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Abstract

Introduction

High plantar pressures have been shown to be a key risk factor for foot ulceration
in people with diabetes. Consequently, patients are often prescribed insoles designed to
reduce pressure. New technologies, such as plantar pressure measurement devices and
3D foot scanners, have the potential to improve insole design. However, it is not clear to
what extent such technologies are currently being used by clinicians, nor which other
factors influence clinical decision making in the prescription of insoleshé&umbre,
there has been minimal previous research designed to understand how best to use
technology to improve insole design for patients with diabetes.

Methods

This thesis comprisefour separate studies: a first qualitative staiiyed at
understandinghefactors influencing practitioner decision making and the current role of
technology. Three other quantitative studies were then performed to help understand the
potential role of technology in designing insoles faediumrisk patients with diabetes
ard neuropathyFor each of these three studies, individually customised insoles were
manufactured for every patient using CAD/CAM technology and data on both plantar
pressure and foot shap&he first studyinvestigatedthe reproducibility of plantar
pressue collection in patients with diabetes and neuropathy while wetlr@egistomised
insoles, while the secondhvestigatedthe effectof systematically varyindwo insole
design featuresnetatarsal bgoositionand cushion materiabn plantar pressurek the
final study, associations were investigated between changes in plantar pressure with
different customised insole designs and specific structural and biomechanical foot

characteristics odachparticipant.
Results

The findings of theualitativestudy suggest thatucrent clinical practice is based
on training but that it developsin time basedo n  p r a c tlinicali expereemc® s
Technologyis not normally usettecausehe data isonsideredoo complex to use and
interpret. However, practitiong agreed that they would use technology that is neee

friendly and focused on improving patient outcomes
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The first quantitative study showed a relatively high level of pressure variability (up to
55 KPa under metatarsal hea#g)ich we suggest is eharacteristic of patients with
diabetes andeuropathy The second quantitative study showed thetomised insoles
which incorporatédoth a metatarsabarand cushioning materials front of the baiare
effective in reducing peak pressuf@®) Howeve, the optimum desigwas that which
incorporated @ombination ofporon(cushioning materialvith a metatarsabar, located
distal or on the point ofPP. In the final quantitative studyspecific individual
characteristicsvhich prediced PP changes were identified, such as tissue stifimeds
joint range of movement(ROM). Based on these findings, some tentative
recommendations for insole prescription were sugges$iadexample, d reduce PP
under the ¥ metatarsal when high tissueffstess is presentsea metatarsal bajust
behind the PRRombinedwith poran if there isa low range of movement of the®l
metatarsophalangeal joinBut if there isa high range of movement of thes'l

metatarsophalangeal joint, a distal metatarsal lithrRoron should be used.

Conclusion

Taken togetherthe results of this work show that practitioners are willing to
embrace more technology within their clinical practice and that it could be used to
improve the efficacy of insoles designed to reducetptapressures for people with

diabetes.
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1l ntroducti on
1.1 Diabetes

Diabetes mellitus (DM) is a conditiaharacterisety high blood glucose levels,
which is associated with the risk of developing severmodbidities and complications,
including heart disease, stroke, blindness, kidney disease, nerve damage, and foot
complicationgvan Ackeret al, 2014. There are two main types of DM, type 1 and type
2. Type 1 DM typically affects patients earlier in life and is a complex process whereby
genetic and environmental factors produce an autoimmune response, leading to the
destruct i on-celisfwith;mahae isletscodliangerhariesulting in arabsolute
insulin deficiency(Forbes&Cooper, 2013 amayoet al, 2014. In contrast, type 2 DM
tends to affect people later in life and is characterised by a decline in pancreatic islet
secretory function on one hand and tissue insulin resistance ohén@-orbes&Cooper
2013. This isthe most common type of DM and has become a major global public health
problem, particuldy in low andmiddle-incomecountriegBi et al, 2012.

1.1.1 Complications and physiological changes associated with diabetes

The prevalence of DM is increasing globalfgimmet et al, 2014 and
consequently, the number a$sociatecomplications is also set to increase. The main
complications associated withhis disease include nephropathy, retinopathy,
cardiovascular disease, peripheral arterial disease and peripheral neuropathy. Diabetic
nephropathyis the most frequent cause of renal failure in the developed world
(Forbes&Cooper, 2013ramayoet al, 2014. It is characterisedy the presence of
proteins in the urine due to a deterioratmnkidney function (nephropathy), which
progresses over long period of timeoften over 10° 20 yearsOnce nephropathis
establishegtypically most patients experience an increase iadbfressure, which itself

is a major risk factor for diseases such as stroke and heart #dRadkss&Cooper, 2033

Diabetic retinopathyis also a frequent complication associated with diabetes and
is the most common cause of acquired blindness in the western(worties&Cooper,
2013 Tamayoet al, 2014. It is characterisetdy a range of lesions within tmetina and

develops over many years, with almobtdaabetic patients exhibiting some degree of



retinopathy after 20 years of the disedberbes&Cooper, 2033 There is a dse

association between diabetic retinopathy and diabetic nephropathy.

Cardiovascular disease accounts for more than half of the mortality of the diabetic
population. Interestingly, someone with diabetes is just as likely to have a heart attack as
a nondiabetic with a previous history of heart attack, and three times more likely than
the general populationForbes&Cooper, 2033 The mortality derived by this
complication represents more than half of the mortality seen in the diabetic population.
In addition peripheral arterial diseasecisaracterisetly several functional abnormalities
of the microvasculature, which lead &pdlary hypoperfusiorand impaired development
of collateral vessels, consequentBsulting indelayed, or even impaired, wound healing

(Brownrigg et al, 2013. Furthermore, those Vitdiabetes may experience peripheral

neuropathy whi ch S d e f tdependent ssensorif@&oy mmet r |

polyneuropathy attributable to metabolic amdcrovesselalterations resulting from
chronic hyperglycaemi a anTesfayeetrald200Qv Bhe cul ar
normal development of this complication starts in ttees and gradually moves
proximally. Numbnessgrampsor deep pain are the most commgymptomsand are
generallyworse at night. Initially, it will affect sensitivity and thermal sensation, then in

the later stages, will progress to alter muscle and motor aspects of the lowdiingjhs

et al, 2019.

1.1.2 Prevalence and cost of diabetes

The prevalence of DM has been increasing exponentiallytbedast few years.
The International Diabetes Federation (IDF) predicted a worldwide prevalence of DM in
2013 to be 382 million (the figure previously expected for 2030) andth2035,this
numberwould increase up to 600 milliikayman, 2010 In the UK, more than 1 in 20
people suffer from DM (both dipnosed and undiagnosed). In 2011, there were 2.9 million
diagnosed worldwide with DM and the average prevalence of this disorder was 4.45%,
with 10% of adults with DM diagnosed as type 1 and 90% with tyj@iup&Thomas,
2013. Focusing on the trends for each type of Dddriousand disturbing changes
betweerthe ages of disease presentation have beenvellsédfor type 1 DM, incidence
has been rising during the past decades and if thisisendintainedthe number of new

cases in European children younger thaa years will double by 2020, and prevalence
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of cases in individuals younger than 15 year nge by 70%(van Belleet al, 2017).

Type 2 DM was traditionally a disorder of adults and elderly people, however, it has
become more common, not only in youadultsbut also in adolescents and children,
probably due to obesity as a result of bad life habits such as diet and a sedestgly li
(Zimmetet al, 2014.

DM has become a serious global problem. Asian countries have higbfrBiels
prevalence and compared with Western populations, Asians develop DM at younger ages,
at lower degrees of obesity, and at much higher rates given the same amount of weight
gain(Chanet al., 2009. Furthermore, more thatb%of the people with this disease live
in low-income and middiincome countrieg~ederation, 20)2representing significant
health challenge due tothe lacksot cess t o treat ment because ¢
resources. Therefore, there will be an incraasthe risk of premature morbidity and
mortality in these countries, with a subsequent increase in treatment costs for these

patients.

This increasen DM prevalence habeen reflectedn the health care systems
expenditures. In 2010, global health exgieure attributable to DM was estimated to be
US$376 billion (12% of all global health expenditutdpreover, by2030, global health
expenditure attributable to DM is expected to reach between $490 billion and $893
billion, which represents an increase3tf1 34% from 2010(Zimmet et al, 2014.
However, this expenditure varies hugely by region. Foairest, more than 90% of global
heal th expenditure on DM is in the worl dos
in Europe, and 10% in the western Padiilonmetet al, 2014. The direct and indirect
costs associated with DM management in e currently stands at £23.7 billion per
annum(Kurup&Thomas, 2018 This increase iDM-relatedexpensesanbe explained
by the increased prevalenicethe youngerpopulation, which leads to a longer evolution
of the disease and therefore, more frequent, complex and serious complications which

require hospital treatment.

1.2 Diabetic foot syndrome

One of the moderiousand disabling diabetic complicatis isdiabeticfoot (DF).
The World Health Organization (WHO) defi nes



that has the potential risk of pathologic consequences including infection, ulceration and

or destruction of deep tissues associated with negimdbnormalities, various degrees

of peripheral vascul ar disease and / or met
(Al Musa, 2013.

The DF ischaraterisedmainly by the convergence of two of the most common
consequences of DM, neuropathy and peripheral vascular disease. More than half of
diabetic patients who have besuffering fromthe diseaséor 15 years or more present
with diabetic neuropath{Boulton, 201(. On the other hangeripheralvascular disease
affects 81 13% of people with diabetgg\bbott et al, 2005, being present in most
diabetic individuals who have had DM for more than 25 years. Morgiovepresence
of neuropathy, there is a lack of protective sensation that will increase the likelihood of
ulcer formation and it has been shown that high plantar pressures are highly associated
with skin breakdown and ulceration in people with DM aedpheral neuropathfiott
et al, 2007%. Also, with regard to equal occlusive arterial damage, a person with diabetes
will develop distal ulcers or gangrene in up to 40%adeswhile in patients without
diabeteghis canplicationwill appear in 9% of the casékannel, 1994 Consequently,
when these two conditions are present at the same time, they lead to DF syndrome and

also predispose the patient to ulcer formation.

1.2.1 Diabetic foot ulceration: the main complication of the DF

A diabetic foot ulceis defineda s fiany necr o s-thisknesggskimgr ene,
defect occurring di st al(Schapeetah2012aUicersat i n a d
as an entry for mroorganisms that may lead to infectionsading to severe
complications such as partial foot amputations,irothe most severe casdsnb loss
(Barsheset al, 2013. Furthermore, skin changes in diabetes may increase the risk of
developing an ulcefHashmiet al, 2006 Hsuet al, 2009 Pai&Ledoux,201Q Chaoet
al., 2011 Sunet al, 201]). People with this disease often have impairments in their
immune system response, with a reduced ability to recruit inflammatory cells to damaged

tissues, delayed wound healing ancreased risk of infectiofLeung, 2007.



1.2.2 Prevalence and costs to society of diabetic foot syndrome

The worldwide incidence of DF varies between 0.5 and 3% per year, with 25% of
patients with DM suffering an ulcer at least onnetheir life (Boulton, 2010. DF
ulceration represents a joamedical, social and economic problem all over the world.
Complications of foot ulcers are themadingcause of hospitalisation and amputation in
diabetic patients, accounting for more hospital admissions than any otheteiong
complication of diabet resulting in increased morbidity and mortality. Annually,
people with diabetes who also have neuropathy will develop an ulcérif% of cases
(Hashmiet al, 2006 Rathur&Boulton, 200/Lepantalcet al, 2017, whereas those with
additional risk factors, such as peripheral vascular disease, foot deformity, previous ulcers

or previous amputation, this rate increases to 28% (Lepantaloet al, 201J).

Regarding the UK national health system (NHS), this complicatiotails an
increasen the expenditure and number of patientbéotreatedThe mearduration of
DF patientds hospitali sat iotherdiseastRamséfet! onger
al.,1999.Also, t here is a high i mpact on the patie
with DF syndroméGarciaMoraleset al, 2011. Major amputation will be needed within
oneyear in 51 8% of patients with diabetic ulce(cepantab et al, 2011, and of all
amputations, 85% are preceded lbyat ulcer which subsequently deteriorates to a severe
infection or gangrenéRathur&Boulton, 200/Lepantaloet al, 2011 Bortolettoet al,
2014). Studies from th&JK have shown an increase in amputations in the last decade and
it is estimated that 50% of ndraumatic amputations in hospitals in developed countries
are due to DHCarmonaet al, 2009. Also, the rate of lower limb netmaumatic
amputation is between 10 and 20 times greater in patients with DM (85%) when compared
to patients without this diseaf&ragonSanchezt al, 2009. Survival after amputation
is lower in diabetic patients than in other amputees, beirig50 between 3 anfive
years after the intervention. Furthermore, cardiovascular and respiratory complications
are thdeadingcauses omortalityin patients with DM and previous amputati@ragon
Sanchezt al, 2009 AragonSarchezet al, 2010.

With regard to the UK, 20 40% of healthcare resources spent on diabetes are
related to the diabetic fodkepantaloet al, 2011). The total direct cost to NHS for DF

complications was estimated to be £1.61 billion, which is approximately 10% of the total



annual direct cost associated with DM, equivalent to about £1 in every £175 spent by the
NHS in England. Altogether, total expenditure on healthcare related to foohtidoe

and amputation in diabetes in 201P011 in England is estimated at £580.5 milljierr

et al, 2014. This cost is primarily for outpatient expenditure, increased bed occupancy
and prolonged stays in hospif#err et al, 2014 van Ackeret al, 2014. However,
ulceration and amputation also entail costs to individuals amdféimailies through lost
working days, reduced mobility and travel to surgeries and cliiexs et al, 2014. The

cost of treating B ulcers increases as the severity of ulcers increases. Moreover, patients
with both infection and peripheral vascular disease reported a longer hospital stay, a
higher use of antibiotic therapy and more inpatient and outpatient care than patients
without this complication(van Ackeret al, 2014. The serious consequences of this
complication added to the high cotishe NHS stress the nedédr enhanced management

and preventative strategies.

1.2.3 Overview of the thesis and the SMARTPIF project

The DFU is a disabling complication fpatientsand a burden for the NHS. Given
the costs, reduced quality of life and risk of foot amputation, there is an urgent need to
understand how to manage diabetic foot syndrome more effectilatyefore the aim
of this thesis was to explore different coneeptithin the context of diabetic foot
syndromeThe researclvas fundedy a larger ¥' Framework European Union project
named ASMARTPIFO (Smart tools for the Pre

Footwear).

The purpose of SMARTPIF was émhance the pctice of orthotic footwear and
insoles prescription through the development afed of technological devices and
computer toolghat would facilitateeffective therapeutiprescription It was envisaged
that this set ofools would allowa prediction ofthe pressures experienced by the foot
during a gait cycle and also provide software which would automatically select an
appropriate shoe/insoln addition the project aimed to produgesualisation software
tools which could enable the patient to choasdoe before manufacture. The idea was
to develop thepossibility for patients tovirtually try-on the selected shoassing

augmented reality techniques through a virtual miwathout having footwear stocks



availabl e at t he igeoQearal,there vsetefospecdfioabjectivest i ng o f
for the full SMARTPIF project, these were to:

1. collect morphological and biomechanics data on the feet of individual patients
2. predict foot pressure during gait for different footwear designs

3. integrate the mssure predictions with easy to operate insole design software
4

. enable patients to trgn ina virtualway their footwear choices

The University of Sal fordbés role in the
morphological, biomechanical and pressure data faorohort ofmedium orhigh-risk
patients (objective 1). An aligned objective was to obtain insight into the factors which
influence practitioner prescribing practices, and also the current role of technology in day

to day clinical practice.

The SMARTPIF project has provided a base framework for the different studies
presentedh this thesis. However, the remit of this funded project was very broad and did
not specify which patient group shoub@ investigatednor did it specify the precise
nature of the researchihis gave the freedom to shape the projectdimextion thafitted
the authofs professional experience as a podiataistt which also answered important
scientific questioa on insole design. | first performed a literature search in order to
identify amedium orhigh-risk population who would benefit from wearing customised
insoles. The target population chosen was patients with diabetes and neuropathy, given
the serious andisabling complications that this disease entails. As a podiatrist, | have
always worked with patients with diabetes and witnessed the serious impact that
ulceration and/or amputation has on their quality of life. Prevention is the key approach
to avoid uteration, and insoles are the most common preventative measure. However,
there is little evidence and no consensus on the best insole design approach for ulcer

prevention. This lack of research was the main motivation for me to embark on this PhD.

Once thetarget population habeen identied, | performed another literature
search on the insole designs to be tested. | then developed a specification for the data
which needed to be collected and also for the data collection protocol. | performed all
data cdlection, processing and analysis independently at the University of Salford. Based
on these data, it was possible to develop a set of studies focusing on the clinical

management and insole design for people with diabetes within the context of this
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externaly funded project. Inotal,there are four separate studies completely independent
from the EU project thatonformthis PhD. The first, a qualitative study, focused on the
different factors that influence clinical decision making and, more specifitiaflyple

of technology withinthe currentclinical practice and how it could enhance orthotic
prescription.This was followedby three biomechanical studies examining different

aspects of insole design and plantar pressure measurement.

Due to the differenhature of the qualitative and quantitative work, a separate
literature review has been presented for each aspect of the work. Chapter 2 provides an
overview of the current clinical management of the diabeticdpotiromefollowed in
Chapter3, with a maee indepth review of the pathogenesis, key risk factors and
preventative strategies for diabetic foot ulceration. Chapter 4 describes the qualitative
study which focused on gaining an improved understanding of current clinical practice
and the role of tdmology. One of the conclusions of this work was the need to enhance
technology to be more usable in current clinical prackodowing on from this ideghe
subsequent chapters describe three quantitative studies which examine different aspects
of presure measurement and the use of technology to design and prescribe insoles for

people with diabetes.



