/accuracy, or are too time consuming and costly to undertake
routinely. The need for the new measure was established from clinician requirements and a
consensus statement published in the literature. The new measure was grounded in the
existing literature from the outset, and while retaining some of the inherent limitations of a

simple clinical examination, has proven more reliable and valid than any gxisting measures.

The FPI was demonstrated to reflect well the standing posture when evaluated concurrently
with a sophisticated digital model. Importantly, the FPI derived standing foot posture also
predicted more completely than any existing measure, the proportion of variance in foot

motion during normal walking.

The foot postures seen in CMT and the other groups studied encompassed a wide range of
presentations and allowed for illustration of a range of FPI scores. The measure has

acceptable face validity and has proven popular with clinicians and clinical rescarchers.

In summary, the Foot Posture Index is an instrument for quantifying foot posture simply and
quickly, that addresses a deficit well documented in the literature. The new measure requires
little special training and is applicable to arrange of clinical settings. The FPI has performed
well in a quantitative validation process more rigorous than for any similar measure of foot
posture, allowing potential users to make an informed choice over its suitability to specific
purposes. The availability of a validated instrument that describes foot posture in multiple
segments and planes offers opportunities for developing a better understanding of the foot,

its disorders and its treatments, in CMT and in other clinical populations.
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Appendix A. FPI-8 first draft (1997)

PATIENT ASSESSMENT

There are eight observable features which can enable the observer to estimate the
subtalar and midtarsal position in RCSP. These are

1. Supra and infra lateral malleolar curvature.

2. Helbing's sign

3. Prominence of the sustentacuium tali

4. Height of the medial longitudinal arch

5. Congruence of the lateral border of the foot

6. Abduction/adduction of the fore foot on the rear foot.
7. Talar head palpation

8. Rear foot frontal plane position

We are aiming to evaluate whether these can be combined into a scoring system that
can be used in clinic.

We are testing the eight signs in combination. They are to be scored on a grading
scale with O (zero) representing the signs that you might expect to see in a neutral
foot. Positive scores are used to denote pronated features, with negative scores for
supinated features.

Scores can be graded +/- 1 or 2 according to the severity of the presenting feature.

Tony will go through the scoring criteria with you prior to the evaluation session.
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Appendix B. FPI-8 refined draft datasheet (2000)

Patient name ID number Date

Non weightbearing - Prior to FPI assessment, look at the feet and legs for signs of fived pathology
that should to be factored into the functional assessment.

Weightbearing

FACTOR PLANE YOUR SCORE

-2to +2
Left Right
2 1. Talar head palpation Transverse
o
t
o
@ | 2. Supra and infra lateral malleolar | Frontal/
curvature. trans
3. Helbing's sign Frontal

4. Inversion/eversion of the calcaneus Frontal

5. Prominence in the region of the TNJ | 7ransverse

6. Congruence of the medial | Sagittal
longitudinal arch

. Congruence of the lateral border of | 7ransverse
the foot

Midfoot/forefoot
~}

8. Abduction/adduction of the forefoot | 7ransverse
on the rear foot.

TOTAL

Normal = -1 to +4
Pronated = +5 to +9. Highly pronated 10+
Supinated = -2 to —6, Highly supinated —6 to -16

©Antheny Redmond 1998

(May be freely copied for clinical use and adapted
with the permission of the copyright holder)
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Appendix C. FPI-6 datasheet
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PLEASE NOTE
This draft is provided to interested parties in confidence and with the caveat that the FPI may change as
the various stages of the evaluation are undertaken. When the development is complete it is the au-
thor's intention that the FPI concept and data sheets will be released into the public domain.

The copyright holder permits free copying of the datasheet overleaf for clinical or research purposes,
however amendments to the FPI format or concept must be made only with the copyright holder’s ex-
press permission

Once the validation process is complete and the FPI is finalized, manuals and user guides will be avail-

able through a mainstream publisher and book distributors. If you wish to be kept informed of develop-

ments and/or you wish to arrange a workshop on the use of the finalized FPI please contact the author
(see below).
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THE FOOT POSTURE INDEX®

Easy quantification of
standing foot posture

6 item version

— DATA SHEETS
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 DRAFT VERSION May 2004
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Foot Posture Index Datasheet

tient name ID number
CORE 1 CORE 2 ISCORE 3
FACTOR PLANE P F
Date Date, Date.
IComment lComment Comment

Left Right Left Right Left Right
(-2t0+2) | (-2t0+2) | {210+2) | (-2to+2) | (-210+2) | (-210+2)

. |Talar head palpation Transverse

[=]

(=]

£ ICurves above and below latera! malleoli. Frontal/

& trans
Inversion/eversion of the calcaneus Frontal
Bulge in the region of the TNJ Transverse

-t

-% Congruence of the medial longitudinal arch|  Sagittal

(=]

= \Abductionfadduction of the forefoot on thej Transverse
rear foot (too-many-toes).

TOTAL
Reference values
Normal = 0 to +4 @Anthony Redmond 1998
Pronated = +5 to +9 Highly pronated 10+ (May be copied for clivical use, and adapted

jth the permission of the copyright holder,
Supinated = -1 to -4, Highly supinated -5 to -12 " permissian copyrigh 4

Foot Posture Index Datasheet

fent name ID number
SCORE 1 IsCORE 2 SCORE 2
FACTOR PLANE
Date, Cate Date
Comment IComment Comment,

Left Right Left Right Left Right
(-2to+2) | (-2t0+2) | (-2to+2) | (-2t0+2) | (-210+2) | {-210+2)

. [Talar head palpation Transverse

Q

(=]

S Curves above and below lateral malleoli. Frontalf

& trans
Inversion/eversion of the calcaneus Frontal
Bulge in the region of the TN Transverse

% Congruence of the medial longitudinal arch|  Segitta!

(=]

= Isbduction/adduction of the forefaot on the Transverse
rear foot (toc-many-toes).

TOTAL
Reference values
Normal = 0 to +4 @Anthony Redmand 1998
Pronated = +5 to +9 Highly pronated 10+ (May be copied for clinicai use, and adapted

ith the permission of ¢ holder,
Supinated = -1 to —4, Highly supinated -5 to -12 " permission of the copyTigh g




Appendix D. CMTAA survey — Section A and SF-36 and FHSQ
forms
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CMT Association of Australia and
the Children’s Hospital at
Westmead, Institute for
Neuromuscular Research

Australian CMT Health Survey 2001

The Australian CMT Health Survey 2001 consists of three parts:

Part A. Some questions about your CMT and the treatments you may have received,
Part B. A general health questionnaire
Part C. A leg and foot specific questionnaire.

