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ABSTRACT

Diabetic peripheral neuropathy (DN) is the most own complication in diabetes
mellitus affecting up to 50% of this population.oFalceration in DN is a major health
problem, often leading to lower-limb amputationsl amcreased mortality rates. A
combination of gait and microcirculatory alterasdncreases the risk of foot
ulcerations in DN subjects. DN is also linked toimereased risk of cardiovascular
diseases and poor quality of life (QOL). Physicaiaty (PA) plays an important role

in the prevention and treatment of diabetes msillifihus, PA has been associated with
positive changes in glucose control, obesity anmddlpressure. However, almost all the
studies investigating PA interventions in subjetith diabetes mellitus have been
carried out in individuals without neuropathic cdiogtions, whereas the effect of PA
programmes in DN subjects is still unknown. In &ddito that, the vast majority of
studies have investigated the association betwéesinB health problems commonly
linked to type 2 diabetes whereas the relationsbtpreen PA and additional problems
associated with DN (i.e. risk of foot ulceratioansory neuropathy or QOL) have
received minimal attention. Therefore, the printgden of this study was twofold: 1) to
guantify differences between DN and healthy indiaild in the primary pathologies that
may co-exist in DN, with special attention to gaitd microcirculation due to their
association with foot problems; and 2) to evaldbéoverall effect of a PA

intervention, based on strengthening and foot ritglakercises, in modifying the
primary pathologies linked to DN. Prior to the matady, a number of reliability
studies were carried out to determine the relighif some the methods used in the
main part of the study.

Preliminary studies

Three reliability studies were carried in the preésevestigation. One study
investigated the reliability (within- between-day)near infrared spectroscopy to
guantify muscular blood flow and oxygen consumptiothe lower limb using a
venous occlusion method (microcirculation). Theeotfivo studies investigated the
reliability (within-day) of two different approacheo calculate the time differences
between electromyography data and mechanical o(ftpge) (electromechanical
delay) during different conditions. Substantialability (ICC>0.6) or higher was found
in all the three studies. Electromechanical dekdyes for the distal leg muscles were
significantly higher in DN subjects compared toltieaindividuals.

Main study

The main study was composed of two parts. Pantdsgesectional study) investigated
group differences between subjects with DN (N=58) healthy individuals (N=25)
whereas part 2 (intervention study) investigatezligrdifferences over time between
two groups of subjects with DN; one participatingai 16 week PA programme (N=21)
and the other as controls (N=20). Both studie®¥odid the same experimental protocol
and investigated the same domains (general hegglith microcirculation and QOL).



Cross-sectional study

This study confirmed that DN is a complex conditibat affects all the domains
measured in the present investigation. Thus, thegiaNp showed significant
differences (p<0.05) in: 1) traditional cardiovdseuisk factors (blood pressure); 2)
gait (spatial-temporal characteristics, forefoaitfpressures and muscular activity
patterns); 3) microcirculation (blood flow and oxygconsumption in response to
exercise stress); and 4) QOL compared to the hegtthup. Interestingly, the present
investigation showed that EMG alterations in DN rbayassociated with changes in
plantar foot pressures and consequently with highkrof foot complications.
Furthermore, results from the present study shdaethe first time impairments in
exercise-induced microcirculatory responses inestibjwith DN compared to healthy
individuals. These alterations in the microcircidatwere observed both in the
muscular vasodilatory capacity as well as in thétalof the muscle to consume
oxygen.

Intervention study

This study demonstrated for the first time thaidgks of a PA programme based on
strengthening and foot mobility exercises can irfice a number of aspects of health
that are altered in DN subjects. The most remaekéibtling was that the exercise
programme improved sensory neuropathy (p=0.027lsth6 weeks of strength

training did not produce significant changes irsgith levels (p>0.115 at least) in the
DN subjects. In addition to this results from tliegent investigation showed that a well
controlled strengthening training program does Haemeficial effects (p<0.05) on the
microcirculation, obesity, blood pressure as welba mental health QOL. On the other
hand, the exercise program did not seem to haubsiantial effect on any aspect of
gait and HbA.. Importantly, no adverse effects related to therirention were reported
in any of the volunteers who participated in thggtal activity program.

Conclusions

The present study demonstrated that DN is a camditiat affects different aspects of
health, of which some are modifiable by a well colted PA programme (i.e. QOL,
blood pressure and weight loss). Furthermore,ritesviention seemed to trigger
positive adaptations in the microcirculation, imtailar in the ability of the muscle to
recover from a stress condition (exercise stréfavever, the most striking finding was
that the intervention improved sensory neuropathndividuals with DN. Surprisingly,
changes in sensory neuropathy did not coincide gfiinges in muscular strength. This
suggests that the lack of muscular adaptationRé @rogramme may be caused by
intrinsic changes in the muscle and not necesdarilyck of efferent muscle
stimulation. In summary, results from the presamestigation highlighted 1) the
importance of PA as a therapeutic tool in subjedtls DN to modify outcome
measures associated with type 2 diabetes as wsdirs®ry neuropathy; 2) the need to
investigate the effect of PA on DN subjects to ke the assumption that similar
adaptations may occur in DN compared to individwatk type 2 diabetes and no
neuropathic complications.
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CHAPTER 1

1 Introduction

Diabetes mellitus has been defined as the disdake @8f' century (Zimmet et al.,
2003). In fact the overall burden of diabetes rhgdlis immense with a current
worldwide estimation between 150 million (Gorunsket 2004) and 170 million (Kahn
et al., 2006). In addition to that, it is estinththat there is a further one third to one
half of this number of undiagnosed cases (InteonatiWorking Group on the Diabetic
foot, 1999). Although there are several distinctrfe of diabetes, for classification
purposes they have been divided into two main categ} Type 1, which is
characterized by a marked reduction in the amotuimtsolin produced by the beta cells
of the pancreas, and Type 2, in which periphesali insulin resistance is a common
feature (Krentz, 2000). Obesity is a very commamsezof insulin resistance and a
major risk factor for the development of Type 2dites. In fact, about 80% of people
with type 2 diabetes are overweight (Beck-NielseH@&her-Nielsen, 2004). Obesity in
general and increased fatty acid concentratiopsiticular result in lipid accumulation
in muscle and liver, which diminishes the availépibf the protein glucose transporter
type 4 (GLUT4) (insulin-responsive glucose tramgg) and compromises the glucose
transport into the muscle (Savage et al., 200Hwever, diabetes is a complex
metabolic disorder and other mechanisms in whiasibp may lead to type 2 diabetes
have been proposed (Kahn et al., 2006; Kelley &dpaster, 2001). In addition to
obesity, physical inactivity has also been propased key factor in the development of
type 2 diabetes. Due to the rising rates of obesity physical inactivity in our society,
prevalence of type 2 diabetes is expected to dankile next 20 years (Cheng, 2005).
Type 2 diabetes accounts for between 85 and 98gmtrof all people with diabetes
(International Working Group on the Diabetic fob999).

Persistently elevated levels of glucose are thotaytrigger long term complications of
diabetes, which typically affect the eyes (retirtbga kidneys (nephropathy) and
nerves (neuropathy) (Clark &Anthony, 1995; NathE®93). Diabetic neuropathy is the



most common complication among diabetic patierfecéihg up to 50% of this
population (Greene et al., 1997; Reiber et al.9)9% is clear that high glucose leads to
peripheral nerve injury over time, which can affegiatic sensory and motor nerves,
as well as autonomic nerves. In fact the prevalefckabetic neuropathy ranges from
7% within 1 year of diagnosis to 50% for those vdtabetes for >25 years (Pirart,
1978). The mechanism by which hyperglycaemia l¢ageripheral nerve injury has
been a matter for debate over the years. Thus tiere been two main view points. On
the one hand, some investigators have suggestedazular problems may lead to
peripheral nerve damage. Since nerve function dépen adequate blood flow and
blood flow is known to be diminished in patientgiwdiabetes, the vascular hypothesis
was proposed as a possible mechanism for diabatiopathy (Dyck et al., 1986;
England et al., 1995; Johnson et al., 1986). la Viith this idea, therapeutic
interventions to improve vasodilatation have bdamws to increase nerve perfusion in
diabetic rats (Maxfield et al., 1993) and diabstibjects (Reja et al., 1993), which have
led some investigations to conclude that vasculapanalities are the cause of
neuropathies (Cameron & Cotter, 1994). On the dihed, some investigators have
associated neuropathy with metabolic mechanisrasegtko hyperglycaemia, among
which the polyol pathway has been stated as beegnost important. While, most
body cells require the action of insulin for glueds gain entry into the cell, the cells of
the retina, kidney and nervous tissue (which ageptirts of the body commonly
associated with diabetic complications) are insidolependent (Tortora & Derrickson,
2006). Therefore, there is a free interchange wéage from inside to outside the cell,
regardless of the action of insulin, in the eyenlely and neurons. The cells will use
glucose for energy as normal, and any glucose sed tor energy will enter the polyol
pathway and be converted into sorbitol (Dyck & Ttaem1999). Activation of the

polyol pathway is dependent on the enzyme aldasectase (AR) and there is little
doubt that this metabolic cascade contributesdaltfvelopment of neuropathy
(Yagihashi et al., 2011). However, the detailed ma@ism of how the polyol pathway is
involved in neuropathy remains elusive. In additiorthe polyol pathway, other
hyperglycaemia-dependent metabolic pathways sueldenced glycation end-
products or increased oxidative stress have besenpabposed as possible mechanisms
of the disease (Cameron & Cotter, 1994; Figuerom&to et al., 2008). Although
neuropathy can occur in every organ including tea&t(cardiovascular autonomic

neuropathy), peripheral neuropathy affecting pexiphnerves in a distal-proximal



manner is the most common manifestations of theadis (Vinik et al., 2000). For this
reason type 2 diabetic patients with peripheratogathy (DN) were selected for the

present investigation.

Foot ulceration in patients with DN is a major liegdroblem, often leading to lower-
limb amputations and increased mortality rates (igg2007; Ramsey et al., 1999).
Among persons diagnosed as having diabetes melitegprevalence of foot ulcers is
4% to 10% (Garrow et al., 2005; Singh et al., 20R&msey et al., 1999), the annual
population-based incidence is 1 % to 4% (Lavergl.e003a), and the lifetime
incidence may be as high as 25% (Singh et al., 2Q@surprisingly in the presence of
neuropathy the annual incidence of foot ulceratias demonstrated an approximately
10 fold increase (McGill et al., 2005). Moreover@ois et al. (2003) estimated that
the annual cost of DN and its complications inlthited States was between $5.6 and
$13.7 billion, which accounts for up to 27% of thieect medical cost of diabetes.
These figures highlight the enormous impact foohglications have in DN subjects

and the total economic burden of the condition.

Commonly, ulceration in patients with peripheralirgpathy is triggered by a cascade
of events. A minor trauma, which in the presence@uropathy (sensory loss) is
unattended, is believed to be the starting poiner&after, a lack of adequate blood
supply at this critical phase contributes to tls& of significant infection and hence
further tissue breakdown and risk of ulceratiomn{D& Veves, 2005). Changes in gait
characteristics are considered a common mechanjsmhich tissue damage may occur
in DN subjects (Cavanagh et al., 1996; Veves ¢i8B1); while impairments in the
microcirculation are thought to play a key rolahe wound healing process (Hile &
Veves, 2003; Tooke & Brash, 1995).

Most of the investigations analyzing gait charast&s in neuropathic patients have
been interested in kinetic data, which is belieteegredict the risk of foot ulceration in
this population (Boulton et al., 1983; Guldemon@lgt2006). Thus, foot pressures in
the form of peak plantar pressures (PP) and pressoe integrals (PTI) are considered
substitute measures to determine risk of foot akden in DN subjects (Frykberg et al.,
1998; Stokes et al., 1975; Veves et al., 19923.\Well established that DN subjects

suffer from excessive foot pressures during walPgyne et al., 2002; Uccioli et al.,



2001), especially under the metatarsals heads (dfwatlal., 2005; Salsich et al., 2005),
which not surprisingly is the foot area with thghmest rate of foot complications
(Boulton, 1994; Mueller et al., 2005). However,ddmatic data by itself provide limited
information about gait characteristics. The stutlgnascular activity has played a very
important role over the decades in the understgnafimotor control and human
movement (Perry & Burnfield, 2010; Winter, 2009pwhkver, the study of muscular
activity in DN subjects is very limited and onlycently a few investigations have
attempted to assess whether neuropathy affectsutansctivity patterns (Abboud et
al., 2000; Kwon et al., 2003). Although the restitsn these investigations are
controversial, early evidence indicates alterationsuscular activity patterns between
healthy and DN subjects. More interestingly somthee changes have been linked to
alterations in kinetic parameters (Abboud et &I0@ Kwon et al., 2003). For instance,
Kwon et al. (2003) found an early activation of theeps surae in the DN group
compared to healthy controls, which may likely tesuan early contact of the forefoot
with the ground and consequently higher PTI valueder this foot area. These early
findings highlight the importance of investigatimgiscular activity patterns alongside
kinetic data to develop a more comprehensive utaiaisg of walking characteristics

in individuals with DN.

Microcirculation has been observed to be impairediabetic patients under conditions
of stress (Kingwell et al., 2003; Mohler et al. 08, which limits the ability of the foot
of patients with DN to respond to injury and infeatin the usual manner (Schramm et
al., 2006). Vasodilatory abnormalities in DN sultgeltave been related to the
dysfunction of the endothelial cells (endotheliepdndent vasodilatation) (Pitei et al.,
1997; Arora et al., 1998) and vascular cells ofdtierioles (endothelial independent
vasodilatation) (Pitei et al., 1997; Veves et B98) as well as to impairments of the
nerve-axon reflex (Vinik et al., 2001). In addititmthat, mounting evidence suggests
that microcirculatory abnormalities are also resilale for the reduced exercise
capacity observed in diabetic patients (Regensteinal., 1998). Several investigations
have reported diminished exercise-induced vasadjlaesponses in subjects with
diabetes compared to healthy controls (Kingwedllet2003; Pichler et al., 2004). It has
been therefore concluded that impairments in theeauirculation were responsible for
the reduced exercise capacity observed in diapatients (Scheuermann-Freestone et

al., 2003). However, it is still unclear whethee thuscle oxidative capacity in these



patients may be also affected, which could alsa liting factor for the reduced
exercise capacity in this population (Baldi et 2003). It is noteworthy that all the
evidence presented above was acquired on typeb2tdigpatients without neuropathic
complications, while the magnitude of the exercrshiced microcirculatory

impairments in patients with DN is still unknown.

In addition to gait and microcirculatory alteratsgprvhich can predispose foot ulcers
formation in DN subjects, this population carriagtier health related problems. On the
one hand, it is well known that type 2 diabetesdases the risk of cardiovascular
diseases. In fact cardiovascular diseases ard bst¢he cause of death in approximately
65% of persons with diabetes (Grundy et al., 1999)the other hand, increasing
evidence suggests that diabetes has an impactoyday living and consequently a
diminished health related quality of life (QOL) {¢& & Harding, 2000). Furthermore, it
appears that there is a correlation between diglaete its complications and QOL, with
subjects with more severe complications showingptiwest QOL (Lloyd et al., 2001).
Figure 1-1shows an overview of the health problesteted to patients with type 2

diabetes and peripheral neuropathy.

Overall, the evidence presented above demonstie@eBN is a very complex
condition that affects multiple aspects of healthus, pathologies associated with DN
include: 1) metabolic abnormalities secondaryitédbetes mellitus; 2) alterations in
traditional cardiovascular risk factors; 3) gateehtions which result in increased
mechanical stress on plantar surface; 4) microlgticun impairments under stress

conditions and; 5) poor QOL.

A fundamental goal of rehabilitative exercise peygs is promotion of health, which
should be viewed as a multi-factorial constructt tircludes several components
(ACSM, 2000). Diabetes in general and diabetic ogathy in particular is a very
complex condition, which results in metabolic, bexhanical, physiological as well as
psycho-social impairments. Therefore it is impematithat researchers investigate

interventions that may influence these primary plties linked to DN patients.



Figure 1-1.Overview of the health problems linked to DN
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The Medical Research Council (MRC) framework fosiga and evaluation of complex
interventions provides a methodology for designiagd evaluating complex
interventions (Campbell et al., 2000; Craig et 2008). Five distinct phases have been
identified in this framework to ensure the intertiem is fully defined, developed and
evaluated before long term implementation is apgate (Figure 1-2 represents these
phases). The preclinical phase deals with explottregrelevant theory to ensure best
choice of intervention. This phase is followed bg tmodelling phase, which aims to
identify the components of the intervention and dnelerlying mechanisms by which
the intervention may possibly influence healthhie population under investigation. In
the exploratory phase the information gatheredhéngdrevious phase is used to develop
the optimum intervention and study design. An int@ot characteristic of this
framework is that progression from one phase tdaremonay not be linear and in many
cases phases may need to be repeated. For exangie, exploratory phase different

versions of the intervention may need to be testethe intervention may have to be



adapted to achieve optimal effectiveness. In egerbased interventions various trials
using different treatment components (i.e. typexarcise, duration, intensity, etc.) may
need to be tested in this phase of the framewodnture the definitive trial achieves
optimal effectiveness. This highlights the impodanof the early phases of the
intervention to successfully develop the definitreedomized controlled trial (Craig et

al., 2008).

Figure 1-2. Framework proposed by Campbell et al.2000) for the development and evaluation of
complex interventions
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For decades, exercise has been considered a donmeeid a healthy lifestyle both in
healthy and in type 2 diabetic patients. Physicdiviy (PA) is well documented to
reduce glucose levels in patients with type 2 diebéThomas et al., 2006). There is
also mounting evidence that PA is associated wghifscantly lower cardiovascular
risk and overall mortality in type 2 diabetes (Véeial., 2000). It is generally believed
that this protective effect of PA against cardiawdar diseases may be partly achieved
by positive changes in the metabolic syndrome (AC3600, McArdle et al., 2010). In
agreement with this idea, interventions on subjeitis diabetes using different types of
PA programmes (aerobic, resistance exercises amanaination of both) have shown
beneficial changes in blood pressure (Castanedd.,eP002; Loimaala et al., 2003;
Yeater et al., 1990) and obesity (Cauza et al.5208afiez et al., 2005). It is therefore

becoming clear that PA should be considered apleete tool in patients with diabetes



and for this reason regular PA is considered anortapt component of diabetes

treatment.

However, all the evidence shown above has beeregathin individuals with diabetes
without neuropathic complications whereas thersasnformation about the effect of
PA programs on glucose control and cardiovasculst factors in DN subjects.
Furthermore, findings from subjects with type 2bdiges cannot automatically be
generalized to other diabetic groups such as DNaddition to this, it is generally
believed that the amount of weight-bearing actiaityong individuals with DN is likely
to influence the amount of mechanical trauma acdated by plantar tissues
(Cavanagh et al., 1996). This suggests that at ésnadaptation of the exercises used is
going to be necessary to avoid foot complicatianghis population (Kanade et al.,
2006). It is therefore crucial to evaluate the efigf PA programmes on health related

outcome measures in subjects with DN.

Since maximising health with its multiple comporsens the treatment goal of
rehabilitation programs in a clinical setting, & important to understand the whole
range of effects an intervention may trigger oae thcipients (Craig et al., 2008). The
vast majority of studies assessing the effect ofifiPdiabetic patients have investigated
the association between physical activity and hgalbblems commonly linked to type
2 diabetes (i.e. glycaemic control and cardiovascuisk factors), whereas the
relationship between PA and the health problemscéstgd with peripheral neuropathy
(i.e. sensory neuropathy, motor neuropathy, the afsfoot ulcerations or poor QOL)

have received minimal attention. For instance, aplagned previously, gait

abnormalities together with microcirculatory impaé@nts play an important role in the
development of foot ulcers in DN patients. Therefat is essential to evaluate the
effect of PA, not only on glucose levels and triadial cardiovascular risk factors but
also on outcome measures relevant to neuropatmgdse and motor neuropathy) or

foot ulcer formation in this population.

If this is considered within the context of thergaex intervention research framework
proposed by Campbell et al. (2000), studies inetkoratory phase of the framework
are required at this stage to evaluate the effécanoexercise-based rehabilitation

program on the multiple pathologies linked to DMefefore, the majority of the work



presented in this thesis could fit within the difim of an exploratory study. Prior to

reaching the exploratory trial phase, it was neargst review the theoretical basis for
the intervention (preclinical phase) and to underdtthe possible mechanism by which
the intervention may influence the outcome meas(mesdelling phase) (see Figure
1-2)

In the present investigation the preclinical phases fulfilled by reviewing relevant
theory and evidence to develop a comprehensive rstaaeling of the different
pathologies associated with DN patients. This wisrkpresented in part 1 of the
literature review. This information was supplensehby a cross-sectional study (part 1
of the main study), which aimed to 1) broaden tmelaustanding of the multiple
pathologies associated with DN and 2) compareititénigs in this study to previously

published investigations.