2L1 terat u-rSe crtd wine w
cl i1 ni cal management
syndr ome

The diabetic foot is a serious complication that requires a propezsgrohal
managemerdand prevention. Thisection presen detailed literature review about how
clinical practice should be, and the trends it presents. However, although there are general
guidelines for some aspects of the clinical practice, thereaiskeoff publications about
real i nfluences and trends in clinical pr ac

be based on experience and personal training rathestidwasiardiseduidelines.

2.1 Current practice clinical decisionmaking

Diabetic foot syndrome entails different serious complications, such as
neuropathy, peripheral arterial diseasginopathy or nephropathy. These complications
put patients on different levels of rigi seriousconsequences such fa®t ulceration,
lower limb amputaibn or, in the most severe caseakeath Accordingly, interventions
should offload high pressurewjth the aim ofprevening ulcer formation. Generally,
insoles are prescribed by podiatrists to thegk-risk patientshowever, theré no clear
algorithm for the construction of optimal foot orthoses. There are national guidelines that
recommend that highsk patients, such as diabetics, routinely see podiatric physicians.
American Diabetes Association guidelines recommend foot screening for all diabetic
patients at least every 12 mont{B®ultonet al, 2009, whereas those at greater risk for
serious foot problems should visit podiatric physicians an average of 3.7 times a year
(Gabbayet al, 2011 so hat they can be assessed and prescribed preventative insoles
when necessarylowever, thiss not an easy task, which if not carried out appropriately,

could increase the risk of ulceration.

Since Merton Roof1994 introduced the functional foot orthosis in the 1950s,
many modifications and new techniques have been proposed to advance his original
ideas. In addition to variations in the basic design of foot orthosesenous materials
are used in the manufacturing process and foot orthosdsecaranufactureth many
different ways. Practitionergenerallymanufacture the orthoses themselves or use a
commercial orthotic laboratory. Furthermore, there has been andaciedhe use of
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prefabricated foot orthoses given the lack of publications showing that customised insoles
achieve better results than those which are prefabri¢@tgdnet al, 2012. Given the
hugeamount of choice wheprescribing insoles, and timaportantrisks if this tasks not
performedproperly, a better insight of the process followed by professionals when

treating thesenedium andhightrisk patients is needed.

2.1.1 Patient assessment

Clinical guidelines for diabetifoot carestatet hat fAal |l di abetic pa
examined at least once a year for potential foot problems, and patients with demonstrated
risk factor(s) should bexaminedmore often (every 1 + 6 months). The absence of
symptoms does not mean thia¢ feet ardnealthysince the patient can have neuropathy,
peripheral vascular disease or even an ulcer without any complaints. The feetbghould
examinedwith the patient lying down and standing up, and the shoes and socks should
al so be (Apelgvtetcak, 20800 The steps taken should address the various
aspects as detailed in Table 2.1.

. Previous ulcer/amputation, previous foot education, socii
History . . .
isolation, poor access to healthcare, barefoot walking
Neuropathy Symptoms such as tingling or pain. Loss of sensation
Vascular status Claudication, rest pain, pedal pulses, discoloration
Skin Colour, temperature, oedema, nailker, callus, dryness,
cracks interdigital maceration
Bone/joint Deformities or bonyprominences. Loss of mobility
Footwear/stocking Assessment of both inside and outside

Table 2.1: Different aspects of theassessmenof a patient with diabetes

Once the historys fulfilled, and before prescribing an insole, a biomechanical
evaluationof the foot and ankle is requiréalidentify the key design features to include.
Podiatrists, the main profession managing DF in the multidisciplinary teams, base their
biomechanicaévaluation of the foot and ankle on the description provided by Roat.

(19949, nestimatingo rather than m@avseta,i ng f oo
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2012. In addtion to their static assessment, podiatrists conduct a dynamic gait

assessment focusing on observation at key events of the gai{damiiset al, 2019.

Podiatrists perform multiple clinical tests and measurements of the joints of the
foot and leg (kneeankle, subtalar, and metatarsophalangeal joints), bothweayht
bearing and weight bearing. This is performed to identify if there is any alteration on the
range of motion or alignment that can affgeit or can increase pressufEollafield,

1995. The assessment process is complex and is influenced by many factors, including
national or local professional knowledge, clinical experience and practical constraints
(time available for an assessment, the range of orthotic prescriptions available to a
clinician and the particular profile of patients the clinician sees in their pragtare)s

et al, 2012.

Once the podiatrist has assessed and diagnosed the patient, a target for the
treatments setthat will include the use of insol&Slinicians must takenito consideration
the potential effects of many different factors when designing an insole; if not carried out
appropriately this difficult task may increase the risk of ulceratidm prevent ulcers
offloading insoles arenormally prescribed by podiasis to diabetic patients with
neuropathy, as high peak pressures have been shown to predispose ulcer development
(Patonet al, 2011 Patryet al, 2013. There is some research that supports the use of a
variety of designs for the foot affected by diabetic complications, mainly with thefaim
reducing the increased foot pressuyfésdgeet al, 1999 Buset al, 2004 Muelleret al,
2006 Guldemoncet al, 2007 Cheung&Zhang, 20Q&tolwijk et al, 201J. Up to 40%
foot pressure reduction cdre achievegroviding protective benefitfAlbert&Rinoie,
1994 Guldemoncdkt al, 2007. There has also been some attempt at evaluating different
materialg(Fauliet al, 2008 Healyet al, 2012.

In the literature, thenain aim of insoles for patients with diabetes is PP reduction
(Hodgeet al, 1999 Bus et al, 2004 Mueller et al, 2006 Guldemondet al, 2007
Cheung&zZhang, 20Q&tolwijk et al, 2017J). Different insole designs and materials have
been tested in order to establish their effect on PP, and a reduction of these is classified
as a good insole performance or a positive response to the insole. Interelanglgf
al. (2006) found a significant correlation between peak pressure tiedscand the

corresponding decrease in pain levels on the subjects tested. Accordingly, in patients with
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diabetes and neuropathy who cannot feel pain, a PP reduadidd indicate a decrease

in pain and its cause. It could be therefore considered astav@oesponse to the insole.

Insolesare often prescribet patientswith similar conditions however, not all
of thesepatients have a positive resporieghe orthoticsResearch has demonstrated
considerablevariability in the degree of plantar press reduction across different
individuals (Bus et al, 2004 Tsunget al, 2004 Kanget al, 2006. This variation on
peak pressure reduction could hareinfluence on the different clinical responses to
insoles experienced by similar patiengsccordingly, when a pressure reduction is
achieved, the patient had a positive response to the insole. On the contrary, if there is no
pressure reduction, or there an increase of pressures, the patient had a negative
response. Thiapproach was taken thefinal quantitative studyChapter 8) to classify
participantsaasresponders and nenesponders (sectidh6.1)

The main goal of preventative insoles presaditfor people with diabetes is
pressure offloading, so the most reliable method to check if insoles are effective is through
pressure measurement devices, whack normally usedn research.These pressure
devices have shown that insoles prescribed aresffattive approach to pressure
offloading (Ashry et al, 1997 Postemeet al, 1998 Buset al, 2004 Hsi et al, 2005
Mueller et al, 2006 Owingset al, 200§ Redmoncet al, 2009 Koenraadet al, 2012
Patonet al, 2012 Ibrahimet al, 2013. However, these new technological approaches
are not commonly used in clinical practice due to high costs and their tiseeis
consumingand complexWilliams et al, 2019. Therefore, as there is no quantitative
approach taneasuringhe outcome of prevention using insolebgtterunderstanding of

how clinicians follow thé assessment, prescription and outcome measure is needed.

212Podi atr ost & sdincal dedisonmaking

In addition to podiatrists, orthotists may also provide insoles to patients with
diabetes. Podiatrists and orthotists have distinct vocatiomairtg, meaning that they
differ regarding diagnostic procedures, construction of orthoses and therapeutic approach.
Although each discipline has a specific focus on particular foot problems, both provide
foot orthoses and shoes to treat foot impairmasgeciated with elevated plantar forefoot
peak pressurg&uldemoncet al, 2005. This anatomical region is of key importance as

it is the most common area where high peak pressures @amiet al, 2014. These
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high peak pressures produce painful inflammation in the capsule of the
metatarsophalangeal joints and are one of the most common réasoossultation in

female patientéNaraghiet al, 2014. However, patients with neuropathy cannot feel the
pain produced by metatarsalgia, resulting in maintained high peak pressures under the

metatarsal heads, a key risk factor for ulcerati®etonet al, 2019.

The insole manufacturing process is subjective, studiesdave that there was
almost no agreement betwetdnirty foot experts on the location diigh-pressureones
in three patients with metatarsalgia, not ewstweenthose of the same discipline
(Guldemonckt al, 2005 Guldemoncet al, 2007). Furthermore, the design of the insoles
made bythirty-one different footexperts for three patients with similar forefoot
complaints varied greatlfGuldemondet al, 2006 Stolwijk et al, 2011). Although
insoles are frequently used to reduce the plantar pressure under painful areas of the foot,
there is still no consensus about the best way to mahiadperiskp at i ent 6 s compl
with insoles(Stolwijk et al, 2017).

2.1.3 Role of technology in clinical practice

In recent years there has been an exponential increase in the growehuseof
mobile devices and technolo@$treetet al, 2014. Along with this technologgrowth
mobile phone and tablet applicatidiapps)for selfcontrol health and management have
flourished. There is some evidence suggesting that informaitioed athelping patients
to understand their health risks has increased adherence to their treatment, as well as
improved their communication and ttwgth their practitionefAdams, 201 However,
providing customised information for each patient capédreeived asostly andtime-
consuming Nevertheless, the increasing availability of oest mobile phones and
tablets could overcome this problem. Thdeeices can be used as@vcommunication
channel with the patient, to provide them with relevant and tailored educational
information to check progress and outcomes of treatmerdnklso enable the patients
to access healthcare information and recemaations for their specific condition and

enablecontactwith their practitioner in case of need.

Technology thasuppors clinical decisiorsimprove diagnostic and patient safety.
Moreover, he availability of technology fdnealth care professionals has grown in line

with the increased prevalence of apps and smart mobile dgessiet al, 2015.
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However, poven clinical effectiveness and patient safiynot seem to bsufficient to

ensure adoption and implementatiof new clinical technologidklewellynet al, 2014.

Introducing thesenew technologies initially ai ses provi dequsesd cost s
training, interferes with the clinic workflow andgatient management, and ntagultin a

reduction in the number of patients seethia short ternfJimboet al, 2013 Llewellyn

et al, 2014 Seifertet al, 2016 Turner, 201§ Given that he current funding regime for

providersis based on gyment byresultsandrewards activityit is not surprisinghat

providers often see new technologies as risky

Llewellyn et al.(2014)studied organisational and policy context for aldeption
and implementation of clinical technologies. To this end, they performed a series of
interviews and sweys ofclinical staff,clinicians, managers and commissioners. They
reportedthat providers could be one of the major obstattethe adoptionof new
technologiesThey also found thadl HS pr ovi ders di d not percei
from the Department of Health or NICE to adoptmplement new clinical technologies.
Moreover, rgotiations over funding between providers and casuaionersalsodelayed
the implementationof these technologies-inally, they found that clinicians without
training or previous experience with technolalig not understnd its clinicalneed and

utility .

In another studySeifertet al. (2016)investigatedhe use of mobile devicapps
by occupational therapists during theimadial practice. They found that more thizadf
of the participantslid not ug apps in therapyyith "not having access to the technology
at work"beingthe primaryreasonThe main outcomes clinicias®ughtusing apps was
to promote skill buildingsuppat the therapeutic processid accurate feedbackpps
were mainlyselecedbased on peer recommendatiofise authors concluded thabne
therapists might usehis type of technologyf potential barriers were reduced or
eliminated,such aghe availability of technologyjmproved therapist trainingallowing

therapist input into app development and an enhanced evidence base.

Patelet al. (2015)studied the use of mobile device apps by junior doataitseir
clinical practice. They found that junior doctgreferred using desktepaseccomputers
because they fountchallenging taeadinformation on a small screedoreover, yung

clinicians with no previous experience of mobile devicemgieeir clinicalpracticefound
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it difficult to integrae these into their normal workflow. Interestinglgarticipants
preferredusingmobile devicess a learning resource in their own time rather than as a
tool exclusivelyfor the workplaceFinally, some ofthejunior doctors felt that the use of
these technologies in front of the patient or other sepitagues coulthe perceived as
being unprofessionaln contrast to this belief, gtients reported positive perceptions

towardtheir clinician using mobile device apps during their consultations

New technologies can also help patients to bettelerstad their conditions,
which can increase their treatment adhererRatient educatiorfor those people
with diabeteshas been proven to enhance seHfnagement and engagement in their
treatmen(Triccoet al, 2012. However, many patients with typediabetesdo not have
access tdahis educatioror do not participate in sefhanagemengupport programmes.
This issue could be resolved through technologyglaseducation has the potential to
improve accessibility and efficiency of ca®dnoletkovaet al. (2016) exploreal the
perceptions of patients, nurses and general practitioners regesidingaching fothose
people withtype 2diabetes. To this end,rBonthly telephone sessions of 30 min were
offered to 287 people with pe 2diabetesThe aithors reported that 97.5% of patients
available for a followup analysis declared that they were satisfied. They concluded that
nurseled tele-coaching ofparticipantswith type 2diabetesvas readily accepted by

patients and providers

There are studies investigating the actu
of technologyHsuet al, 2005 Strayeret al,, 201Q Sunet al, 2011, Ashurstet al, 2014
Ahernet al, 2016 Spatet al, 2016. Ashurstet al. (2014)conducted a study to design
anappto help enhance the engagement of young patients with diabetes, regarding their
appointments and managent. This study had two different phases: in the first phase, 6
different teams of developers (with at least one British person age@3 6vith type 1
diabetes) were asked to createapp In the second phase, 56 patients, aged2® with
diabetes wee asked to examine and try the 6 apps, choose one and use it in preparation
for their upcoming clinic appointment. After the appointment, participants were asked to
complete a questionnaire and add comments welbasedforum. The authors
concluded thatapps are useful to engage young patients with their appointments.
Moreover, they strongly suggested that young patients with diabetes should be asked for

advice on the design processapps
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One of the challenges of implementing technology in clinical practice is older
peopleds | ack of knowledge and experience.
them and do not feel compelled to try it and engage with it. Howaternet al.(2016)
recruited patients aged 3271 who had very different experiences with technology,
ranging from those who were very experienced to others not normally using technological
devices. They were suffering from chronic obstructive pulmonary disease andshete a
to test and give feedback regarding awp designed to support the assessment and
management of their condition. They concluded that patients benefited from the
portability and flexibility of the tablet device in the examation room, despite their
technology knowledger-urthemore Spatet al. (2016)tested the prototype of a mobile,
tabletbased clienserver systemfor treatment decisions and workflow support
(GlucoTab®). This systemvas designed to support cliniciaredministeringinsulin
therapy.The authors found a significant reduction hgpoglycaemiawhen using a
computerised system for workflow atréatmentecision support, compared to a paper
based process. Healthcare professionals accepsdhe system was effective and
patients adhered to its insulin dose suggestiofi$is supports earlier work that
demonstrated that doctors found examination room cten a positive additioduring

assessment and management of patigigaet al, 20095.

Aligned with this idea,Strayeret al. (2010) explored the possible difference in
patientds attitudes towards the use of new
appointments. They interviewed patients immedidialpwing a visit to a clinician and
asked about their attitudes toward the technology used during the appointment. Results
showed mostly positive patient perceptions of the tablets regardless of age, gender, race,
ethnicity and income. However, senpatiats reported that they had experienaed
depersonalisationduring the appointment. This lack of interaction was also found by
Streetet al. (2014) when practitioners used computers during the consultafioay
concluded thatlmicians multitask during the appointments, having to interact with both

patients and the computer to retrieve data, gather information and create treatment plans.

The different technological approachésve beerexplored in order to assist
consultation. However, these approaclassistgeneral consultation rather than to
measue treatment outcome#in example of this is th prevention of diabetic foot

ulceration through the usef insolesin orderto achieve the greatest offloading possible.
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However,Guldemondet al. (2006)showed that the clinical process for the identification

of elevated plantar pressure performed by professionals appears to be insufficient. Plantar
pressure devices are ttme-consumingto set up and use, and the results they provide

are too complex to interpret and use within the consultalibry also concluded that

there is a lack of clinical devices that aserfriendyand f ocused on i mpr ovi

outcomes.

Aspects of thephysical examination, clinical reasoning and techniques for
elevated plantar pressure screening have to fsvakeated to improve this clinical
processQuantitative plantar pressure measurement is a valaall#éonto screening
Although the cost of ik equipment has decreased and ¢asyse software and hardware
hasbecome available, plantar pressure measurement is not standareciaréoptactices.
There is also no prescription tool that helps podiatrists integrate data obtained from
clinical assesment into their footwear and insole prescriptidarthermorethere is no
technological solutiooapable of prealculating the expected pressure distribution on the
plantar aspect of the faoTherefore, and due to its serious implications, a techgelog
based solution is needed for dayday clinical practice. Nonetheless, before this solution
can be achievedit is necessaryo fully understand he pr of essi onal sé d
prescription process in ordey designsoftwareto fulfil their needs. Fuher knowledge
of the problems that practitioners face in their-tiagay practicevould inform whatis

requiredin order toenhance treatment.

For this reason, carried outresearctwhich aimed to investigate the factors that
influence practitioner clical decisioamaking. This was approached with qualitative

research methods and the three primary objectives were:

1. To gain insight into the practiimi oner s
relation tofoot geometry, motion control, pressure redistitmutaccommodation
of deformity, as well as their perception of fhetient'sclinical needs (usability,
outcome)

2. To identify what factors influence the assessment of patients and the specific

design of the orthoses
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3. To gain insight into how the aims tife prescription and the associated factors

might then be prioritised and enhanced with the use of technological
advancements.