Please try to answer all three parts.

If some of the questions seem a little strange this may be because two of the questionnaires
are not designed specifically for use in evaluating the effects of CMT. However they have
been widely used in conjunction with other conditions. If you can try to persevere through

them, the information we will gain from them will be very valuable in comparing the effects of
CMT with existing studies of other disorders.

Part A

CMT specific Questions

Please attempt to complete all questions.



Australian CMT Health Survey 2001 - Part A

About vou

Y1. What is your gender?

Male D Female D

Y2. What is your marital status? (please tick one)

Single- never married D Married/ de facto D Separated/divorced D

Y3.
What was your age
last birthday?

Y4. At approximately
what age did you first
notice signs of CMT?

Y5. At approximately
what age was your CMT
formally diagnosed?

Y6. Were you incorrectly

| diagnosed as having another
condition before being
diagnosed as having CMT?

Y6a. if ves, please provide details. (Examples might include muscutar

dystrophy, polio, arthritis)

iy
No DYesD|——:I—-L?
M
o L

Y7. Which type of CMT do you have?

Not sure D CMT1A D CMT1(othen) D CMT2 D CMT3 (Dejerine-Sottas) D CMTX D

Other — please provide details

About vour family

F1

Is there a history of CMT in your

family?

No D Not sure D Yes DLT
]

[

F2. —

Is yours considered a ‘sporadic’ case?

No D Not sure D Yes D

F1a. |f yes, please provide details.

L
F3.
Do you have any children?

No Q Yes D

F3a.
How many children
do you have?

F3b.
How many of your
children have CMT?

F4. N

Do you have any other
significant medical
problems in addition to your
CMT?

No D YesD [:

F4a. If ves, please provide details.

>

Please turn the page and continue
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| Women and pregnancy
| If you are male, or a woman who has never been pregnant please skip this section and go straight to question B1
1 at the bottom of this page — ‘CMT and your body’

P1. Were you diagnosed with P1a. Did you receive any P1b. Would you have liked to have
CMT before your 1*! pregnancy genetic counselling? had some genetic counselling?
No D Yes D Yes D No D No D Yes D Not sure D
s | | T

R — T
| P2. For each of your pregnancies please indicate whether you experienced any worsening of your CMT
| symptoms while pregnant (eg weakness, more severe muscle wasting, pins and needles etc)

Your age Not No change A little worse Worse Much worse A lot worse
atthe time  Applicable
Pregnancy number 1 a Q a a d
Pregnancy number 2 a Q Q a Q a
Pregnancy number 3 Q Q d a Q a
Pregnancy number 4 Qa - d a d Q
1 Pregnancy number 5 d a a a d Q
Pregnancy number 6 a a a Q Q a
Pregnancy number 7 d a a Q a Q
Pregnancy number 8 a Q Q Q a a
Pregnancy number 9 a Q Q a a a
Pregnancy number 10 a Q d d a g

| if there was any change in your CMT due to pregnancy, please provide some information on the type of changes
you experienced.

CMT and your body

Please indicate how severely you are affected by the following common features of CMT.

Not at all A little A moderate Quite a lot Severely
amount

B1. Scoliosis (a twist in your back) a d Q Q Q
In your arms/hands -

B2. Weakness (W a a =] a

B3. Muscle wasting a a O a a

B4. Tremor a a Q a a

B5. Sensitivity to cold Qa 1 Q a Q
In your feet/legs -

B6. Weakness a a a a Q

B7. Muscle wasting a Q d a a

B8. Sensitivity to cold a a a Q Q

B9, Flat feet d a d a d

B10. High arches a a Q d a

Other (please comment)

Please turn the page and continue Page 2 of 9
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1 CMT and your body - sensation

All of the questions in this section relate to how often you experience problems with sensation

Please tick the box which you feels best applies to you for each of the questions.

Never Occasionally Often Very often  Constantly
Do you have problems with your:
S1. Hearing a a d d a
52, Vision (with seeing) Q a a a Q
Do you suffer from loss of sensation in:
S$3. Your hands = Q Q O a
S4. Your feet Q a g Q Q
Do you have any problems with any of the following?
$5. Bladder control Q a a a [m]
S6. Bowel control a a a a Q
S7. Sexual function a g a A a
S8. Do you burn yourself? a Q Q Q Q
(eg your hands while cooking, or
feet when stepping into the bath)
S9. Do you have slow reactions to pain? a a a a Q
(eg stub your toe and take a few
steps before noticing pain)
Do you experience shooting pains:
510. In your arms/hands? Q a a Q a
S11. In your legsifeet? a a a Q Q
Do you experience ‘pins and needles’ or other strange sensations:
S12. In your arms/hands? a Q Q a a
$13. In your legs/feet? a Q Qa a a
S$14. Do you have ‘restless’ legs at
night or when sitting? a Q Q a Q

Please add any comments you would like to make about the changes in sensation associated with your CMT

Please turn the page and continue
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CMT and you — impacts on daily function

F1. Do you use any of the following aids or devices? (please tick all that apply)

Wheelchair Q Mobility scooter a
Walking stick a Walking frame a
Stair lift a

Orthoses

Low-cut ‘in-shoe’ orthoses a Other orthoses

Splints coming above the ankle a (please specify)

{back slab or AFQ type}
Kitchen aids a Dressing aids a
(jar openers, large handled cutlery etc) {shoe horns, bution aids etc)

Please add any comments you would like to make about aids and devices.

Many people with CMT have problems finding comfortable footwear. Questions about problems you may have
encountered with footwear are dealt with again in Part C, the Foot Health Status Questionnaire. For the benefit of
other members however, if you have found a type of shoe or a supplier who you feel has helped you, please
supply details below.

(This information will not form part of the survey analysis but the list will be held by the CMTAA and provided to members.)