In the present study the modelling phase was toesexrtent addressed by reviewing
empirical evidence on the potential influence of tfifferent components of physical
activity programmes (type of exercise, duratioriemmsity, etc.) on the multiple health
problems associated with DN. Since, there is ndighdd data on the effect of a physical
activity program on DN subjects, evidence gatherethis phase was on patients with
type 2 diabetes with no neuropathic complicatidriss work is presented in part 2 of the
literature review. Since foot ulceration is a majooblem in patients with DN, the
components of the PA program were selected to dgsinits influence on gait
characteristics and microcirculation in DN subjedisereafter, the information gathered
in the preclinical phase and in the modelling phass used to develop an intervention
and study design. Thus, the second part of the stamly of the present thesis designed
and evaluated an exploratory trial to determinedffect of a physical activity program
on 1) general health (glucose control, sensoryapaihy, cardiovascular risk factors; 2)
gait; 3) microcirculation and 4) QOL in DN subjectable 1-1shows an overview of the

present study and how it relates to Campbell’s éraark.



Table 1-1. Adaptation of the framework proposed byCapmbell et al. (2000) for the development

and evaluation of complex interventions

Phases

Action

Theory

Review available information in the health

problems associated with DN (Part 1 literature

review).

Cross-sectional study to broaden understand
about pathologies linked to DN diabetes and
compare results with literature. (Part 1 main

study)

ng

Modelling

Identify the components of the intervention a
underlying mechanism they may influence
outcomes. To some extent this was covered

Part 2 of the literature review

n

Exploratory trial

Design and evaluation of a physical activity

intervention to influence health in DN subject

v)

Definitive randomised controlleg

trial

More exploratory trials are required before
designing a definitive randomised controlled

trial

Long term implementation

Substantial evidence needs to be gathered

before this phase can be achieved.
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CHAPTER 2

2 Literature review

The objective of this literature review chaptetvi®fold. The first objective is to build
up a comprehensive understanding of the differeaith problems associated with DN.
Part 1 of the literature review provides a criti@liew of the pathologies associated
with type 2 diabetes and DN. Figure 1-1 shows amaew of the health problems
associated with “each condition”. Since this tapigery broad, the main focus of this
doctoral thesis is on pathologies linked to DN wgdrticular attention to gait and
microcirculation alterations due to their assooiatwith foot ulcers. The second
objective of this chapter is to review the curri@etature on the effect of PA
interventions on the different pathologies assedatith DN. This review is presented

in part 2 of this literature review chapter.

2.1 Literature search

The structure of the literature search was spiit three stages. The first stage of the
process was to identify relevant articles conceyiive primary pathologies associated
with DN, namely: cardiovascular risk, gait, micnacilation and QOL. The second
stage was to identify available literature on tffea of PA interventions in these
identified pathologies. For both stages of therditure search process a computer
search of the medical literature was carried ointguthe databases AMED, MEDILINE
and EMBASE. Keywords related to the different p&dlyees associated with DN were
combined for the search strategy. A list of thevkends used is included in Appendix 1.
The comprehensive search was limited to publicatlmetween 1996 and 2011, due to
the large number of articles retrieved, and tahkasiin the English language. Duplicates
were removed prior to screening the resultant patitins for relevance. Animal studies
were also excluded. A total of 104 and 49 artiflem stage 1 and stage 2 of the search,
respectively, were considered relevant and conselyuacluded in the review. A

search history is included in Appendix 1.

11



The third stage of the search process was to retfieweferences cited in the 153
retained publications to broaden the search siyategardless of years of publication.
Animal studies were considered during this stagl®fearch process when they were
relevant to the topic and no studies with human®weailable. During this stage 62
further publications were identified, and a tota2&5 references retained for critical

review.
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2.2 PART 1: Health problems in patients with type 2
diabetes and peripheral neuropathy

DN is a very complex condition that carries patyi#s associated with type 2 diabetes
and pathologies linked to peripheral neuropathyt Paf this chapter will be composed
of two sections that review each “condition” sepelsa The following section provides

a review of the health problems associated witle ®/pliabetes.

2.2.1 Health problems linked to type 2 diabetes

It is well established that there is an associatietween type 2 diabetes and increased
risk of cardiovascular diseases and mortality (@yuet al., 1999; Luscher et al., 2003).
In fact, a large body of epidemiological and patigidal data documents that diabetes is
an independent risk factor for cardiovascular disegMcCallum & Fisher, 2006;
Wilson, 1998). Individuals with type 2 diabeteseofsuffer from other medical
conditions such as hypertension and dyslipidemiese common denominator is
thought to be insulin resistance (Gray et al., 1998Be common clustering of these risk
factors in a single individual is known as metabslyndrome, and it is partly
responsible for the 4-fold increased risk of cavdicular diseases in type 2 diabetes
compared to healthy individuals (McCallum & Fish2006; Stamler et al., 1993). The
association between hypertension and dyslipidenatygpe 2 diabetes is briefly

described below.

Patients with type 2 diabetes are likely to haveligidemia, which is characterized by
elevated low density lipoprotein (LDL), very lowrtsty lipoprotein and triglycerides

as well as reduced high density lipoprotein (HDDhe of the major mechanisms
behind the dyslipidemia of insulin resistant stasehe increased flux of free fatty acids
from adipose tissue to the liver. Free fatty agidsmote increased triglyceride synthesis
in the liver, which can lead to the secretion afpMew-density lipoprotein (Rader,
2007). An elevated concentration of serum LDL aed/\ow density lipoprotein is a
major risk factor for vascular diseases. In fagins elevation of LDL cholesterol
appears to be necessary for the initiation andrpesijpn of atherosclerosis (Grundy et
al., 1999). Thereby, several elevations in LDL fipateins can develop atherosclerosis

and premature vascular diseases in the compleemed®sf other risk factors (Grundy et
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al., 1990). Clinical manifestations of atheroscéison diabetes include coronary artery
disease, cerebrovascular disease and periphezebhdisease (Luscher et al., 2003).
Thus, diabetes is associated with a 4-fold incréatiee risk of developing coronary
artery disease (Luscher et al., 2003) and peripheerial disease (Abbott et al., 1990),
and with a more than 10-fold increase in the ris&tmke in diabetic patients younger
than 44 years of age (Rohr et al., 1996). Alonghigfgerglycaemia insulin resistance is
another mechanism that is generally believed tp ateimportant role in atherosclerosis
formation in diabetic patients. Wollesen et al.Q2pcarried out a multivariate study
with 136 individuals to determine the associatietwzen insulin resistance and
atherosclerosis. They found that insulin resistandependently predicts
atherosclerosis in type 2 diabetic patients, btiimtype 1 diabetes. However, the
mechanisms underlying insulin resistance and aticlrmsis are still not fully
understood (Semenkovich, 2006). More detailed m&dion about the pathophysiology
of atherosclerosis in diabetes can be found inlbpresented review paper written by
Creager & Lusher (2003).

High blood pressure is another cardiovascularfeskor commonly associated with
diabetes, and largely independent of age and gh@sitFronzo, 1992). Thus, some
studies have reported a prevalence of hyperter@sdngh as 60% in persons with type
2 diabetes (Albright et al., 2000). The Sixth Remdithe Joint National Committee on
Prevention, Detection, Evaluation, and Treatmerigh Blood Pressure (1997)
concluded that diabetes markedly increases carsiiolar disease risk at any stage of
hypertension. Thus, some reports have estimated #otd increase in the number of
cardiovascular events when hypertension and dialoetexists (Grossman et al., 2000;
Grundy et al., 1999). Obesity (Narkiewicz, 200&)pairments in endothelial function
(Tooke & Brash, 1995) and insulin resistance (Gyueidal., 1999) are some
pathologies linked to type 2 diabetes that are kntowesult in hypertension. Based on
population studies, risk estimates indicate thétadt two-thirds of prevalence of
hypertension can be directly attributed to obe@d{tyause et al., 1998). The precise
mechanism linking obesity to hypertension is ndif/funderstood. However, it is
thought that obesity may lead to hypertension hiyaiing the rennin-angiotensin-
aldosterone system (Engeli & Sharma, 2000) whiéhhisrmone system that regulates
blood pressure and water balance. It appears Itimatranalities in the endothelial

function may also contribute to hypertension ingrds with diabetes (Pitei et al.,
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1997). Diabetes mellitus is known to diminish mitoxide (NO) availability (Tooke,
2000), which is the most important vasodilator saibse in the microvasculature
(Tortora & Derrickson, 2006). Impairments in thelethelial function in subjects with
diabetes will be discussed in more detail in SecB®.2.2.1. In addition to that, it
seems that there is a particular association betwseilin resistance and hypertension;

however the mechanisms are still not fully undergt(Grundy et al., 1999).

Overall it is well established that diabetes isajanrisk factor for cardiovascular
morbidity and mortality, partly due to the assdoiatbetween diabetes and traditional
risk factors such as insulin resistance, hypertenand dyslipidemias (McCallum &
Fisher, 2006; Stamler et al., 1993). Treatmentritomize cardiovascular risk include
correction of the metabolic disturbances and medliion of related atherosclerotic risk
factors, such as hypertension, obesity and dysglipid (Grundy et al., 1999). Gaede et
al. (2003) carried out a follow up interventionaldy (7.8 years) on 80 patients with
type 2 diabetes to assess the effect of a targetedsified, multifactorial
pharmacological intervention on modifiable riskttas for cardiovascular disease.
Pharmacological treatment targeted hyperglycagdmigertension, dyslipidemia, and
microalbuminuria. This study demonstrated thatrg ltierm intervention which targeted
multiple risk factors in patients with type 2 diédgand microalbuminuria reduced the
risk of cardiovascular events by about 50%. Thgblights the importance of finding
interventions that may influence these cardiovasaugk factors in patients with type 2
diabetes. Part 2 of this literature review chapitidirreview the role of exercise

programmes in modifying the metabolic syndromeatignts with type 2 diabetes.

Alongside the increased risk of cardiovascularabss, there is little doubt that type 2
diabetes also affects microcirculatory function L. However, those problems are
worsened by neuropathy, and for this reason thesses$ will be discussed in the next

section that covers health problems associatedneitinopathy.
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2.2.2 Health problems linked to peripheral neuropat  hy

Foot ulceration in diabetic patients with peripth@@uropathy is a major health
problem, often leading to lower-limb amputationsl am increased mortality rate
(Leung, 2007; Ramsey et al., 1999). Peripheralogathy is well documented as an
independent risk factor for foot ulceration and atagon (Boulton et al., 1997; Veves
et al., 1992). Potter et al. (1998) investigatetlitttidence of peripheral neuropathy in
the contralateral limb of 38 diabetic persons witlilateral amputations. Evidence of
neuropathy in the contralateral limb was found 7&®of diabetic patients at the time of
the amputation McGill et al. (2005) carried out a follow up studg 477 patients with
diabetes mellitus of which 250 were diagnosed Withand 222 were not. They found
that during the follow up period, 34 new ulcersurced in the neuropathy group and
three ulcers in the control group, resulting ineamual incidence of 6.3% and 0.5%,
respectively. These figures highlight the impactfcomplications have in DN

subjects.

Commonly, ulceration in patients with peripheralirgpathy is triggered by a cascade
of events. A minor trauma, which in the presenceeafropathy (sensory loss) is
unattended, is believed to be the starting poihar@es in gait characteristics are
considered a common mechanism by which tissue damagy occur in diabetic
patients with peripheral neuropathy. This populasbows changes in gait
characteristics compared to non-neuropathic copates (Courtemanche et al., 1996;
Kwon et al., 2003), which result in higher streagtie plantar surface and,
consequently, higher risk of tissue damage. Thixeat lack of adequate blood supply
at this critical phase contributes to the riskighgicant infection and hence, further
tissue breakdown and risk of amputation. Microdaiary impairments are thought to
play a key role in the diminished blood flow respes under stressful conditions
(Tooke & Brash, 1995; Veves et al., 1998), whickvent the diabetic neuropathic foot
to respond to injury and infection in the usual mam To sum up, it seems clear that a
combination of gait biomechanics and microcircutatthanges are responsible for the

increased risk of foot ulcerations observed in scifsjwith peripheral neuropathy.

In addition to gait and microcirculatory impairmgndiabetes in general and

neuropathic complications in particular have alserbassociated with diminished
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QOL. Furthermore, it seems that there is a postoreelation between diabetes and its
complications and QOL, with subjects with more sevamplications showing the
poorest QOL (Price & Harding, 2000).

This section provides a critical review of the painyi pathologies linked to DN with
particular attention to changes in gait charadiessand microcirculation function, due
to their association with foot ulcers. Thus, théhpégies associated with DN will be

review in the following order: Gait biomechanicdgcrocirculation and QOL.

2.2.2.1Gait biomechanics

Gait analysis has been used to objectively quantiBnges in the biomechanics of
walking. Given the fact that normal walking is #red product of a healthy neuro-
musculo-skeletal system, the analysis of walkingtegyy in DN may lead to a better

understanding of the dysfunctions produced bydbrglition.

Most of the investigations analyzing gait charast®s in neuropathic patients have
been interested in kinetic data, which is belieteegredict the risk of foot ulceration in
this population (Boulton et al., 1983; Guldemon@let2006). However, kinetic data
alone provides limited information about gait cleaeastics. Therefore, gait should be
investigated alongside other perspectives (i.eerkitics and muscular activity) to
develop a more comprehensive understanding of nglatterns in patients with
diabetic neuropathy. This section will then invgate the differences between healthy
and DN walking characteristics from different arsgfkinematics, kinetics and muscular
function). In addition to this, attention will alé® paid to the factors that may be

responsible for those differences.

2.2.2.1.1Gait characteristics: Healthy vs. Neuropathy

Walking is a very complex movement that requir@sdbordination of the whole body.
However, this chapter will only investigate lowenlb gait biomechanics since it is the

part of the body in which most of the walking-reldcomplications occur.
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According to Perry & Burnfield (2010), the gait é&g¢GC) consists of two basic
components: the stance phase, during which thegantcontact with the floor and the
swing phase when the foot is in the air for limvattement. The stance phase can be
divided into three parts. The first is the contaltase (initial contact and loading
response). It starts with the initial contact, vhis normally made with the heel, and
continues until the other foot is lifted for swirthe second is the midstance phase. It
begins as the other foot is lifted and continudd tive heel raises the ground. The third
phase, the propulsion phase, can be further sumthinto two components: terminal
stance and pre-swing. Terminal stance starts ve#h tise and ends when the other foot
strikes the ground. Pre-swing begins with oppdsétel contact and terminates with

support-side toe-off (Figure 2-1 provides a grapbfresentation of the GC).

Figure 2-1. Phases of the gait cycle (retrieved fro Perry and Burnfield, 2010)
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Each part of the stance phase is characterizedtikar action of the foot and ankle
(Perry & Burnfield, 2010). During the contact phatse heel (“heel rocker”) serves as
an axis to allow both smooth plantarflexion and ¢ohtact of the foot with the ground.
Action by the dorsi-flexor muscles is required @éduce the rate of the foot drop and
direct the tibia forward. The second rocker (midstaphase) is the ankle rocker. The
pivotal arc of the ankle rocker advances the tiviar the stationary foot. During this
phase, plantar-flexor muscles play an importarg tolmake the tibia a stable base for
knee extension and allow tibia advancement. The thcker is referred to as the
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forefoot rocker. During terminal stance, the firstatarsal-phalangeal joint allows
progression of the limb over the forefoot and aedks the heel lift. Both
gastrocnemius and soleus muscles act vigoroudigtto decelerate the rate of tibial
advancement and allow the foot to push off (PerfwW&nfield, 2010; van Schie et al.,
2005).

As briefly described above, the normal GC in thgittal plane starts at the heel (contact
phase) and terminates at the toes (propulsion pHaseontrast, people with DN are
characterized by a significant reduction of theioroalong the longitudinal axis. There
is general consensus that subjects with DN tergbpooach the floor with the most
anterior part of the heel and perform their pudtpbfise at the metatarsals level
(Giacomozzi et al., 2002; Uccioli et al., 2001) eesulting gait, similar to a flat-footed
gait, is characterized by a minimum heel strike amdinimum push-off phase.
Giacomozzi et al. (2002) carried out a very inténgsstudy in which the evolution of
the centre of pressure (COP) during gait was medsuar21 healthy and 19 DN
patients. The COP records the point of applicadibthe ground reaction force on a
force platform during the stance phase, and itdgd as a sequence of points on the
ground plane. This study supports the idea thaetisea reduction of the COP
progression along the longitudinal axis in DN indivals when compared to the
healthy. COP progression was calculated as thermamiCOP excursions (cm) along
the longitudinal axis of the foot. In line with #eresults, some investigations have
reported reduced contact areas at the heel aniht@d¥ patients compared to healthy
counterparts (Veves et al., 1991). These resuttidusupport the idea that during gait
DN subjects show a shift in their loading pattewni the heel and toes towards the

midfoot and forefoot, respectively.

Apart from the motion in the longitudinal axis, tlhansverse plane mobility also plays
a pivotal role in the normal GC (Perry & BurnfieR)10). Excursions along the medio-
lateral axis of the foot mainly depend on the igi@n-eversion movements performed
by the subtalar joint. In normal gait eversion Insgas part of the loading response
immediately after the heel contacts the floor. Peadesion is reached by early
midstance. Subtalar motion then slowly reversestdvinversion throughout terminal
stance. Peak inversion is attained at the ongbiegbassive propulsion phase (Perry &

Burnfield, 2010). Neuropathic gait is charactediby a significant reduction of the
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motion along the medio-lateral axis and a concurshift of the loading pattern from
the lateral toward the medial part of the foot imozzi et al., 2002; Gutierrez et al.,
2001).

In addition to the gait alterations reported abdkere is general agreement in the
literature that neuropathic patients show differsgrdtial-temporal pattern
characteristics compared with age-matched conitgiests. Hence, DN patients use a
more conservative walking strategy than healthyesat®, which is characterized by
shorter steps, less time spent in the single sapbase and slower walking speed
(Courtemanche et al., 1996; Kwon, et al., 2003).

Up to date, numerous studies have assessed geittdvéstics in diabetic subjects with
neuropathic complications and it is well establgh®at individuals with diabetic
neuropathy adopt a more cautious walking strategy hon-neuropathic patients. This
altered gait is characterized by shorter and sl@tegs as well as by a significant
reduction of the motion along the longitudinal anddio-lateral axis. The section below
discusses the factors that are thought to be reggerior the modified walking strategy

observed in DN subjects.

2.2.2.1.1.1 Factors for altered walking strategy in neuropathicpatients.

Diabetic neuropathy is a very complex condition #rete are several factors that may
be responsible for the differences in walking chemastics described. Although
neuropathy is considered a key factor in the exgilan of gait changes in patients with
DN, recent studies have reported gait alteratiordiabetic patients without neuropathy
(Petrofsky et al., 2005a; Yavuver, et al., 2006)isTsuggests that neuropathy may not
be the only reason for gait deviations in this gafian. In this section, neuropathic and
non-neuropathic factors that may influence walkpagterns in DN patients will be

reviewed separately.

Neuropathic factors

The loss of protective sensation is generally aersid the single most important factor

in order to explain the gait changes observed ngtlropathy (Frykberg et al., 1998). It
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has been hypothesized that sensory feedback plays @ adjusting step-to-step limb
trajectories to maintain balance during locomof{iGandevia & Burke, 1992). The loss
of this feedback information resulting from DN ntagn lead to loss of stability in
these patients during gait. Consequently, this imergase the need for producing a
more cautious gait in this population. This ideaupported by previous investigations
that have assessed stability in DN subjects by angegsthe distance travelled by the
COP during different conditions. It is assumed #tability is negatively related to the
distance travelled by the COP during a fixed pedbtime. Therefore, subjects with
poorer stability are expected to show higher distarand vice versa. Numerous studies
have reported a high correlation between the sgvefrfDN and COP distance in this
population (Simoneau et al., 1994; Simmons etl8B7b), which demonstrates that
sensory neuropathy may produce instability in plipulation. Furthermore, the level of
neuropathy has been also associated with step {imegative correlation), gait velocity
(negative correlation) and step length (negatiweetation) during gait (Yavuzer, et al.,
2006). This suggests that feeling of instability@®lary to sensory neuropathy may
lead to a more cautious gait in DN subjects charerdd by slower gait velocity,

shorter steps and longer contact times.