Before this aim and objectives can be achiewedyll exploration and critical
evaluation of the research published in relatiorthe biomechanics of the ulcerated
diabetic foot and insole desigeededo be carried oufThisis presentedh the following
chapterwhich then leads to the qualitative investigation in Chapter 4
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A diabetic foot ulcer (DFU)is defihedas fiany necr osi-s, gang
thickness skin defect occurri (Sghametslf al t o |
2012. Thiscomplication entailseriousconsequences to the patient, saskeduction in
the quality of life, amputation, and in severe cases, death. In the predctisn,a
detailed literature review was presenédxbutclinical decision making and management
of this complication. However, a better knowledge of its pathogenesis and risk factors is
neededo understand if this management provided by professionals is optimum and how
it may be enhanced. Therefore, this section will provide a detailed and crtibahion
of the literature published about diabetic foot syndrome, its risk factors and different

tfreatments.

3.1 Aetiology of ulceration in diabetes

Ulceration in diabetic foot occurs when a combination of risk factors, mainly
peripheral neuropathy and higlantar pressures, present at the same(Buéettoet al,
2013. Foot deformity and peripheral vascular disease are also important risk factors that
can trigger ulcer formatiofLepantalcet al, 2011). Neuropathy in patients with diabetes
has three aspects: sensory, motor and autonomic. Sensory neuropathy produces a loss of
sensitivity that hiders the identification of traumas in the foot. Motor neuropathy leads
to muscle degeneration, limited joint mobility and altered biomechanics of the foot,
producing deformities that lead to imbalanced and increased preg§Suiesio et al,
2013. Autonomic neuropathy results in diminished sweating that makes the skin dry and
more likely to crack. It also leads to callus formation which produces@gaase in

plantar pressurg®@\lavi et al, 2014.

Due to neuropathic complications, the diabetic foot is not able to properly
distribute high plantar pressurdsadingto the maintenance of high pressures during
walking, damaging the already altered soft tissue and subsequently leading to skin

breakdownThis is compoundeldy peripheral vascular disease and an impaired immune
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response in patients with diabetesjeot hinders wound healing leading to increased risk

of ulceration, predisposing the foot to complications and infection (see RBdire
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Figure 3.1: Pathway to ulceration adapted from(Lepantalo et al, 201

3.2 Epidemiology of foot ulceation in diabetes

A patient suffering from DF syndrome will not develop and ulcer spontaneously,
there is a combination of factors which will ultimately result in skin breakdown and
ulceration. Therefore, it is diindamentaimportance to identify the main risk factors

leading to ulceration.

3.2.1 Risk factors for foot ulceration in diabetes

DFU are producedvhen two or more risk factors are present at the same time.
The two mainmost common risk factors identified are peripheraunopathy and
abnormally high plantar pressurdspantaloet al, 201)). The presence gferipheral
vasculardisease and deformigre also riskactors for ulcer formatioBoulton, 2010
Malhotraet al, 2012 Fernandcet al, 2013. Moreover, people with diabetes have an

impaired immune response, with a reduced ability to reanflammatory cells to the
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damaged tissues, delaying wound healing and increasing the risk of inf@atiomy,
2007. Other complications contributing to ulceration include poor vision, limited joint
mobility and cardiovascular and cerebrovascular disédsHcoate&Harding, 2003
Boulton, 2010 Turns, 2013 A higher risk of ulceration has also been observed among
malesandindividuals within theinadequateglycemic control (Bortolettoet al, 2014.

The American Diabetes Association (ADA) published a consensus for the main risk
factors for ulceration and amputation(A&DA, 2013) (Table 31):

Previous amputation | Past foot ulcer histor

Peripheral neuropathy Foot deformity

Peripheral arterial diseag Visual impairment

Diabetic nephropathy | Poorglycemiccontrol

Cigarette smoking

Table 3.1: Risk factors for ulceration and amputation

Hoffman et al. (2015 focussed on the health risks associated with smoking
cigarettespeople wih diabetes who smoke are at a higher risk of cardiovascular disease,
premature death and increased rate of microvascular complicg#dms, 2013).

Cessation of smokingvas relatedoan | mpr ove ment glfcaemmich e i ndi
control and reduced blood pressure newly diagnosed type 2 diabetic patients.
Interestingly, a reduction in the prevalence of both peripheral vascular disease and
peripheral neuropathy (two of the main rigictorsfor ulcer formation) was showm

patients with diabetes that stopped smokiigulgari et al, 2011). This supportghe

hypothesis that smoking has adverse influence on thgcaemiccontrol, contributing

to the final precipitation of ulceration risk factors.

Diabetes is defined by high levels of blood glucose (hyperglycaemia), the control
of which is fundamental to the management of diabetes. There is evidence of decreased
rates oimicrovasculaand neuropathic complications in patients with impraylgdemic
control(UKPDS, 1998aUKPDS, 1998, which are two of the main risk factdos ulcer
formation. It has alsdbeen shownthat glycaemic control decreases the risk of
cardiovasculardisease, lowering the mortality rate of diabgtidue to coronary
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complications(ADA, 2013. Lack of physical activity, combined with obesity, also
increases the risk of developing Eima et al, 2014. The most prevalent soeio
demographical risk factor issedentaryifestyle, followed by being overweight, which

is normally as a result of thack of exercise. Regular exercise has been shoimmpi@ve
bloodglucose control, reduce cardiovascular risk factors, contribute to weight loss as well
as improve welbeing. Furthermore, regular exercise may prevent type 2 diabetes-in high
risk individuals(ADA, 2013).

3.2.2 Neuropathy

Peripheral neuropathy represetite mainrisk factor for DF ulcers and may be
sensory, autonomic or motor. Sensory neuropathy decreases or eliminates the protective
sensation of the fodSriyaniet al, 2013 so that individuals are unable to sense either
repetitive or isolated trauma which may occur during walking or other activéaing
to skin damage. Motor neuropathy is associated with hyperextension of the
metatarsophalangeal joints, clawing of the toes and distal migration of thédfitypad
on the plantar aspect of the foref¢Abouaeshat al, 200]). This process subsequently
leads to increased forefoot pressures, one of the main risk factors for ulceration in the
presenceof neuropathy(Abouaeshaet al, 2004. Autonomic neuropathy produces a
decrease in sweating that can lead to skin breaks by dryness itself. Dehydrated skin loses
its elastic mechanisms and therefore, its ability to adapt to feet movement, tending to
crack easily. It also leads to callus build up under areas of increased pressure, which in
turn, further increases plantar pressuf@douaeshaet al, 2001). Furthermore,
neuropathy has a major influence on plantar pressure changes and behaviour. Ledoux
(2013 found aberrant plantar pressure patterns in 7% of healthy subjects, 17% of the
diabetic feet, 31% of the diabetic feet with neuropathy and 100% of the diabetic feet with

a history of ulcers.

3.2.3 Plantar pressure as a risk factor

The development of a DF ulcer is a mdiéictorial process whicis primarily
associatedvith neuropathy and gh plantar pressures. Peak plantar pressure iPP)
typically definedas the highest localised pressure under the foot. Elevated peak plantar
pressure has been shown to be a contributing factor to skin breakdown, especially when

repeated at a specific an@gatients with peripheral neuropatfAbouaeshat al, 2001,
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Patryet al, 2013. As explained above, increased peak pressure may result from a range
of factors and complications derived from DM, such as deformit@antar
hyperkeratosis, lack of joint movement, tissue stiffness or history of previous ulcers or
amputationdWaldecker, 2012Healyet al, 2013. People with DM have higher peak
pressures than healthy subjg®atryet al, 2013). Moreover, these pressures are greater
on the forefoot in patients with neuropathy when compared talraretics without this
condition(Ledouxet al, 2013 Patryet al, 2013). There are some factors that influence
ulcer formation such as soft tissue characteristics, joint mobility and biomec{Rayce

et al, 2001 Barnet al, 2015. However, they also hawesignificantinfluence on plantar
pressures. Moreover, if these factors influence both ulcer formation and plantar pressures,
they are key risk factors in the whole process.

3.3 Factors that influence pressure

Plantar pressure is one of the main risk factors for diabetic foot ulce(Batry
et al, 2013, so itis important to gain a thorough insight and understanding of the
different factors that may influence plantar pressures during walking. Diabetic
neuropathy has been shown to produce several conditions on the foot, such asdiecreas
joint mobility, altered muscle function and tissue stiffness. If these conditions are present
at the same time, they result in foot deformities and alterations of foot motion that will
also affect plantar pressures and balance. Given that plantarpriessoe of the key risk
factors for ulceration, it is important to understand the factors which can influence

differences in pressure between individuals.

3.3.1 Soft tissue influence on plantar pressures

Soft tissue on the plantar aspect of the foot has tyardaconsisting of fatty and
connective tissues. These function to absorb shock loading on the foot, particularly on the
forefoot and heel region@®zdemiret al, 2004 Natali et al, 201Q. The flexibility
provided by collagen fibres can be altered by both repetitive trauma and diabetes
(Cavanagkhet al, 1993 Hsu et al, 2007 Hsu et al, 2009. Patients with diabetes and
neuropathy present stiffer plantar tissues than healthy sufffectst al, 2011 and this
increase in stiffness leads to a decrease in its capacity for shock abs@@pamiordet
al., 2007 Pai&Ledoux, 201p Furthermore, repetitive loadimvghile walking leads to a
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local thickening of the epidermis due to accelerated keratinization (callus formation) in
the epidermigWang&Sanders, 200Xim et al, 201Q. Subsequent callus formation
allows the skinto better resist repetitive traumasowever, it also increases the peak

pressures on its locatigghang, 200k

There is evidence of a stiffer soft tissue undemntietatasal heads in people with
diabetegSunet al, 201), meaning that the tissue less able to distribute pressure via
deformation(Gefen, 208). There is also a strong inverse relationship between plantar
tissue thickness and dynamic foot press(Zhenget al, 2000 Abouaeshat al, 2001,
Klaesneret al, 2002. Not surprisingly, tissustiffeninghas been fountb significantly
increase plantar pressure, therebgcoming an additional predictive factor wicer
developmen{Abouaeshat al, 2001, Sunet al, 2011, Periyasam\et al, 2012 Patryet
al., 2013.

3.3.2 The influence of foot deformity and biomechanics on plantar

pressures

Foot shape and foot biomechanics influence plantar pressure, especiallthender
metatarsal heads. Plantar pressures are highest at the metatarsal heads during the push
off phase of walking (80% of stance) as, at this point, weight bearing anefdisites
aregreatesaind the weighbearing contact area is small@selly et al, 2000. Metatarsal
head plantar pressures are typically higher in people with DM and peripheral neuropathy
(Muelleret al, 2003. Also, soft tissues under the metatarsal heads tend to be thinner and
stiffer in subjects with DM and peripheral neuropathy compared with healthy subjects
(Periyasamyet al, 2012 Patryet al, 2013. These mechanical effects, directly as a
consequence of DM and peripheral ng@athy, contribute to excessively high plantar
pressures, whickare not sensed by the individuahd subsequentlylead to skin
breakdown(Mueller et al,, 2006.

Foot morphology caplay a role in determining the biomechanical behaviour and
function of the foot(Guiotto et al, 2013. Diabetesand more specifically, diabetic
neuropathyhasbeen shown to result in decreased joint mob{l@arciaAlvarezet al,
2013). Limited joint mobility plays a key role in the abnormal biomechanics of the foot
and ankle in the diabetic patiefNlueller et al, 1989 Zimny et al, 2004. Structural
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changes occur within the tendon and capsule of the diabetic patient, leading to decreased
elasticity and tensile strength, which subsequently results tabifigy at joints causing
subluxations or overall stiffness of the foot. In both cases, the result is poor foot
biomechanics(Kim, 2013. It has also been widely demonstrated that people with
diabetes areharacterisethy excessive ankle rigiditfGuiottoet al, 2013. Zimny etal.

(2004 studied the relationship of joint mobility with plantar pressures in a-s@dsnal

study of 70 patients with diabetes and 30 healthy control subjects. They concluded that
the arkle joint and first metatarsophalangeal joint (MRdpility showed a strong inverse
correlation with the pressure time integral of the forefoot. Moreover, joint mobility
reduction of the ankle and first MPJ resulted in an elevateddependent load ohe
forefoot. This suggests thi@iot morphology affects plantar pressure and plantar pressure
is related taulceration, thereforgoot morphology is related to ulceratif@uiottoet al,

2013 Ledouxet al, 2013 Fernandcet al, 2014.

The relationship between foot type, foot deformity and ulceration has been
previously exploredLedouxet al, 2003. Pronation of the foot is linked to neuropathy
and is more prevalent in people who have a longer duration of digbetesoseet al,

2013. Those patients who exhibit excessive foot pronation also have limited joint
mobility of the first MPJThe limitedjoint mobility of the foot has a prevalence of 8% to
58% in diabetes and may indicate risk of developing pronafitss pronation may, in
turn, lead to other foot deformities, suchhasnmertoesr hallux valgusandalteredfoot
mechanicgPecorareet al, 199Q Robertsoret al, 2002 van Schiest al, 2004 Crawford

et al, 2007 Allan et al, 2015 Bus, 2013 which produce increased pressufidsirray et

al., 1996 Reiberet al, 1999. The metatara heads are a common site of foot ulceration
and it has been shown that toe extension produces a significant increase in stiffness on
the plantar soft tissues, which increased plantar pressures during theffppishse of

gait (Garciaet al, 2008. In support of this idea, recent foot models showed that soft
tissue stiffness under the metatarsal headuddified depending on the MPJ angle.
Accordingly, soft tissues under metatarsahds (MTH) exhibited in stiffness of up to
20% in joint extension compared to neutral positi@tsenet al, 2003. Foot deformities

and altered biomechanics havdieectinfluence on plantar pressures, and therefore on

ulcer formation.
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Peripheral neuropathy has a considerable effect on the biomechanics of the foot
in people with diabete¢Phamet al, 200Q. Human gait is a complex movement
composed of a series of phas&he proprioceptivesystem informs the position and
movement of the foot, providing it with a mechanical protection function that will detect
any potatially dangerousnovement or position while walkingru et al., 201). The
foot makes small adjustments during gait which depend on sensory feedlzaakd
prolonged pressure to any one localised @k@a, 2013. However, in the case of the
diabetic foot, feedback from the proprioceptive system is pooret al, 2011, which
leads to a delay, or complete absence, of these small adjust®emis.studies have
found pressure patterns to be influenced by sp@maporal gait variables including
walking speed, cadence, and step length, as well as morphological characteristics such as
height and bodyweigt{Fernandeet al, 1991 Cavanagtet al, 1997 Morag&Cavanagh,

1999 Cavanagtet al, 200Q Mueller et al,, 2003 Menz&Morris, 2006 MartinezNova

et al, 2009. Limited joint mobility, produced by peripheral neuropathy, contributes to
increased plantar pressures by limiting foot flexibility and restraining the forward
progression of body weight during the stance phase of(Baihandoet al, 1991
Fernandcet al, 2013. An increase in unsteadiness has also been observed in patients
with DM, most likely due to a thickening of the Achilles tendon and plantar fascia that is
associated with a more rigid foot less adaptable to walking on different suiGaresa
Alvarezet al, 2013 Allan et al, 2015. Altered perception of the foot and lack of joint

movement alter normal gait, leading to increased pressures and risk of ulceration.

Motion and gait patterns are different between healthy subjects and those with
diabetes, especially if they haveuropathyFernandcet al. (2013 found that patients
with neuropathy walked slower and had a reduced stride length when compared to
diabetic patients and healthy subjects. They also foungdugple with neuropathy spent
a longerperiod of timein the stance phase compared to subjects with DMy
demonstrated a reduced range of movement in patients with neuropathy when compared
to healthy subjects xeeptfor hip flexion. Therefore, it isnpbable that elevated plantar
pressure, coupled with a longeeriod of timespentin stancein neuropathic patients,
contributes to the susceptibilitp skin damage through prolonged mechanical load on

tissue, leading to skinreakdowrand ulceratiorfFernandcet al, 2013.
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Since foot structure can affect peak presgueelouxet al, 2005 Guiottoet al,
2013 and peak pressure can predict ulceration, it is possible that ulceratiobemay
predictedby foot structure. In line with this, foot deformities, such as hammeride
deformity or hallux limitus, have been associated with an increased risk of ulceration
(Ledouxet al, 2005 Cowleyet al, 2009. Guiottoet al.(2013) found a close relationship
between foot morphological alterations and plantar ulcerations. This is in agreement with
(Ledouxet al, 2009, who demonstrated that foot structure was one of tha faators
which could explain differences in peak pressure. Moreover, there is a direct relationship
between diabetes and changes in foot morphology, especially in the presence of
neuropathy, due to its effect on muscles and ten@ans 2013. A cavus foot was found
to be frequent among patients widlabetes,and higher pressureseve found when
compared to nodiabetic fee{Ledouxet al, 2003. Therefore, there is evidence that foot
morphology has the potential to impact on peak plantar pressures, which can ultimately

mean that it may have an influence on ulcer development.

Variability in PP in patients with diabetes is significantly related to the presence
of neuropathy(Payneet al, 200). This condition entails important complications such
as increased soft tissue stiffness, reduced range of movement on the key joints of the foot
and deformities due to muscle and ligameeakness. A small concurrence of these
complications can be significant predictors of dynamic funcf{ayneet al, 2007).
These factors are insufficient on thewn but combined they will ultimately result in the
formation of a diabetic foot ulcéReiberet al, 1999. Moreover, it is likely that some of
these complications are present at the same time, given their high prevalence (over 40%
for all of them) amongst peopléth diabetegChaoet al, 2017 Allan et al, 2015.