Never Occasionally Often Very often  Constantly

Do you lose your balance when:

L1. You are walking on flat surfaces? a Q a a Q
L2 You are standing still? a a O a a
L3. You are walking on uneven surfaces? Q Q a d Q
L4. Do you bend your knees

to assist with your balance? a Q a Q a
L5.Do you fall to the ground

because of balance problems 8] Q ad Q a

Please add any comments vou would like to make about your CMT and daily function

Please turn the page and continue Page 4 of 9




| CMT and you — treatments (non-surgical) ]

Please indicate which of the following treatments you have tried. It would be very helpful if you could indicate how
|| easy you found it to go through the treatment and how effective the treatment was for you.

Have you tried:

C1. Stretching exercises?

No Yes Approx date(s) Ease No difficulty Minimal difficulty Difficult ~ Very difficult Impossible
Q Qg : . a o o
@ Effectiveness Useless Alittle help  Quite helpful  Very helpful 100% effective
_ Q g a a d
C2. Ankle/foot splints (daytime wear)
No Yas Approx date{s) Ease No difficulty Minimal difficulty Difficult  Very difficult Impossible
D D L—_> a d Q a Q
Effectiveness  Useless Alittle help Quite helpful Very helpful 100% effective
d Q 0 Qa a
C3. Ankle/foot splints (night-time wear)
No Yes Approx date(s) Ease No difficulty Minimal difficulty Difficult  Very difficult Impossible
D El l::) a a a a Q
Effectiveness Useless Alittle help Quite helpful  Very helpful 100% effective
d Q Q d a
C4. Shoe inserts (not above the ankle)
No Yes Approx date(s) Ease No difficulty Minimal difficulty Difficult  Very difficult Impossible
Q o 4 4 a a g
Effectiveness Useless Alittle help  Quite helpful  Very helpful  100% effective
d Q a g d
C5. Plaster casts (to stretch muscles and tendons)
No Yes Approx date(s) Ease No difficulty Minimal difficulty Difficult  Very difficult Impossible
Q Qg 2 : a o o
Effectiveness  Useless Alittle help  Quite helpful Very helpful 100% effective
Q d a a d
C6. Leg strengthening exercises (seated or lying down)
No Yes Approx date(s) Ease No difficulty  Minimal difficulty Difficult ~ Very difficult Impossible
0 Qg . ] a o o
Effectivenass Useless Alittle help Quite helpfu! Very helpful 100% effective
d Q a Q a
C7. Leg strengthening exercises (standing)
No Yes Approx date(s) Ease No difficulty ~ Minimal difficulty Difficult  Very difficult Impossible
D D [> a (M d a a
Effectiveness Useless Alittle help  Quite helpful  Very helpful 100% effective
Q a a Q a

Please turn the page and continue Paqge 5of 9




CMT and you — treatments (alternative therapies)

Please indicate below if you have tried any alternative therapies (acupuncture, traditional Chinese medicine,
naturopathy, aromatherapy, homoeopathy etc. ) and indicate how easy you found it to go through the treatment and
how effective the treatment was for you. If you have not tried any alternative therapies go straight to the next

section.

Type of alternative therapy and date

At

A2,

A3.

Ease

Effectiveness

Ease

Effectiveness

Ease

Effectiveness

No difficulty  Minimal difficulty Difficult
g

d Q
Useless Alittie help Quite helpful
a a a

No difficulty  Minimal difficulty Difficult

Q

Useless
a

a

Useless
a

a Q
Alittle help Quite helpful
Q Q

No difficulty Minimal difficulty Difficult
a

a

Alittle help  Quite helpful
d a

Very difficult Impossible

Qa a
Very helpful 100% effective
a a

Very difficult Impossible
d a

Very helpful 100% effective
a a

Very difficult Impossible

d Q
Very helpful 100% effective
A g

Please add any comments about the conservative (non-surgical), and alternative treatments you have tried.

Please turn the page and continue
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CMT and you - treatments (surgery) foot only

Please indicate which of the following surgical treatments have been tried with you to improve your feet.
For many people there will be a complex history of several different approaches on several occasions. For the sake
of keeping the form a manageable size, the list of options have been kept to a minimum.

If you wish to continue on a separate sheet please feel free to do so. (If you do add extra sheets listing muitiple
episodes of surgery, it would help us enormously if you can use the same format as in questionnairs.)

In this section you are asked to tell us when you had the various surgeries, what age you were, what type of
surgery you had, who performed it and where, how traumatic the process was, how effective was the surgery
technically, and how worthwhile you now consider subjecting your self to the surgery. In deciding how traumatic it
was undergoing the surgery you should include: the amount of pain you suffered, the impact on your day-to-day life
while you were healing from the surgery, and the length of time you were disabled by the surgery.

Please put a number in the box corresponding to the type of surgery you had, and then score your experience of
the surgery.

11 Muscle/tendon surgery —not | 21 Tendon lengthening without 31 Bone surgery {osteotomy) 41 Joint fusion — Triple
sure what kind transfer to a different place without any joints fused- arthrodesis’
12 Bone surgery (osteotomy) — 22 Tendon or muscle fransfer many bones operated on a 42 Joint fusion — Ankle
not sure what kind without bony surgery the same time 43 Joint fusion — Heel
13 Joint fusion — not sure what 32 Bone surgery (osteotomy) 44 Joint fusion — Arch area
kind without any joints fused- 45 Joint fusion — Front of foot
heel only only
33 Bone surgery {osteotomy)
without any joints fused- 50 Other — (please specify}
arch area only
34 Bone surgery (ostectomy)
without any joints fused -
front of foot only
35 Bone surgery {osteotomy}
and muscle/ tendon
lengthening or transfer
36 Toe straightening
EXAMPLE
Surgery type, surgeon, place and approx date
29 — tendon t Trauma None Some but manageable Unpleasant Very unpleasant Terrible
— tendon transfer 0 0 X Q Q
—aged 17 (1980)
‘o Effectiveness  Useless Alittle help  Quite helpful  Very helpful  100% effective
Dr Ambiguity, West
a XI a a d
Coast Hosp ,Sydney
Worthwhile Definitely no Not really Neutral Yes Definitely yes
a Q (K| a Q

Comments
It was very painful at first. I was able to walk within a month though so it could have been worse. It didn’t

really work as I have had to have a joint fusion since, but I suppose it bought me some time.