Eils and colleagues (2002) carried out an intengsitudy to investigate the role of
cutaneous sensory information during walking. s #tudy walking characteristics
were assessed in 40 healthy subjects (25.3+ 313 péage) with no history of sensory
disorders during normal conditions (control corati)iand after reducing foot sensation
via foot ice immersion (ice condition). The studwifid that a short-term reduction in
the afferent information of the sensors locatethefoot plantar surface substantially
influenced walking characteristics by shifting tbad from the heel and toes towards
the midfoot and forefoot, respectively. Data wakkected on a pressure distribution
platform (EMED ST4 platform, Novel) with a good odistion (4 sensors-ch), which
enables accurate determination of different foetar Interestingly, these changes in
walking characteristics show similarities with &t characteristics described above
for DN patients. Loss of sensation produces arfgeadf instability, which leads to a
change in the walking behaviour so that the bodgswantre is positioned more
directly above the foot during the whole GC (Katsuét al., 1997). In disagreement
with Eil's study, Hohne et al. (2009) found thatlueed plantar cutaneous sensation did

not cause any changes in plantar loading distobutihile walking. It should be noted
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that Hohne et al. (2009) applied intradermal aresssa to reduce plantar cutaneous
sensation contrary to Eil's study, in which ice iension was used. Intradermal
anaesthesia is thought to target only the end-asrgéthe plantar cutaneous
mechanoreceptors while the foot and ankle propptige as well as intrinsic foot
muscles are unaffected (Meyer et al. 2004). Orother hand, ice immersion is likely
to affect the intrinsic foot muscles and joint netes. This methodological difference
could explain the differences on the results. Theslicting results show that it is still
not well understood how the effect of insensitikienssecondary to peripheral sensory
neuropathy, may influence changes in walking charatics. However, it is certainly
likely that postural instability in subjects witi\Dmay be the result of a loss of
peripheral sensory receptor function in the lovegisland cannot be attributed
exclusively to loss of plantar cutaneous sensdtian Deursen et al., 1999).

In support of this idea, several studies have tegdhat an impairment of the sensory
or afferent function of the foot diminishes theldypiof the foot to perceive movement
and furthermore may affect the normal foot progoesalong the GC (Uccioli et al.,
2001; Yavuzer et al., 2006). Van den Bosch etl®9%) reported that the
inversion/eversion proprioceptive thresholds injscis with DN were about five times
greater than in age matched subjects without pergmeuropathy. It should be noted
that a small sample size (7 volunteers in eachmraas used in this study. In line with
these results, Son et al. (2009) carried out dairsiudy on 11 DN subjects and 11
matched control and found that inversion/eversimppoception thresholds were
greater in the DN group compared to the healthygrélowever, the group differences
reported by Son et al. (2009) were significanthalier (2 fold differences) than the
ones reported by van den Bosch (1995) (5 fold dffees). Methodological differences
are likely to explain the diversity of the magniuaf the differences between both
studies. Son et al. (2009) set up angle rotatiorsemtly at 5 degreed-while van den
Bosch et al. (1995) reported maximum values ofrid28 degrees'sn inversion and
eversion, respectively (no information was publisbhbout the mean rotation velocity).
Higher rotation velocity is likely to explain thégher group differences reported by van
den Bosch et al. (1995) when compared to the geshttwn by Son et al. (2009). A
reduced ability to perceive movement due to affeimpairment increases the
excursion of the centre of mass over the foot leefloe movement is perceived by the
patient, which, in turn, increases the risk ofdatl this population (Yavuzer et al.,

2006). In support of this idea, many investigatibase reported an increased risk of
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falls in patients with DN (Dingwell & Cavanagh, 20Richardson & Hurvitz, 1995).
This may partly explain why individuals with DN sh@ significant reduction of the
motion along the longitudinal and medio-lateralafverall, it appears that loss of
stability secondary to DN is an important contrdnitctor for the gait characteristics

described above.

Afferent impairments in isolation would appear tvdnough to explain the changes in
walking strategy observed in neuropathic patiddtsvever, while some peripheral
nerves have a purely sensory or afferent functiwrst are mixed and carry both
sensory and motor fibres (Gutierrez et al., 208h)efferent/motor deficit, which is
identified by muscle weakness and is well estabtish DN subjects (Andersen et al.,
1997; Andersen et al., 1998; van Schie et al., Rauld further explain the previously

described neuropathic walking strategy.

At the ankle joint, at least three major musclesticbute substantially to joint moments
during gait. The tibialis anterior muscle (TA) cobtites to ankle dorsi-flexion, while
the soleus and gastrocnemius muscles, which foentriteps surae (TS), work as
plantar-flexors (Perry & Burnfield, 2010). On theechand, TA plays a very important
role during the early contact phase of the GC ab#nnormal heel strike. Weakness of
the TA may result in a reduced dorsi-flexion ardyeing heel strike, which provokes
the foot to contact the floor with the most antepart of the heel (Giacomozzi et al.,
2002). This may partly explain why during gait Dibgects show a shift in their
loading pattern from the heel to the midfddn the other hand, TS is responsible for
driving the body forward by generating plantar-tiexnoment during to the late stance
phase (Perry & Burnfield, 2010). Weakness of then¥efy require compensation of
proximal hip musculature to push the legs forwémdine with this idea, DN have been
shown to rely more on the hip flexor muscles asd en the plantar-flexor muscles
during the push off phase of the GC, compared #dtline individuals (Giacomozzi et
al., 2002; Mueller et al., 1994). This compensatopchanism characterized by a shift
from the distal (ankle muscles) to the proximal oulature (hip muscles) is known as
hip strategy. Hip strategy is also well known tohighly effective to stabilize body
posture during weight bearing (Horak & Nashner,8)98/ reducing the displacement
of the centre of mass along the sagittal and ftquiéemes (Runge et al., 1999). This

suggests that the shift from an ankle to a higesgsais also responsible for the limited
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excursions of the centre of pressure of the fogeoked in DN subjects. Thus, hip
strategy in DN individuals may be a mechanism mdy to compensate for the plantar-

flexor weakness but also to improve stability dgnimeight bearing conditions.

Both sensory neuropathy and motor neuropathy allekmawn to be responsible for the
modifications in gait characteristics observed M 8ubjects. On the one hand, a
general loss of peripheral sensory receptor fundgticdhe lower legs appears to be
responsible for the feeling of postural instabibityserved in DN individuals.
Furthermore, feeling of instability has been assteci with a more cautious gait
walking strategy. On the other hand, weaknesseflibtal musculature appears to
result in compensation of proximal hip musculatesgnecially during the push off to
drive the body forward. Furthermore hip strateglpatieved to reduce the displacement

of the centre of mass along the longitudinal andiowateral axis.

Non-neuropathic factors: Hyperglycaemia

Besides well known dramatic alterations in all comgnts of the peripheral nerves,
diabetes mellitus has a spectrum of hyperglycaeomaplications including the
mechanical characteristics of bones and soft tissukich may further alter gait
characteristics in this population (Duffin et @002; Gefen et al., 2003). Abnormally
high sugar levels promote glycosylation of proteing the consequent accumulation of
advanced glycosylation end-products in most hurnsanés (Rahman et al., 2006;
Yavuzer et al., 2006). It is well established thigtosylation plays an important role in
the limited range of motion (ROM) of the foot antkke joints in patients with
(Frykberg et al., 1998; Simmons et al., 1997a; ¥avet al., 2006; Zimny et al., 2004)
and without diabetic neuropathy (D"Ambrogi et 2003; Duffin et al., 2002).

Normal joint mobility in the articulations of thedt is necessary to allow for normal
foot function. Articular mobility of tibiotalar anthetatarsophalangeal joints in the
sagittal plane permits normal initial contact andp-off during the gait cycle,
respectively (Perry & Burnfield, 2010; van Schieakt 2005). In addition, an adequate
range of motion in the subtalar joint is necessargilow the excursion of the foot
along the medio-lateral axis (Perry & Burnfield,12Q van Schie et al., 2005).

Therefore, reduction of ankle ROM, secondary toenglycaemia, may partly explain
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the reduction of the COP progression along theriamtposterior and the medio-lateral
axis in diabetic individuals (with and without nepathic complications) when

compared to healthy counterparts (Giacomozzi £2@02; Gutierrez et al., 2001).

The plantar aponeurosis (plantar fascia) is rictoifagen (Gefen, 2003) and can
therefore be susceptible to non-enzymatic glycatioihe collagenous component
(Duffin et al., 2002). In agreement with this susfiien, some studies have observed a
significantly higher plantar aponeurosis thicknesson-neuropathic diabetic subjects
when compared with non-diabetic individuals (D" Awdpiret al., 2003; D" Ambrogi et
al., 2005; Giacomozzi et al., 2005). This is furteepported by Duffin et al. (2002),
who found that plantar aponeurosis was signifigathiickened in 216 young diabetic
individuals (15.6 years of age) as compared witloadiabetic age-matched control
group. This study confirms that structural charggsear soon after the onset of
diabetes regardless of whether neuropathic contjglitsaare present or not. It is
believed that the thickening of the plantar fasoay provoke the development of a
rigid foot, fixed in a cavus configuration, witthggh longitudinal arch for the entire
stance period (D"Ambrogi et al., 2005). Thus, that s less adaptable to the floor
during the foot-floor interaction. As a result, mo§the plantar surface makes early
contact with the ground, and propulsion is pooffgaive. Therefore, it is likely that
structural changes in the plantar fascia may bypasponsible for the reduced foot
motion along the longitudinal axis observed in @t&bpatients with and without

neuropathy (D"Ambrogi et al., 2003; Giacomozzilet2005).

Overall, neuropathy, both sensory and motor neuhgpé& considered the main factor
in the explanation of gait changes in DN subjedtswever, recent studies show that
gait changes in patients with diabetes are present in the absence of neuropathic
complications. Glycosylation changes secondarypehglycaemia have been linked to
reduced joint mobility and/or structural changesligbetic patients. Mounting evidence
suggests that these changes may also contribgtattalterations in diabetic subjects
even without peripheral neuropathy. Neverthele$terdnces in walking characteristics
by themselves cannot explain the high rate of slobserved in diabetic neuropathic
patients. Next, other variables that may bettediptailceration among those patients

will be discussed.
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2.2.2.1.2Gait analysis: Kinetic perspective

During weight-bearing activities such as standind walking, the plantar surface of the
foot is exposed to ground reaction forces (GRIEs)ling to tissue deformation (van
Deursen, 2004). The relationship between forcedmfiokrmation is expressed as the
stress-strain relationship. Stress, commonly knas/pressure, is equal to normalized
force (force per unit to which the force is app)i@dall, 1995; Nigg & Herzog, 1999).
When standing the magnitude of the GRF is equibtly weight, with each foot
experiencing about 50% of body weight distributedrahe plantar surface area, which
is predominantly a vertically directed force. Duyiwalking, the stresses applied to the
feet (pressures) are much higher than when starfidirgnumber of reasons. First,
weight is supported by only one foot for a substdmimount of time. Second, the
stance phase of gait is characterized by a rollof/ére foot. As a result, the plantar
surface area changes in size and location whil&REs progress from the heel to
hallux. Third, the GRFs vary in magnitude, witheak during heel landing and a
second peak during push-off with the forefoot (IZEursen, 2004). It is noteworthy that
in order to represent GRFs as vectors, they musbhsidered to act at a point that is
known as COP (COP has been mentioned earlier tsidegait characteristics in DN
subjects). Besides the double-hump pattern of éntcal force, there are also GRFs in
the horizontal direction (shear forces) causingsstiparallel to the foot skin. However,
the magnitude of the shear forces is much sméilter the vertical GRF (van Deursen,
2004).

Beside neuropathy, which is well documented asgoegtated to skin breakdown due to
the lack of protective sensation, foot plantar pues (PP) is known to be an important
contributing factor to plantar tissue damage ingbeavith diabetes and peripheral
neuropathy (Frykberg et al., 1998; Van Schie., 200bus, PP, which accounts for the
highest stress generated under the foot plantéacguduring stance phase of gait, is
well known to be higher in DN subjects and has les=ociated for decades with foot
ulcerations in this population (Guldemond et a0Q&, Stokes et al., 1975; Uccioli et

al., 2001). However, there is an ongoing debatetlveiether kinetic variables may also
predict foot complications in this population. The§|, calculated as the area under the
peak pressure curve, has been postulated to bitea jpedictor for foot ulceration

compared to PP since it represents both, the mafménd duration of plantar loading
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through stance phase (Mueller & Maluf, 2002). Thasent investigations have found
higher PTI values in DN subjects compared to hgaithdiabetic individuals with no
neuropathic complications (D’Ambrogi et al., 20@&cco et al. 2009). The next two
sections will investigate these two parametersgdPPTI) in individuals with

peripheral neuropathy as well as the factors resptanfor those alterations.

2.2.2.1.2.1 Peak plantar pressures

Peak plantar pressures have been extensively igatesd in the literature as a substitute
measure to determine risk of foot ulceration (Feyigoet al., 1998; Veves et al., 1992).
Stokes et al. (1975) was the first to notice toat fulcers in neuropathic patients tended
to develop at the sites of the highest load (i.etatarsal heads and toes). Since then,
many other authors have described “high plantasssures” in the diabetic neuropathic
foot and their relationship with ulcer developmg@atildemond et al., 2006; Payne et
al., 2002; Uccioli et al., 2001). Veves et al. (2p8arried out a follow up study on 86
diabetic patients in which 17% developed ulcers avmean period of 30 months. Of
these 17%, 93% had neuropathy at baseline, amdédhbnormally high foot pressures
measured by pedobarography. Similar findings wepented by Lavery et al. (2003b)
who carried out a follow up study over 24 monthsl666 individuals and found that
PP was significantly higher in patients who devebbplcers during the follow up
period than in patients who did not develop ulcki®wvever, none of these prospective
studies provided a measure of association betwesrpfessures and ulceration risk.
Frykberg and colleagues (1998) reported in a sttty 251 subjects, that diabetic
patients with foot pressures >588.6 kPa as measutkedhe F-scan mat system, were
twice more likely to develop ulcers than those withhigh pressures, even after
adjustment for age, sex, diabetes duration and Tdte investigation attempted to
determine a threshold point, above which the neaatiop foot is at increased risk.
However, results should be taken with caution. Thiss-sectional study assessed the
relationship between high foot pressures and diabmit ulceration retrospectively, in
a group of diabetic patients with a range of fawonhplications (diabetes, neuropathy,
previous ulcer and active ulcer). Kanade et al063&howed differences in PP values
among neuropathic patients with different foot ctiogions. She reported significantly

higher peak pressure values in a group of 23 natinappatients with current foot ulcer
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compared to a group of 23 neuropathic patients mdthistory of foot ulcer. This
finding suggests that the measure of associatitwdes foot pressure and ulceration
risk used by Frykberg could have been overestimsited the presence of ulcer may
have been related to higher foot pressures. Irtiaddp that, it should be noted that
different plantar pressure measurement devicesaralways directly comparable, and
therefore, a universal threshold set for ulceratiannot be established. Pressure
measurement devices consist of a number of forcgoselements and the variation in
the size of these elements has major consequenrcigefcalculation of pressure. Thus,
a focal area of pressure under the foot will appedrave a lower value on a device
with a larger element size (Nigg & Herzog, 1999 &chie, 2005).

At this time, it is well established that subjeeith peripheral neuropathy suffer from
excessive foot pressures during walking (Payné,e2@02; Uccioli et al., 2001),
especially at the metatarsals (Mueller et al., 2@a8sich et al., 2005) and that
excessive pressures on the surface on the insenskin lead to tissue damage and
ulcers (Lavery et al., 2003b). Current investigagiare focused on the understanding of
the different factors that modify peak foot pregsdistribution in subjects with diabetes
neuropathy. The factors that are widely acceptqabtentially disrupt foot loading

during gait will be discussed next.

Limited ROM in the ankle and first metatarsophakaigoints has important
implications in the mechanical loading of the faat has been found to increase peak
plantar pressures (Fernando et al., 1991; Frykéeeady, 1998; Zimny et al., 2004) as
well as the risk of ulceration (Fernando, et @91) in diabetic patients. Limited dorsi-
flexion of the ankle has been associated with ababfoot pressure distributions
during gait in different ways; 1) it may lead to @erlier heel rise in the gait cycle and
an earlier loading of the forefoot (van DeurserQ80Qand; 2) it may increase the
pressure under the forefoot, particularly whentibia rolls over the foot during the late
stance phase of gait (Mueller et al., 1989; Saletcll., 2005). Some investigations
have also associated reduced mobility at the subjt@iht with increased foot pressures
during the first phase of the stance phase (froeh $teike to midstance phase)
(Fernando, et al., 1991). It is believed that thietalar joint plays an important role

preventing excessive strain at the ankle as thie isntoaded (Perry & Burnfield, 2010).
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The elevated plantar foot pressure in neuropatiiepts has also been associated with
structural changes secondary to this condition sisdioe deformities and plantar fat-
pad displacement (Mueller et al., 2005; Rahman. e2@06). Atrophy of the ankle
muscles as a result of motor neuropathy, has heggested to produce an imbalance
between flexors and extensor of the toes. This le&y to the development of hammer
toes, claw toes and prominent metatarsal headgng#ie metatarsals more likely to
undergo higher pressure in neuropathic subjectellktuet al., 2005; Rahman et al.,
2006; Robertson et al., 2002; van Schie et al.4R@ince the toes no longer contribute
to the support area the same amount of force wittdnsmitted to a smaller area, which
obviously increases foot pressures on the metatagian. In clawing and hammering
of the toes, the plantar fat pads under the matdtheads are believed to migrate
distally as a result of hypertension of the mesathphalangeal joint, exposing the now
prominent and unprotected metatarsal heads totelevels of mechanical pressure
during gait (Bus et al., 2002; Bus et al., 2004s#le the structural changes associated
to muscle atrophy, the thickening of the plantacia (discussed above) may provoke
the development of a rigid foot, fixed in a cavesfiguration, with a high longitudinal
arch for the entire stance period (D"Ambrogi et2003; D"Ambrogi et al., 2005;
Giacomozzi et al., 2005). This foot configuratiastbeen associated to higher foot
pressures at the heel during the heel strike (M&r&avanagh, 1999) as well as higher
stress on the forefoot underneath the metatarsalsh@€avanagh et al., 1997,
D"Ambrogi et al., 2003). Nevertheless, the mostadéating structural changes in
patients with neuropathic complications occur wheffering from Charcot foot
(Mabilleau & Edmonds., 2010). Charcot foot is adition that causes significant
disruption of the bony architecture of the footth®lugh the pathogenesis of this
condition is not fully understood, it is generdiiglieved that minor trauma may trigger
a cascade of events, including inflammation, whiey result in progressive osteolysis
(resorption of bone matrix by osteoclasts) (Mabillé& Edmonds., 2010). Due to
excessive resorption of bone matrix the bonesefdbt become soft and weak, which
can lead to multiple fractures, joint disruptioms goint dislocation. It often results in
foot deformities and causes abnormal pressurdliition on the plantar surface, which
predispose the foot to ulcer formation. Armstrongt&vrence (1998) proved that
neuropathic patients with Charcot foot (N=21) hghi§icantly higher foot pressures
(1000« 80.5 kPa) than subjects with neuropathyram@harcot foot (N=21) (650+ 256
kPa).
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In addition to the factors described above, itleesn pointed out that reduction in
plantar sensory input may be related to increasgact of the foot on the ground. As
the foot has an impaired ability to sense the gionhen landing, this may increase
pressures under the foot (Payne et al., 2002).imtagpretation has been supported by
some studies that addressed a positive relatiom&tipeen levels of neuropathy and
plantar pressure (Boulton et al., 1987; Frykbergl¢t1998; Lavery et al., 2003b).
Payne et al. (2002) carried out an interestingystud50 subjects with diabetes mellitus
to determine, by the use of regression analysisfabtors that may be associated with
high peak plantar pressures during walking in déifé regions in the diabetic foot. A
number of factors, identified as potentially inieg foot pressures, were included in
the multivariate analysis. Thus, body weight, ledijoint mobility, plantar fat pad
thickness, muscle strength, motor and sensory pathrg, foot structure, and foot
deformity, were investigated. They found that seps@uropathy was the single most
important factor to explain plantar foot pressuredifferent regions of the foot (heel,
forefoot and hallux). They also reported that dnege of motion of the first
metatarsophalangeal joint was related to hallusganees while body weight was
associated to pressures under the heel. Unexpgcstdictural changes in the foot and
limited joint mobility were not significantly cortated to plantar pressures under the
metatarsal heads. This finding contradicts the lyidablished belief that structural
changes are important factors in the high footquress observed in subjects with DN
(Fernando et al., 1991; Frykberg et al., 1998;i8alkst al., 2005). This result could be
due to the high correlation that would be expetbeekist between limited joint
mobility and structural changes and neuropathig. llkely that both structural changes
(including limited ROM) and neuropathy are bothas®tary to a longer duration of
diabetes, rather than each one having a caustbrehip with the other (Gefen et al.,
2003).