3.3.3 Plantar pressure thresholds for ulceration

There have been attempts to establish a pressure threshold above which ulceration
is more likely to happertHowever, there are reports of different thresholds for ulcer
development, ranging from 300 to 1100 K&ldecker, 2012 Armstronget al.(1998b)
recruited 219 patients with diabetes in a eametrol studyto set an ulceration risk
threstold; cases were patients with a recent history of ulceration and the controls
comprised patients without history of ulceration. Barefoot plantar pressungsre

collectedwith a novel Emed platform and they found higher pressures on the forefoot in
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patierts with ahistoryof ulceration. They set the threshold for ulceration at 700 KPa, but
the sensitivity and specificity were not high enough, leading them to conclude that there
is no threshold, but that higher peak pressures lemdreasedisk.

Frykbeig etal. (1998 studied a crossectional group of 251 patients of different
ethnicities aiming to determine thisk of ulceration associated withigh foot pressures
and peripheral neuropathy inlarge and diverse diabetic population. They collected
barefoot pressure data in their group of 251 patients with diabetes and neuropathy using
an F-scanmat system. They also performed neuropathy scredaestg and tested joint
mobility. Using a logistic regression between the different screening variables and
pressure,itey concluded that both high foot pressuresradopathyare independently
associateavith ulceration, and this led them to suggest a threshold of 588 KPa.

Owingsetal. (2009 performed a cohort study and recruited subjects with diabetes
and neuropathy from a databas@©25 eigible patientcreatedver a period of 18 years.
They identified 190 surviving patients with prior plantar ulcers of the forefoot and 49
patients agreed to participate. All participants had had a yearly foll@ppgintmentor
at leasfive years and &d remained healed at least for over 90 d@gsefoot and irshoe
plantar pressuresere collectedavith Novel® devices. They concluded tharefoot peak
pressure is a poor predictor of peakshoe pressure and thatshoepressure is a key
variable thashouldbe investigatedor foot ulcer risk in diabetic patient§hey reported
a mean barefoot peak plantar pressure of 556 KPatgatinter-subject variability (107
i 1,192 KPa) and a considerably lower meashoe peak plantar pressure of 207 KPa.
They could notestablish a threshold for ulceration and recommendgatovisionally

adopt200 KPa as previously suggestedGyldemond (2007)

As yet, a peak pressure threshold for ulceration risk has notdedemitively
established). The difficulty in establishing a PP threshold is mainly because DFU is a
multifactorial procesaffected by direct vertical pressure but also by shear gfPass/
et al, 2013. Moreover, DFU is also influenced lmther factorssuch asperipheral
vascular disease, glycemic levels or activity and lifes®#ryet al, 2013 Fawzyet al,

2014). As detailed previously, there are several factors that can influence plantar

pressuresHowever, PP is only one factor in a multifaceted pathway to diabetic foot ulcer
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formation,and, importantlyjt has been shown that ulceraticanoccur in presence of
normal PRArmstronget al, 199&).

Other factorsvhich have been linked to ulceration inclyzezipheral neuropathy,
peripheral vascular diseaggycaemiclevels, socieeconomical background or activity
level (Noor et al, 2015. The glycaemicstate and the lifestyle of patients with diabetes
depend on the sethanagemenand can often be difficult to change because of poor
compliancewith lifestyle advice chang@Abubakariet al, 201§. This lowadherence to
healthier lifestyleswill resultin increased risk factors for foot ulceration and other
complications from DM such as retinopathyn@phropathySince many of these factors,
such as neuropathy, are out of the direct control of the clinician, most conservative
treatment approaches include reducing PP during walking and educating the patient

regarding foot care to prevent ulcerat{@tacpooleSheaet al, 1999.

Although many threshold values haveen suggesteir risk of ulceration, the
only certainty for ulceration is that the risk increases as peak pressure incheasest
factor to consider are the large variations in systems and ways of measuring and recording
PP, which make it difficult to arrive at a consensus regarding the best system and the best
way of obtaining a sensible and reproducible measure(Aemtstronget al, 1998).
However, Guldemondtal. (2007 found that if peak pressures were lower than 200 KPa,
ulcerationdidnotoccur . Therefore, this peak pressur
for ulcer prevention until a more accurate ulceration threshaldterminedimportantly,
previous studies have shown thasime pressures can be reduced to the 200 KPa range

with appropriately designed prescription footwear interventi@veingset al, 2009.

3.4 Plantar pressure measurement methods

3.4.1 Devices

There are two main devices used to collect plantar pressures: platforms (used for
barefoot collection) and iehoe presse devices Although pressures cabhe measured
under either static or dynamic conditions, dynamic pressure measurement appears to be
more sensitive and reliable for identifyingragk feet(Patryet al, 2013. In-shoe devices
are clearly advantageous over platforms as they allesha® pressures be nvestigated

which are known to differ considerably from barefoot press{@bsvalieret al, 2010.
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Also, barefoot peak pressure is a poor predictor of peakae pressure. Therefore, the
in-shoepressure is a key variable that should be examined for foot ulceration risk in
diabetic patient{Owings et al, 2009. Accordingly, these ishoe plantar pressure
devices have been used over the last three detmaaesitor the interaction between the
foot and theshoeor insole, during either static or dynamic activit{de Castreet al,

2014.

Accurate measurement and assessment of plantar premsingsortantto detect
changesn pressure, which may be small, but still meanin@fiel Castrcet d., 2014.
Also, in order to beable to assess individuals, the device used needs to be reliable
(Atkinson&Nevill, 1998. Reliability canbe defiredas the consistency of measurements
or the absence of measurement efdackson, 1990 In practice, some amount of error
is always present with continuous measurements due to noise and human movement
variability. Therefore, reliability could be cadsred as the amount of measurement error
that hadeen estimatethat does not bias the res(Atkinson&Nevill, 1998§.

The insole of the wshoe plantar pressure devisecomposedf an array of
sensors that quantify the pressure. Thesesors are arranged in rows and columns
(Cavanagh P. R., 199and enable monitoring of the entire plantarsanf the foot during
walking. These sensor insoles can be connected by walikeelectronic box, which sends
the data to a computer via Bluetooth® telemetry. The insoles are madmpéeitive
sensor with elasticity to conform well to the thudimensonal surface of the orthotics.
These sensore formedrom two conductive electrically charged plates separated by a
dielectric elastidayerwhenpressuras appliedto the sensor, theielectric elastidayer
bends decreasing the distance betweentilee plates,producinga voltage change

proportional to the pressure applied (FigBr2).
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Figure 3.2: Capacitive sensor adapted from (Razak et al., 2012

3.4.2 Plantar pressure analysis and pressure outcommeasures

The first step when processing a continuoushioe plantar pressure measurement
is to segment the data into different steps for each foot. A mdlskn definedo divide
the plantar aspect of the foot into different regions whicluswallyaralysed separately.
The most common masks regioase heel midfoot, first metatarsal head, central
metatarsal headdifth metatarsal head, hallux and to@®. define these regionshe
corresponding sensors from the insate identifiedand an appropriatmask defined
(Figure3.3). Once the masks are defined, different pressure calculations are performed to
define a small number of outcomes which characterise plantar pressure behaviour. The
outcome peak pressure definedas the highest pressure in amnsor across a given
mask (anatomical regionjBus&Waaijman, 2018 In contrast, mean pressure is
calculated as the average pressure across all the sensogiven regionFinally, the
pressure time integral is defined as thme integral of the meapressure across all
sensors in a particulaegionduringonefoot step.This iscalculated as the area under the
meanpressurdime curve of a particulaegion(Waaijman&Bus, 201p
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Figure 3.3: Pedarinsole mask adapted from Bergstra et al. (2015)

Peak pressure and the presdime integral are the two most commonly used
outcomes in studies investigating plantar pressure behavibare are several studies
that showthat theséwo outcomes are hidy correlated. However, only peak pressure
has been associatedth ulceration in prospective studiffsrykberget al, 1998 Phamet
al., 2000, while the pressurgme integral has shown to influence ulceration only in
retrospective studie¢Stesset al, 1997. Interestingly, sme authors consider the
pressurdime integral a more relevant parameter than peak pressure because it
incorporates pressure as well as time factors, which have been suggested to be important

in ulcer formationSoames, 198%si et al, 2002.

3.4.3 Reliability of in-shoe plantar pressure measurement

Reliable plantar pressure measurements akeyimportanceto assess the risk
of ulceration. However, plantar pressure values vary from step to step and, even more,
between separate dayBhere are many variables that majluence plantar pressure
values, which are not only intrinsic to tlseibjectbut also dependent on the environment
where the data collectias performedpr the device itself. Walking is variable, with no
two steps the sam@utti et al, 2007), feet muscles and joints move in a very complex
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motionto adapt to the ground and maintain balance. Also, while collecting data, subjects

are asked to walk in an unusual laboratory environment which may influence their pattern

of walking.In additon, physical changes can happen in the subject, such as inflammation

or pain, or psychological states between separate testing days. On the other hand, all data
collection will have some noise within the data that is prodbgdde devicatself. Given

the importance of plantar pressure measurentbatpotentialfor variability in each
subjectds wal king pattern, nlremnsingneiseandhat c ol

errors are needed.

Reliability of in-shoe plantar pressures has been studiedebgral authors
Ramanathaet al (2010 recruited 27 healthy male subje@and asked them to walk over
a26-metrewalkway. They used ofthe-shelf running shoes withoutsolesand repeated
the measurement one week later. Peak pressures and ptemsuiategral were
determined and showed high repeatability on all the méslkenother study, Putét al
(2007 recruited 53 healthy subjects and also uwsaddard running shoe& mean of 12
days passed from the first to the second data collection days. They also studied peak
pressures andoressure timeintegral between other outcomes, obtaining good
repeatability results. Another study Bodi et al. (2014) recruited 16 young healgh
subjects, collecting data in two walking sessions, two days apart, wearing standard
running shoes. They showgdodrepeatability for peak pressures across the whole foot.
Finally, de Castreet al.(2014)recruted 40 young healthy participants and placed two in
shoe devices, one on top of each other, inside standard ballet sneakers. They showed good
repeatability results for peak pressures and pressure time integral. However, this approach
may not be the besthco i c e, as systems can interfere
measurement as they are in direct contact. Nonetheless, all studies came to the same
conclusion that peak pressure and the predsueeintegral are reliable outcomes to

report plantar pressures.

One of the most popular and reliablesimoe devices used to collect plantar
pressures is the Novel Pedar® syst@ims in-shoe pressure device has been tested by
several authors in the literature, showing promising and relatively reliable results
(Quesadeet al, 1997 Murphy et al, 2005 Hurkmanset al, 2006 Pultti et al, 2007,
Gurneyet al, 2008 Chevalieret al, 201Q Ramanathaset al, 201Q Sawacha, 20131t

has been shown to have lower variance across sensors when compared-sgahe F
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(Quesadat al, 1997. All of the authors concluded that the Pedar system is reliable, but
there is some controversy between some of the paptrs midfoot area. Murphgt al
(2009 concluded that the systezanbe ugd to measure contact area and plantar pressure
beneath the midfoot, with excellent reliability in multiple trials of the same subject. On
the other hand, Ramanathaial (2010 and Puttiet al. (2007 were in agreement that
the Pedar is a reliable system, but that the pressuoeeintegral data derived from the
midfoot region is the least repeatabPRutti et al. (2007) also point out thano two
footsteps i n a idedicalanditherefdrd) thesrepbajalality achiavedey

the Pedar system is clinically acceptable.

In-shoe plantar pressure reliability hbsen studiedy several authors using
different approaches. Most tife studies conclude that peak pressure and the pressure
time integral are repeatable and reliable outcomes. Furthermore, the Pguae system
has shown to be the most repeatable device for plantar pressure collection. However, all
previous studiekawe collecked plantar pressure data from healthy subjects. This cohort
may have gait and pressure patterns which are more consistent and potentially different
from patients with diabetes and peripheral neuropathy. Moreover, all studies used
standard shoes thiflat insoles inside, rather than the customised insolearthgpically
prescribedor pressure offloading. This gap in the literature was the basis for the first
quantitative study presented in this thesis, which aimed to quantify the level of
repraducibility of plantar pressure measurements in individuals with diabetes and
neuropathy using fully customised insoles.

3.5 Footwear interventions for reducing pressure

Given thekey role of elevated plantar pressure in DF ulceration, different
interventions hve been employed to reduce pressure. These strategies atiales
types of footwear, insoles, orthotics and offloading surgery among dBesst al,
2004 Cavanagh&Bus, 2010Healy et al, 2013. Conservative methods are always
preferable to surgical approaches, especiallyhighrisk populations. Therapgic
footwear and insoles have shown to be effective in pressure offloddiggr et al,
2007). Accordingly, they areormaly prescribed to patients with diabetes in order to

prevent ulcer formation. In the following sections, a brief literature review is presented
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on both approaches so that the reader can gain a better understanding of their pros and

cons.

The use of specilgldesigned footwear is a common approach for reducing plantar
pressures with the aim of preventing ulcerafi@avanagtet al, 200Q. The rocker shoe
is the most commonly prescribed des{@chaff&Cavanagh, 199®ecause it has been
shown to be effective for offloading peak pressuytéscioli et al, 1997. The sole of
these rocker shoes curvedwhich helps the foot move forward during the last phase of
the step. This shoe prevents MPJ extension during the step, thereby reducing peak
pressures under metatarsabtds(Hutchinset al, 2009. There are two main types of
rocker shoe which diffein soleshape, the traditional rocker and the curved rocker, with
both types possessing a stiff sole to prevent it from bending (Rgt).eThe contour of
the traditional rocker has a sharp apex at approximately 55% of shoe (ldngthinset
al., 2009 where rocking occurs. On the othend, the curved rocker shoe has a more
gradual curve on the apex of the shoe where this rocking movement happens more

gradually.

The toe-only curved rocker profile.

Figure 3.4: Types of rocker shoe adapted from (Hutchins et al., 2009)

Rocker shoes are commonly prescribed to patients with diabetes in order to
offload pressures. The rocking motion of this type of shoe has shown to be effective
reducing pressure when compared to normal oxford @tealy et al., 2013 Moreover,

there is evidence of pressure reduction on the central metdteass with rocker shoes
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(Waaijmanet al, 2012 Chapmaret al, 2013. However, there is some controversy in
the efficacy of this type of shoe in ulcer prevention, for example, Uatial (1997

found evidence of ulceration rate reduction in patients using therapeutic footwear,
whereas Reibegt al. (2002 did not find anyreductionin the rate while using this type

of shoe.

The main issue that thigpe of footwear presents is patient compliafélliams
et al, 2007. Despite the beneficial properties of this shoe, it has been reported that
patients want to have a choice in footwear accordirthew needs andre particularly
focusedon the appearance of the shoe. Therapeutic footwear may not meet those needs,
instead, ending up in a cupbodkilliams et al, 2007. Williams et al (2007 2010
found that therapeiat footwearreplacing normakhoesreinforces the stigma of foot
deformity and disability. Above all, in female patients, ttierapeutichoe will influence
and restrict their choice in clothes, which may hinder their adherence to this prescription
(Williams et al, 2010. In modern society, external appearance is very important
especially for women, and the impact that this footwear has on appearance may lead to a
negative emotional response in this group of pati@ifiliams et al, 201Q. Therefore,
therapeutic footwear may not be the best solution for pressure offloading and other

options that do not influence footwearoiceneed tdbe considered

3.6 Insoles for reducing pressure

Insoles represent a viable alternative to footwear for reduchstpar plantar
pressures and there are two main different types of insolethesghelf and custom

made.

3.6.1 Off-the-shelf insoles

Off-the-shelf insoles arenas producedtandard insoles that are not specifically
designed to fit the shape of the offthedi vi dual
shelfinsoles, flat insoles and contoured insoles. Flat insoles consist of a layer of material
with a varyingthickness in the shape of the shoe arelnormally madef cushioning
materials, such as soft EVA. This type of insole can be bought from a high street shop
and offers extra cushioning, over and above that provided by the sole of the shoe.

Contoureff-the-shelf have a contoured shape to give support to tihe @amdare made
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tofit a generic foot shape, including a variety of drefghts.These insoles can be found
in different materials of different densities, cushioning most frequentigy canalso
have other additionsuch aswvedgesin order to try andnimic many of the physical
characteristicof customised devicedgRedmondet al, 2009. While off-the-shelf all
purpose comfortale insoles may help to offer some cushionitngse are available @
limited number of shapes amdaterialsand are hardly capabt# fitting specific foot
types and safety sho@Saravagget al, 2016.

3.6.2 Custom made insoles

Custom made insoles or total contact insolesal@ made to fit the shape of the
p at i feon bff@rsrg support across the whole plantar aspect of the foot. This type of
insole is thought to accommodateformitiesand relieve areas of excessive pressure by
evenly distributing pressure over the entire plantar sulfdceller et al, 2006. Total
contact insolesnaximisethe contact area with the foot aptbvidearch support in the
midfoot region, which has been shown to helpunloadthe metatarsal and heel regions
(Ibrahimet al, 2013. Thesdnsolesare usually more expensive than-tfé-shelfinsoles
since the design requires andapth examination with a podiatrist and additional
measurements, but the user generally experiengesater uniform pressure distribution,

increased comfort, and less pé&Baravagget al, 2019

3.6.2.1 Casting technique

In order to fabricate customade foot orthoses negative model of the foot is
used to create a positive plaster mould which can be modified and used as a template
around whichthe foot orthosesire shapedThe classiccasting technique is the non
weight bearing plaster of Paris, whichwiglely used and is considered by many to be the
gold standardMcPoil et al, 1989 Trotter&Pierrynowski, 2008 For this technique, the
foot is heldin neutral position by the caster. The degree of accuracy opltmar
geometry and the correct alignment of the foot is heavily influenced by the skill of the
clinician and casting can be a timensuming andiifficult task(Trotter&Pierrynowski,
2008 Carrollet al, 2017).

Furthermore, placing the fowt different alignment positions for casting will have

implications for the plantar surface contours and the position that the resultant foot

37



orthoses wilplacethe foot in(Chuteret al, 2003. The semiweight bearing posture with
foambox is probably the mogtopularcasting techniqubecause it is quicker and cleaner
than plaster(Carroll et al, 201]). Recently, dimensional (3D) surface scanners and
digitizers, able to scan the foot directly have become available, meaning that accurate
computer models of the foot shape ¢e#ngenerate@Guldemondet al, 2006 Stajeret

al., 2011 Telferet al, 2012.