S1. Surgery type, surgeon, place and approx date

Trauma None Some but manageable Unpleasant Very unpleasant Terrible
g ;] a Q a

Effectiveness  Useless Alittle help Quite helpful  Very helpful  100% effective
a a A Q Q

Worthwhile Definitely no  Not really Neutral Yes  Definitely yes
0 g a a a

Comments
Please turn the page and continue Page 7 of 9




CMT and you - treatments (surgery) foot only

S2. Surgery type, surgeon, place and approx date

Comments

$3. Surgery type, surgeon, place and approx date

Comments

S4. Surgery type, surgeon, place and approx date

Comments

Please continue on a separate sheet if necessary (in the same format if possible)

Trauma None Some butmanageable Unpleasant Very unpleasant Terrible
Q a Q a Q
Effectivenass  Useless Alittle help Quite helpful Very helpful 100% effective
Q d o a a
Worthwhile Definitely no Not really Neutral Yes Definitely yes
a Q g a Q

Trauma None Some but manageable Unpleasant Very unpleasant Terrible
a a a a g

Effectiveness Useless Alittle help  Quite helpful Very helpful 100% effective
g a a a a

Worthwhile Definitely no Not really Neutral Yes  Definitely yes
a ] d a a

Trauma None Some but manageable Unpleasant Very unpleasant Terrible
a u g Q a

Effectiveness Useless Alittle help  Quite helpful  Very helpful 100% effective
[w] ] a a a

Worthwhile Definitely no Not really Neutral Yes Definitely yes
d a Q a a

Please turn the page and continue
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CMT and you - treatments (surgery) foot only

Please tell us about the three most successful approaches to treatment you have tried. Please try to include
why these approaches have been more successful than others.

Mt

| M2

M3

Please tell us about the two least successful approaches you have tried. Please try to include why these
approaches have been less successful than others.

u1

U2

Please feel free to add any other comments regarding you, your experiences with CMT, or this survey (continue on
a separate sheet if necessary).

END OF PART A - Please continue to Parts B and C Page 9 of 9




Thankyou for answering the CMT specific questions.
Next please turn the page and answer the questions in Part B, the SF-36
Health Survey.

Part B

The SF-36

About the SF-36:

The SF-36 is a widely used general health survey and will enable us to
compare the answers given in this study with previous studies of other
conditions. Please note that because this survey is from a different source,
the way you provide your answers is slightly different.



The SF-36™ Health Survey

Instructions for Completing the Questionnaire

Please answer every question. Some questions may look like others, but each

one is different. Please take the time to read and answer each question
carefully by filling in the bubble that best represents your response.

EXAMPLE

This is for your review. Do not answer this question. The questionnaire
begins with the section Your Health in General below.

For each question you will be asked to fill in a bubble in each line:

1. How strongly do you agree or disagree with each of the following statements?

Strongly Agree Uncertain Disagree Strongly
agree disagree
a) | enjoy listening to music. O [ ] O O @)
b) | enjoy reading ® O O O O
magazines.
Please begin answering the questions now.
Your Health in General
1. In general, would you say your health is:
Excellent Very good Good Fair Poor
O O O O O
2. Compared to one year ago, how would you rate your health in general now?
Much better Somewhat better About the Somewhat Much worse
now than one now than one same as one worse now than now than ocnhe
year ago year ago year ago one year ago year ago
O O O O O

Please turn the page and continue.

SF-36™ - © Medical Outcomes Trust and John E. Ware, Jr. — All Rights Reserved - Page 1 of 3




3. The following items are about activities you might do during a typical day. Does your
health now limit you in these activities? If so, how much?

Yes, Yes, No, not
Limited limited limited
alot a little at all
a) Vigorous activities, such as running, lifting heavy O O O
objects, participating in strenuous sports
b) Moderate activities, such as moving a table, pushing a O O O
vacuum cleaner, bowling, or playing golf
¢) Lifting or carrying groceries O O O
d) Climbing several flights of stairs O O O
g) Climbing one flight of stairs O O O
f)  Bending, kneeling, or stooping O O O
g) Walking more than a mile O O O
h) Walking several blocks O O O
i)  Walking one block O O O
j)  Bathing or dressing yourself O O O

4. During the past 4 weeks, have you had any of the following problems with your work or

other regular daily activities as a result of your physical health?
| Yes No |

a) Cut down on the amount of time you spent on
work or other activities

b) Accomplished less than you would like

c) Were limited in the kind of work or other
activities

o O O O

o O O O

dy Had difficulty performing the work or other
activities (for example, it tock extra time)

5. During the past 4 weeks, have you had any of the following problems with your work or

other regular daily activities as a result of any emotional problems (such as feeling
depressed or anxious)?

Yes No I
a) Cut down on the amount of time you spent on o O
work or other activities
b} Accomplished less than you would like O O
c) Didn't do work or other activities as carefully as O O
usual

Please turn the page to continue.
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6. During the past 4 weeks, to what extent has your physical health or emotional problems
interfered with your normal social activities with family, friends, neighbors, or groups?

Not at all Slightly Moderately Quite a bit Extremely
O O O G O
7. How much bodily pain have you had during the past 4 weeks?
None Very mild Mild Moderate Severe Very severe
O O O O O O

8. During the past 4 weeks, how much did pain interfere with your narmal work (including
both work outside the home and housework)?

Not at all A little bit Moderately Quite a bit Extremely
O O O O O

9. These questions are about how you feel and how things have been with you during the past 4
weeks. For each question, please give the one answer that comes closest to the way you have
been feeling. How much of the time during the past 4 weeks...

Allof Most Agood Some Alittle None

the ofthe bitof ofthe ofthe ofthe
time time the time time time  time

a) did you feel full of pep?

b) have you been a very nervous
person?

¢) have you felt so down in the dumps
nothing could cheer you up?

d) have you felt calm and peaceful?

e) did you have a lot of energy?

f)  have you felt downhearted and blue?
g) did you feel worn out?

h) have you been a happy person?

Oo0O0O00O00 O OO0
OO0OO0OO0O00O O OO0
OO0OO0OO0O00 O 0O
00000 O OO0
O00OO000 O OO0
OO0OO0O0CO00 O OO0

i) did you feel tired?

10. During the past 4 weeks, how much of the time has your physical health or emotional problems
interfered with your social activities (like visiting friends, relatives, etc.)?

All of the Most of the Some of the A little of the None of the
time time time time time
O O O O O

11. How TRUE or FALSE is each of the following statements for you?
F)efinitely Mostly Don't Mostly Definitely

true true know false false
a) |seem to get sick a little easier than O O O O O
other people
b) | am as healthy as anybody | know O O Q O O
¢) | expect my health to get worse O O O O O
d) My health is excellent G O O O O

THANK YOU FOR COMPLETING THIS QUESTIONNAIRE!