It should be also noted that, for Payne’s studyinashoe pressure measuring system
was employed, contrary to investigations that hdetermined foot pressures during
bare foot walking over a pressure platform (Bouktml., 1987; Fernando et al., 1991;
Uccioli et al., 2001). Footwear has been showrngnificantly reduce plantar pressure
in both diabetic and control groups with a greageluction in the diabetic group
(Sarnow et at., 1994). Healthy subjects with ingaotective sensation are likely to

adopt a safer walking style to avoid excessive fwessures during barefoot tasks. On
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the other hand diabetic patients with impaired atos are not aware of excessive
pressure and gait is not readjusted. In suppdttisfidea, as mentioned earlier, the level
of neuropathy has been positively correlated to fwessure (Frykberg et al., 1998;
Lavery et al., 2003b). This could have affectedrtrege of variables that explained the
variability of plantar pressures in the study adrout by Payne et al. (2002).

Overall, it is well established that peak plantagsures are associated with foot ulcers
in patients with DN. Multiple factors account fible higher foot pressures observed in
DN subjects including loss of sensation, limiteshjonobility, structural changes and
foot deformities. Neuropathy appears to be thelsingst important factor to explain
plantar foot pressures in different regions offtit in this population. However,
structural changes secondary to hyperglycaemialaceconsidered to play an

important role in the high peak pressures obseirv&N subjects.

2.2.2.1.2.2 Pressure-time Integral

PTl is a relatively recently used parameter, witiak not been widely investigated in
DN subjects. However, all the investigations upldéte point in the same direction
demonstrating differences in regional PTI valugsvben neuropathic and healthy
individuals (D’Ambrogi et al., 2005; Rao et al.,12) Sacco et al., 2009).

D”Ambrogi et al. (2005) investigated the PTI of thegtical GRFs under the heel,
metatarsal heads and hallux, both during the lanfiR27% of stance) and propulsion
(66-100% of stance) phases of the GC on 21 healitiyl9 DN patients. They found
that neuropathic patients compared to healthy otmkrad; 1) lower heel integrals and
higher metatarsal integrals during landing, whiekypical of a flat landing; and 2)
higher heel and metatarsal integrals and loweuhatitegrals during propulsion, which
again is typical of a flat walking (hip strategfs a result neuropathic patients
experienced an earlier and more prolonged loaditiggometatarsal heads. Similar
results were obtained by Sacco et al. (2009), whod higher PTI values during the
push off at the heel and forefoot areas in the Bdig compared to the control group. It
should be noted that Sacco et al. (2009) faildthtbgroup differences in PTI values

both at the heel and forefoot during the landinggeh which disagrees with the results
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presented by D’Ambrogi et al. (2005) and descridledve. The fact that the stance
phase in both studies was calculated differently ealain those differences.
D’Ambrogi et al. (2005) defined landing as the tiperiod from 0 to 27% of the stance
phase, whereas Sacco et al. (2009) calculategéehisd as the time period from heel
strike (0% of the stance phase) to the instartt@itinimum vertical force between the
two vertical peaks (approx 50% of the stance phdisis)likely that differences in PTI
values during the landing phase between DN andheiadividuals only occur during
the first phase of the stance phase, which coyitheéxwhy Sacco et al. (2009) who
accounted for a longer period of time did not far/ group differences. In addition to
this, Rao et al. (2010) investigated PTI valuethatheel and forefoot during the whole
GC on 15 DN and 15 control subjects and found hi@Td values in the DN group

both at the heel and forefoot when compared t@dmérol group.

These results prove that not only the magnitudaestress (pressure) is altered in DN
subjects but also the amount of time stress isegpd the different foot regions. In
addition to this, the forefoot seems the foot ragiath higher PTI differences between
DN and healthy individuals, which coincides witke oot region in which more ulcers
occur in this population (Boulton, 1994; Muelleragt 2005). This suggests that PTI
may be associated with foot complications in tlapydation. Next, possible factors that

may account of the higher PTI observed in DN subjedll be postulated.

Foot mobility during walking has been identifiedaasimportant contributor to plantar
loads, especially in individuals with diabetic nepathy (Fernando et al., 1991, Zimny
et al., 2004). Thus, a few recent investigationgehgtudied the relationship between
reduced mobility of the foot-ankle complex and eased sustained plantar loads.
Turner et al. (2007), in agreement with previouslEgs (Frykberg et al., 1998;
Simmons et al., 1997a), found reduced ROM (subjaiar and £'
metatarsalsophalangeal joint) in a group of 78elialpatients (with a range of diabetic
complications) compared to healthy subjects. How#wese differences were only
significant during passive movements while ROM ealduring gait, which was
measured using a 3D electromagnetic tracking systemot differ between groups. In
addition to that, they found no statistical cortiela between any of the gait-derived
ROM variables and PTI over the whole foot. A maeent study carried out by Rao et

al. (2010) went a step further and investigated-¢tetionship between segmental foot
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mobility (first metatarsal relative to the calcasglateral forefoot relative to the
calcaneus and calcaneus relative to the tibia)sored with a 3D infrared system, and
regional PTI (heel and forefoot) (studied presemigdier). They found that frontal
plane excursion of the calcaneus was negativelyceged with PTI values at the
forefoot and heel and that first metatarsal sdgitene excursion during gait was
negatively associated with PTI values under thefémt. These findings support the
theory that subtalar joint mobility plays a keyeah mediating plantar load distribution
(Perry & Burnfield, 2010), particularly in individds with diabetes. The relationship
between first metatarsal sagittal plane excursiahRiT| values under the forefoot could
be explained by the association between increasadap fascia thickness and reduced
mobility at the {' metatarsalphalangeal joint (D’Ambrogi et al., 2DOthickening of

the plantar fascia may provoke the developmentraid foot, fixed in a cavus
configuration, with a high longitudinal arch foretstance period (D’Ambrogi et al.,
2002; Giacomozzi et al., 2005), which may explawlgnged forefoot contact time and
consequently increase PTI forefoot values in DNepas. Overall, this study highlights
the importance of segmental foot mobility in indivals with DN. However, more

investigations in this direction are needed to usidad better those associations.

Turner et al. (2007) also compared PTI values betvegabetic patients with and
without neuropathy and they found higher PTI valinethe neuropathic group (N=28)
compared to the non-neuropathic group (N=25). Téssilt suggests that neuropathy
may also influence sustained plantar loads duraigy §ensory neuropathy is known to
cause postural instability in DN subjects (van Bear& Simoneau, 1999), which leads
to walking alterations to increase stability durthg gait cycle. Gait in DN individuals
is characterized by a longer period of time duthmg stance phase especially at the heel
and the metatarsals (Courtemanche et al., 1996p@iezzi et al., 2002; Sacco &
Amadio, 2000; Zimny et al., 2004). Higher contéetes (longer duration of the stress)
at those sites may increase PTI values at theamgeforefoot, which agrees with the
data presented above (D’Ambrogi et al., 2005; Sated., 2009; Rao et al., 2010).
However, it should not be neglected that anothdrkmewn characteristic of the way
DN subjects walk is that they tend to demonstratsmerease in flat foot contact time
(larger contact area) (Courtemanche et al., 1986);h should decrease the magnitude
of the stress (pressures) on the plantar surfadenbrogi et al. (2005) and Rao et al.
(2010) found that PTI at the heel during the pu$iploase was increased in DN
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subjects compared to healthy individuals. Heel imement during the push off can
theoretically be associated with less stress offiaitefoot during this phase of the gait
cycle. However, PTI at the forefoot during the poffrcontinued to be higher in the
DN group compared to the control group. This higjié the role of factors intrinsic to
the foot, such as segmental foot mobility and/at fieformities, in contributing to PTI

values in patients with DN.

Beside sensory neuropathy, motor neuropathy hasealsn proposed to influence PTI
during gait. Muscle weakness is well known to @agrucial role in altering the foot
rollover process in DN patients (Giacomozzi et2005; van Schie, 2005), which, in
turn, may modify load distribution over the plansarface. Weakness of the TA has
been proposed to reduce ankle flexion prior the tmetacts the ground, which may
lead to premature contact of the forefoot to treugd during the first phase of stance.
This earlier contact of the forefoot to the groumdhe first phase of stance adds loads
on the anterior areas of the foot that will be kdadt late stance phase during the
propulsion phase. The consequence will be an adatiom of loads on the anterior
regions of the foot (forefoot) during the wholerata phase and higher PTI values on

this foot region.

It is well established that subjects with DN shdterations in the foot loading patterns
during gait, and that increased peak pressure®@hdre undoubtedly associated with
foot complications in this population. Although theact mechanisms underlying these
changes are not well understood, there is littigbtithat loss of sensation, weakness of
the distal musculature, limited ROM and structateinges secondary to
hyperglycaemia are all contributing factors. Mdsthe studies assessing gait
characteristics in diabetic patients have invesgigi&inetic or kinematic data, whereas
the underlying functional factors that may be driythese changes are not well
understood. Thus, the assessment of muscle aesivitithe lower limb may be useful
for interpreting and clarifying those kinetic aniddmatics changes as well as for
gaining additional insights into the relative irdhce of biomechanical and neural
factors on neuropathic patient’s gait. The nextiseavill attempt to summarize the

current understanding about this issue.
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2.2.2.1.3Gait analysis: muscular activity perspective

Electromyography (EMG) is a widely used techniquerécording the electrical signal
associated with the contraction of a skeletal neuéalinter, 2009). EMG can be used to
measure the timing and relative intensity of musctunction during different
conditions and therefore has played a crucialirotee understanding of human
movement over the last decades (Perry & Burnfigdd,0; Winter, 2009). It should be
noted that EMG signal refers to the electrical éygaduced by the muscle and not to
the mechanical output (force). The time lag betwaescle activation and muscle force
production is known as electromechanical delay (BMIavanagh & Komi, 1979) and
it should be taken into consideration when attengptd associate EMG signal and
muscle function. Otherwise the prediction of segralemovement from EMG data

could be mistimed and could lead to misinterpretati

Although EMG data has provided valuable informatidout gait biomechanics over
the years in healthy as well as in clinical popaols (Perry & Burnfield, 2010), the
study of EMG data during gait in DN patients isywkmited. To the best of my
knowledge only 4 investigations have studied thési¢ (Abboud et al., 2000; Akashi et
al., 2008; Kwon et al., 2003; Sacco & Amadio, 2088J the findings reported by the
different studies are not in agreement. It shoglshbted that none of these
investigations took into account EMD when proceg&MG data, which as mentioned
above could compromise the estimation of segmernements from EMG data. Next,
results from previous investigations that have ssesg muscular activity patterns in DN
subjects will be presented. Special attention bellgiven to the association between

EMG data and both spatial-temporal characteristicsfoot loading patterns.

Gait changes in DN subjects, characterized by siewiecity and shorter steps, are
thought to be a mechanism to improve motor comsmol reduce instability during gait
in this population (Yavuzer et al., 2006). EMG edteons in DN subjects appear to
support this hypothesis. It has been postulatedctiv@ontraction is the result of poor
motor control and that it may contribute to stiftue joint and enhance stability during
the stance phase of the GC (Benjuya et al., 20@fidMester et al., 1989). Thus, Kwon
et al. (2003) reported that the activity of the ad TS was significantly prolonged in
the subjects with DN compared to the healthy greupch suggested higher co-
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contraction between the dorsi-flexor and plantexdr muscles. In addition to that,
Petrofsky et al. (2005a) found similar results ipopulation of 25 subjects with
diabetes mellitus without neuropathic complicaticompared to 25 healthy controls.
Thus, Petrofsky et al. (2005a) reported that dutimginitial contact and toe off phases
of the GC, the diabetic group showed muscle agtieitoe at least five fold higher in
antagonist muscle groups compared to healthy dsnifberefore, early evidence
suggests that co-contraction may be a strategylms®N subjects (even diabetic
subjects without neuropathy) to improve the feebifignstability associated with this
condition. It is not surprising then that gait Imst population is slower and the steps

shorter, since agonist and antagonist musclesrarg &t the same time.

In addition to this, the assessment of EMG pattérraughout the GC on different
lower limb muscles may provide additional insigint® the association between
individual muscle function and kinetic and/or kiregim changes. At the ankle joint, at
least two major muscle groups contribute substiintia joint moments during gait.
The TS works as plantar-flexor, while the TA musmbatributes to ankle dorsi-flexion.
Next, the activation patterns of those muscleshhdobjects will be examined.

The onset of TS activity normally occurs once ihefoot strikes the floor as it
contracts to make the tibia a stable base for kntension and to allow tibial
advancement (Perry & Burnfield, 2010). From thanment in time TS activity rises
consistently throughout the mid stance phase tk pethe middle of terminal stance
phase (push off). The main function of the plafixers is to drive the body forward
by generating plantar-flexor moment during the &tamce phase (Perry & Burnfield,
2010). Kwon et al. (2003) found an earlier activaof this muscle group in
neuropathic patients. The premature activation®tduld be a mechanism to facilitate
early forefoot contact with the ground and therefprovide the foot with a more stable
base of support during walking in subjects with E¥dulting in enhanced feeling of
stability (Courtemanche et al., 1996). An earlynatton of the TS could be also the
result of an anticipatory strategy of the DN muscteefficiently produce force during
the most demanding phase of the stance phaseysheoff. Although an anticipatory
mechanism has not been considered in the liter&duegplain differences in muscular
activity patterns in DN subjects, it is a likelytogm.

Gutierrez et al. (2001) demonstrated a decreatteinbility to rapidly develop torque
about the ankle in a group of 6 DN subjects conpares diabetic individuals without
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neuropathy. Force generation in this study wasrohéed from the rate of change of
the ground reaction force vector in the lateradction (measured with a force platform)
during 1) a rapid lateral loss of balance and @Jiak voluntary inversion movement of
the ankle. The results show that DN subjects weke ta produce about half the rate of
torque than the healthy group in both conditionghdugh the reasons for this slower
force production are not fully understood, evidefroen animal studies suggests that
the fast-twitch fibres (type 2) of the muscles laighly sensitive to the loss of strength
due to atrophy (Bishop & Milton, 1997). Therefoaegeneralized DN is likely to cause
distal loss of fast twitch muscle fibres, which magult in slower force production by
the muscles, especially the distal ones (Gutiestez., 2001). This limitation to
generate force quickly might require DN subjectadtivate the muscles earlier as a
mechanism to overcome the slower rate of forceymtion and ensure the peak force is
produced at the right moment in time. In additiorihtat, some investigations have
reported slower muscle fibre conduction velocitieBN subjects compared to
individuals with non-neuropathic complications (€4 et al., 2002; Meijer et al.,
2008). Slower conduction velocities may resultander delay from muscle activation
to force production (EMD) and therefore it coulddyether factor that may contribute
to the need in this population to develop an gmdittiry mechanism. Few studies have
reported differences in EMD due to gender (WinteB&okes, 1991), type of muscle
contraction (Cavanagh and Komi, 1979), movemerdoitl (Howatson et al., 2009),
after ligament reconstruction (Kaneko et al., 2002)esponse to a training programme
(Grosset at al., 2009), and in cases of neuroma(deanata et al., 2000). However, no
investigation has assessed whether EMD is afféntpdtients with DN. Therefore,
further studies investigating the rate of forcedwretion during gait as well as EMD in
DN subjects are needed to determine whether acigatiory muscular activation is a

likely adaptive mechanism in this population.

Regardless of the exact mechanism by which DN stgjequire an earlier activation
of the TS muscle, it is clear that a prematurevatiin of the TS may result in an earlier
forefoot contact. This, in turn, may partly expl#ie abnormal forefoot PTI values
observed in this population (Sacco et al., 2009n&uet al., 2007). It should be noted
that Abboud et al. (2000), Akashi et al. (2008) &adco & Amandi, (2003) failed to
find differences in TS activation times betweerbdigc neuropathic and healthy

subjects. However, activations times in these studiere defined as the time at which
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peak activity was achieved, in contrast to Kwoale{2003) who defined activity onset
as the moment in time when EMG activity raiseda®dard deviations above resting
EMG. The results from these three studies (Abbduwd. £2000; Akashi et al., 2008;
Sacco & Amandi, 2003) suggest that the momentne &t which peak TS activity is
produced do not differ between healthy and DN sbjéhowever, no conclusion can
be drawn in relation to whether TS activation idieain DN compared to healthy

individuals.

Together with the TS, TA also plays a very impadrtate during gait. TA is active at
heel strike and is responsible for the impact rédnver the forefoot during the flat
foot phase (Perry & Burnfield, 2010). EMG data sk@delayed activation of the TA
muscle during the initial phase of the GC (Abbotidlg 2000; Sacco & Amadio,
2003). A later firing of the TA means that its n@rmodulating role in lowering the
foot to the ground after heel strike through ecderbntraction is disturbed, and the
result is that the foot reaches the flat stagekguiand in a less controlled manner.
Although the exact reason why TA activation appéatse delayed in DN subjects is
not clear, a few theories have been proposed. Winigpthe lack of stability theory, an
early contact with the ground by the forefoot coodda mechanism to enlarge the base
of support quicker after the heel strike and threneeto increase stability during the
initial phase of the GC (Courtemanche et al., 1996)

In addition to this, sensory neuropathy has begothesized to be responsible for
those changes in activation patterns. The neuromarssystem generates responses
according to the afferent sensory information cdusemechanical loads placed on the
foot (Dingwell & Cavanagh, 2001). It has been ssee that due to the fact DN
subjects have less sensitivity in the foot; the enieg and joint mechanisms responsible
for the load attenuation are altered in these p&tiéAs a consequence, a delayed
muscular activation pattern during gait may be eigut especially in the initial contact,
and mainly with respect to muscles related to toek attenuation: dorsi-flexor
muscles and knee extensors (Sacco & Amandi, 20038greement with this theory,
vastus lateralis (VL), that decelerates knee flexdaring load reception, working as a
shock absorber by transferring part of the impa¢hé thigh muscles mass (Perry &
Burnfield, 2010), has also been reported to acileter in DN subjects compared to

participants with no neuropathic complications (&bt et al., 2000; Akashi et al.,
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2008; Sacco & Amadio 2003). Sacco et al. (2010)exdout a study which supports
this theory. In this study muscular activity patewere compared between barefoot
and shod gait in participants with diabetic neutbpand healthy controls. They
reported a delayed muscular activation pattermndushod gait in the healthy group
when compared to the barefoot condition. Thesemdiffces were only noticeable in the
muscles responsible for the shock attenuation duha initial ground contact (TA and
VL). Interestingly, the diabetic group kept thergapattern of VL activation during
both conditions, whereas they had a delayed Vivaiitin compared to the control
group when walking barefoot. This may support theaithat a reduction in afferent
information may alter muscular activation pattetiswever, the fact that healthy
individuals show different muscular activity patterduring in shoe and barefoot
conditions does not necessarily prove that the dd@éferent information is responsible
for those differences in activation patterns betweealthy and DN subjects. Healthy
individuals, having intact sensory information, @apt to different conditions easier
than DN subjects who perform tasks in a more autiomaay. Therefore, since walking
in shoes reduces the stress on the sole of thetfeotequirements for the TA and VL
to work as shock absorbers are also reduced, wioigll have also altered the way

these muscle were engaged during this part of thdysthe healthy group.

Although the exact mechanism behind this delayégaion of the TA is not clear, the
result is that the foot reaches the foot flat stageless controlled manner, which may
lead to increased pressure values and longer ¢dittees of the metatarsal heads with
the ground in this population compared to healtfupiduals (Abboud et al., 2000).
Moreover, Bevans (1992) justified the higher premak of ulcers in the forefoot of
neuropathic patients by the delayed activatiomefTA, which consequently may
change the distribution of foot pressure beneamihtatarsal heads. However, it
should be pointed out that some studies failedhtb dny delay in the activation of the
TA at the beginning of the stance phase (Akashl.eR008). It is possible that the fact
that these studies used different population grongg partly explain the difference in
the results. For instance, Sacco & Amadio (2008) &kashi et al. (2008) recruited DN
subjects with no other previous foot complicatiariereas Kwon et al. (2003) studied
DN subjects with history of ulcers and Abboud et{2000) included patients with
diabetes mellitus who were not assessed for netirpp&nother possible explanation

for the discrepancies in the results is that masattivation was not interpreted
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consistently among all the studies. On the one h8adco et al. (2003), Abboud et al.
(2000) and Akashi et al. (2008) defined musclevatitn as the time delay from heel
strike to peak muscular activity. On the other hadtwon et al. (2003) defined
activation onset as the EMG activity 3 standardat@ns above resting EMG activity.
Therefore, it is likely that methodological diffeiree may explain the discrepancies in

the results

Overall, studies investigating EMG patterns duigag in subjects with diabetic
neuropathy are limited in number, and all of theaménprocessed EMG data without
considering EMD, which makes interpretation of daga difficult in relation to segment
movement. However, it appears that DN subjects dfifferent EMG activity patterns
compared to healthy individuals and that thoseatitens in EMG patterns may lead to
changes in kinetic and kinematic parameters. Omtiechand, higher co-contraction,
which has been associated with poor motor cortiiad,been observed in DN subjects.
This may partly explain some of the changes irsihagial-temporal characteristics (i.e.
lower velocity) observed in this population. On titeer hand, changes in the onset
activation times of the TA and TS have been linteedhanges in kinetic data. Thus,
although the exact mechanisms underlying thosegdsaare not understood, it appears
that a delayed activation of the TA and an eartjvation of the TS may be partly
responsible for the higher pressures on the fotgf® and PTI) shown by DN subjects.
This early findings highlight the importance of @stigating EMG data alongside
kinetics and kinematics data to develop a more ecehgnsive understanding of
walking patterns in individuals with DN. In additido that, future studies using EMG
must take into account EMD when relating EMG sigoahuscle function.
Furthermore, it appears very important to deterrmhether EMD values are different
in DN subjects, which could have compromised therpretation of the results

presented above.