The casting technique is not the only factor which can influence cast quality,
hence the functionality of the final orthosis; fiveal product can also be affected by the
practitioner 6s dheie lre seyeralastudies whichve investgatede .
the influence that the practitioner may havehe casting process. InterestingGhuter
et al.(2003)did not find a statistically significant difference between the experienced and
inexperienced cliniciangdowever, in another study, Trottetral (2008 found that foot
care professionals are consistent with themseimés-caste) but, both methods show
poor reliability between practitioners (inteaster). Carrolet al reported an increased
measurement error in the forefootrearfootalignment, both within and between the
raters when casting with the neutral suspension teghre(Carroll et al, 201J).

3.6.2.2 Manufacturing process

Once the cast is takerhere are two common approaches to manufacturing,
traditional and CAD/CAM. For the traditional approach, the cast is filled with plaster to
obtain a positive copy of the foot, which is then used to mould the insole. Following the
prescription, the materidbr the shell of the insole is heated in an oven to make it
malleable. It is then applied on top of the plantar aspect of the positive cast of the foot
and introduced in a vacuum device to adapt the material to the shape of the cast. Once the
first layer d material has cooled and is no longer malleable, more layers are applied on
top of each other until the shape and height of the insader the rear and mid fost
reached.The forefoot region (starting just proximal to the metatarsal heads) is flat,
normally made with layers otushioning materials to reduce PFhe insole is then

finalised byglueing on a top and/or cover if required.

In the CAD/CAM manufacturing technique, the caanhalsobe filled in with
plaster and this positive reproduction bétfoot is scanned in a 3D scanner to obtain a

3D file. Another approach is to scan the foot of the patient rather than using a foam box
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or plaster of Paris. This 3D file is then loaded into the insole design software, where a
template of an insole is load and modified to replicate the plantar aspect of the foot.
Then, the different additions are added and the file is sent to a milling station that will

mill the insole out of a block of material.

3.6.3 Customised insoles for reducing pressures

There are many studies supporting the idea that the effectiveness of-costiem
insoles is superior to that of effie-shelf insolegPostemaet al, 1998, Buset al, 2004
Mueller et al, 2006 Owings et al, 2008 Redmondet al, 2009 Patonet al, 2012
Ibrahimet al, 2013. For example, Ibrahiretal. (2013 found a significant reduction in
the mean plantar pressures under the metatarsal heads with total contact Tig®les.
pressure reduction under thetatarsal heads, when using customised insoles, has also
been found by other authgfisord&Hosein, 1994Brown et al, 1996 Kato et al, 1996
Postemaet al, 1998 Buset al, 2004 Tsunget al, 2004 Owingset al, 2008 Patonet
al.,, 2012. Reduction in the soft tissue strain under the forefoot has also been reported
(Lott et al,, 2007 Ibrahimet al, 2013, with a reduction in the mean pressure in the same
areas. Many authors suggest that this pressure reduction results from a corresponding
increase in tolasurface aregAlbert&Rinoie, 1994 Buset al, 2004 Muelleret al,, 2006
Raspovicet al, 2019.

A medial arch support has proved to be highly effective in transferring load from
adjacent regions to the medial midf¢blovick et al, 1993 Brown et al, 1996 Buset
al., 2009. However, althougPatonet al.(2012)found asignificant increase the total
contact area, it was reduced by 50% at six months fallpwf his contact area reduction,
linked to the fact that the pressure remained lower, led them to question thet@associa
between the contact area and pressure. However, other authors found no significant
changes in peak pressures at this locg#shryet al, 1997 Uccioli et al, 1997 Postema
et al, 1998 Bus et al, 2009. These differing results are likely related to the use of
different insoles, subjects, as well as experimental procedures, making it difficult to
compare these studies. Nonetheless, there is sufficatralyg evidence to suggest that a
medial arch support should be a consistent feature in the design and fabrication of insoles
for patients with diabetes and neuropafBus et al, 2004. Consequently, an accurate

cast is okeyimportanceto achieve the best replica of foot morphology.
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3.6.4 Evidence of ulcer prevention and pressure offloading with insoles

Customised insoles with additions are an effective in preventing ulcers and
metatarsal bars are a commonly used addition in offloading inSdiesaddition is a
raised area behind the metatarsal heads to lift the metatarsal heads, thereby reducing the
peak pressures which tend to occur under the metatarsal (iésics al, 2005 Kanget
al., 2006 Mueller et al, 2009, just in front of themetatarsal bar (see section 3.6.8.).
hasbeen suggesteithat the best approach for offloading a diabetic foot, and therefore
preventing ulceration, is by using a combination of customised insoles and a therapeutic
shoe (Owings et al, 2009. However, insole design is a complex tasktlere are
different types of insoles that offdifferent advantages. Furthermotiegre ae different
additions that cabe integratedo the insolego achieve the treatment goal, including
changes in the shape of the insole, such as a metatars&h laaldition,a range of
materials can be used for insobanufactureeach with different mperties, thus there is
potential fora widerange of insole designs and therefore, choices available to the insole
designer. For that reason, it isk#dy importance to have an-ikepth understanding of

how insole design features can affecsiroe plantapressures.

3.6.5 Cushioning materials

A broad range of materials available for manufacturing insoles and their
mechanical properties, including the abilitiedate distribution shock absorption and
durability, should be carefully considered to achi¢ive maximal therapeutic effect
(Kanget al, 2009. Increasing the thickness is an effective approackdodng plantar
pressure. However, the maximum thickness of material thatbeansedunder the
metatarsal heads is limited by footwear depth because excessiveawptpendn the
shoe, putting the patient at risk for dorsal ulceratowingset al, 2008. The use of soft
and cushioning materials has bestudiedand been shown to be effective fmessure
offloading(Healyet al, 2012. In 2007 Patonret al.(2007published the results of a study
examining the physical properties of 15 materials used to prevent ulcers in diabetic
patients with neuropathy. Of these materials, 6 mm Poron was the most effective

followed by ethyl vinyl acetate (EVAFernandezt al, 2013.

Many of the studies showing that soft and cushioning materials are effective for
pressure offloadin@Kanget al, 2006 Healyet al, 2012 McCormicket al, 2013 have
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used the materials toake complete insoles. An important limitation of these studies was
that they did not only use softer materials on the forefoot to improve the offloadieg.
combinationof different material densities would allow both offloading and pressure
redistribution. In this thesis, cushioning materials will only be used under metatarsal
heads, where higher peak pressures and ulceration are more commsodesignis

explainedn detail in Chapter 5.

3.6.6 Metatarsal bars

A total contact insole, on its own, may not hdfisient to reduce pressure and
prevent reulceration(Hastingset al, 2007. However, when combined with other
additions (e.g. changes to the surface shape of the insole), the offloading effect of the
insole can be iproved. The most common addition is a metatarsal bar which is a convex
shaped form positioned in the region of the metatarsal hg#iset al, 2005. The
metatarsal bars are placed just proximal to the metatarsal heads aedistibute the
plantar pressure, decreasing the stress andis&die compression at the metatarsal head,
by lifting the bone or not allowing it to plantarflex during the-tdephase of the gait
(Hsi et al, 2005 Kanget al, 2006 Muelleret al, 2006§. Metatarsal barare commonly
usedin combination with a void, which is a partial cut out under the peak pressure areas.
This void s typically located just distally from the metatarsal bar to enhance metatarsal
head offloading (Figur8.5).

Metatarsal
Bar

|

|

‘: Metatarsal
!

Bar Void

Figure 3.5: Metatarsal bar and void design and position in the insole
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Several authors have studied metatarsal bar offloading propertteéghinisk
patients(Ashry et al, 1997 Bus et al, 2004 Hsi et al, 2005 Mueller et al, 2006
Koenraadtet al, 20129, concluding that metatarsal bars are an effective for offloading
pressures under the metatarsal heads, an area that has been associated with ulceration and
the presence of high pressufesdouxet al, 2005 Patryet al, 2013. However, itis
difficult to separate theffect of the metatarsal b&rom theeffect of the rest of the
custommade insoleOther studies, that have investigated the effee ofetatarsabar
on plantar pressures in healthy people without foot impairments, report highly variable
results on the pressure decrease undandtatarsal headslolmes&Timmerman, 1990
Haydaet al, 1994 Ashryet al, 1997 Buset al, 2004 Kanget al, 2006 Muelleret al,

2006. The variation in the published results may be explained by the variabilite
subj ect 6s rmeta@msaba end metatatsdl ear differences (shape, size,

location, and material properties).

The pecise position of a metatarsal bar can have a considerable influence on the
pressure reduction under the metatarsal heads, for exadtspét,al. (2005)showed that
small changes in the metatarsal bar position ledatge changes in pressur@he
clinically accepted position of a metatarsal bar has traditionally been 5 mm proximal to
the metatarsal hea@@®rodtkorbet al, 2008, however, several authors have investigated
optimal positioning(Haydaet al, 1994 Hsi et al, 2005 Kanget al, 2006 Mueller et
al., 2006 Hastingset al,, 2007 Brodtkorbet al, 2008 Koenraadet al, 2012.

Haydaet al. (1994 tested10 healthysubjectsusing3 different metatarsal pads:
large foam, large felt and small felt. They tested each metatarsal padiféér&nt
positions: at the metatarsal head b&sam proximal and 5 mm distal. Temallfelt pad
was found to be most effective for offloading, with the distal position associated with the
greatest decrease in pressure for all types of pads. In another study,aHgP005
recruited 10 male participants with a previous diagnosis of metatarsalgia. They tested all
subjects with a foam rubber metatarsal pad, in the shapeahadteardrop, initially
placed immediately proximal to the metatarsal head métatarsalg and moved by 4.4
mm distally 6 times. They concluded that the greatest pressure redwesoobtained
when the metatarsal bar was placed just proximal to the peak pressure. In another study,
Brodtkorbet al. (2008) recruited 22 healthy subjects taking measurements on one foot

thatwas chosemt random. They tested 2 metatarsal pads, 5 mm and 10 mm high, made
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of EVA 55° ShoreA. The metatarsal pad was attached to a Pedar insole just behind the
2" metatarsaheadand moved consistently 5 mm proximally, with the subject instructed

to stand on one leg during data collection. They established that when the metatarsal bar
was positioned 5§ 25 mm proximal to the metatarsal heads, forces under the 2
metatarsal head and the toes decrease, while pressures at the metatarsal support region
increase. These data support the idea that a correctly placed metatarsal bar will
redistribute the plantar pressure from metatarsal heads to the area where the metatarsal
bar isplaced(Koenraadet al, 2012.

In a study investigating metatarsal bar position, Hastgs (2007 found the
pressurgeduced consistentlyhen the metatarsal bams positionedetween 6 mm and
11 mm proximal to the metatardadad line Thesdindingsshow that variations of more
than 6 mm in the metatarsal bar position tave an important effecsignificantly
decreasing the offloading properties. Howewher research has demonstrated that
positioning of the metatarsal bar can be inconsistent when placed by either podiatrists or
orthotist (Hastingset al, 2007. This inconsistency may explain the variability in the
individual response to metatarsal bars observed in other s{Gtiasget al, 1994 Ashry
et al, 1997 Mueller et al, 200§. Given the importance of accurately positioning the
metatarsal bar and the potential for error with manual methods of positioning, metatarsal
bar placement should be customised based on quantifiable data, such individual plantar
pressure measurements. However, all of the studies described above used standard
metatarsal pads instead of customised metatarsal bars based on plantar pressures.

3.6.7 Full insole customisation

To date there has been only one study by Owiagal.(2008), vhich customised
not only theinsolebut the metatarsal bar shape for an understanding of barefoot plantar
pressure patterns. This approach of using pressure data to design the insole may improve
offloading as it achieves a more accurate positioning ofiitatarsal bar. Owingst al.
(2008) recruited 22 participants with diabetes and neuropathy to comprehensively
evaluate the potential of fully customised insoles by comparing three different insole
designs for each participant. Barefoot plantar pressme$oam impressiowere taken
to fully customise the insolesThe first of which was designed with a shell of

polypropylene and a plastazote cover, incorporating a standard metatarsal bar. The second
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insole was made from 45° shore A EVA and incorporatpthstazote top cover and
standard metatarsal bar. The final design was a fully customised insole (35° shore A Micro
Puff EVA) based on a foot cast and plantar pressure data with a poron topTdwrer.
metatarsal bar shape was designed usirgjgorithm that identified a pressure contour

and positioned behind peak pressures (Fi§8g They also incorporatealvoid3 mm

deep underneath regions where peak pressures were higher than 1,000 KPa.

Figure 3.6: Metatarsal bar design process followed by Owings et al. (2008)

Subjectswere testedvith the three insoles in two different shoes: an extra deep
shoe, and rigidrocker version of the same shédso, a control condition was set using
the extra deep shoeith its standard insole. Pressure dates collectedvith the Novel
Pedarins hoe system a townsgeedover@dmetrawalkwayaHowedes,
only pressures from the first walking step were used for the data analysis. All the trials
wereaveragedor each foot and pressure outcomes were defioed the F' metatarsal
head,2" metatarsal head and&" metatarsal heads. Any region with pressures higher
than 450 KPavas considereds a region of interest. In total, 70 regions of inteaesiss
thethreemasks from each foot of the 22 subjects tested were identified. From these 70
regions, 54 were under the' br 29 metatarsal heads and the customised insole
significantly reduced pressures with the pressure based metatarsal bar ith&470f
with 32% more offloading than the polypropylene insole and 21% more than the 45° shore
A EVA insole.
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These results demonstrate the potential opportunity provided by new technologies
for custom insole prescriptions to enhance offloading. In #taoly, they used a fully
customised insole based on foot shape and plantar pressure measurement, however, the
plantar pressure datgedfor the insole design was taken from the first walking step taken
by the subject and is not representative of plantesqures, aseveral stepare needed
to characteriseepresentativplantar pressure pattergMelvin et al, 2014. Furthermore,
in the desigrprocessa 3 mm deep regiowas removedinderareas thathe authors
consideredeinghigh pressure. They defined high pressure as being greated {000
KPa, which may have been too high and they may have missed other areas with high
pressures, lower than 1,000 KPa, but still placing the foot at high risk. Moreover, they did
not investigate the effect of material as an additional design chastctér reducing
pressure and only studied one metatarsal bar position rather than systematically varying
the bar position. Given the limitations of this study, our study was designed to answer the

following research questions:

1. What is the effect obystematically varying the metatarsal bar position in
combination with cushioning material onshoe plantar pressures?

2. What is the mean optimum design?

3. What is the effect of each insole configuration when compared to the control
condition?

4. How much addibnal value is there is in individually choosing specific design

features?

3.7 Prediction of the response to insole design

3.7.1 Factors that predict plantar pressures

Plantar pressure is complex and influenced by multiple factors. Although some of
these factors ardifficult to measure accurately, others may help us understand and
predict plantar pressuteehaviouy for example, foot structure can affect peak pressure
(Ledouxetal., 2005 Guiottoet al, 2013 and peak pressure can predict ulceration, so it
is possible thatilceration may be predicted by foot structurlis concephasled some
researchers to study different factepredict plantar pressure behaviour based on feet
structural characteristics. In one stuéhgyneet al. (2001) recruited 50 subjects with

diabetes and collected soglemographical variables, different radiographiglas, soft
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tissue properties and joint mobility at the ankle afichetatarsophalangeal joint, as well
as data on neuropathy. They used stepwise regrassidellingand found that positive
neuropathy scores explained differences in peak pressures hatetltix, 15 metatarsal
head and heel. However, they did not obtain any significant results for the prassure

integral (PTI) prediction from any of the variables studied.

Foot deformity has been found to be a strong predictor of peak pressured, Indee
Mueller et al (2003) found the presence of hammrtee on the hallux predicts peak
pressures under the metatarsal heads and hallux. In their study, they recruited 20 subjects
with diabetes andeuropathygollecting measures of the foot from spiralay computed
tomografmy and dynamic peak pressures. They used hierarchical multiple regression
analysis to predict regional peak pressures under the hallux and each one of the metatarsal
heads, finding that themetatarsophalangepint angle is the most important predictive
pressure variable. Another study, published by Baral. (2015, suggested that
variablesd such as foot deformity were stroc
Body Mass Index (BMI) or age. For this study, demographic data, foot structure and
function were collected fromsubjects with diabetes, neuropathy and a history of
ulceration, and analysed using multivariate linear regression. They concluded that the
presence of local deformity was the largest contributing factor to barefoot dynamic
pressures in highisk diabetic patients. However, they warned that a significant amount
of variance in pressure was not explained by the model, suggesting that plantar pressure
measirements are required in clinical settiig® pr oper |l y assess an in

risk.

Another approach adopted in the literature is to predict plantar pressures based on
biomechanical and spatiotemporal datkrag&Cavanagh (1999ecruited 55healthy
subjects and collected data on foot characteristics, as well as 3D foot motion and
electromyography (EMG) while walking. They found that foot motion influenced
pressures under thé' inetatarsophalangepint and that hallux pressuregere highly
influencedby the 1 metatarsophalangeal joint range of movement (RGMyneet al.

(2001) studied 50 subjects with diabetes and neuropathy, also showing that' the 1
metatarsophalangeal joint ROM is important in determining pressures under the hallux.
In addition, the neuropathglatedvariablescan influence plantar pressure under the

diabetic foot.
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Taken together, the results of the studies described above illustrate that plantar
pressures carbe influencedby a range of different factors, including individual
characteristics, suchreeuropathy, as well as specific structural variables, such as those
describing foot structure and deformitg. addition biomechanical variables describing
movement characteristics, such as the ROM of theettatarsophalangeal joint have also
been foud to influence plantar pressures. It is possible that, as well as directly influencing
pressure, these factors may also dictate individual responses to different insole designs.
If this is the case, then clinical decision tools are required which can reeggropriate
variables and use this information to identify the best insole design for a given patient.