SF-36™ - © Medical Outcomes Trust and John E. Ware, Jr. ~ All Rights Reserved - Page 3 of 3



Thankyou for completing part B.

The final part of this questionnaire, Part C, ask questions about the impact of
CMT on your legs and feet, and how this affects you in day-to-day life.

Part C

The Foot Health Status
Questionnaire

About the Foot Health Status Questionnaire (FHSQ):
The FHSQ is similar to the SF-36 and is used to compare different conditions
affecting the feet and legs.

A few of the questions in the Foot Health Status Questionnaire (Part C) are
identical to questions you have just answered in Part B, and a few other
questions are also similar. We do appreciate your patience and cooperation in
providing answers to these duplicated questions.

By answering these questions in both Part B and in Part C you will help to
maintain the integrity of the two questionnaires.



THE FOOT HEALTH STATUS
- IONAIRE

i T

ime to fill out this important

Thank you for taking the t
questionnaire.

The answers you provide will help your podiatrist to
understand how to care for your foot problems.

The questionnaire is very simple to complete and there
are no right or wrong answers. The questionnaire takes
less than 10 minutes to complete.

The Foot Health Status Questionnaire © Version 1.03



Crohaniiina

INSTRUCTIONS

 This questionnaire asks for your views about your foot health.
 All you need to do is circle your answer to each question.

« If you are unsure about how to answer a question, please give the
best answer you can.

The following questions are about the foot pain you have had during
the past week.

1. What level of foot pain have you had during the past week ?
(circle number)

NONE. ..ttt vttt eiaans 1
Very Mild.....ooviii e 2
MIld. . 3
Moderate.......ccoovvveveieiiiiiin 4
=1 =1 = TP PR PpPy 5

< ' g
@ R Q ©
DURING THE LASTWEEK.. < & & @&
2. How often have you had foot 1 2 3 4 5
pain ?
3. How often did your feet 1 2 3 4 5
ache?
4. How often did you get sharp 1 2 3 4 5

pains in your feet ?




These questions are about how much your feet interfere with activities

you might do during a typical day.
(circle a number for each question below)

DURING THE LAST WEEK...... .

5. Have your feet caused you
to have difficulties in your 1 2 3 4 5
work or activities ?

6. Were you limited in the kind
of work you could do 1 2 3 4 5
because of your feet ?

N > 3
N e &
S ¢ & F
DURING THE LAST WEEK...
7. How much does your foot
health limit you walking ? 1 2 3 4 5
8. How much does your foot
health limit you climbing 1 2 3 4 5

stairs 7

9. How would you rate your overall foot health ? (circle number)




The following questions are about the shoes that you wear. Please circle
the response which best describes your situation.

It is hard to find shoes that
do not hurt my feet.

| have difficulty in finding
shoes that fit my feet.

| am limited in the number
of shoes | can wear.

13. In general, what condition would you say your feet are in ?

(circle number)




,,,,,,,

14. In general, how would you rate your health :

(circle number)

Very GOOd.......ciciiiiii i 1
Y] U OO 2
= oo (PSP 3

15. The following questions ask about activities you might do during a typical
day. Does your health now limit you in these activities? If so, how much?

(circle 2 number on each line)
Yes, Yes, No, Not
ACTIVITIES Limited | Limited | Limited
A Lot A Little | At All

a. Vigorous activities, such as running, lifting
heavy objects, or (if you wanted to) your ability 1 2 3

to participate in strenuous sports

b. Moderate activities, such as cleaning the

house, lifting a chair, playing golf or swimming

Lifting or carrying bags of shopping

Climbing a steep hill

Climbing one flight of stairs

Getting up from a sitting position

Walking more than a kilometre

s|le| = o ajo

Walking one hundred meters

Al | Al Al Al Al Al -
N N N N R N NN
Wl LW W] W] Wi W W W

Showering or dressing yourself

16. This next question asks to what extent has your physical health or
emotional problems interfered with your normal social activities with

family, friends, neighbours or social groups?
(circle number)

(o4 | = OO PP PP UL 1
SlGhtY....veeeieiiii 2
Moderately.......ccoerrirmerrrer it 3
QUItE @ Dit...eevvivee e 4
EXIrE@MEIY...civivree e e 5

gty

T TE T E T P Hnfeter Tveowost W TTDUTTE IR CHORT T
Please turn to
S e ARSI Tk Lk E

JTTRTE

7he next




17. These questions are about how you “feel” and how things have been with
you during the past month. For each question, please give the one answer
that comes closest to the way you have been “feeling”. How much of the
time during the past 4 weeks:

All of Most of | Some of | Alittle | None of
the time the the of the the
Time Time Time Time
a. Did you feel tired? 1 2 3 4 5
b. Did you have a lot of 1 2 3 4 5
energy?
c¢. Did you feel worn out? 1 2 3 4 5
d. Did you feel full of life? 1 2 3 4 5

18.During the past 4 weeks, how much of the time has your emotional
problems or physical health interfered with your social activities (like visiting
with friends, relatives, etc.)?

{circle number)

NOtIME At All ..o 1
A small amount of tiMe.....cccovvivnereii e 2
Moderate amount of time........ccccovoviiiiiiiiiiiiii, 3
Quite a bit of the tiMe....coeceieee s 4
All Of the fiIMe. ..ot e 5

19. How TRUE or FALSE is each of the following statements for you?

(circle a number on each line)

True or Don’t | False or
Mostly Know Mostly
True False
a. | seem to get sick a little easier than
other people 1 2 3

b. | am as healthy as anybody | know 1 2 3

c. | expect my health to get worse 1 2 3

d. My health is excellent




Please complete the following details.
20.

21.

22.

23.

24,

Full Name:
Address: Postcode:
Date of Birth: Sex: Male 0 Female O

What is the date when you filled out this survey? Please write here —

Do you currently take any medicine prescribed by your doctor for any of the following

conditions ;
(please tick the appropriate box/s)

Diabetes o Hormone Replacement Therapy o
Osteoarthritis 0 High Cholesterol o
Blood Pressure o Rheumatoid Arthritis o
Heart Disease o Back Pain o
Lung Disease o Depression o
Any other conditions you take 1.
medicine for, please list ....... 2.