Evidence presented demonstrates that patientsDMthresent a variety of gait
alterations compared to healthy individuals. THRIN, subjects show changes in 1) gait
parameters, in the form of spatial-temporal andrffmot interaction characteristics
(COP); 2) foot pressures, especially at the medataregion; and 3) muscle activation
patterns. Although neuropathy, both sensory anebmmduropathy, has for decades

been considered the main factor altering walkintjepas and foot pressure in DN
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subjects, there is growing evidence that changgsiincharacteristics occur even before
neuropathy. Thus, structural changes secondariabetds (hyperglycaemia) have been
recently acknowledged to affect gait and foot logdbatterns in this population. In
addition to that, early evidence suggests thaefices in EMG activity patterns

during gait may also be partly responsible forahanges in gait characteristics
observed in DN subjects. Moreover, changes in tisetoactivation times of the TA and
TS have been linked to changes in kinetic datackvBuggests that EMG data should
be considered as a potential contributing factote higher foot pressures (PP and

PTI) observed in DN subjects, especially in thefoot.

Beside changes in gait biomechanics, vascularadiibeis in the microcirculation are
also known to play an important role in the incezhgsk of foot ulcers observed in
patients with DN. The next section will review a#ttons in the microcirculation in
type 2 diabetic patients with and without neurogathd their link to foot complication

in this population.

2.2.2.2Microcirculation

It has been postulated that abnormalities in fogtacirculation could play a

significant role in the development of foot ulcersliabetic neuropathic patients (Tooke
et al., 2000). In fact, abnormalities in microciation are caused directly by diabetes
and they are not secondary to impairments in macidation as previously believed
(Goldenberg et al., 1959; Tooke & Brash, 1995adreement with this theory,
numerous investigations have reported impairmentsicrocirculation despite normal
macrocirculation (Jorneskog et al., 1998; Kizuletz903). Therefore, due to the
primary role microvasculature plays in the develeptrof foot ulcers in diabetic

patients, this chapter will focus solely on the mo@rculatory function.

This section will describe the main structural &unactional abnormalities of
microcirculation in the diabetic neuropathic foatawill assess the importance of these
alterations in the pathogenesis of ulceration. [Asesection in this chapter will

investigate the responses of the microcirculatioart exercise bout in diabetic patients.
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Definition and requlation of microcirculation

The microcirculation is composed of a dense netwbtiny vessels (diameter 5-10
um) known as capillaries. These capillaries arerpused between feeding arterioles
and draining venules. The walls of these vesseisisbof a single layer of endothelial
cells; this is the site at which the vital functoof the circulatory system occur (i.e.
transport and exchange of nutrients and hormomesance of waste products of
metabolism, tissue defence and repair or maintenahfiuid homeostasis) (Tooke,
2004; Tortora & Derrickson, 2006).

Flow in the microvasculature is regulated by tHaexation and contraction of smooth
muscle sphincters on the arterial side of the tzagk (Tuma et al., 2008). Pressure and
flow in these vessels is controlled through alierain vessel diameter. At a local level
this is achieved by the balance of pre-post-capillasistance under neurogenic control.
An increase in pressure is believed to bring abaeflex pre-capillary vasoconstriction
via the local sympathetic axon (venoarteriolaregfl(Tortora & Derrickson, 2006;
Tuma et al., 2008). The purpose of this mechanisto protect the capillaries from
excessive hydrostatic pressure on standing (KoBaaiakowska & Edmonds, 2006).

An impaired venoarteriolar reflex leads to hypefpsion on dependency, increases
venous pressure, and contributes to a reductiskimcapillary flow, increased fluid

filtration, and oedema (Korzon-Burakowska & Edmarizz06).

In many tissues the simultaneous accommodatiorcantlol of multiple organic
functions lead to the development of another categbmicrovessels, called shunts,
which specialize in the regulation of blood flowtlween compartments. When blood
pressure is reduced, flow in the shunts is reduslde flow in the preferential channel
(nutritional capillaries) is maintained due toldsver hydraulic resistance. However,
when the nutritional capillaries have an increassistance, much of this flow is
probably diverted through the shunts, a path afdesesistance, which “steals” the
needed blood flow (Korzon-Burakowska & Edmonds,&00boke & Brash, 1995). It
is generally believed that a common denominataoofie of the major complications in
diabetic patients is the pathological regulatiothase shunts, leading to a
maldistribution of blood flow between nutritionaidnon-nutritional microvessels
(Watkins & Edmonds, 1983).
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Structural Changes

While there are no occlusive lesions in the diabmiicrocirculation, as generally
believed in the early days (Goldenberg et al., J98&@uctural changes do exist, most
notably, thickening of the basement membrane (Raetkal., 1983; Tooke, 2000). The
capillary basement membrane is thicker in diabmdittents and these alterations are
more pronounced in the legs, most likely due tohiigher hydrostatic pressure in this
part of the body (Ward, 1997). These changes deerb@ elastic properties of the
capillary vessel walls and therefore limit vasowiteon capacity (Tooke, 1995). The
basement membrane thickening may also act as ief@rthe normal exchange of
nutrients and cellular migration, decreasing thiéitplof the diabetic foot to fight

infection (Schramm et al., 2006).

The first step in the development of capillary masat membrane thickening is
increased hydrostatic pressure in the microcirmiatigh hydrostatic pressure is
thought to trigger an inflammatory response inrttierovascular endothelium, which,
over time may result in basement membrane thickefBichramm et al., 2006). The
association between elevated pressure and basemaniirane thickening is supported
by the fact that capillary basement is increasdtieriegs, where hydrostatic pressure is
highest in the upright posture (Tooke, 2004). Melalcontrol has also been linked to
structural changes. Raskin et al. (1983) repatedrrelation between the extent of
basement membrane thickening and the level of glyéacontrol, with poorly

controlled diabetic patients showing more basemmearhbrane thickening than well-

controlled diabetic patients.

Functional changes

Despite these structural changes, it is currenttjenstood that the most important
changes in the microcirculation are functional. Othe last decade, abnormalities in
microcirculation have been reported in neuropglittents both at rest as well as when

responding to vasodilatory stimulus.
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Resting blood flow

Resting peripheral blood flow has been demonstmadédo be diminished in
neuropathic patients when compared to non-diatwed@gduals. Furthermore, foot
blood flow has been shown to be either increasbohifFet al., 1988; Tooke & Brash,
1995; Urbancic-Rovan et al., 2004) or unchangetirg8om et al., 2006) in diabetic
neuropathic patients when compared to healthy iddals. Although such findings
suggest no reduction in blood flow to the foot,ittafy ischemia can be present, which
may compromise nutrient delivery to the tissuesribtiirculation of the lower limb is
rich in arteriovenous shunts. The arteriovenousishare innervated by sympathetic
nerves; therefore, the presence of diabetic nethgpath sympathetic denervation
may lead to the opening of these shunts with bftmd bypassing the skin capillaries,
the so-called capillary steal syndrome (Korzon-Raoveska & Edmonds, 2006;
Schramm et al., 2006). In support of this theotydies with nail fold capillaroscopy
have shown reduced capillary nutritional flow irurgpathic patients compared to
healthy controls (Jorneskog et al., 1998; Nabuuasi$sen et al., 2002). In addition
several studies have reported an increased skipetetture in this population, which
therefore increases metabolic demand (Flynn e1@88; Nabuurs-Franssen et al.,
2002). This increase in metabolic demand will fartamplify the potential problems
originating from the reduction in nutritive capiaflow in diabetic neuropathic

patients.

Vasodilatory responses

The most critical functional changes in diabetitgrgs with and without neuropathic
complications occur in response to tissue injurgxivhal vasodilatation has been
observed to be impaired in diabetic patients ucsdaditions of stress (Kingwell et al.,
2003; Petrofsky et al., 2005b). This defect is kndw play a crucial role in the wound
healing process (Hile & Veves, 2003). Commonlyguétion is precipitated by
relatively minor trauma, which, in the presence@ifsory neuropathy is unattended. A
lack of adequate blood supply at this critical ghesntributes to the risk of significant

infection and hence, further tissue breakdown.
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Vasodilatory abnormalities in diabetic patients muanly related to the dysfunction of
the endothelial cells and vascular smooth celthefarterioles, as well as to
impairments of the nerve-axon reflex (Hile & Vev2603; Schramm et al., 2006).
Functional alterations in the microcirculation atgo reported in response to exercise
stress, which are believed to the responsiblehréduced exercise capacity observed

in patients with type 2 diabetes. These changd$witeviewed in more detail next.

2.2.2.2.1Endothelial dysfunction

Vascular endothelium plays an important role intaaling the microvascular tone by
synthesizing and releasing substances that modhkteasomotor tone and regulate
blood flow. NO is the most important vasodilatobsiance in endothelium-dependent
vasodilatation. After its production and secrefimm the endothelium, it diffuses to
the adjacent smooth muscle cells (and stimulaegtianylate cyclase enzyme), which
leads to smooth muscle relaxation and vasodilatgBa@almer et al., 1988; Tortora &
Derrickson, 2006).

Endothelial dependent vasodilatation

The majority of studies agree that endothelium-dépat vasodilatation is impaired in
diabetes, regardless of the presence or absemsiafpathy (Kingwell et al., 2003;
Pitei et al., 1997). Furthermore, it has been destrated that changes in the endothelial
function precede the development of diabetes amgr@sent at the prediabetic stage
(Tooke, 2000). It has been postulated that endatheanges may be associated with
reduced insulin sensitivity, which commonly precetige 2 diabetes (Tooke, 2000).
To further validate this theory, impaired microvalse vasodilatory capacity has been
reported in individuals with impaired fasting glseo(Jaap et al., 1994). Furthermore,
Jaap et al. (1997) found a correlation betweenditgory impairments in
microcirculation and the level of insulin sensityin pre-diabetic subjects.

It has been recently proposed that oxygen derigditals, which in excess produce
oxidative stress, inactivate endothelium-derived &ffecting the endothelium-
dependent function (Schramm et al., 2006; Taddal.£1998). Evidence on the

association between oxidative stress and vascysuigction come from experimental
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studies using antioxidants administration. Vitai@iran effective antioxidant, has been
found to improve endothelial function in normaliwiduals with high insulin levels
(Arcaro et al., 2002), hypertensive subjects (Eaétlal., 1998) as well as in diabetic
patients (Ting et al., 1996). It should be pointed that oxidative stress is aggravated
by hyperglycaemia, hypertension and/ or hyperimgutiia (Tooke et al., 2000). This
may partly explain why changes in the endotheliaktfion are present at the

prediabetic stage.

However, it is important to consider that some &sifailed to report microcirculatory
impairments in the form of reduced endothelium-delemt vasodilatation in diabetic
patients without neuropathy (Pfutzner et al., 200dyes et al., 1998). In both studies, a
large number of the non-neuropathic subjects hpe tydiabetes of long duration and
were therefore less likely to have microvasculanplications. Oxidative stress, which
results in changes in the endothelial functionn@sitioned above), is known to be
aggravated by hyperglycaemia, hypertension andjeertnsulinemia (Tooke et al.,
2000). These metabolic conditions are commonlyaasal with type 2 diabetes and
not necessarily with type 1 diabetes, which cowaldlp explain why individuals with

type 2 diabetes are more likely to suffer from ehdbtal dysfunction (Tooke, 2000).

Endothelial independent vasodilatation

Endothelium-independent vasodilatation reflectsftimetion of the vascular smooth
muscle cell. Smooth muscle vasodilatation is stated by direct donors of NO (such
as sodium nitropusside, which is normally admiaigtd transdermally using a
iontophoresis technique), which act directly ongheoth muscle cell, independent of
the endothelium (Dinh & Veves, 2004). There is saifisal evidence to suggest that
neuropathic patients show abnormalities in the #redial independent vasodilatation
(Pitei et al., 1997; Veves et al., 1998). Howevwenflicting results have been reported
regarding whether abnormalities in smooth muscésgdatation are present before
neuropathy develops. Although early studies dematest impairment of endothelium-
independent vasodilatation in non-neuropathic p#iéurchgott & Zawadzki, 1980),
subsequent work failed to find such abnormalitléiagwell et al., 2003; Veves et al.,
1998). It has therefore been suggested that dytsfunat the smooth muscle level

might be associated specifically with neuropathie{ret al., 1997). However, the exact
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mechanism explaining this association between dmmoiscle function and neuropathy

is still unclear.

2.2.2.2.2Neurogenic factors

The ability to increase blood flow depends on tkistence of a normal neurogenic
vascular response referred to as Lewis’ triplesfl@sponse. In healthy subjects, skin
trauma results in stimulation of the C nociceptiegve fibres leading to antidromic
stimulation (nerve conduction in the opposite dit therefore along the axon away
from axon terminal and towards the soma) of thaeatjt C-fibres, which secrete
vasodilators and cause increased local blood fioinjured tissues and thereby promote
healing (Dinh & Veve, 2004; Vinik et al., 2001). iShesponse is typically equal to one
third of the maximal vasodilatory capacity (Schramtnal., 2006).

Neurogenic vascular responses have been showniitaplagred in the feet of
neuropathic patients, which can predispose a $gmif reduction in blood flow under
stressful conditions (Pfutzner et al., 2001; Veseal., 1998). Thus, the diabetic
neuropathic foot fails to respond to injury anceictfon in the usual manner, which may
explain the lack of hyperaemia observed in thecitgfé or injured diabetic foot (Dinh &
Veves, 2004). It has been suggested that the isghbfare response observed in
neuropathic patients may be related to both imga@renociceptive fibre function and
impaired ability of the microvasculature to respots vasomodulators (i.e. NO)
secreted by these fibres (Vinik et al., 2001).

Neurogenic vascular response impairments are ysasdbciated with vasodilatory
dysfunction in DN patients. However, vasodilatoggponses to local warming, which
are largely controlled by small C fibre nociceptdrave also been reported to be
diminished in non-neuropathic individuals (Colbetal., 2005). Nevertheless, more
evidence is required to understand better the viahyetes may affect neurogenic

vascular responses.

Overall, vasodilatory abnormalities in DN patieats mainly related to the dysfunction

of the endothelial (endothelial dependent vasaatilan) and vascular smooth cells of
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the arterioles (endothelial independent vasoditaiitas well as to impairments of the
nerve-axon reflex (neurogenic responses). It agptbat alterations in the endothelial
cell function are associated with type 2 diabetdwreas changes in the endothelial
independent vasodilatation and in the nerve-axiexrare related to neuropathy. In
addition to this, functional alterations in the roicirculation have also been reported in
response to exercise stress, which are believbd tesponsible for the reduced exercise
capacity observed in patients with type 2 diabéelbs. next section will review

microcirculatory responses to an exercise boutibjests with type 2 diabetes.

2.2.2.2.3Microcirculatory responses to an exercise bout

Patients with diabetes have shown a 20-30 % remluaii peak aerobic capacity
(Ozdirenc et al., 2003; Regensteiner et al., 199B)ch may limit their daily walking
activities and functional capacity (Baldi et al003; Ozdireng et al., 2003), especially in
sedentary elderly people with low fitness levelartin et al. (1995) reported that when
exercising during 40 minutes on a bicycle ergomatéhe same sub-maximal intensity
(60% of maximal oxygen uptake) patients with typgigbetes (N=8) showed higher
lactate values (determined in whole blood) compé#wdtkalthy individuals (N=7). This
demonstrates that the aerobic capacity in this ladipn is impaired. In line with this
finding, Scheuermann-Freestone et al. (2003), velsessed blood acidity levels (pH
levels) throughout a fatiguing exercise bout regbd faster decrease in pH (more
acidity due to lactate acid accumulation) duringreise in the group of subjects with
type 2 diabetes (N= 21) compared to the healthym(bl=15). They also demonstrated
that all subjects (diabetic and healthy) fatiguetha same acidic pH. These findings
prove that impairment in the aerobic capacity maydsponsible for the reduced

exercise capacity observed in diabetic patients.

Some investigations have demonstrated that redticedatory responses to exercise in
diabetic patients are present even in the absdrmeripheral arterial disease (Mohler et
al., 2006; Petrofsky et al., 2005b). This suggtss vascular impairment may originate
via changes in microcirculation. In line with thikea, Baldi et al. (2003) demonstrated

that maximal oxygen consumption (W&, in a group of 11 diabetic patients is mostly

limited by abnormalities in the peripheral oxygén)(extraction (microcirculation) and

48



not by cardiac output abnormalities. Cardiac ougma arteriovenous differences in this
study were estimated noninvasively during cycligghe carbon dioxide re-breathing
equilibration method using the Fick equation. ihgld be noted that although
microcirculatory abnormalities are believed to b&wcial contributor to the reduced
exercise capacity observed in diabetic patienteraibnormalities, secondary to
diabetes, such as autonomic neuropathy (Petrofsidy, 005b; Saltin et al., 1998) or
peripheral arterial diseases (Adler et al., 1998/K® et al., 1997) may also contribute
to this limitation. However, due to the primaryeaaohicrovasculature plays both in
reduced exercise capacity and in the developmeuitefs in diabetic patients, this
chapter will focus solely on the microcirculatogsponses to exercise. It should be
noted that all the evidence included in this seckias been acquired from diabetic
patients without neuropathy since no investigatiaa been carried out assessing
microcirculatory responses to an exercise bout NrsDbjects. Although similar
alterations in the microcirculation may be expedteth both populations, it is likely
that DN patients have more diminished circulat@gponses to exercise compared to
non-neuropathic individuals. Therefore, the respifessented might underestimate the
microcirculatory responses to exercise in DN subjeédoreover, this highlights the

importance to investigate this issue in DN patients

2.2.2.2.3.1 Blood flow during exercise

Investigations assessing acute circulatory respotosexercise in diabetic patients have
reported that the increase in exercise-inducedddfloev was reduced in diabetic
patients compared to healthy individuals (Kingvetlal., 2003; Mohler et al., 2006;
Petrofsky et al., 2005b; Pichler et al., 2004). Sehiindings have shown consistency
regardless of the method used and/or the vascethinvestigated (microvasculature
and macrovasculature). Thus, diminished vascutgramses to exercise have been
reported when investigating total limb blood floa/rmeasured by Plethysmography
(Petrofsky et al., 2005b) and local muscle bloogvfas measured by near infrared
spectroscopy (NIRS) (Mohler et al., 2006; Pichkeale 2004). It is noteworthy that
plethysmography and NIRS are the most commonly tesgthiques to measure blood

flow during exercise.
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Volume plethysmography measures changes in whule Violume. An arterial
occlusion cuff is placed around the distal partheflimb (wrist and ankle for upper
limb and lower limb measurements, respectively) awdnous cuff on the proximal
part of the limb (upper arm or upper leg for uplpab and lower limb measurements
respectively). During flow measurements the changem size due to arterial flow is

transduced to an electrical output to determinal tohb blood flow (Whitney, 1953).

Skeletal muscles form approximately 40% of theltotaly mass, thus representing an
important percentage of cardiac output and totgger consumption even at rest.
Under working conditions, muscle blood flow canresase to 80-85% of cardiac output
and VQ can exceed the resting value by 50-fold (McArdlale 2000; Tortora &
Derrickson, 2006). Therefore, NIRS is becoming delyj used research instrument to
measure muscle haemodynamics during exercise bartBeekvelt et al., 2001a;
Boushel et al., 2000a). NIRS is based on the vedtansparency of tissue to light in
the near- infrared region, and on the oxygen- dépenabsorption changes of
haemoglobin and myoglobin. NIRS enables non-inveasontinuous measurement of
changes in the concentration of oxygenated haernog(lbO) and deoxygenated
haemoglobin (HbdO). The sum of HbO and HbdO comeéinhs reflects the total
amount of haemoglobin (tHb), and changes in tHblbmamterpreted as changes in
blood volume in the tissue. In addition, this teiciue allows quantifications not only
of blood flow but also oxygen consumption in thesela (van Beekvelt et al., 2001a).
Therefore, NIRS provides valuable information abmgrall muscular function, in the

form of oxygen delivery and consumption.