This concepts exploredn more detail in the following sections.

3.7.2 Mathematical models for predicting individual plantar pressure

responses to amnsole design

It has been suggested that computational models may be an effective tool for
predicting plantar pressure responses to a specific insole désitimet al, 2006. In
line with this several studies have used finite element models (FEM) to predict the effect
of different insole designs. Finite element modellimdgasedn thefact that complex
geometries, such as the surface of an insolebeatividedinto very smallsubdomains,
each of whichis modelledndividually. For the problem of predicting plantar pressures,
the insole is divided into smaubdomainsand the mathematical equations which
describe how the insole material responds to an appliechleasbVedin each domain.
These solutions are then matched together to obtain a mathematical description of
pressure distribution across the insole for a given foot shapeseaindf insole
characteristics (surface geomettgmpressibilityetd. Using this apprach it is possible

to investigate the effect of different insole designs without extensive experimental work.

Using 3D FEM analysisBaraniet al. (2005)compared offloading properties of
differentinsole materials. They concluded that silicone gel wasptienummaterial to
reduce stress concentration and was also good for shock absorption, with Polyfoam and
Plastozotdeingviable alternatives. In another stu@oskeet al.(2006)investigated 27
insole designs with combinations of three insole conformity levels (flat, half conforming,
full conforming), three insole thicknesslues (6.3, 9.5 and 12.7 mm) and three insole
materials (Poron Cushioning, Microcel Puff Lite and Microcel Puff). Their FEM model
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was developed to predict pressures duringetiidy supporphase of gait and predicted
plantar pressurewere validatedhrough comparison with experimental data collected
from a single subject. Although predicted peak pressures were slightly higher than those
measure@xperimentallyGoskeet al. (2006)demonstrated the potential that FE models

have for furthering understanding the effects of different insole design characteristics.

Chenet al. (2003 used FE modelling to investigate the effects of total contact
insoles on plantar stress distribution. They concluded that total contact insoles can reduce
high pressures at regions, such as the heel and the metatarsal heads, and also redistribute
the presure to the midfoot region when compared with flat insoles. In another study,
Cheung&Zhang (2005)sed FE models to investigate the effect of material stiffness of
flat andcustom mouldedhsoleson plantar pressures and stress distribution irbtme
and ligamentous structures duribglancedstanding.They established that custom
moulded shapeasmore important for reducing peak plantar pressure than the stiffness
of the insole material. Actistal. (2006 developed a range of FE models of the foot and
showed that bone, tendon and fastracture as well as soft tissue propertiased to be
incorporated into the model if plantar pressures abe oredictedccurately. With these
componentstheir model was able taccuratelypredict pressure distribution in both

barefoot and with sha@nd insole in the metatarsal head region.

The studies described above demonstrate the potential of using mathematical
models to predict plantar pressures. Given that these models incorporate structural
characteristics of the foot; they offer thetentid to predict individual patient responses
for a range of insole designs. However, these models are complex to implement, requiring
precise structural characteristicsioflividual feet and the computations can tdéeg
periods of time Therefore, in theicurrent form, they are not appropriate for wiimle
clinical use. However, the aim of this work is to facilitate the development of a clinical
decisionmakingtool which can guide clinicians on insole design choice. As such, a more
in-depth understandinof the effects of individual factors which may lead to differences
in pressure responses to the same insole desigguired. Talate there has been limited
work in this area which, as explained above, has focused almost exclusively on finite
elemenimodels. Many different factors could influence the response to insole design and

given the paucity of research in this area, a study was designed to invesggadtential
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modifying effect ofa number oflifferent variables. A rationale for how and wégch of

these variables may modify insole desigiprovidedbelow.

BMI (body mass index): A higher BMI indicates a higher weight for a given
height and would be expected to lead to higher pressures under the foot. Interestingly,
previous research has onigund weak correlations between BMI and peak plantar
pressures(Barn et al, 2015 in patients with diabetes and peripheral neuropathy,
indicating that increased body weighsomehow redistributegitross the plantar surface
of the foot, minimising local peak pressures. It is possible that this redistribution may lead

to differences in the way individuals respond to the same insole design.

Arch height: Foot structure has been shown to be a predictor of plantar pressure
(Barnet al, 2015. One of the most common foot deformities is a change mlaght,
and this characteristic (cavus foot) is common among patients with digbetiesix et
al., 2009. A higher arch height entails a smaller contact area of the foot with the ground
while walking, resultingin redistributionof peak pressures across the foot. Again, this
redistribution may lead to differeas in the way individuals respond to the same insole

design.

Ankle joint mobility: The presence of neuropathy can reduce the mobility of
selected joints in the foot, with the ankle joint being the most commonly aff€atgotto
et al, 2013. This lack of mobility has been associated with high peak pressures and also,
a higher PTI on the forefo¢Zimny et al, 2004. Moreover, lack of mobility In thankle
can lead to an elevated tirdependent load of the forefoffernandcet al, 199), a
variable which has previously been found to be one of the predictors of plantar pressure
(Payneet al, 200). Given its influence on peak pressure, ankle joint mobility may also

affect individual responses togole design.

15t MPJ mobility : Similarly to the ankle, the®IMPJ is one of the most common
joints of the foot affected by neuropatt@uiottoet al, 2013. Birke et al.(1995)reported
that when this joint becomes restricted, PP underYmeetatarsal headsesin patients
with diabetes. HoweveBryant et al. (1999) reportedthat peak pressure under th& 1
MPJwas significantly reduceith subjects with hallux limitus compared to controls. The
relationship between the*MPJ ROM and Pmehaviouris controversial, but several
authors have concluded that it acts as a PP prediRégneet al, 2001 Menz&Morris,
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2006 Turneret al, 2007 Raoet al, 2010. Given the important function role this joint
plays during theushoff phase of the gait, it may also influence the response to a given
insole design.

Subtalar joint mobilit y has been documented to have reduced passive mobility
in subjects with diabetdsernandceet al, 1997, which may result in a reduced calcaneal
eversion and inversion ROM during walking. $toss of mobility may entail a decrease
in the forefootmobiltybecause it i s believed to 66unl oc
mobility (Blackwoodet al, 2005. Raoet al. (2007)found decreased eversion ROM in
subjects with diabetes. Subsequently, they reported associations between decreased
subtalar ROM and PP increase on the medial foreRab ¢t al. (2010)

Tissue stiffnessplantar soft tissueparticularly on théorefoot and heel regions,
are specially structured to provide cushioning and shock absorpiiamydwvalking.
Stiffening of these tissues is associated with diabetic neuropathy and has been found to
significantly increase the plantar pressure and internal stress, thus has been proposed to
be an additional predictive factor of ulcer developm@ati&Ledoux, 2010Sunet al,
2011, Periyasamyet al, 2012 Patryet al, 2013, specifically increased tissue stiffness
has been associated with higher peak pressures and ulcdbdidras also been shown
to lead to a stiffeni ng .ldoivevdr this effecbdfthe t i ssue
stiffening will vary between individual patients and so may affect how individual feet

respond to different insole designs.

Ankle joint maximum angular velocity: the decrease on ankle joint ROM
present in patients with diabetes and neuropathy leads to an abnormal joint motion
(Fernandcet al, 2013. This lack of mobility in theankde can alsdead to arelevated
time-dependent load of the forefodFernandoet al, 1991, a variable which has
previously been found to be one of the predictors of plantar prgg&sayneeet al, 2007).
Moreover,Rao et al. (2010) found decreased ankle moment and power, whiehe
associatedavith increased plantar loading in patients with diabetes.

1st MTJ joint maximum angular velocity time: as withankle jointvelocity,
there is a reductioim joint mobility on the ' MPJ on patients with diabetes and
neuropathyFernandcet al, 2013. The ROM in this joint and its motion during gait has

been previously associated with PRiurneret al, 2007 Barnet al, 2015. Giventhe
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consequences that prolongedrR&y have in neuropathic tissues, it is importaritirther

understand the influence of this variable in PP.

The variables identified above all have the potential to influence individual
responses to different insole designs. Moreover, each of these factors is amenable to
measurement in a clinical scenarither via a simple clinical test or with a miniaturised
gait laboratoryMifsud et al,, 2014. More insidnt into how these factors affect individual

plantar pressure responses would facilitate the development of a clinical decision tool

which could guide cliniciands chsexplored of i ns
in Chapter 8, which investigates the factor
design.

3.8 Scope and limitations of the project

This thesishas been designed basaadl the framework given by the European
Union project SMARTPIF. The University&al f or d6s role in the pr
the morphological, biomechanical and pressure data from a cohort efiskgbatients.
Given the external nature of the funding, the project had two main limitations; the first
being that the focus should be pressure offloading using insoles, however, the project
did not stipulate the specific design of the insoles. The other limitation was the study
sample, the target population was defined &
of medium orhighrisk patients shouldbe chosenThe authortook the lead on all the
different arrangements needed to design the different studieshiforthesis, the

recruitment and data collection, processing and analysis.

First, a literature search was performed in otdedentify ahigh-risk population
that would benefit from wearing customised insoles. Patients with diabetes and
neuropathy were selected as the target population given the serious and disabling
complications that this disease has on their T#at population can be classified as low,
medium orhigh-risk population based on the different complications that they suffer
according to the NICE guideling®dICE, 201§. Therefore, it was decided to recruit
subjects with diabetes and neuropathy, but with no history of ulceration, abech
considered asedium risk population. The aim behind this choice was to prevent the

ulceration, that would move them into thigh-risk population group, with the use of
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insoles which have been shown to prevent ulcerg@ovingset al, 200§. Accordingly,

a further literature search was then performed in order to identify the most commonly
used insole designs to prevent uétem, but no consensus was found regarding the insole
design. The most common approaches were metatarsal bars and cushioning materials, but
there were no reports of them being used in combination to understand their effects.

Accordingly, they were seleado further investigate their effect when combined.

The project had some specifications about the data to be collected, such as plantar
pressures and motion data. However, it was decided to also include clinical tests required
to select the insole desidor each participant and to better define the sample. Once the
data set and the protocols were defiraed\HS ethics application was submitted. When
the ethics approval was grant(REC: 13/NW/0331)the recruitment was started with
the help of a radiodvert and the NHS. All patients included in this study regardless of
how they were recruited underwent a screening process (explained inimdettion
5.1.2). All data collection, processing and analysis for this thesis were performed at the

Universityof Salford.

The fourmainstudies which constitute thifhD are summarised below:

Study 1: An exploration of current practice in relation to engagement with

technology

Insoles arenormally prescribed to patients by podiatrists as part of their care
packag. In clinical practice,the choiceof treatment tends to be based on what is
considered appropriate for the foot deformity and/or symptom, the type of footwear worn
by the patient and the practitionerés prefe
treatment should be provided to achieve optimum results. However, alttiearghare
general guidelinethat foot orthosis and pressure relséfould be provided tomedium
andhightrisk patients, they are not detailed or standardised. Consequentlyagim®sis
and prescription process is currently an experidorased trial and error task. Moreover,
no factors have been identified which 1 nflu
influencing factors and the different steépkenby the professional to treat and prevent
the serious consequences of this disease need to be clarified. Furthermore, it is important
to ascertain which variables the practitioners base their prescriptions on, what the process

of assessment and diagnosisand where technology fits within current practice.

52



Study 2: Reproducibility of plantar pressure collection using a wireless wshoe

pressure device

Reproducible pressure measurement methoglsequiredo interpret the findings
of studies aimed at quafying differences in plantar pressure between different insole
designs. However, previous reproducibility studies have focused on healthy subjects and
tested flat insoles, rather than insoles contoured to match the shape of the foot. It is
possible thasubjects with diabetes and neuropathy may have a less repeatable gait pattern
than the healthy subjects studied in previous reproducibility research. Therefore, this
study was undertaken to quantify the level of reproducibility of plantar pressure
measurerants in patients with diabetes and neuropathy. A total of nine sulyjeots
testedusingteninsole designs (Chapt®&), and SEM and ICC statistics were used to
quantify the level of reproducibility for each design. Subsequently, this was used to

facilitate interpretation of the results froguantitativeStudies 2 and 3, outlined below.

Study 3: Understanding the effect of systematically varying insole design

characteristics on inshoe plantar pressure

Customised insoles and metatarsal bars have been doobm effective for
offloading peak pressures in people with diabetes and neuropathy. However, previous
studies have not tested individually positioned metatarsal bars, nor is there a complete
understanding of where the metatarsal bar shioellgositionedelative to the region of
peak pressure. Furthermore, although cushioning materials have been shown to reduce
peak pressures, it is not clear how to combine specific cushioning materials with a
customised metatarsal bar for optimal offloading. For theagons, thistudysought to
understand the effect of systematically varying the position of a fully customised
metatarsal bar and the type of cushioning material. A total of ten insole designs were
produced (Chapter 7) and tested on a total of sixty st#yath diabetes and neuropathy.

The results of this study were then used to make clinical recommendations on insole
design for people with diabetes.
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Study 4. Identifying variables which mayaffectan i ndi vi dual 6s respor

design

Previous reseah has shown that there can be differences in the way individual
patients respond to the same insole design. It is possible that these differences are the
result of different structural and biomechanical characteristics which have the potential
to influene pressure behaviour and therefore, the magnitude of offloading. However,
although previous research has investigated factors which may predict plantar pressure
during barefoot walking, there is little research aimed at understanding which factors
could deéermine individual patient responses to different insole designs. Therefore, this
study (Chapter 8) wadesignedo investigate how a range of variables, including joint
stiffness, tissue stiffness and joint movements, impacted on pressure responses. This

information was then used to make recommendations in Section 8.7.3.
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4An exploration ooh cu
rel atamgagement with

4.1 Introduction

A number ofsystemic conditions present with complications that place the foot at
risk of developing limkthreatening conditions, such as ulceration. One of the commonest
conditions is type 2 diabetes, which is associated wahropathyand altered foot
architecture resulting in the foot being at o6hi gh
to amputatior{Patonet al,, 2011, Hennesst al, 2019. Elevated plantar peak pressures
(PP) haveshown to be a risk factor for ulceration in the diabetic foot, particularly when
in presencef foot deformity and peripheral neuropatfBennettset al, 2013. Insoles
represent an effective approach to offloading PP and therefore, ttohsipventulcer
formation (Patonet al, 2011. Accadingly, in order b prevent ulceration, podiatrists
may prescribe insoles as part of the care plan for such patients. However, insole design is
a challenging task that, if not carried out appropriately, could increase the risk of
ulceration in diabetes. Clinicians must takéo consideration the potential effects of
many factors when designing an insdlen c | udi n g weight ocqupation andt 6 s
footwear.In addition it is often the case that when similar foot pathologresprescribed
the same type insoles, the respe varies between individugllsang et al, 2009. In
clinical practice, the choice of thimsole is directed by what may be considered
appropriate for the specific foot disorder, that is, the type of footwear worn by the patient
as wel |l as t he pr(Witiams étialp 2026 Bence,ghere iseno e nc e s

consensus insole design for maximum foot health improvement.

There are general guidieés that recommend the use of insoles and pressure relief
strategies inhigh-risk patients(Pinzur et al, 2005 Group, 2013 However, these
guidelines are baseaxh expert opiniorandexperience as opposed to empirical research,
consequently, they lack specific insole design criteria, leading to variable clinical practice
as practitioners base their decisions on personal preferences and experience which results

in variable clinical practice.
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The Root model of foot functiofRoot, 1973 Root et al, 1977 forms the
foundation of biomechanics training for preregistration podiatrists and is continbed to
usedin post registration practice. Interestingharviset al.Jarviset al.(2012)found that
practitioners change their practice and decide which protocols they want to use as they
gain experience, faexamplethe use of the Foot Posture Ind&edmondet al, 2006.
Another factor that may influence ptae is the use of technology to enhance patient
care given that there is evidence to suggest that 3D foot scanning is more repeatable and
reliable than plaster of Paris and foam impression b@edter et al, 2012. In addition
devices that collect plantar pressure aasgy improvehe accuracy of both the diagnosis
and insole desigproceduresHowever, this technology is not readily available in the
clinical settingand appears to be limited to research environmietgerthéess, the final
decision lies with the practitioner, whidh often basewn personal experience and
preferencesoncerninghe choicesn relation totools for the assessmeditagnosisand
prescription of orthoses. This may also change between patiedtscategories of

patients.

This freedom in prescribing can hinder trstandardisationof orthotic
prescriptions and the creation of guidelines. However, although the theoretical base of
their practice is relatively consistent, all the factors and expasethat influence the
decisionmakingareless so. Bspite insoles being one of the most popular treatments for
certain foot pathologiefLandorf&Keenan, 2000 the decisioamaking processes and
tools used for designing insoles remainclear. Therefordghere is a need for a better
understanding of the different tools available to professionals, as well dediséon
making processes, that aid in the diagnosis of foot pathologies and the design of
appropriate orthotics. This studymed to identify 1) what variables practitioners base
their prescription design on, 2) what processesusedor assessment and diagnosis of
structural foot pathologies and 3) how technology fits within current practice. A

qualitative research method svamployed to obtain the relevant data.
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4.2

4.3

Objectives
This study addressed three primary objectives:

To gain insight into the aims of the practitioners when providing ingoletation

to both theirs (foot geometry, motion control, pressure redistributio
accommodation of deformity) and their perception of gh@ent'sclinical need
(usability, outcome).

To identify which factors influence the assessment of patients and the specific
design of the insole (including the materials used in their manuédctur

To gain insight into how technologies can facilitate the achievement of patient

and practitioner goals.