3

For the next questions, please tick either YES or NO

Yes No
25. Are you a pensioner or health care cardholder ? o o
i ?
26. Do you smoke cigarettes “ o o
27. Do you do any regular physical exercise ? o o
28. Do you have private health insurance ? o o

29. Have you(f



You have now finished completing
the forms.

Thank you very much for your assistance in completing the questionnaires.
Please return the forms in the envelope provided, or by mail to:

Postal Survey

CMT Association of Australia
Building 51

Concord Hospital

Concord

NSW 2139

If you require further copies you can arrange for them to be sent you by
contacting the CMTAA at the address above, or:

Telephone: (02) 9767 5105
Fax: (02) 9767 5105
Email: cmtaa@lycos.com

Alternatively you can also download copies of the forms from the Internet at
http://e-bility.com/cmtaa



Appendix E. Motions occurring at the foot and ankle joints.

Motions occurring about the axis designated X result
in the foot moving parallel with the cardinal sagittal
plane. Motion of the foot upward toward the tibia is
referred to as dorsiflexion and is quantified in the
EMT studies with positive values. Movement Neutral
downward away from the tibia is plantarflexion, and ~ Position
is quantified using negative values.

Dorsilexion

Plantafiexion -~

[
Motions occurring about the axis designated Y result k
in the foot moving parallel with the cardinal frontal ' {
plane. Motion of the foot toward the midline of the Evernlon . inversion
body is referred to as inversion and is quantified in o Ls | [
the EMT studies with positive values. Movement
away from the midline is eversion, and is quantified
using negative values.

Motions occurring about the axis designated Z result .\-¢ N ﬂ
in the foot moving parallel with the floor and the {& (\ { K 1}
cardinal transverse plane. Motion of the foot or part )\, ,{‘\ﬁ‘

of the foot toward the midline of the body is referred
to as adduction, and motion away from the midline
is abduction.

——

1 N
Note that the ISB ankle joint coordinate system used in the EMT \
studies embeds this axis in the calcaneus and is quantified using i \
the convention that movement of the tibia is described relative to al
the fixed calcaneus. In the motion-time curves therefore, positive S N,
values denote adduction or internal rotation of the tibia on the )
calcaneus, and negative values denote abduction or external Abduction Neutral Adduction

rotation of the tibia.



Appendix F. Reliability of the EMT protocols employed in
Chapter Six.

Supporting data to Chapter Six, Section One.

Reliability of the landmark digitisation process

Prior to writing the software for the entire marker set, the reliability of the landmark recording
process was undertaken in a preliminary study. A routine was written in TurboBasic v10.0
that recorded the calibrated Cartesian coordinates of the ¢ stylus tip at three forefoot
landmarks (Lis, Lis and L17) during 15 repeat measures on a single human subject in quiet
stance. Five seconds of data were recorded for each ordered repeat of Lis, Lig and L;7. The
first and last second of data were discarded and the mean of the 90 data points comprising the
middle three seconds was used to define the reported Cartesian coordinates of each landmark.
The mean of each Cartesian coordinate set over the 15 repeats, was calculated along with the
root mean square (RMS) of the differences from the mean and the Standard Error of the

Measure (SEM).

Table 6.1. Mean position in mm, RMS and SEM for L;s-L,7

X coordinates Y coordinates Z coordinates
Landmark | Mean | RMS | SEM ; Mean RMS | SEM | Mean RMS | SEM
Lis 206.23 | 0.87 0.63 |348.93 | 1.45 1.05 |124.20 | 1.04 0.76
Lig 289.13 | 145 1.06 |[272.53 j1.71 1.24 |120.67 | 1.25 0.91
L7 29380 |2.26 1.65 |[33327 |2.54 1.86 [123.47 | 1.68 1.22

The 3 sets of coordinate data demonstrated RMS errors of 0.87 to 2.54mm. L5 was
consistently the most reliable landmark, while L7 was the least reliable. Intra-class
correlation coefficients (ICCs) were also calculated for each of the three sets of coordinates

using ICC model 3,1 (rater effect random, measure effect fixed).
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Table 6.2. Intraclass correlation coefficients for the coordinate and landmark sets

Overall ICC | X coords ICC | ¥ coords ICC | Z coords ICC | Lis ICC L ICC L, ICC
{95%CI) {95%Ch (95%CI) (95%CD (93%CI) (95%CI) (95%CH
0.997 (0.992 | 0.998 (0.994 | 0.9897 0.670 * 0.999 (0.999 | 0.999(0.999 | 0.999 (0.999
—0.999) —0.999) {0.987 — (0.301 - -1.0) -1.0) -1.0)

0.999) {.988)

*The between-group variation in the Z coordinates was lower than for the X and Y coordinate data. This is to be
expected as all the measures were taken from landmarks in the forefoot at a very similar height from the floor.
Conversely, the X coordinate difference between, for example, the first and fifth metatarsal, and Y coordinate
difference between the head and base of the fifth metatarsal would be far greater. Low between-group variation
is widely accepted as adversely affecting ICC calculations. The SEMs for the Z coordinate data was lower than
the X coordinate data SEM at both L, and L,; and the SEMs were lower than for the Y coordinate data at Lys,
L,s and L;5. Tt is thus likely that the low ICC value for the Z coordinate data reflects the low between group
variability rather than any inherent deficit in the reliability of the Z coordinate data.

The reliability analysis suggests that the capacity of the observer to reliably place the point of
the stylus at each of the landmarks evaluated is acceptable. A root mean square error of
between 1 and 2.5mm will however, factor into the calculation of each of three or four
landmarks for each segment, and by extension in the calculation of the relative segment
orientations representing the benchmark foot posture. The variability in the calculated
angular orientations of the forefoot segment derived from the Cartesian coordinates, ranged
from +/- 5.3° for the shortest segment side, to+/- 2.9° for the longer side. This potential error
is not especially high, but in the context of the small motions occurring in the joints of the
foot, was potentially significant in a benchmarking exercise. It must also be noted that in
defining a joint complex the orientation of two segments is required, further compounding the
error. The potential error in defining five segments accurately, highlights the difficulties in

establishing a true gold-standard.

Supporting data to Chapter 6, Section 2. The reliability and accuracy of the EMT system using
the skin mounted sensor protocol, and calibration of the capture volume.