Although circulatory responses to exercise are wedhwn to be altered in diabetic
patients, the exact mechanisms controlling exetoygperaemia are still unclear. Early
investigations found that NO blockade, which sthigs production, diminished blood
flow at rest and during recovery, but it had neeffduring exercise (Shoemaker et al.,
1997). It was therefore concluded that other meishaninstead of endothelium-related
responses, were more likely to control blood flawing exercise. Thus, Saltin et al.
(1998) in a comprehensive review of the literatuggested that an elevation in muscle
sympathetic nerve activity, secondary to the muselgraction, was likely to have an
important functional role in controlling blood floduring exercises. In conflict with

the findings shown above, Boushel et al. (2002)alestrated that a combined
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inhibition of NO and prostaglandins, which are ddesed the most important
endothelium-derived vasodilator substances, redouestle blood flow during exercise
in healthy individuals (up to 50%). Contrary to #tady from Shoemaker et al. (1997),
in which only NO production was blocked, Boushehlet(2002) inhibited NO as well
as prostaglandins production. This suggests thrapeasatory responses may result to
ensure flow matches metabolic demand when onlyasedilator substance is
inhibited. In line with this, Kingwell et al. (20Q08eported the first study providing
evidence that impaired endothelium-dependent vigody responses in patients with
type 2 diabetes limits blood flow during exercishey measured leg blood flow
responses in the right femoral venous blood flovetaystant-rate infusion of cold saline
(thermodilution). Thus, responses to 1) intraferhargerial infusions of acetylcholine
(endothelium-dependent vasodilator); and 2) taaddrdized 25-min cycling bout at
60% VOmaxWere measured in 9 males with type 2 diabete®andtched controls.
They found that a reduced blood flow response &ase was significantly correlated
(r=0.54) with a reduced blood flow response toycholine. It is worth mentioning
that they also investigated endothelium independasdilatation by the injection of
sodium nitroprusside and no relationship betweenatmcell function and blood flow
response to exercise was found. These results sutlpge abnormalities in the
endothelial function may be responsible for theupsdl circulatory responses during

exercise in individuals with type 2 diabetes.

Although more evidence supporting these initiatliimgs is needed, abnormalities in
endothelial function may be a potential mechaniesponsible for the diminished
circulatory responses to exercise observed in td@patients. However, it is likely that
other abnormalities related to diabetes, such agirments in the autonomic nervous
system (ANS) (Petrofsky et al., 2005b; Saltin et H98) or peripheral arterial
diseases (Adler et al., 1999; Boyko et al., 199&y mso contribute to this limitation in
subjects with type 2 diabetes.

2.2.2.2.3.2 Oxygen uptake during exercise

It is widely accepted that the reduced exercisacigpobserved in diabetic patients

reflects a reduced delivery rate of oxygen throaghstricted circulation to the muscle
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mitochondria. However, diabetic patients have iasesl oxidative stress as well as a
spectrum of muscle metabolic abnormalities that treaxe implications in the

mitochondrial function (Scheuermann-Freestone.e@03; Sivitz, 2010).

Submaximal oxygen consumption has been reportbd tower in diabetic patients
compared to healthy individuals during identicabsiaximal workloads (Baldi et al.,
2003; Regensteiner et al., 1998). In addition &t,tBaldi and colleagues (2003)
demonstrated that arteriovenous oxygen differengkih assess the muscular
oxidative capacity, were also reduced in type beli@ subjects compared to healthy
controls when working at maximal (100% ¥, as well as submaximal intensities
(70% VOmay. They concluded that a reduction in the oxidatimpacity of the skeletal
muscle due to muscle metabolic abnormalities, neagebponsible for less,®eing
consumed by working muscles during the exercisasbdm line with these findings,
Martin et al. (1995) found that when exercisingh&t same sub-maximal intensity (60%
VO2may, the total leg oxygen uptake was similar betwgeups while lactate
production was higher in diabetic patients compaodukalthy counterparts. This
finding suggests impairments in the ability to ogggen efficiently in the diabetic

groups.

Contrary to the findings shown above, Bauer ef28l07) reported that the diminished
aerobic capacity in diabetic patients is due tooaalities in the microvascular blood
flow. They measured systemic oxygen uptake (breebineath gas analyzer) and
muscular oxygen uptake (NIRS) simultaneously duarsgibmaximal workout (85% of
the individual's estimated lactate threshold) dmelytfound that oxygen uptake (breath
to breath gas analyzer) was reduced after the ongsercise while muscle
deoxygenation was unchanged in diabetic patientgpaoed to healthy controls. They
therefore concluded that the limitation of oxyggmake during submaximal exercise in
type 2 diabetes may be related to impaired cootrahaldistribution of muscle blood
flow. In agreement with this, Mohler et al. (20@B) not find differences in exercise-
induced muscular deoxygenation, measured with NVRf@n comparing healthy and

diabetic individuals.

There is some evidence that metabolic abnormalitieb as increased type Il to type |

fibre ratio (Marin et al., 1994) and lower oxidaienzyme activity (Kelley et al., 2002)
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may be present in the diabetic skeletal muscle.évew it is unclear whether oxygen
uptake responses are affected in this populatiordale, only a few studies have
investigated muscular oxygen uptake during exelinisiabetic patients and more
studies are necessary to better understand wheatheio what extent muscular

oxidative capacity is impaired in this population.

In summary, it looks clear that patients with ty@pdiabetes show alterations in the
microcirculatory responses to exercise stress. Mewd is still unclear whether those
abnormalities are solely related to exercise-indu@sodilatory responses or whether
muscular oxidative capacity is also impaired irs fhdpulation. It should be highlighted
that all the studies presented in this section leeen carried out on patients without
neuropathy. The magnitude of microcirculatory inngents in response to an exercise
bout is therefore unknown in DN subjects. Futuregtigations are warranted to

investigate microcirculatory responses to exericidhis group of patients.

@ure 2-2. Overview of the microcirculatory problans linked to DN
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Overall, it is well established what the assocrat®between microcirculatory
impairments and risk of foot ulceration in indivads with diabetes mellitus, especially
in DN individuals (see Figure 2-2). Thus, diabetagies a complex set of changes in
the microcirculation, including structural and ftiooal changes. Despite structural
changes, such as the development of capillary baxsiermembrane thickening, it is
currently understood that the most important chamgéhe microcirculation are
functional. Vasodilatation has been observed torfpaired in diabetic patients with
and without neuropathic complications under condgiof stress (Kingwell et al., 2003;
Petrofsky et al., 2005b) and this defect is knowplay a crucial role in the wound
healing process. Vasodilatory abnormalities in Citignts are mainly related to the
dysfunction of the endothelium (endothelial depend@asodilatation) and vascular
smooth cells of the arterioles (endothelial indefgem vasodilatation), as well as to
impairments of the nerve-axon reflex (neurogenspoases). On the one hand,
alterations in the endothelial cells function eseaxiated with metabolic impairments
(reduced insulin sensitivity, hypertension and mysilinemi), which commonly
precede type 2 diabetes. On the other hand, attesah the endothelial independent
vasodilatation and in the nerve-axon reflex areigfind to be related to neuropathy. This
suggests that microcirculatory problems in typeabetic patients are worsened by
neuropathy, which explains, in conjunction withtgdierations, why this population is
approximately 10 times more likely to develop fatiters compared to non-neuropathic
subjects (McGill et al., 2005).

In addition to this, functional changes have alserbobserved in response to exercise
stress. Patients with type 2 diabetes show a détméul exercise-induced vasodilatory
capacity compared to healthy individuals, and priglary evidence suggests that
changes in the endothelial function may be pagdponsible for these alterations. It is
believed that these modifications are associatéd twe reduced exercise capacity
observed in subjects with type 2 diabetes (Ozdiegrag., 2003; Regensteiner et al.,
1998). However, there is an ongoing debate abosthvehn the diminished exercise
capacity observed in diabetic patients is causesblsly a reduction in oxygen delivery
or in combination with a reduction in the muscuaidative capacity. It should be
noted that all the evidence included in this seckias been acquired from diabetic

patients without neuropathy since no investigakias been carried out assessing
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microcirculatory responses to an exercise bout NrsDbjects. This highlights the

importance to investigate this issue in DN patients

Foot ulcerations are well established as a majaltih@roblem in individuals with
diabetic neuropathy. Commonly, ulceration is priéaipd by repetitive and/or
excessive pressure on the surface of the insemsikiv during gait activities. A lack of
adequate blood supply at this critical phase coutess to the risk of significant
infection and hence, further tissue breakdown &elnie, 2005; Schramm et al., 2006).
Thus, the previous two sections have investigasgidagd microvascular alterations in

individuals with diabetes neuropathy and their esgimn with foot problems.

Beside the foot complications associated with diedbaeuropathy, increasing evidence
suggest that diabetes in general and DN in paatidoipact everyday living and
consequently diminish health related QOL in thipydation (Price & Harding, 2000).
Thus, QOL measurements are increasingly being tesasisess the impact of a given
health state on functioning in three key areassiay functioning, social functioning
and psychological well-being, which reflects theAildHealth Organization definition
of health (WHO, 1959). The next section will disetise impact of diabetes and DN on

individual's quality of life.

2.2.2.3Quality of life

Although glycaemic control, the development of foommplications and mortality
represent critical outcomes in people with typeabetes, health-related QOL outcomes
are also important (ACSM, 2000). The value of oting QOL is increasingly
recognised as it represents an important goaldalti care. Also, importantly,
associations between poor QOL and adverse outconpepple with type 2 diabetes,
including poor response to therapy, disease pregmesind even mortality have been
well documented (Ali et al., 2010; Kleefstra et @D08). Landman et al. (2010)
reported that lower physical and mental QOL wes®maiated with a higher total
mortality and cardiovascular mortality in patieniith type 2 diabetes regardless of
confounders such as age and sex. It has beendhersfpothesized that QOL

instruments may become an increasingly importanicell tool to not only identify
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those patients with a low QOL but also to identifgse patients with an associated

increase mortality risk (Kleefstra et al., 2008).

The adverse effects of diabetes on health-relatatitg of life are well established in
the literature (Luscombe et al., 2000; Price & Hagd2000). Furthermore, Lloyd et al.
(2001) assessed the effect of diabetic complicat{oa. neuropathy, retinopathy, and
nephropathy) on QOL in 1,233 patients with typdgbdtes. It was found that even
mild complications can have a profound effect anghtient’s perceived QOL, as
recorded using the SF-36 questionnaire. They alsorted that biochemical markers of
the disease (i.e. blood pressure or glycaemic ardid not appear to directly affect
QOL. This disagrees with other studies that founitect relationship between blood
glucose and QOL in hyperglycaemic subjects (Wiklkdtel., 1996). Currie et al. (2006)
demonstrated that the severity of diabetic periglhmeuropathy symptoms was
predictive of poor health-related utility and dexsed quality of life. Moreover, they
also related the effect of neuropathic symptomé siscburning or numbness (as
measured with the Neuropathic Total Symptom Sdordjfferent dimensions of
health-related QOL (as measured with the SF-36tmuesire). These findings suggest
that there may be specific symptoms associateddidtretes as well as biochemical
markers of the disease that may have a directteifeQOL. Although these early
findings represent a step forward in the understandf the association between
diabetes and reduced QOL, more studies are needgdiérstand the relationship

between physiological and psychological markers

Even though diabetic foot problems are the mostrasomcause of hospitalization for
patients with diabetes (Boulton, 1997), the QOLeaspf the diabetic foot has received
little attention in the literature. Price & Hardif@000) published a comprehensive
review of the literature in which they investigatbé impact of foot complications
secondary to diabetes on QOL. They concluded tieaétis a relationship between
number of and severity of complications and QOIld #rat the everyday experiences of
patients with foot ulceration may be even poorantfor those with amputations. It has
been hypothesized that limitations on physical fisming and mobility secondary to
foot ulceration can reduce self-reported healthtesl quality of life in these subjects
and may explain why QOL in patients with foot ubtgwn is worse than in mobile
diabetic amputees (Price, 2004). A study carrigcbgBrod (1998) highlights the
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impact of foot complications on everyday living footh the patients with ulceration
and their carers. This study of 14 patients andat&givers reported that reduction in
social activities, increased family tensions, tiose from work, and a negative impact

on general health were experienced by both groups.

In summary, QOL represents an important goal fatthecare professionals and it has
been associated with adverse outcomes in peophetypié 2 diabetes, including poor
response to therapy, disease progression and eweality. It is well established that
diabetes is associated with poor QOL. Furthermbempears that there is a positive
correlation between diabetes and its complicataorsQOL, with subjects with more
severe complications showing the poorest QOL. éstimgly, early evidence suggests
that QOL could be associated with biochemical matKkeowever, more studies are

needed to understand the relationship between @bgsial and psychological markers

In conclusion, this part of the literature revieasidemonstrated that type 2 diabetes
and peripheral neuropathy are associated with glsonset of complications including
increased risk of cardiovascular problems (mainig tb metabolic abnormalities linked
to type 2 diabetes), increased risk of foot prolsefpartly due to gait alterations and
partly due to microcirculatory problems) and redlQOL. The next section will
provide a critical review of the potential effe¢tRA programmes on the primary

pathologies linked to DN.
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2.3 PART 2: Physical activity, type 2 diabetes and
peripheral neuropathy

For decades, exercise has been considered a domeers a healthy lifestyle. It is well
documented that PA reduces hyperglycaemia, insediistance, hypertension and
dyslipidemias and provides a protective effect mgfatardiovascular diseases and death
in healthy individuals (ACSM, 2000; McArdle et &000). Moreover, it is becoming
increasingly clear that the growing prevalenceypgt2 diabetes is associated with
decreasing levels of activity and an increasingglence of obesity. Yates et al. (2007)
demonstrated in a systematic review, that inclutletudies, that the risk of diabetes
was reduced by approximately 50% (range 42-63%)dividuals who were
encouraged to reduce their body mass through ckanghket and PA. However, Yates
and colleagues failed to demonstrate the effeekefcise independent of other factors
on the risk of diabetes in individuals with impairglucose tolerance and they
concluded that weight loss may largely explain ¢gh@sults. In type 2 diabetes, the
promotion of weight loss is one mechanism througiictv exercise may be beneficial
since obesity, especially abdominal obesity, imeissed with metabolic abnormalities
in diabetes (Kahn et al., 2006; Kelley & Goodpas2€01). Thomas et al. (2006)
carried out a systematic review with 14 studiesxplore the independent effect of
exercise in people with type 2 diabetes. They reploa clinically significant
improvement in glycaemic control in the exerciseups compared to controls.
Interestingly, they found that improvements in glgmic control were achieved over a
range of exercise intensities as well as typexefases (aerobic exercises, strength
training and combination of aerobic and strengthgmixercises). It was also stated that
the beneficial effect of exercise on glycosylategmoglobin (HbA:) was independent
of body mass. This finding is supported by Jecal.g2007) who, in his systematic
review, found that the inverse association betw&rmand type 2 diabetes persisted
after adjusting for body mass index (BMI). Thisyee PA as an independent factor to

reduce type 2 diabetes prevalence even in the ebsdnveight loss.
In addition to this, there is mounting evidencattbhysical activity is associated with

significantly lower cardiovascular risk and overalbrtality in healthy individuals
(ACSMS, 2000) as well as in type 2 diabetes (Weaie2000). It is generally believed

58



that this protective effect of PA against cardiawdar diseases and mortality may be
partly produced by positive changes in metaboliedsyme (blood pressure,
dyslipidemia) (ACSMS, 2000). It is, therefore, betng increasingly clear that
physical activity may be a therapeutic tool in aety of patients with, or at risk of
diabetes. For this reason exercise should be cemesican important component of

diabetes treatment.

Current physical activity recommendations for dibpatients include aerobic
exercises as well as resistance exercises. A censestatement from the American
Diabetes Association (Sigal et al., 2006) recomrseatileast 150 miweek® of
moderate intensity aerobic physical activity; am@fleast 90 miweek” of vigorous
aerobic exercise and 3 sessions a week of resésteaining. The resistance training
should target 3 sets of 8-10 repetitions at a welgdt cannot be lifted more than these
repetitions. However, the separate effect of eggh 0f exercise in health-related
outcome measures has not been widely investigatd@betic patients. Recent review
papers have evaluated the role of physical actimifyotentially enhancing health in
type 2 diabetes (American Diabetes AssociationP20homas et al., 2006); however,
those reviews included studies that used aeradiiitig, resistance training or/ and a
combination of both; whereas the particular eftéatach mode of exercise was
neglected. Different types of exercise will triggkfiferent physiological adaptations;
therefore it is important to understand the po#iienefits that each type of exercise
may have on diabetic patients so better and mdimegft rehabilitation programmes

can be put into place.

The vast majority of studies have investigateda®ociation between physical activity
and health problems commonly linked to type 2 diebé.e. glycaemic control and
cardiovascular risk factors), whereas the relatignbetween PA and the health
problems associated with peripheral neuropathytfigrisk of foot ulcerations or poor
QOL) have received minimal attention. For this oegghis review of the literature will
attempt for the first time to gather evidence ampbtential effect of PA interventions
on the whole range of pathologies linked to DN.sT$gction will therefore include two
subsections. Subsection 1 will review the relatimmbetween different types of
exercises programmes (aerobic, anaerobic or cotntyinaf both) and pathologies

linked to type 2 diabetes (glucose control, bloosspure and cholesterol levels).
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Subsection 2 will review the relationship betwedfecent types of exercise
programmes (aerobic, anaerobic or combination tdf)tend pathologies related to DN

(gait, microcirculation and QOL).

It should be noted that almost all the studiesstigating PA interventions in type 2
diabetic patients have been carried out in indigiguvith no neuropathic
complications. In fact, after a comprehensive deardy 1 study was found in which an
exercise programme was carried out on subjectsbhth{Allet et al., 2010). For this
reason the majority of studies presented in thei@ewere carried out with type 2

diabetic patients with no neuropathic complications

2.3.1 Physical activity and type 2 diabetes

The traditional management of type 2 diabetes o lifestyle interventions,
lowering cardiovascular risk factors (metabolicdypme), and maintaining blood
glucose levels within the normal range. Therefexédence increasingly supports the
beneficial effect of PA programmes on the managemwieglycaemic control and
cardiovascular risk factor both in healthy indivadisi(Yates et al., 2007) as well as in
type 2 diabetes patients (Thomas et al., 2006).edew evidence from PA programmes
include aerobic training, strength training andmbination of both, while the separate
effect of each mode of exercise have not been follgstigated (Sigal et al., 2006;
Thomas et al., 2006). In the next section, evidevilide presented on the effect of

different types of exercise on glycaemic contral tnaditional risk factors.

2.3.1.1Glycaemic control

Thomas et al. (2006) carried out a meta-analysighiich 13 studies assessing the effect
of an exercise programme on glycaemic control wesleided. They reported a

clinically significant reduction in glycated haentolgin of 0.62% when the exercise
group (N=185) was compared to the non exercisemfe176). An absolute decrease
of 1% in HbA levels has been associated with a 15% to 20 Yedserin major
cardiovascular disease events (Selvin et al., 200%)s, the observed reduction of

0.62% HbA. levels might be expected to produce a 9.3% reclndati cardiovascular
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disease risk. It should be pointed out that thiséereduction estimates are likely to be
conservative because they are derived from meditatudies and do not take into
account other risk factors associated with exergissuch as improvements in cardio-
respiratory fitness and strength, or reductionfgimnmass and waist circumferences
(Selvin et al., 2004). Unfortunately, this powernfaview of the literature did not

distinguish between different modes of exercising.

The positive effect of physical activity programntedower HbA levels have been
reported for aerobic training (Raz et al., 1997nRama et al., 1986; Yeater et al.,
1990), strength training (Castaneda et al., 20Q&1sEan et al., 2006) and combined
aerobic and resistance training (Loimaala et 8032 Maiorana, et al., 2001). However,
it is impossible to compare the results from défarinvestigations due to
methodological differences such as training intgr{sanging from low intensity

(Yeater et al., 1990) to high intensity (Ronnemiaal.¢ 1986)]; duration of the
intervention [ranging from 2 months (Yeater atf #4890) to 14 months (Dunstan et al.,
2006)]; or baseline Hba levels [ranging from 7.8% (Dunstan et al., 20@6)2.9%
(Raz et al., 1997)].