Methods

4.3.1 Recruitment

Ethical approvalvas obtainedrom the University of Salford ethics committee

(HSCR12/62). A total of 17 podiatrists with a btbexpertise on lower limb pathologies

and insole prescription were actively recruited to take part in this study. These participants

were members of the North West Clinical Effectiveness group and the National Podiatry

Network. Also, orthotists were redted to participate in the study to represent the other

main profession that normally prescribes insoles to their patients in the UK. All

participants invited to take part in the study prescribed insoles in their day to day clinical

practice and had a mmum of two years of clinical experience. An information sheet

explaining the aims of the project and their role within it was sent to each participant after

they agreed to take part in the study. Ptthe focus group and once they read the

informationsheet, all the participants were asked to provide informed written consent.

4.3.2 Data collection

Focus groups were selected to provide the qualitative approach fstuitiysind

were considered appropriate to answer the research questions. There are bidarequa

approaches such as etweone interviews or Delphi models, but they were deemed

inappropriate for this type of stud@neto-one interviewsllustrate the opinions and
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preferences of only one practitioner as opposed to a group. On the other hand, the main
aim of the Delphi approach is to reach a consensus from a group of participants. However,
the mainpurposeof this study was to gain a better understanding of whatenties

clinical practice and the role of technology rather than achieving consensus. Therefore, a
focus group provided the ideal environment for a friendly, open dialogue where different
ideas, habits and preferences on diagnosis and prescription werg@desnd discussed,

but not necessarily agreed on.

There were two sets of focus groups with eight participants in each set (one
participant could not attend on the day he was assigned). The focuswgasilpdby a
co-researcher who was an academic wittvpus experience in conducting focus group
discussions and with clinicakperiencen this area. The dialogweas digitally recorded
andfield notes were taken by myself and an additionalesearcherEach focus group
commenced with a presentationtbé main aim of the study and the latest technological
developments for insole and footwear provision. Also, an explanaitibe format of the
discussion was given, including an agreement that all participants should be allowed a
voice and that all opions should be respected to ensure that there was no conflict. Then,

an opening question was used to initiate discussions:

T AwWhat factors influence tinelatortoybunt i ¢ or

aims and the patientds expectations?0o0

Further trigge questions were used to help guide the dialogue including:

1 What types of foot orthoses and footwear would you prescribe for these specific

conditions?
1 What designs of foot orthoses do you use and why?
1 What casting methods do you use?
1 In relation to terrmology- When does bespoke become bespoke?
1 Is the term right? Should it be customised v off the shél§ both could be
considered bespoke in relation to a O6bes
1 Do you use any technology in the assessment of your patients?

Whatmaterials do you use for functional foot orthoses and why?

What materials do your use for accommodative foot orthoses and why?
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What influences the footwear choice?

What about the specific design features of the footwear?

What influences this decisioninlret i on t o the patientds me
What are the influences in relation to foot / lower limb structure and function?

What are the main step$ your assessment of a patient?

Are there any other patiefdcusednfluences on your decision making?

Wha variables in orthotic prescription do you think predicts success?

How do you measure /evaluate outcomes?

= =4 4 A4 A4 -4 -4 A5 -2

What Problems in the assessment and prescription process do you find are the
most challenging?

]

Whatdothey thinkp at i ent 6 s o pi roblemmsand teedtmenthaee?r f oot
What factors influence their understanding and engagement with foot orthoses/
specialist footwear?

Whatwould technology/Toolgou like to have in your practice?

T Why dondét you have them?

1 What do you think the benefits would be?

The presentation introducing the focus group topic lasted for about 15 minutes,
and the discussion after lasted between one hour hatf @ two hours, depending on

its evolution.

4.4 Data analysis

The data generated from the dialogue were transcribedtiverbg a specialist
transcription service. The transcripts were thealysedusing an iterative approach to
thematicanalysis aslescribed byAttride-Stirling, 2001 Darlington, 2002 The results
wereanalysedand presented in two stages. First, the preliminary theraeesidentified
from my field notes only and secondly, the preliminary themese then comparealith
those found by theo-researcherdAfter discussion, an agreement was reached providing
the final themes, subthemes and a final global theme as an overall conclusion (section
4.5).

Following data analysis, the results were sent to the focus grotigpants for

verification and any additional comments. All participants agreed that the different
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themes extracted representeddiseussiorand that the interpretation was correct. There
were no additional comments. The participant namwese then repiced with a
pseudonymin order tomaintain anonymityfor the purposes ofhis thesis and any

subsequent publications.

45 Results

The preliminary themes identified were developed using the iterative method into
final themes (Tabld.1).

Preliminary themes Final themes
Materials used What current practicbehaviouris basedn
Casting techniques Components of current practice

Influences on choice of foot orthosis
1 Materials
1 Casting techniques
1 Design of insoles

Insole design

Types of insoles and Barriers to engagement with technology

footwear
Perceptions as to how technology could enhanc
Technology : :
insoles/footwear design
Difficulties Perceptions as to hov_v technology_ could enhance
evaluation of orthosis
What they want Perceptions as to hatechnology could provide

information for practitioner and patient

Perceptions about the usability of technology in
clinical practice

Table 4.1: Preliminary and final results obtained from the reiterative analysis of
the data collected during the focus groups

4.5.1 Preliminary themes

As mentioned previously, the transcripts wexeralysedusing an iterative
approach to thematic analysis andanductedthe first analysis from my field notes
recorded during the &wus groups, resulting sevendifferent themes:
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Preliminary themeli Materials used:

Practitioners often experience problems acquiring some materials due to budget
or distributor restrictions. EVA is most commonly used and is considered to be a
Otraditional 6 ma tesignsRadctitiohersrfeelrE¥Avyorksowelt amd t i ¢
know howto combine it with other materials to achieve good results. It is also relatively
cheap and easy to obtain. However, it deforms easily, which highlights the importance of
using the right material density. Plastazote is another popular material whifgcisef
light, long lastingand more flexible and easy to work with than other materials such as
polypropylene. Combining different materiatsorder toobtain control and cushioning
is a common approach, with practitioners often realising ttiéseernt combinations by
trial and error. Accordingly, they use specific combinations of materials rather than trying

new materials.

Preliminary theme 2 - Casting techniques

The semiweight bearing foam box is the most popular casting technique because
it is relatively fast and clean. Plaster of Paris, on the other hand, is only used for complex
patients. Traditional casting techniques are more popular than 3D scanners because they
allow the practitioner to correct the foot position, which is key to achieving the
prescr i pt lnaddiiog 3Dt saanngrs are very expensive to acquire, SO most
practitioners in the public sector cannot afford them.

Preliminary theme 3- Insole design:

The firststep inthe insole design process is the identification of thgirsiof the
problem and the treatment approach for that partiquizblem This isa difficult task as
many variables shoulgeconsideredthanay i nfl uence the prescrip
activity, joint mobility, medication or comorbidities (e.g. etdmatoid arthritis).
Furthermorepractitionersagree h at i n o r redastsothededs@snead o set the
foot in a perfect biomechanical position. Consequently, if the patient has altered

biomechanic®f the foot with no symptoms, no treatmentli prescribed.

The practitionerds experience influence

simple prescriptions normally work better than those that are more corAgfdexmost
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patients can be treated with simple insoles which are more likely toHite pati ent 6
expectations and will enhance adherence to the treatment, as many of them are reticent to

wearing insoles.

Preliminary theme 4 - Types of insoles and footwear:

Standard insoles are effective for mpatients; theyare also cheaper, fastand
easier to obtain thaoustomisednsoles. Therefore, they are often the first option for
patients without deformities. However, each patierdiferent and these differences

have tobe considerewhen prescribing.

Footwear restricts insole designdapatients are not likely to wear therapeutic
footwear. Therefore, it is best to show the patients pictures of the footwear they should
wear to make sure they know howadbks andagree to wear it.

Preliminary theme 5- Technology:

Devices, including pressure platforms ossimoe pressure devices, daadhnology
such as CABCAM are toctime-consumingo use and are therefore raralylised, often
only usedfor complex patients. Furthermore, 3D scanners are too expensive and require
specific software and training before use. Practitioners also find that technology can have
too much influence on their decisiomaking processeshilst prescribing and they prefer
to make theiown diagnoses and prescriptions.

Preliminary theme 6 - Diffic ulties:

Practitioners tend not to try new methods because they feel more comfortable with
those familiar to them. Also, dissemination of practice among practitioners is not very
common because their prescriptions are based on experience rather than science
additional problem they face is the limited budget in the pu#ictor, whergatient
satisfaction ighe maingoal.
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Preliminary theme 7 - What do they want:

Practitioners would like to be able to make custoade insoles for all patients
with no hudget or material restrictions and with good communication with the
laboratories.

Regarding technology, they would like to see what happens inside the shoe when
the patient is walking with and without the treatment; to assess it and to be able to show
thepatient. Also, they would like wireless, fast, simple devices for clinical practice only,
without complex outcomes, which could Mhiene-saving in predicting prescription

outcomes.

4.5.2 Final themes

The independent first analysis that each of the researchers performed were then
combined and discussed. A final agreenvea reachewith eightdifferent main themes
anda final globaltopic. There were threemesn relation tocurrent practice (B) and
five oncontextualise@pinions on the use of technology in clinical practic8)4

Final theme1 - What current practice behaviour is basedon

All practitioners agreed that current practioehaviouris experience based,
i nfl uenced boAlsd, howiaral wheee theyere tramexds a major factqgr
for example, podiatrists have a symptomatic approach to treatment whereas orthotists also

treat the biomechanics whether symptomatic or not. As Duncan said:

~

inél trained at X X ¥edmtuXX andywe doddiffdr maw ue t r a
approach and choice of materials in particu

Also, Mary said:

féonce you have been trained then itds ¢
gets repeated and what doesndt éwelyour you bi

per sonal preference. 0
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They take published research and make sense of it inaveipractice, which
gives them a feeling of ownership rather than being told what to do by researchers. The
workplacealso hasa significantinfluence on their practiceehaviour In line with this,
Adam added:

féwe need to feel t hat there i s a sense
to do by researchersé when | read papers |
often that i s in coenafrlcihc.toé | then di smiss t

Additionally, the type of service they work in (e.g. MSK I@AT) or political
issues, such as changes in the sessticeeture, maynfluence the way they diagnose and
treat patients. As Sarah said:

Aéyou have to retai nangsothislegds tolieleasicuiso n a | [

becoming entrenched rather than changing to
Final theme 21 Components of CurrentPractice

Listening to the patient and history taking represents a huge part of the
consultation and is seen &etfoundation of success. It helps to focus omptteentand

fit what he wants with what the practitioner wants.Jaan stated:

ALIi stening to the patient and history t
(time)éit is part of getting to the correct
the foundati on of s uchastods dquicki so etendtboddeamo6 hand s

boxes for casting or off the shelf insole. o
Others agreed with this and Dan added,

Aéthe consultation is where you can educ

u
i f not more so, than the orthoti oodwedr, t hey u
and then thatoés half the battle. o

The main target of the prescription is to ensure that the patient is happy and reach

an agreement with them, in particular about footwear, as Sam commented:
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néwe | isten to what pat iwtmwhatwewsanttl and t
spend a |l ot of time engaging with the pati
and things I|ike their type of activityeéeo

The first treatment option is the simpldstachieve the maximum correction with
the simplest and most comfortable insole design. However, clinical practice is very
variable asitsbasedn t he practitionerds experience a

Joan said:

Aét his may S 0 U ntineceoxnpseumsiinvgee aand east w e
something on the day, or if you are unsure of whether an orthotic is going to work then,
you can give it a go with the temporary one

Final theme 3- Influences onthe choiceof insole:

Sub-themei materials

EVA is themost commonly used material as it is durable, easy to use and acquire
and is cheap. Furthermore, practitioners are accustomed to using this material, they are
familiar with how to work with it and know that it is effective for their prescription targets.

Therefore, despite knowing about new materials they continue to use EVA.

Material choiceis basedon the clinical aim of the prescription and the
combination of hard and soft materials is a popular approach to providing both motion
control and cushionindgn additionp at i ent 6 s characteristics, s
are important when choosing materials. The underlying pathology determines the aim of
the orthotic and the length of time the patient is required to usegitshort term for

plantar fasiitis or long-termfor rheumatoid arthritis or diabetes).

Sub Theme- casting techniques:

The aim of the orthotic is one of the main factors for the choice of casting
technique. Joint mobility also has to be taken into consideration as the foot has to be
mobile in order toachieve correction. Therefore, Plaster of Paris is commonly used for

feet with low mobility, while a foam bois usedfor feet with good joint mobility. In
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addition, the practitionero6s pr gteohngeences an

selected.

The simplest approadb always preferreth daily practice,consequentlycasts
are only used for complex patients. On the other hand, patients without deformities or
who are not high risk will be most likely prescribed standardi@ssihat do not require

taking a cast.

Sub Theme- design of insole

The main factors influencing desigmethe diagnosis, the aim of the treatment
and the treatment outcomes that the patient expects. Fecongoiex pathologies,
standard insoles are thiest choice as they are cheaper and easigét amd patients do
not have to change footwear. Standard insoles are also much quicker to supply as the wait

for appointments is lengthy.

neél often ..Domprtomilssays do a full correc
height of the arch as it may irritate, shoe choice may not be suitable, so full correction

i sndt possible. o

Adam agreed and added:

AfRéwe may be aiming for pressur eshockedi stri
and shear or combinations of al | of t hese:¢

material s. 0

Pati ent s 0 c hasactvityjomtrmolslity or BNSI ars isnpoittant when
choosing the insole materidllso, medicatiorplays a major role ineducing theatient's

symptoms.
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The following themes emerged from the part of the focus group conversations

around technology.

Final theme 41 Barriers to engagement with current technology:

The mainbarrierto engaging with technology is that itt@o time-consumingto
set up and use, requiring specific training as stated by Robert:

AWe are not trained in technologyéwe wou
to interpret, I dondét think patients expect
information wi |l be collected. o

In addition, devices are only compatible within the shnaedand the cost is too
high. Furthermore, technological devices are not designed for clinical purposes and

provide manycomplex,unnecessary data. Aligned to this &asaid:

néit provided too much infoéits ok for r
to navigate through all of itéyou normally
information is not useful faelinic, it is f or r e swpgicatethéféotin al s o
sufficient detail . Thadittnhaantu fiasc tcu rienrisc ad d nyé tu

Practitioners only findechnologyuseful for complex patients or those with
problems with the treatment prescribed. They also feel that rather nhance their

skills, technology replaces them.

Final theme 51 Perceptions as to how technology couldnhanceinsoles/footwear

design

They agreedhat an algorithnto evaluate the insole and footwear effect while
being used by the patient would helpamh the patient and assess the outcomes of the
prescription, as well as the effect on the upper limb or back. It would also assist with
mapping foot types, patieattivitesand ort hoti ¢ design trends,

adherence to the treatment.

Basic templates of insoles astoesthat canbe modified (adding or removing

additions) depending on the patitempldte8s need:
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shouldbe basedn real foot shapgrovidinga fiper fect fit for the fo

Dan said:

AShoes have to be an essenti al componen
AND shoes in the context of the patientos |
a good shoe is and then the inseieuld go into retail footwear based on foot dimensions

and vol ume. 0

Graham agreed and added:

hétemplates so you just have to introdu

that the software tells you the best design

In addition to this, Petesuggested a library of shapes (overall design and
additions) but

Afé not too many as it would get too comg

we haveo.

Finally, they also suggested that technology could enhance the characterisation of
the propertiesof materials, as well aprovide information on how combinations of
materials (two or more together) coute used This improved characterisation of
multiple layers of different materials would help in deciding what the optimal

combinations would be fapecific cases.

Final theme 6- Perceptions as to how technology could enhance the evaluation of

orthoses

Practitioners agreed that a device that helps assess the effect of the insoles before
the patient leaves the clinic would be of great hEelps wouldcontribute to reducing the
number of appointments and Il ncrease the p

Aligned with this idea Neal said:

féto be able to assess how the insol es &

cliniceée i n ortohents that wouldreoknelly lBedipne at the review when
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probl ems might have occurredécould predict

a review appointment. o

There was agreement that being able to see what happens inside the shoe while
the patient is wWling, before using the insoles and after, would help both practitioner and

patient.

The other main suggestion was a system to predict outcomes from both the shoe
and insolesAlso, they were interested in having a better understanding of the effect that
each one of the additions has on the insoles. They think that only the effect of the insoles
canbe predictednot the success, as there are too many extrinsic factors that influence it

as Joan commented:

~

Aé. you can only pr ed hnotthe sticbess agthefeamt of
too many extrinsic factors that influence t
put that in two different patients there is a chance that you will get two completely

different responses by doing exactly the samerntty 0 .

Final theme 71 Perceptions as to how technology could provide information for

practitioner and patient

To support the practitioners continued educatibwas agreedhat it would be
useful to interpret or translate the research into the cliret@hg.Also, a tool that would
help them share practices and results with each other (in the same professional language)

across different services and professionals would be helpful.

To help provide information to patients about their pathology andréagnent
they havebeen prescribedractitioners think that visual schemes of what comprises the
treatment, how they work and their final look, would be the best approach. Pictures of
appropriate footwear would be useful tools to help patients undertantbotwear

options available to them. Donna said:

Anélf we coul d arbwodikg insifle thte Bhee, and thad Wag Ise

able to show the patient the treatment is w
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Aligned with this Lesley suggested

AA visual for what is a good shoe (compo
as a whole pictureépatients see shoes as a
S

t hi 6deconstructiond would be a useful Vis

A system that allows the followp of patients would be helpfub avoid
unnecessary appoi nt mentfsl.a gihiobppétientaregeirest em w

referral to specific practitioners (such as physiotherapist) would be beneficial.
Final theme 81 Perceptions about the usability of technology in clinical practice

Any device used in clinical practice must be fast and easy to use, providing results
that are simple to interpret with simple clinical terminology. Technology should save time
andbe reliabé in order tobe agoodinvestment. It should also be customizable with
bespoke menus and templates so that each practitioner catndiavevn setup One of

the main ideas was the need for a wirelesshime pressure device without cables.
Global theme

The final global theme was agreed between myself and-cesearchers and endorsed

by the participants as reflecting the meaning of all the results.