Analysis of locomotor function using an EMT system involves a) the calculation of joint
angles derived from the relative orientation of two sensors either side of the single joint or
joint complex of interest, and b) the reporting of the displacement of sensors, and the
calculation of resultants for the associated segments.

The Fastrak system allows for data capture in a large volume (up to 3m diameter) however,
accuracy is known to be reduced at the margins of this volume. To maximise the accuracy of
the data, a reduced capture volume was defined, which was adequate for capturing normal

walking but which reduced separation between transmitter and sensors. The size of this
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reduced volume was 800mm (x) 1300mm (y) and 600mm (z), and the accuracy of the system

within this area was explored in detail.

Figure 6.1. The layout of the capture volume explored in the error guantitation

experiment,.

Theoretically reliable area for base of capture

ML I R E R R R R N N R
.

Calibrated capture volume
800x1300x600mm

N
N

edssssensene

R R R R RN R R R )

Q00mm

(minimum; O\ .-
radius) =~ .
@ (max radius from
: transmitter)
Transmitter
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The calibration of the capture volume involved quantifying the error associated with the
measurement of joint angles and segment displacements within the volume, and was

undertaken in two stages.

Sensor definition and mounting

In the first stage, two sensors (S and S;) were mounted with plastic screws, to a rigid non-
metallic bar at a separation of 30lmm, simulating the approximate separation between sensors
mounted on an average human tibia and forefoot. The bar and sensors were, in turn, mounted
to a plastic sled to smooth the motion along the line of progression. For each trial the bar was
drawn through the field along a line parallel to the Y axis of the global reference frame, in a
direction representing normal forward walking. The trials were repeated with the handle of
the bar oriented parallel to the X,Y, and Z axes of the global reference frame. Five repetitions
were undertaken for each orientation. A final set of passes was undertaken with the wand
waved through the field in a random pattern incorporating orientation of the handle of the bar
in all three directions.

Prior to each of the sets of trials, the angular orientation of the sensors relative to one another
and to the global reference frame was calibrated or ‘boresighted’ to zero with the bar oriented

along the axis being investigated.

‘Joint’ definition

Consequently, for this stage of the study the rotations of the joints within the local reference
frame (about axes x,y, and z) closely approximated motions about the axes of global reference
frame (X,Y and Z). Rotations occurring about the X axis are signified in the text by o
(corresponding to plantar flexion/dorsiflexion in the JCS described by Allard), rotations about
the y axis by B (corresponding to inversion/eversion), and rotations about the z axis by
y(corresponding to internal/external rotation).

A nominal ‘joint’ (J) was defined, described by the o, B and y orientation of S; and S,. In an

error free system the observed angles (Jo, J and J,) would equal zero for all trials.

Evaluation of displacement error.
To calibrate the error associated with recording positional data, the separation of the two
sensors was recorded by description of the Cartesian co-ordinates and the directional cosines

of each sensor relative to the global reference frame. This enabled the calculation of the
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resultant Euclidian distance between sensors (denoted by Dg). This is undertaken
automatically within the motion analysis software. In an error free system D, for the setup
used in this study would be constant at 301mm as the bar moved through the calibrated arca
and at all orientations.

In practice, when positional changes are being recorded during a gait analysis, accurate
tracking of a single sensor is more important than the relative separation of the different
-sensors. To determine the error associated with the system’s reporting of absolute
displacement a second stage evaluation was set up. The maximum range of displacement of
VL, for a single subject in Section 1 was 19°, so a sensor placed, for example, on the
navicular might be expected to displace 20 to 25mm during a single stance phase if the foot
were moved from a fully pronated to a fully supinated position. The accuracy of the
electromagnetic tracking system in reporting such ranges was evaluated.

To establish the absolute error over this range, a stepped Perspex model was created and the
true height, the z axis displacement between the steps (Hy), accurately determined using a
Mitutoyo vertical calliper. The accuracy of the electromagnetic measure in reporting H, was
determined for six points at the borders of the gait area described above. The benchmark
height of the step was determined from the mean of five measures made with the Mitutoyo
callipers. The step apparatus was placed at the centre of border of the walking area nearest the
transmitter. Two sensors (Ss and S4) were placed on the lower step, S3 secured firmly, S4 held
by hand, and the system calibrated to zero. The sensor S, was then moved to the top step
(TS) and back to the bottom step (BS) five times, with the observed vertical displacement (H,
obs) = TS; — BS; where i =1 to 5. The five repeats constituted one trial at each site. Trials were
undertaken at six sites around the perimeter of the walking area to quantify the error across
the field. Error was calculated for the absolute change in position for Sa.

S; was not used in the calculations but acted as a control to prove the absence of field

fluctuations during the data collection period.
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Figure 6.2. The protocol for establishing the absolute error for Hy obs-

Sy

S, moved 5 times to
top step and back at
each of the 6 points

5 e =23.2mMNTG

Figure 6.3. The six sites at which Z axis calibration was conducted.

/\

X directipn
(in cms)

®
Site 1. X=-179. Y=-40

Area to be calibrated 1300mm x 800mm

Site 2. X=-123. Y=-38
@

@
Site 5. X=-174. Y=+5

Site 1. X=-121. Y=-5
®

Site 4. X=-177. Y=+p

Site 3. X=-123. Y=+
®

b4

l

Y direction (in cms)

e
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Results of the reliability evaluations

Error associated with angular rotation and relative sensor displacement (translation) for five

passes through the calibrated walkway area at each orientation.

Calibration with axis of bar in alignment with X axis

Mean of five passes

JOINT Dy (mm)
ANGLE (°)
Ja 1B Iy Mean (mm) RMS relative error RMS absolute error
for Dg for Dg
Mean 0.4 03 0.3 303.5 0.9 35
Min 0 0 0 0 1.3
Max 0.6 0.7 0.5 2.2 5.7

With the handle of the bar oriented along the X axis the absolute error of Ja, JB and Jy at no

time exceed one degree. The absolute error in reporting the S;-S; Euclidian distance, Dg was

however, greater than that reported by the manufacture with a mean of 3.5mm error.