Cauza et al. (2005) undertook the first investmatlirectly comparing the effect of
aerobic and resistance training in glycaemic cdutiter a 4 month exercise
programme. They found that the strength trainimggpamme decreased HhAevels
significantly more than the aerobic training prograe (-1.2% versus -0.3%). It should
be pointed out that the exercise groups reportiéerent, although not significant,
baseline HbA levels (8.3% the resistance group versus 7.7%ehebic group), which
could have partly compromised the findings. Thhere is evidence that exercise-
induced improvements in glycaemic control are greainong persons with higher
baseline HbA. values (Sigal et al., 2007). In addition to thigifng, there have been
three recent powerful studies (N>250 in each sttitgf) have assessed the effects of
long-term (>22 weeks) aerobic training, resistanaming, or both (combined aerobic
and resistance training) on glycaemic control injects with type 2 diabetic (Church et
al., 2010; Dunstan et al., 2008; Sigal et al., 2081 three have agreed that a
combination of aerobic and resistance training thasmnost efficient exercise modality
to reduce HbA levels. Furthermore, Dunstan et al. (2008) an@lSigal. (2007)

reported that the effect of aerobic training argistance training on HbAwere
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approximately equal (approximately a reduction .48 when combining both
studies), and those of the combined exercise hgiwiere twice those of aerobic or
resistance exercises (approximately a reductidh3f% when combining both
studies). On the other hand, Church et al. (20&09nted that only the combination of
aerobic training and resistance training was aagettiwith a reduction in HbA It

should be pointed out that, whereas Dunstan €2@08) and Sigal et al. (2007)
attempted to minimize hypoglycaemic medication deanresulting in low changes in
medications, Church et al. (2010) did not interfertl that, resulting in substantial
changes in hypoglycaemic medications across grdups.may explain the lower effect
size reported by Church et al. (2010) on all typlesxercise. These findings suggest
that a combination of aerobic and resistance tgimiay be more effective for blood
glucose management than either type of exercisealence suggesting that each type
of exercise may trigger different and complementagtabolic adaptations. Therefore,
any increase in muscle mass that may result fr@mtesnce training could contribute to
blood glucose uptake without altering the musdlafsnsic capacity to respond to
insulin. On the other hand, aerobic exercise mdmapee its uptake via a greater insulin
action, independent of changes in muscle massrobigecapacity (American Diabetes

Association et al., 2010).

The evidence shown above suggests that physideaitactan reduce blood glucose
levels in patients with type 2 diabetes, and thadrabination of aerobic and anaerobic
exercises may trigger further reductions than eidteeobic or anaerobic training alone.
In addition to this, aerobic and anaerobic traininggrammes appear to trigger

comparable improvements in HpAevels.

2.3.1.2Blood pressure

Although glucose control is essential for preveptnicrovascular diseases, intensive
blood pressure control is needed to reduce cargiiotar events in diabetic patients
with hypertension (Grossman et al., 2000). Luselmek colleagues (2003) carried out a
review study and reported that lowering blood presseduced the risk of
cardiovascular diseases in diabetic patients byoxppately 40%. This figure

highlights the importance of controlling blood peee in this population.
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Aerobic training is commonly recommended to lowol pressure both in healthy
and hypertensive individuals. Thus, a meta-analysi®! randomized trials carried out
on healthy subjects found that aerobic exerciseagasciated with an overall reduction
in mean blood pressure of 3.9 (systolic)/2.6 (@St mmHg across all initial blood
pressure levels (Whelton et al., 2002). Evidencéerrole strength training may play
to reduce blood pressure in healthy subjects ssdksar. However, there is growing
evidence to support the benefits of strengthenkegagses on reducing blood pressure
(Carter et al., 2003; Collier et al., 2008). Ibelieved that the positive effect of PA on
endothelial function, due to an increased NO releamy be a strong exercise-related
hypotensive mechanism (McArdle et al., 2000; Tat&rDerrickson, 2006).
Additionally, central adaptations such as attemmmatif the sympathetic pathway
(responsible for increasing heart rate) secondaphysical training has also been

postulated (Lesniak & Dubbert, 2001) as a likelych@nism to lower blood pressure.

In agreement with data from non-diabetic populajgrhysical activity programmes
have been shown to lower blood pressure in typal2etic patients. Thus, aerobic
training programmes (Yeater et al., 1990), reststa@xercise programmes (Castaneda
et al., 2002; Dunstan et al., 2002) as well asmbdoation of aerobic and resistance
exercises (Loimaala et al., 2003) have been praveffectively reduce blood pressure
in diabetic subjects. Cauza et al. (2005) repaatsinilar improvement in blood
pressure (both systolic and diastolic) when aerthioing was compared to resistance
training. However, other investigations failed itodf changes in blood pressure
following an exercise programme (Church et al.,@@unstan et al., 2006). It is well
established that hypertensive individuals expegemgreater reduction in blood
pressure than normotensive subjects (Lesniak & BPapB001). It is worth mentioning
that the majority of patients with type 2 diabeisee antihypertensive medications.
This explains why some of the studies which fattedemonstrate a change in blood
pressure after the exercise training, reported abbaseline blood pressure values
(Middlebrooke et al., 2006; Sigal et al., 2007).

Overall, there is evidence that PA programmes ériggnprovements in blood pressure,
especially in hypertensive individuals, both witidavithout diabetes. Although aerobic

exercises are commonly recommended to lower bloesspre, there is growing
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evidence to support the benefits of strengthenkegagses on reducing blood pressure
in healthy as well as in type 2 diabetic patiehtiswever, some studies failed to find
changes in blood pressure following an exercisgnarmme, which suggests that more

studies have to be carried out to clarify the @il®A in this cardiovascular risk factor.

2.3.1.3Lipids profile

Comparisons between sedentary and physically agtimgps have been used to
establish a positive influence of physical activty blood lipids. Physical active
individuals typically exhibit greater HDL and loweiglyceride levels compared to
their less active counterparts (ACSM, 2000). A reetalysis including 25 articles
found that aerobic training (longitudinal data) sagcrease HDL levels, and that
exercise duration per session was the most impcgtament to enhance HDL levels in
healthy individuals (Kodama et al., 2007). In limith those results, a review of the
literature carried out by Durstine et al. (200Bcashowed evidence of a positive effect
of aerobic training in LDL, triglyceride and tottolesterol (TC) levels, when weekly
energy expenditure reached a minimum threshol®66 kcalweek™ Unlike aerobic
training, the effect of strength training to enhaltipid profiles in healthy individuals
has been investigated much less and has providdticting results. (Boyden et al.,
1993; Elliot et al., 2002).

The effect of physical activity on blood lipids kmless promising in patients with type
2 diabetes compared to healthy individuals. A naetalysis carried out by Thomas et
al. (2006) showed a significant lowering of plasmiglycerides in the exercise
intervention groups compared with the control gowowever, there was no
significant difference between the exercise andtiregrol group in TC, HDL or LDL.

In agreement with this, another study carried guigal et al. (2007), which assessed
the effect of different types of physical activigerobic, resistance, or combination of
both) on lipid values on 251 volunteers with typdi@oetes, reported no changes in
HDL, LDL, TC or triglycerides in any of the exereigroups. However, they reported a
trend toward lower triglyceride levels in the réaixe training group (p=0.089) when
compared to baseline levels. The available liteeataporting changes in lipid levels

due to physical activity in type 2 diabetes doesloak very promising. However, more
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investigations are needed to better understantbtbef physical activity, in particular

the different modes of physical activity in chargylipids profile in type 2 diabetes.

Overall, it is well established that physical aityiyyrogrammes (aerobic training,
endurance training and a combination of both) ogprove health in patients with type
2 diabetes. Physical activity interventions haverbghown to lower glucose levels and
blood pressure values. On the other hand, theofdP& to enhance lipids profile in
diabetic patients is less clear. Furthermore, aermtd strengthening exercise
programmes appear to trigger comparable improvesnieriiibA; . and blood pressure
levels, whereas a combination of aerobic and eesist exercises may trigger a further
reduction of up to 50% in HbAthan either type of exercise training alone. Tédgls

to the conclusion that a combination of aerobic masistance exercise may be more
efficient to improve health related outcome measingatients with type 2 diabetes
than each type of exercise alone. Since this eviglbas been obtained from studies
with type 2 diabetic patients with no peripheralirgpathy, these conclusions cannot be

generalized to other diabetic groups such as natim@ppatients.

DN carries further health complications than theorelated to type 2 diabetes. The
next subsection will explore the association betwggysical activity and the health
problems associated with peripheral neuropathyci@pattention will be paid to the
potential role of exercise-based rehabilitationgpaonmes in reducing the risk of foot

ulcers in diabetic patients.

2.3.2 Physical activity and peripheral neuropathy

Foot ulceration in diabetic neuropathic patients major health problem commonly
associated with gait alterations and microvasduaigairments. It is therefore essential
to investigate the effect of PA, not only on gluedsvels and traditional cardiovascular
risk factors, but also on outcome measures relgediobt ulcer formation in this
population. In addition to that, QOL, which is iresingly recognized as an important
goal for health care, is known to be poorer in eatsj with neuropathic complications.

It is therefore important to assess whether PA gammgnes can promote changes in well

being in this population. Therefore, this sectidh mvestigate the role physical

65



activity interventions may play to influence gditacacteristics and microcirculation,

due to their strong association with foot ulcessywall as QOL.

2.3.2.1Gait biomechanics

As previously discussed, patients with diabetegeimeral and neuropathic patients in
particular show gait changes when compared tolneatintrols, which result in higher
foot pressures when walking and consequently highkof foot ulcerations (Frykberg
et al., 1998; Veves et al., 1991). Sensory loggiigved to be the single most important
factor to explain plantar foot pressure (Paynd.e2802). However, other factors such
as reduced joint mobility or muscular weaknessatése considered to play an important
role in gait abnormalities in this population. ind with this, some investigators have
suggested that therapies aiming to improve joinbifity in diabetic patients (Herriott

et al., 2004) and/or muscle weakness (Akashi g2@08) could improve gait in this
population and consequently reduce foot pressumsglwalking. In the next section,
studies that have reported exercise-related chandgssensory loss; 2) limited joint
mobility; and 3) muscular weakness and their effecgait characteristics, will be

presented.

2.3.2.1.1Sensory loss

Balducci et al. (2006) is the only study to invgate the role of exercise training in the
progression of neuropathy. Balducci and colleagagsed out a supervised 4 year
interventional study on diabetic patients with fgns of neuropathy. They found that
low intensity long term aerobic training (4 h-wégkan prevent sensory neuropathy in
non-neuropathic diabetic patients. The percentageabetic patients who developed
sensory neuropathy during the 4 years of the siwatysignificantly higher in the
control group (N=47) than in the exercise group 3i)~28.9% and 6.5% occurrence
rate for the control and exercise group, respéelglivAlthough sensory loss has been
recognized as the main factor to explain differsrinegait in DN patients compared to
healthy individuals, no investigation to date hesessed whether sensory neuropathy
can be changed through a physical activity programtrwould also be of interest to

explore whether other types of exercise can proteceficial effects on the
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progression of neuropathy or whether the prograssimeuropathy can only be altered
by aerobic training. The ultimate goal would bénteestigate whether improvements in

sensation could trigger changes in gait charatiesis subjects with DN.

2.3.2.1.2Limited joint mobility

To date, there is little information available e treatment of high peak plantar
pressure in conjunction with limited joint mobilit9ne preliminary study found that
physical therapy resulted in significant, althodgmporary, improvements in the
mobility of the ankle and foot joints in diabetieuropathic patients with limited joint
mobility (Dijs et al., 2000). In addition to thi§oldsmith et al. (2002) found that an
unsupervised range-of-motion therapy, carried et a 4 week period did reduce peak
foot pressures in patients with type 2 diabetesrendeurological complications. They
reported that peak plantar pressures during garedsed on average 4.2% in the
treatment group (N=9) while they increased on ayea4% in the control group
(N=10). Despite these interesting results, it stidnd pointed out that no significant
changes were observed in joint mobility when conmggpre- and post-intervention
values, which suggests that factors other than ROMd have explained the results.
The lack of association between foot pressuresRadill could be also due to the fact
that ROM was measured passively and not duringvillking task. Spatial-temporal
characteristics, such as gait velocity or steptlenghich are well known to affect foot
pressure, were not reported in this study (Goldsetital., 2002). Although final
conclusions cannot be drawn from this study, itdthinspire other researchers to
investigate the effect of range-of-motion theragieglantar pressure distribution

patterns in diabetic populations.

Non-enzymatic glycosylation changes in diabeticgpeis result in greater joint
stiffness, which consequently reduces overall joinbility (Goldsmith et al., 2002). It
should be pointed out that the greater the joiffhsss, the greater the force required
for a corresponding displacement. Hence, muscl&mess secondary to motor
neuropath may further account for the reductiofoot range of motion observed in
patients with neuropathic complications, especidilying dynamic conditions such as

walking (Giacomozzi et al., 2005). In line withghMueller et al. (1995) reported a
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strong correlation between foot strength levels amide dorsi-flexion ROM (r=0.76)
when measured actively in 19 subjects with typéPetes. It is therefore reasonable to
think that combined flexibility and resistance tiiag may result in greater mobility
compared to flexibility exercises alone. In supmirthis, Fatouros et al. (2002)
demonstrated that strength training did improvatjaiobility in older adults without
diabetes when compared to aerobic alone or nanitaiMoreover, Herriott et al. (2004)
demonstrated that a combination of flexibility aedistance training over an 8 week

period produced joint mobility gains in type 2 disib patients.

Although there is little evidence for the effectpdfysical therapy and/or strengthening
exercises on foot mobility and foot pressure modiion, the data presented above
highlights the importance of undertaking furtherdsés to explore whether, or to what

extent, foot pressures can be reduced by imprgeing mobility.

2.3.2.1.3Muscle weakness

Muscle weakness has been recognized to play arriamagole in the gait
abnormalities observed in diabetic patients withonaeuropathy. Muscular
impairments especially of the foot muscles, havenkassociated with slower and
shorter steps and higher foot pressures, as wplaakicing a different walking strategy
(hip strategy) (Mueller et al., 1994, Uccioli e, &001). Although muscle
strengthening has been hypothesized as a proniiggrgention to reduce foot
pressures (Akashi et al., 2008) and to improvefgaittionality (Gutierrez et al., 2001),
the role PA programmes may have on walking biomeickas still uncertain.
Interestingly, patients with type 2 diabetes withoeuropathy have also reported
significantly lower strength levels when comparedealthy age-matched controls
(Andersen et al., 2004), which may partly expl&i@ thanges in gait characteristics
observed in this population (Yavuzer et al., 2006)re information about gait
characteristics in neuropathic and non-neuropaliaisetic patients can be found in
Section 2.2.2.1.1.

Exercise programmes have been demonstrated to &fficent tool to improve

strength levels in subjects with diabetes and witleuropathic complications.
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Thereby, muscular strength gains have been repthntedgh resistance training (Cauza
et al., 2005; Dunstan et al., 2006), combined deraid resistance exercises (Loimaala
et al., 2003) as well as aerobic exercises aloaeZ&et al., 2005). Thus, it is expected
that strengthening exercises, due to the spegifidithe training, may trigger the
greatest improvements in strength levels than #éimgraype of exercise. Strength
training is well known to improve muscle size adlaes intramuscular coordination,
which result in strength gains (McArdle et al., @dHowever, no study on patients
with type 2 diabetes has directly compared theceffédifferent types of exercises on

strength levels.

The effect of strengthening exercises in diabetigrapathic patients is much less clear
than in their non-neuropathic counterparts. Theonitgjof studies assessing resistance
training programmes in diabetic patients are cdroit on non-neuropathic participants
where little is known about the effect of strengiing exercises on this population. In
the past, patients with neuromuscular diseases agkfised not to exercise because of
the fear that too much exercise might produce ‘gseweakness” (White et al., 2004).
However, new evidence on patients with differenirnenuscular diseases suggest that
strength training is safe when performed with praagervision; and that it can reverse
any component of disuse weakness as well as palfgninproving absolute muscle
strength in those with more slowly progressive nileskeletal diseases (Krivickas,
2003).

There appears to be only one systematic reviewrpelpieh has investigated exercise
based programmes in subjects with peripheral natinggWhite et al., 2004). White et
al. (2006) only found 1 controlled trial comparitig effect of exercise therapy (at least
8 weeks) with no exercise therapy in people withigheral neuropathy (any type of
peripheral neuropathy not just diabetic neuropathis trial carried out by Lindeman
et al. (1995) reported that long-term resistanamitng (24 months programme) did
improve knee extension strength values in patieitts hereditary motor and sensory
neuropathy when pre-intervention values were coethty post-intervention values.
However, the percentage of improvement was moderags compared with the
strength increases observed in healthy as wellabetic persons with no neurological
complications (Cauza et al., 2005; McArdle et2000) after comparable training

programmes. Similar results were reported in arestidy carried out by Allet et al.
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(2010), which has been the first investigation ssisg strength changes in diabetic
neuropathic patients following an 12 week exerpisgramme. Allet at el. (2010)
investigated changes in strength levels followirkPaveek exercise programme in an
exercise (N=35) and a control group (N=36). Tha&ge programme in this study
consisted of functional strength and enduranceceses (sitting to standing, stair
climbing, etc.) in contrast to Lindeman’s (1995)dst, which controlled weight lifting
exercises at a specific % of 1 maximal repetitiltet et al. (2010) reported small
increases in strength at the hip, knee and ankkelesi following the exercise
programme in the exercise group compared to the@agroup. However, only the hip
flexors and plantar-flexors reached significanelsv It should be pointed out that in
this study muscle strength was measured with a-hatdldynamometer; the reliability
of this device is limited by the investigator’s l#lyito hold the dynamometer stationary
and by the fact that participants may overpowetésters. The data presented above
suggest that although neuropathic patients may tiewmished muscular strength gains
compared to non-neuropathic counterparts, resistaaming could improve strength
levels in this population. However, more investigas are needed to understand better
the muscular responses to strengthening exerci@liretic patients with motor

neuropathy.

Studies on different clinical populations that sufrom muscular weakness, including
elderly people (Rubenstein et al., 2000), have shihnat interventions that improve
neuromuscular performance are efficient in modtyspatial-temporal gait
characteristics (i.e. walking speed or step lendthaigreement with this, Brandon et al.
(2003) reported that improvements in lower extrgrsitength levels following 6
months of training were positively associated witbbility performance in subjects
with type 2 diabetes (i.e. walking). Interestingdymilar results have been obtained in
diabetic patients with neuropathic complicationisug, Allet et al. (2010) found that a
resistance based exercise programme improved wadkieed in DN patients when
comparing pre- and post-intervention data. Althotlgdre is some evidence that
strengthening exercise programmes may be effetichanging walking patterns in
diabetic patients, only spatial-temporal gait chtastics have been assessed. Further
investigations are required to determine the efféstrengthening programmes on
other aspects of gait, such as foot kinematicgtkia or muscular activity in diabetic

patients.
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Although gait abnormalities in DN subjects are knaw contribute to the high rate of
foot ulcers that occur in this population, thisiesv of the literature demonstrates that
little is known about the effect of PA intervent®oan changing gait characteristics in
DN subjects. It is well established that musculaakness and limited joint mobility are
important factors explaining gait alterations in Bibjects. Therefore, it is reasonable
to think that strength training, together with feahge of motion exercise is the most
likely physical intervention to trigger changegyiit characteristics in this population.
Early evidence suggests that flexibility exercismgether with strengthening exercises
could improve ROM and strength levels in DN pasektowever, only changes in
spatial-temporal characteristics has been inveastigahereas nobody has yet attempted
to assess whether joint mobility and/or musclengfite can alter loading patterns during
gait in this population. In addition to that, aeimtraining has been shown to produce
beneficial effects on the progression of neuropatijch is considered to be the single
most important factor to explain gait alteration®DiN subjects. However, the effect of
other types of exercise on sensory neuropathykeawn as well as whether
improvements in sensation could lead to changgaiincharacteristics in subjects with
DN.

2.3.2.2Microcirculation

It is generally accepted that abnormalities in fmatrocirculation may play a
significant role in the development of foot ulcersliabetic neuropathic patients
(Korzon-Burakowska & Edmonds, 2006). In additionpairments in the
microvasculature have also been associated withetdional vascular risk factors such
as hypertension (Higashi & Yoshizumi, 2004; Tort&rBerrickson, 2006). Thereby,
many investigators consider that the attenuatiaewersal of microvascular function
may be important for the prevention of cardiovaacuatorbidity and mortality in
diabetes (Cohen et al., 2008) as well as in tharedion of tissue breakdown (Korzon-
Burakowska & Edmonds, 2006).