Current orthotic practice does not embrace technology, with choices in orthotic
design being variable betweegpractitioners and subject to many influences. The
overarching barrier to their engagement with current technology is that it is not fit for
purpose in the clinical environmenthile practitioners do have a desire for technology
that is usable and enhandhe assessment, the interventions, the clinical outcomes and

patient engagement throughout these processes.

70



4.6 Discussion

The aim of this study was to gaanbetter insight into the main components of
orthotic practice. To this end, the different factors that influence clinical deersaing
and the role of technology within were identified In order toachieve this main
objective, focus groups were seted as the best methodological approach. Other
qualitative methods were considered but dismissed as they wereonsidered
appropriate to address the research objectives. One method contemplatedtoasene
interviews, but they would only illustrane parti ci pantdéds opinion
which would not be representatieé all the practices across the countfjne Delphi
method was also considered given that this appreoaghiresexperts to reach an
agreement. However, the aim of this stuehs to gain a better insight into the different
components and influences of current clinical practice, without thefoe@dreement.
Therefore, focus groups set a perfect framework for discussion, including very different
experiences and opinions frothe different participants. Also, thaliscussionwas
considered to be envariouséxpedendes The fesults potiamedi c i p af
show that foot orthoses prescriptions segiableand that there is no fixed process.
Current clinical decisiomakingis integratedoy an array of factors, whicére mainly
influencedby training and experience as well as patient expectations, however, when

present, technology plays an insignificant role.

Practitioners base their clinical decisions mainly on thediucation and
background. However, these habits change a
erroro. These variations on clinical procec
haveontheir understanding of foot structure, biomechanics atete principles, which
canbe viewedas an enhancement of the practice. Tdreyalso influencelly the type of
patients they treat, which is defined by the different clingatesthey practice in.

Furthermore, there is a large difference betweerpthate and the public sectors, for
instance, the time available for each patient and budget issnesgothers. However,
research has little impact on their clinical practice as it is often difficult to interpret and

applyto dayto-daypractice, so they continue with what is familiar to them.

Within this experiencebasedlinical practice, listening to the patient and history
taking represents a fundamental part of the consultation. They invest time in listening to
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the patientand themain aim of the treatment seems to have shifted towards reaching
patientds expectations, often comprising
prescription approach shifts away from the traditional goals of achieving biomechanical
correction.lt evidenceghe influence of experience over training, whereby practitioners
attempt to achieve patient adherence to the treatment, as well as comply with the policies
of the services thework in. This trend where practitioners change their clinical decision
making based on their experience rather than their training has been referred to before
(Jarviset al, 2019. Furthermore, other health care professions such as nursing show the
same transitions, where students found big differences between what theyridavhaa

they observed in clinical practiqyrkjebo&Hage, 200h This was endorsety the
discussion whichmadeeclar t hat t he outcome they seek

treatment being successful, rather than biomechanical correction as detedt@oks

Discussions showed that in addition to orthotic prescription, practitioners referred

bi

to Acogunsaendiadvising patients about wider

management, which also influence lower limb health. Informing patients about their
disorder and how to improve it is also part of thele and has been shown to be an

effecive apprach t o enhancing the patientds adher

(Ronnemaat al, 1997. However practitioner knowledge of the success or failure of the
treatment prescribed is determined by patient behaviauthermore, they assume that

patients are happy if they do not return to the clinic, and therefore, deem the treatment to

beefficientand consequentl vy, a -satuoense. bHowbeepat

be influenced by many factors, such ashangein activity or medication, rather than a
successful treatment. Moreover, it is common for patients to aitdiiférent practicer

to go to private practitioners when treatments are not effe(tiakin et al, 2009.
Accordingly, to avoid this lack of knowledge about the treatment effectiveness, some GP
practcs have started using pati erdebusignaet!| i ne
al., 2014. This isone of the fields where technology could enhance clinical practice
(Boonstraet al, 2019.

Listening to the patient helps the practitioner reach a diagnosis and then to
prescribe a treatment. Furthermore, during this prescription process, there are many
factors to be considered by the practitioner. However, in the discussions, it remained clear

that the simplest approach is taken initially. They agreed that most patients do not need
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complex treatments and that standard insoles are effective for them. Also, it helps provide
the patient with a treatment on the same day of the consultation, fahenaving to

book another appointment. This approach facilitates two of the main problems that
practitioners have to face in their deyday practice, as wellslow budget and time
restrictions. Standard insoles are usually easier to fit in normal sloels help with
treatment adherence as patients are reticent to change their footwear to therapeutic shoes
(Malkin et al, 2008 Williams et al, 201Q Williams&Graham, 201 Often standard
insoles fulfil both main goals of the treatment, which are patient happiness and
biomechanical/symptom correction. However, this prescription habit contrasts with
Australia and New Zealand, where the most papuisoles prescribed were customised
(72% of the total insoles prescribdtdpndorfet al, 2001)).

In more complexasescustomised insoles have to be prescripadjcularlyfor
patients with diabetes or rheumatoid arthritis. This approach entails inesignd
decisions to be made by the practitioner, such as casting technique or material choice.
Regarding the choice of casting technique, foam box casting was the most popular
approach agreed by practitioners during the discussion, because it is chegpfastea
and allows for correction of the foot position. In relation to materials, many factors
includingactivity, BMI or underlying disease of the patiené consideredeVA was the
most commonly used materiay all participants in the focus groups. $ls because it is
cheap and easy to obtain, most practitioners have low budgets and their providers have a
limited range of materials available. Also, EVA is very versatile as it can be obtained in
different densities that comply with the different aim$ toeatments, such as
accommodative in lower densities or motion control in harder ones. This material has
beenpreviously referred tasthe most popular amongst practitioners in the NHS as well
as in Australia and New Zealaficandorfet al, 2001, Malkin et al, 2008. It is also easy
to combine with othematerialso enhance its effects depending on the treatment goal. It
was agreed in the discussions that they knew how to combine different matasids b
on a Atrial and erroro approach and that

new materialseportedn researctpublications

Practitioners did not seem to follow research outcomes in gemaialonly
regarding material innovations. Dagp the general belief that published clinical

guidelines are the best approach for clinical practice, the results obtained in this study
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revealed that the influence of these guidelines on orthotic practice is limited. Practitioners
agreed on experiencirdifficulties in understanding and transferring research inte day
to-day practice. This lack of use of guidelines and evidéased practice seems to be

shared by chiropractors in other countries such as Aus(vbdker et al, 2013. This

reluctance towards guidelines tends to be

forclini c al practice and podiatri st s(foang,pear
2007). However, although other health care sectors base their cloreeticemore on
research outcomes than podiatridteung, 2007, there is still need to ensure that the

evidence is relevant to the context in whitls ibeing applieqSandars&Heller, 2006

A similar opinion was portrayed concerning the use of technology, where it was
agreed that it was more research than clinical focused andohglace in dayo-day
practice. One of the main issues that practitioners have is a lack of time per patient and
they all agreed that technologg/time-consumingto set up and calibrate to be worth
using. Many of them stated that cupboards in their clinics were full of devices that were
not used. They felt that currently available technology does not enhance their practice but
replacest, and they prefer havingfaeling of ownership over their work. Also, devices
give too many complex datanly a portion ofwhich is actually used. Therefore, given
the complex, timeonsuming and costly reality of technology, it is not present in current
orthotic practice despitthe benefits it could provideConsequently, there is a need to
design technology according to thequirementsand preferences of clinicians. This
perception of technology differs from other health care professions, s@Rsashich
find technology hedful and not timeconsumingHaywardet al, 2015.

Despite not using technology in their practices, participants agreed that
technology has the potential to enhance all aspects of orthotic practice. However,
technology has to evolve and add value to clinical practice without attdthg burden
of work. It was agreed in the discussions that the creation of templates that can be
modified by the practitioner would speegh the processadding certainty to design
guality. These templates could also help to standardise the preseripttbin services
and assess practitioners prescribing habits and outcomes. Also, the material
characterization was discussed and it was agreed that it could enhance the combination

of materials to achieve the treatment goals.
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Evaluation of insoles beforéhe patient leaves the clinic was anotlaeea
identifiedwhere technology could help practitioners on a-ttegay basis. If treatments
could be evaluated and tested for effectiveness on the same day of the consultation, it
would help to avoid unnecesgappointments. It would allow the practitioner to make
any corrections to the insoles before the pattemimenceshe treatment anguarantees
the success of the treatment as well as the happiness of the patient. Another matter that
was agreedinthesdisu s si ons was the possibility of fise
when the patient is wearing the treatment. This information would improve their
understanding of the way insoles work and would be able to identify potential issues more

easily.

The needfor further information for both practitioner and patient about the
treatment outcomes was agreed. Aligned with this, practitioners stated that visual
diagrams and representations of the treatmediyding insoles, footwear and the way
they work would help the patient better understand why the treatment is necesshry
how it works, thereby achievingetter treatment adherence. Regarding what they, as
professionals, would require from technology is a system to follow up the patient, with
detailed information about how the treatment is workhmmw it is being used and the
need for further appointmenttherefore avoiding unnecessaypointmentsThis type
of technology is being developed and adopted by some practitioners and trusts in the UK,
where devices allow patients to evaluate their satisfaction while leaving the\alimgt
et al, 2016. Other approaches are mobile based with text messages or applications that
allow the patients to infon their GP about their disorder statecheckups(Bell et al,

2012. Al s o, a platform that supports the praeé
outcomes into information applicable to clinical practice that can easily be made sense of

and apply when necessary.

The need of clinically focused technology is an issuedlearlystood out during
the discussions, which was agreed by all participants. There have been attempts by
practitioners to integrate technology into their practice, but they all had negative
experiences anceldto the devices ndieing usedThe reality in clinical practice is that
time is limited per patient and technology should help speed up the diagnosis and
prescription processes by giving clear, easy to understand data for both theopeactiti

and patient. It also should be easy to use and setitipreliabledata collectionThere

75



are many new technologies for health care being developed to help practitioners in their
day-to-day clinical practice. However, it seems that podiatry mapeaine of their main

profession targets.

4.6.1 Conclusion

The results obtained in this study show that clinical orthotic practice is mainly
based on training and experieneath the variationdetween practitioners reflecting the
integration of education witlocal factors. Decision making for a prescription involves a
combination of t he patasvwehadliesorreceon @mssfraand e x p €
the practitioner. Interestingly, the influence of research and evidssma guidelines on
their diagnos and prescription habiis limited. Technology is mainly absenbeing
described as too complex and the@nsuming. Measuring outcomes from their practice
is significant for practitioners, but there are no current means of achieving this. This
investigation has provided novel insight into clinical orthotic practice, but further
research is needed to obtain a broader understanding of the different fatiofsitrace

clinical practice.

Practitioners agreed that they did not generally follow research outcomes and
general guidelines. This was surprising as the literature is considered as the main resource
for practitioners to find out about new treatmentsnaterials to use. Moreover, rather
than basing their clinical practice on the literature or their training, it is based on their
experiencghe demands of patientEhisfinding on its own is not surprising, but it shifts
the decision making fronhéory topatient expectations. Théd ni ci ansé practic
to change with experience, becoming a more personal interaction with the patients in an

attempt to fulfil their expectations and often comprising biomechanical aims.

4.6.2 Limitations

An important limitaton of this study is that all the participants were selected from
health services in tHgK which could affect the extrapolation of the results to other health
care professionals and other care settings. However, the participants were selected based
on ther broad clinical experience, as well as their knowledge of other practitioners within
their own services and networks. Furthermore, the main objective of this study was to

gain a better insight into current orthotic practices frampersonal and professiah
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perspective, which was the reason to select experts on the provision of insoles. However,
this study was the first step in understanding the variations and factors that influence
clinical practiceconsequently, theesults are limited. There is stillack of information

about the provision of insoles, including how it may vary among all the professional
groups involved in orthotic design and manufacture. Hence, further research is needed to
have amorein-depthunderstanding of the different factohst influence clinical orthotic

practice.
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50verview of experin
coll ecti on and 1 nsol

Three separate studies welesignedo address the research questions defined at

the end of Chapter 3. For the three quantitative studiesgk giroup of 60 patients with

diabetes and peripheral neuropathy were recruited and visited the laboraaaryrober

of occasions (see details belovilhis chapter provides details of all the processes

common to all three quantitative studies, such agigypant recruitment and data

collection. A full detailed description of each experimental data collection and processing

is presented subsequently in the corresponding chapter. This chapter also describes the

design process for the insoles tested iaBD thesis

5.1 Overview of recruitment and experimental testing for the

quantitative studies (24)

5.1.1 Inclusion and exclusion criteria

People with diabetes mellitus (DM) and peripheral neuropadrg recruitedor

studies 24 who fulfilled the following crieria:

9 Inclusion criteria

o

O O O o

o

> 18 years of age

diagnosed with DM

diagnosed with neuropathy

be able tdravel tothe University of Salford on three different occasions
be able to walk for 12 hours

be able to understand both written and spoken English

9 Exclusion criteria

o

o

any partial or full foot amputation
a major foot deformity sufficient to limit activity or prevent the wearing
of off-the-shelf shoes

any skin condition which could be affected by adhesive marker tape
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o suffer from any disorder which affts balance or mobility and/or a history
of falls, or walk with stick or clutches

o lack of joint mobility (which may make them unsuitable for our insole
designs)

o previoushistory ofulceration

These exclusion criteripositionedour subjects as mediunsk within the UK
NICE guidelines for the assessment and foot risk classification of patients with diabetes
(NICE, 201§. According to these, the presence of neuropathg risk factor, but the
absence of previous ulceration makes them not-hgihlocating them omhe medium

risk group.

5.1.2 Approaches torecruitment

Two different methods were used to recruit participants, recruitment through local
GPs and via radio advertisement. Ethical approval was sought from the NHS ethics
committeeand obtained in September 2QREC number 13/NW/0331). Following NHS
ethics approval, adoption from the NHS portfolio was requested.

The Global Company was contacted to arrange a radio advert. Considering the
target population needed for the study, they recommended running the (adeette
script in Appendix 8) withCapital FM and Gold Manchester. The advert was aired for
the first time in January 2014ontinuingfor four weeksPeople interested in taking part
in the studysent text messages to the number provided in the adwertthe radio
companyforwardedtheir phone number#\ total of 350 people showed interestthe
study. They were phoned by thesearchersand underwent a phone screening
guestionnaire (see Appendix #pllowingthis questionnairga total of 30 subjectwere
deemedsuitable for the studyAccordingly, and following NHS ethics requirements, a
podatrist was sent to their homesith their permission, to perform a nepathy
screening to confirm their suitability to take partthe study. Only those who showed
signs of neuropathy were invitedttte University to take partithe study. Aotal of 14
eligible participantsout of the 30 subjects screened on the phosredeemed suitable
(Figure 5.1) andvere booked in for an gpintment athe University for the first visit
data collection
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A total of eight differentGPs madecontactto help with recruitment. The
inclusion/exclusion criteriavere sento each practitioner to enable them to perform an
electronic database searélil. potential eligible participants were then contacted by post
and provided with a letter of invitation and a participant information sheet (see
Appendces 6&7). Thoseinterestedin participating inthe studywere asked to make
contact with the researcham.A total of 1190 letters were sent to patiemtsywhich 98
made contactTo ensure that no ineligible participants were invited, each person who
responded was asked some simple questiongi{seecumenin Appendix9) over the
phone. Those who appea to satisfy the criteria (1 48) and were happy to participate
after better understanding what the testing entailed, were subsequently visited by a
podiatrist at their own home for a complete neuropathic screening. All participants
deemed neuropathidtar this screening (r 46) were invited to participate in the study

(see Figure 5.1).

Radio Phone

advert =) =360 mmp ooty = =30 = —— - =14

screening

recruitment

l

N 1
= et

NHS GP
practices
recruitment

Home
screening

Phone
# n=98 #‘ screening “ n=43  mmp

Figure 5.1: Recruitment process

A total of 60 participants satisfied the inclusion/exclusion criteria and were
recruited. Theparticipantsncluded40 males and 20 females, with a mean age of 65.9 +
12.6 years, ranging from 25 to 87 years old. Tlweye overweight to obese, with a mean
body mass index (BMI) of 29.41 + 5.2 kgfrThis sample was representative diigrats
with diabetes and neuropathy, who are normally of old age, overweight, and more
commonly menZimmet, 2014. Each participant visited the laboratory on at least two
occasions (first visit and second visit), see FiguBbelow. During the firsvisit, a range
of different variables (biomechanical, clinical and demograpkere measured. These
data were used to design thee insoles (described in Section 5.2.3) which were

subsequently tested (plantar pressure measurement) during the secoAtsujsit total
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of eight subjects (from the original 60) attended for testing on a third occasion. During
this third visit, plantar pressure data collection protocol from tigitwas repeated to
address the first research question relating to reprodayibili

Figure 5.2: Overview of the tests performed during the study visits

5.1.3 Data collection visit 1

All participants underwent a neuropathy screening, in a lying position, to confirm
their suitability to participate in the study. Light touch and vibration sensibility were
tested using a monofilament and a tuning fdnkaddition subjective symptoms wer
recorded using the Diabetic Neuropathy Symptdoore These screening tests were
chosen because they are commonly used it@dgy clinical practice to test neuropathy
(Dixit, 2014). Once subjectsere confirmedas suitable, they read the informatidrest
and were invited to ask questions, after which they provided informed consent to
participate by signing the consent form. Sed@nographical variables were then

recorded, including gender, date of birth and height, weight and BMI.

5.1.3.1 10 g SemmedNeinstein Monofilament

Light touch sensitivity loss was assessed using a 10 g Seleiestein
monofilament. Nylon monofilaments are constructed to buckle when a 10 g force is
applied and loss of ability to detect pressure at the point of buckling, at oner@r mo

anatomic sites on the plantar surface of the foot, has been associated with loss of large
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