Calibration with axis of bar in alignment with Y axis

Mean of five passes

JOINT Dg (mm)
ANGLE (°)
Jo Jp Jy Mean (mm) RMS relative error RMS absolute error
for D¢ for De
Mean 0.4 0.6 03 309.0 1.8 5.0
Min 0 0.4 0 0 53
Max 1.0 0.8 0.7 4.5 13.5

With the handle of the bar oriented along the Y axis the mean absolute error of Ja, JB and Jy

did not exceed one degree. The absolute error in reporting the S,-8; Euclidian distance, Dg

was again, greater than that reported by the manufacture with a mean of 9.0mm error. This

was the least reliable orientation.
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Calibration with axis of bar in alignment with Z axis

Mean of five passes

JOINT Dg(mm)
ANGLE ()
Ja Ig Jy Mean (mm) RMS relative error RMS absolute error
for Dy for Dg
Mean 0.2 0.8 0.4 298.8 1.7 1.7
Min 0 0.5 0.1 0 0
Max 0.6 1.3 0.8 5.7 6.9

With the handle of the bar oriented along the Z axis the mean absolute error of Jo, Jf3 and Jy
did not exceed one degree. The absolute error in reporting De was lowest at this orientation
with a mean of only 1.7mm error.

Bar moved at random through the field

Mean of three passes

JOINT Dg (mm)
ANGLE ()
Ja Ig Iy Mean (mm} RMS relative error RMS absolute error
for Dy for D¢
Mean 0.8 0.6 04 301.2 5.8 58
Min 0 0 0 0 0
Max 5.8 1.9 1.4 16.4 16.1

With the bar waved at random through the field the mean absolute error of Jo., JB and Jy was
again less than one degree. The minimum and maximum errors for Ja, JB and Jy were higher
than with the previously tightly controlled passes. The absolute error for Dg was high in this
series, with the mean absolute error of Dg 3.5 to 6émm, and up to 16mm at worst. These

figures are in accord with those of Day et al ' and Perie et al 2.

Error associated with absolute sensor displacement at six sites in the calibrated walkway

area.

Measurements (and absolute error) at the various sites (mm)

Measurement H,, H,; H. H,, H,s Mean RMS

number Mean

error
Calliper (H, rue 240 23.0 225 23.0 23.5 232 -
Site 1 23.8(0.6) 23.6(04) 23.7(0.5) 23.8 (0.6) 23.9(0.7) 23.8 0.6
Site 2 23.1(0.1} 232{0) 23.1(0.1) 23.2(0) 23.2 () 23.2 0.0
Site 3 2320 23.0(0.2) 232 (0 23.1(0.1) 23.1(0.1) 23.1 0.1
Site 4 219(13) 220(1.2) 21.9(L3) 21.9(13) 22.1(1.1) 220 1.2
Site 5 20.3(2.9) 209(23) 20.8(24) 20.7(25) 20.7 (2.5) 20.7 25
Site 6 208(2.4) 204(2.8) 20.6(26) 204 (2.8) 20.6 (2.6) 20.6 2.6
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The error associated with H s increases with X axis separation from the transmitter. The
absolute error for Hj ops ranges from less than lmm within 130 cms X axis separation from

the transmitter, to 3mm at 175-180cms X axis separation from the transmitter.

Reliability testing summary

The data reported here suggest that there is less error associated with the electromagnetic
- tracking of motions in the small joints of the foot than has been reported for video based
systems. The values determined for error in reporting Jo, JB and Jy, are not much greater than
those provided by the manufacturers data, although single values of maximum error in the
random waves trials suggest that significant variations from the mean values may occur when
using the system in real world situations. The error associated with the reporting of Dg is
higher than the manufacturers estimate with, for the handle oriented parallel to the Y axis, a
mean of 9.0mm error and the error of Dg approaching 14mm in the worst case. These data are

in agreement with the independent data of Day et al L
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Appendix G. lllustration of FPI-6 scores

To illustrate the degree of face validity of the FPI scores, a series of digital images were taken
for each participant when they attended for trial evaluations. The FPI scores in this small
sample ranged from —9 to +8. A cross-section of the images are presented for illustrative
purposes, in order of FPI score and along with the FPI scores pertaining to those participants.
The final three images in the series (example 7) are from a patient attending the peripheral
neuropathy clinic, but not included in this trial, who has a planus type foot associated with an
atypical form of peripheral neuropathy. This patient is included simply to better illustrate the

spectrum of foot postures and FPI scores seen in CMT.

Example 1. 34 year old male. FPI-6 scores: Left=-9, Right=-6

This is a significantly negative FPI-6 score reflecting the pronounced cavoid foot type in this
patient with classic CMT1A. The greater clawing of the left foot (reflected in the more
negative FPI score) is evident in the anterior view. Note also the tension in the tendon of
Peroneus Longus in the oblique view.

Example 2. 59 year old female. FPI-6 scores: Left=-3, Right=-4

”l
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SiraviE N S ) 4 A R,
In this example the moderately negative FPI total scores reflect the moderate cavus in this
older patient with mild CMT1A. The two FPI scores are similar reflecting the symmetry of
the foot postures.
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Example 3. 11 year old male. FPI-6 scores: Left=4 , Right=-3

In this young man with severe CMT1A the marked muscle imbalances have already lead to
significant change in foot posture. Although the clinical picture is fairly symmetrical, the left
foot is slightly worse than the right as evidenced in the FPI score and visible in the anterior
view.

Example 4. 13 year old female. FPI-6 scores: Left=+1, Right=0

In this examb]e, the effects of CMT are minimal. The foot posture is es
demonstrating the typical characteristics of an older child’s foot type.

Example 5. 7 year old female. FPI-6 scores: Left=+2, Right=+4

This young girl with early CMT1A has clinical weakness of the anterior lower-leg
musculature but has not yet developed any foot posture changes associated with CMT. The
foot is in the mild planus position normal for this age, with right foot just slightly more
planus/pronated than the left.
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Example 6. 9 year old female. FPI-6 score Left=+8, Right=+3

> . s

This young patient has severe CMT with profound loss of muscle power in all muscle groups.
Patients with profound muscle weakness often develop a ‘flail” type flatfoot. Note that while
the right foot still shows a robust arch, this patient exhibits signs of planus changes in the left
foot.

Example 7. 11 year old female. FPI-6 score Left=+9, Right=+9

I -

This young lady was not part of the study as she has an atypical but severe peripheral
neuropathy with a profound drop-foot and significant bilateral muscle weakness. Her parents
report that she was developing a cavus foot type until recent years, but has rapidly adopted a
marked and worsening planus foot posture. This flattening is reflected in her highly positive
FPI scores.
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