Exercise training has been demonstrated to impmaeeocirculation in healthy

subjects. Available data suggests that exercisgrgnames may improve endothelium-

71



dependent vasodilatation, but not vascular smoaitbcia function in healthy
individuals (Higashi et al., 1999). In line withighKingwell et al. (1997) observed that
4 weeks of aerobic training did significantly impeoresting NO production in young
healthy individuals. It is generally believed tlia¢ increase in vascular stress resulting
from increased exercise-induced blood flow may skate the release of NO, which
consequently improves endothelial function (Higa&Moshizumi, 2004). However, a
number of other factors, including reduced oxidasgtress secondary to improvements
in glycaemic control or hypertension (Higashi & Yigaimi, 2004; Scott et al., 1999),
may also account for the exercise-induced improvesna vascular function. Thereby,
it has been reported that an absolute decreask @i HbA,. levels has been associated
with a 37% decrease in microvascular complicati@igatton et al., 2000).

Increasing evidence suggests that regular exetaisémprove endothelial function in a
number of populations in which endothelial dysfimets common. These include
individuals with chronic heart failure (Horningat, 1996), hypertension (Higashi &
Yoshizumi, 2004), or type 1 diabetes (FuchjageyMet al., 2002).

Results from exercise interventions in type 2 digh@atients are controversial. A
cross-sectional study carried out by Colberg ef28l02) reported that chronic exercise
(self reported) is associated with enhanced skindflow in type 2 diabetes.
Interestingly, no differences in maximal leveld\#d were found between the exerciser
and the sedentary groups, which suggests thatisgeneproves vascular function by
enhancing sensitivity to NO and not necessary di¥Q bioavailability (Higashi &
Yoshizumi, 2004). Improvements in vascular functsecondary to exercise have also
been reported during interventional studies. Maiarat al. (2001) found that 8 weeks
of combined aerobic and resistance training impiamdothelium dependent
vasodilatation, but did not change endothelium peahelent vasodilatation in type 2
diabetic patients. It should be pointed out thatdvina investigated endothelium
function in the macrocirculation (brachial artery).accordance with these results,
Cohen et al. (2008) found that a 14-month resigt@xercise training programme in
adults with type 2 diabetes improved endotheliglethelent vasodilatation in the
microcirculation (skin blood flow). In addition this, endothelium independent
vasodilatation was also shown to be enhanced bgtteagth training programme.
Although, vascular responses seem to be enhancghyisjcal activity programmes,
some investigations failed to find such associati@oiberg et al. (2005) investigated

the effect of 10 weeks of aerobic training on fogtaneous blood flow both at rest and
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during local heating in patients with type 2 diasefThis study reported that the defect
in perfusion, evident initially in diabetic parfigints, was not significantly affected by
the exercise programme when compared to the hegdthup. In line with this,
Middlebrooke et al. (2006) reported that 6 monthaesobic exercise did not improve
microvascular function, both endothelium dependemdependent vasodilatation, in
type 2 diabetes. It is worth mentioning that thierimentions that included resistance
exercises (Cohen et al., 2008; Maiorana et al.1Pfported an exercise-related
improvement in vascular function, whereas aerafaining interventions did not.
Before any final conclusion can be drawn furtheestigations are required into which
exercise modality may be the most efficient to ioygr microvascular function in type 2

diabetes.

Early evidence suggests that a physical activigrirention may produce beneficial
changes in the microcirculation of type 2 diabpttients without neuropathy.

Although it is difficult to determine which type ekercise (aerobic, resistance or a
combination of both) is more effective in this neatistrengthening exercises have been
linked to changes in the microvasculature of tymeabetic patients. It is noteworthy,
that all investigations assessing the effect ofiérventions on the microcirculation of
type 2 diabetic patients have looked at eithestaste vessels or skin microcirculation
whereas nobody has investigated muscular micrdation. In addition to this, the

effect of physical activity on oxygen consumptiarich may be another aspect of the
microcirculation impaired in diabetic individuaBdldi et al., 2003; Martin et al.,

1995), has not been investigated by any study.

A combination of gait and microcirculation altedats is known to be responsible for
the high rate of ulcers observed in DN subjects. tlherefore reasonable to think that
interventions that can influence these factors meduce the risk of foot ulcers in this
population. It seems that strength training togettith foot range of motion exercises,
is the most likely intervention to trigger changmegjait characteristics in patients with
diabetes. Early evidence suggests that strengtipemid foot mobility exercises could
improve ROM (Herriott et al., 2004) and influengasgal-temporal characteristics
(Allet et al., 2010) in diabetic patients with amdhout DN. However, nobody has
investigated whether joint mobility and/or musdieesgth can alter loading patterns

during gait in diabetic patients. Furthermore, yaslidence suggests that resistance
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training may trigger beneficial changes in the mirculation of type 2 diabetic
patients without neuropathy (Cohen et al., 200&r@ll, it appears that a combination
of strengthening and foot mobility exercise is thest likely PA intervention to modify
gait and microcirculation in diabetic patients. vitver, the vast majority of
investigations assessing PA programmes in diapatients have been carried out on
subjects with type 2 diabetes whereas little isvkmabout the effect of PA
interventions on DN subjects. Therefore, it is vienportant to investigate whether
strength training can improve gait and microcirtiolain DN subjects, who are the

population at highest risk of developing foot pexbk.

2.3.2.3Quality of life

Although glycaemic control, the development of foommplications and mortality
represent critical outcomes in people with typegbetes, health-related QOL outcomes
are also important (Ali et al., 2010). The valuepfimizing QOL is increasingly
recognised as it represents an important goaldalti care (Rejeski & Mihalko, 2001).
The question remains whether QOL is a modifialsle factor in diabetic patients or

just a marker of disease burden. Recently, Harkeeak (2010) carried out a meta-
analysis to indentify psychosocial interventionat improve both physical and mental
health in patients with diabetes mellitus. Theydoded that although there are
efficient treatments to improve both diabetes aedtal health, they did not identify

types of interventions that consistently provideddfés for both simultaneously.

The evidence provided above demonstrates that RAnflaence some aspects of
health in patients with diabetes including glucosetrol and cardiovascular risk factors
(Thomas et al., 2006; Sigal et al., 2006). Howeldle is known on the effect of PA
interventions to modify mental health in patienighwdiabetes. Glasgow et al. (1997)
carried out a survey study on 2056 adults with eli@b (type 1 and type 2) to identify,
using a multiple regression analysis, factors eelad lower QOL. Interestingly, they
found that the level of self-reported exercise tt@sonly significant-management
behaviour to predict the QOL, after controlling t@mographic and medical variables.
Similar results were found by Green et al. (2004)¢ reported an association between

self-reported physical activity levels and selfodpd QOL in type 2 diabetic patients
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(N=2419). Therefore, it seems that participatiopliysical activity may be associated
with an improvement in general well-being and Q@Idiabetic patients. However, it is
noteworthy that the majority of studies have inigeged this issue retrospectively
(Glasgow et al., 1997; Green et al., 2011), whelighsis known about whether QOL
can be modified in diabetic patients (both with anthout neuropathy) through a

structured physical activity programme.

Overall, the evidence presented above demonstiatthe vast majority of studies
investigating PA interventions on type 2 diabe@tignts have been carried out in
individuals with no neuropathic complications. &cf after a comprehensive search
only 1 study was found in which an exercise progremvas carried out on subjects
with DN (Allet et al., 2010). This highlights theportance of investigating PA
interventions on DN subjects. Nevertheless, ititeworthy that DN subjects are at risk
to develop foot ulcers during weight bearing ati#g. It is generally believed that the
amount of weight-bearing activity among individuadsh diabetes is likely to influence
the amount of mechanical trauma accumulated bytaldissues (Cavanagh et al.,
1996). This suggests that adaptation of the exesaised is necessary to avoid foot
complications (Kanade et al., 2006). Contrary is ithea, Mueller & Maluf (2002) have
proposed the “physical stress theory”, the basenise of which is that changes in
physical stress (i.e. plantar tissue stress) caysedictable adaptative response in all
biological tissues. According to the physical strétseory, higher cumulative plantar
tissue stress may result in an increased stremmtwle, whereas low levels of stress
may lead to tissue weakness. In support of thisrtheecent studies have indicated that
moderate walking does not increase the risk of @ibcdrs or reulceration in those with
DN (Maluf & Mueller, 2002; LeMaster et al., 2008)ore evidence is needed to
recommend weight-bearing activities in DN subjettee it may result in devastating
consequences in the form of foot ulceration. le lvith this interpretation, physical
activity guidelines for DN subjects recommend nagight-bearing activities to
decrease the risk of skin breakdown due to excess$ress (Sigal et al., 2006). More
studies therefore need to be carried out on DNestbjo find out whether physical
activity programmes based on non-weight bearing imengase the risk of ulceration in

this population.
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2.4 Summary of the literature review

This literature review has attempted to 1) reviewlétail the pathologies related to DN
with particular attention to gait and microcircidet alterations due to their association
with foot ulcers; and 2) review the current liter&t on the effect of PA interventions on
the primary pathologies associated with DN. Therefthis summary of the literature

review will be divided into two sections.

Health-related characteristics of DN subjects

The first part of this literature review shows tbdd is a complex condition that affects
different aspects of health including traditionatdiovascular risk factors, gait,

microcirculation and quality of life.

It is well established in the literature that typdiabetes is associated with an increased
risk of cardiovascular diseases and mortalitypfiears that alterations in blood
pressure, cholesterol levels and obesity secortddgpe 2 diabetes, known as
metabolic syndrome, are partly responsible fordthefold increased risk of

cardiovascular diseases compared to healthy ingasd

Neuropathy is associated with foot complicatior@otrulceration in diabetic patients
with DN is considered a major health problem, oftatding to lower-limb amputations
and increased mortality rate. It seems that a coatioin of gait and microcirculatory
changes is responsible for the increased riskalfudtcerations observed in DN

subjects.

The evidence presented in this literature revieaptér demonstrates that patients with
DN present with a variety of gait alterations comgglato healthy individuals. Thus, DN
subjects show changes in: 1) gait parametersgifiofm of spatial-temporal and floor-
foot interaction characteristics (COP); 2) footgaares, especially in the metatarsals
region; and 3) muscle activation patterns. Thiseng\of the literature shows that, while
kinetic and kinematic data have been widely ingaddd in DN subjects, only a handful
of studies have assessed EMG activity in this patmr. Furthermore early evidence

suggests that changes in the onset activation i TA and TS have been linked to
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changes in kinetic data. This suggests that EM@ slabuld be considered as a potential
contributing factor for the higher foot pressure® @nd PTI) observed in DN subjects,
especially on the forefoot. This highlights the orance for future studies to study
EMG activity patterns in patients with DN.

The evidence presented in this chapter showslibat is a general consensus in the
literature that impairments in microcirculationpesially in vasodilatory capacity, are
associated with foot ulcer formation in DN subje&isrthermore, it is well established
that vasodilatory abnormalities in patients withlzbtes are related to impairment in
endothelial dependent vasodilatation, endothalidépendent vasodilatation and nerve-
axon reflex. In addition to this, functional altBoas in the microcirculation have also
been reported in response to an exercise boutdierestress), which may partly explain
the reduced exercise capacity observed in subjatidiabetes. Patients with type 2
diabetes show a diminished exercise-induced vasodyi capacity compared to healthy
individuals, and preliminary evidence suggests thanges in endothelial function may
be partly responsible for these alterations. Howealéthe studies investigating
microcirculatory responses to an exercise bout baes carried out in diabetic patients
without neuropathic complications. Moreover, thisran ongoing debate about
whether the diminished exercise capacity obsemeliibetic patients is caused solely
by a reduction in oxygen delivery or in combinatigith a reduction in the muscular
oxidative capacity. This highlights the importangcénvestigate 1) exercise-induced
vasodilatory responses in DN patients; and 2) masoxygen consumption in patients

with diabetes mellitus.

Increasing evidence suggests that diabetes in glegmadl DN in particular, impact on
everyday living and consequently diminish heallatesl QOL. Furthermore, it appears
that there is a positive correlation between dedband its complications and QOL,
with subjects with more severe complications shgwire poorest QOL. Interestingly,
preliminary evidence suggests that QOL could beaated with biomechanical

markers; however, more studies need to be cartietbalraw any further conclusions.

Overall, it is well known that DN is a complex catiwh that affects different aspects of

health including cardiovascular risk factors, gaitcrocirculation and QOL.
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Nevertheless, this literature review shows theeestii some gaps in the literature that

need to be addressed.

Exercise and diabetic peripheral neuropathy

The second part of this literature review highlgtite importance of exercise for
diabetic patients. There is mounting evidence phgsical activity (aerobic, resistance
and a combination of both) can produce positivengka in blood sugar levels and
cardiovascular risk factors in diabetic patientewdver, all the studies that have
investigated the effect of PA on traditional caxdiscular risk factors have been carried
out on diabetic patients with no neuropathic coogtions. Thus, findings from patients
with diabetes cannot necessarily be generalizethter diabetic groups such as
neuropathic patients. This highlights the impor&antinvestigating whether PA can
produce beneficial changes in the glucose contrdlcardiovascular risk factors in

patients with DN.

Foot ulceration in DN subjects is a major healtbiybem, often leading to lower-limb
amputation and increased mortality rate as wdbasr QOL. Therefore, it is essential
to investigate the effect of PA, not only on gluedsvels and traditional cardiovascular
risk factors but also on outcome measures reldweaiobt ulcer formation in this
population. Muscular weakness and limited joint flitybare important factors when
exploring gait alterations in DN subjects. Therefat is reasonable to think that
strength training together with foot range of motexercise is the most likely physical
intervention to trigger changes in gait charactiessn this population. In line with this
argument, some investigators have suggested tapies which aim to improve joint
mobility in diabetic patients and/or muscle wealenesuld modify gait characteristics
in DN subjects, and consequently reduce foot pressiuring walking. Early evidence
suggests that flexibility exercises together witleisgthening exercises could improve
ROM in patients with diabetes and strength levelBN patients. However, only
changes in spatial-temporal characteristics has imestigated whereas no study to
date has attempted to assess whether joint moailifyor muscle strength can alter
loading patterns during gait in this population.

Beside gait alterations, abnormalities in the nmeooulation also play a significant role

in the development of foot ulcers in DN subjectsud, early evidence suggests that a
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physical activity intervention, including strengtiiieg exercises may produce beneficial
changes in the microcirculation of type 2 diabgtitients without neuropathy.
Interestingly, the evidence presented above sugtfest a combination of mobility and
strengthening exercises is the most likely intetieento modify both gait and
microcirculation. Therefore, it can be speculateat tf beneficial changes in gait and
microcirculation can be elicited, the risk of faaimplications may be reduced.
However, to date, no study has attempted to afisessfect of a physical activity
programme on gait modification (spatial-temporadreteteristics, foot pressures

distributions, etc) and microcirculation in DN setis.

In addition to that, QOL represents an importargldor health professionals and it has
been associated with adverse outcomes in peopetypié 2 diabetes, including poor
response to therapy, disease progression and emgality. Although physical activity
appears to improve QOL in healthy individualssiunknown whether QOL in diabetic

patients can be modified through an exercise progra

Overall, this literature review chapter shows thate is a gap in the literature when it
comes to PA interventions in patients with DN. Ditjects appear to be at greatest risk
of developing foot ulcers during weight bearing\aties. Thus, it is generally believed
that the amount of weight-bearing activity amondgjviduals with diabetes is likely to
influence the amount of mechanical trauma accuredlay plantar tissues. This
suggests that an adaptation of the exercises uagdennecessary to avoid foot

complications.

The next chapter outlines the aims, objectivesranichypotheses of this thesis to

address the areas identified in the literatureengviequiring further investigation.
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CHAPTER 3

3 Aims, objectives and hypotheses

3.1 Aims of the thesis

This thesis has three main aims:

The first aim was to determine the reliability ohse of the methods used in the main

part of the present study. This includes threeedifit pilot studies

1) To determine the reliability of near infraredesposcopy (NIRS) to quantify
muscular blood flow and oxygen consumption in tak muscle simultaneously during
a venous occlusion.

2) To develop and ascertain the reliability of svragproach to calculate EMD during
isometric contractions.

3) To develop and ascertain the reliability of avragproach to calculate EMD for the

plantar-flexor muscles during walking.

The second aim was to investigate differences et and healthy individuals in

the primary pathologies associated with DN

The third aim was to investigate the effect of aniggk PA programme, which included
strengthening and joint mobility exercises, on tifesd pathologies associated with

peripheral neuropathy in DN subjects. .

On this basis, this thesis includes two main sasti®ection 1 contains the three
preliminary studies on the reliability of some bétmethods used in the main study.
Section 2 includes the main study of the thesisveaslconducted in two different parts:
Part 1 investigated the difference in health-relatetcome measures between healthy
and DN subjects. Part 2 evaluated the effect ok @Eervention on health-related

outcome measures in DN individuals.
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3.2 Objectives

3.2.1 Preliminary studies

Near Infrared Spectroscopy (NIRS) reliability study

To test within-day and between-day reproducibibitfNIRS when measuring blood

flow on the calf muscles (medial gastrocnemious)nguvenous occlusion.

To test within-day and between-day reproducibityNIRS when measuring oxygen
consumption on the calf muscles (medial gastrocaes)iwhen using the venous

occlusion method.

Electromechanical delay (EMD) determination duringisometric contractions.

To test within-day reliability of a new approachctlculate EMD during isometric

contractions in healthy and DN subjects.

To compare EMD values during knee extension, kieegoh, plantar-flexion and dorsi-

flexion between healthy and DN individuals.

Electromechanical delay (EMD) determination for theplantar-flexor muscles

during gait.

To test within-day reliability of a new approachctlculate EMD during gait.

To compare EMD values for the plantar-flexor musdaring gait between healthy and
DN individuals.

3.2.2 Main study- Part 1 (Cross-Sectional study)

To investigate differences between healthy and Dipjexts in outcome measures

related to general health, in the form of choledtivels and blood pressure.
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To investigate differences between healthy and Dijjexts in outcome measures
related to gait characteristics, in the form oésgth levels, gait parameters, kinetic data

and muscular activity patterns.

To investigate differences between healthy and Dijexts in outcome measures
related to microcirculation, in the form of musbleod flow and oxygen consumption,

both at rest and in response to an exercise bout.

To investigate differences between healthy and Dijexts in outcome measures

related to self reported QOL.

3.2.3 Main study- Part 2 (Intervention study)

To investigate the effect of a 16-week strengthgiaind joint mobility training
programme in general health related outcome megguaréhe form of HbA, sensory

neuropathy, blood pressure, cholesterol levelsodagity.

To investigate the effect of a 16-week strengthgiaind joint mobility training
programme in outcome measures related to gait cteaistics, in the form of strength

levels, gait parameters, kinetic data and mus@adtvity patterns.
To investigate the effect of a 16-week strengthgiaind joint mobility training
programme in outcome measures related to micrdaiion, in the form of muscle

blood flow and oxygen consumption, both at restiarm@sponse to and exercise bout.

To investigate the effect of a 16-week strengthgiaind joint mobility training

programme in outcome measures related to self teghQOL.
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3.3 Null Hypotheses

The null hypotheses for the preliminary study dmel2 parts of the main study were:

3.3.1 Preliminary studies

Near Infrared Spectroscopy reliability study

Null Hypotheses 1
There will be moderate reliability (ICC<0.6) betwethe within-day and between-day

scores of blood flow when measured on the calf teasturing venous occlusion.

Null Hypothesis 2
There will be moderate reliability (ICC<0.6) betwethe within-day and between-day
scores of muscle oxygen consumption when measurdoeocalf muscles during

venous occlusion.

EMD determination during isometric contractions

Null Hypothesis 1
There will be moderate reliability (ICC<0.6) betwethe within-day scores when

calculating EMD during isometric contractions iraliey and DN subjects.
Null Hypothesis 2
There will be no differences in EMD values duringek extension, knee flexion,

plantar-flexion and dorsi-flexion contractions beem healthy and DN individuals.

EMD determination for the plantar-flexor muscles ding gait.

Null Hypothesis 1
There will be moderate reliability (ICC<0.6) betwethe within-day scores when

calculating EMD for the plantar-flexor muscles dgyigait.
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Null Hypothesis 2
There will be no differences in EMD for the plantkaxor muscles during gait between

healthy and DN individuals.

3.3.2 Main Study- Part 1.

Null Hypothesis 1
There will be no differences in general health oote measures in the form of blood

pressure and cholesterol levels between the healtthyDN groups.

Null Hypothesis 2
There will be no differences in 1) gait charactessin the form of gait parameters, foot
pressures and muscular activity patterns duringitat@sk between the healthy and DN

groups; and 2) lower limb muscle strength.

Null Hypothesis 3
There will be no differences in microcirculationthre form of capillary blood flow and
oxygen consumption both at rest and in responaa &xercise bout between the

healthy and DN groups.

Null Hypothesis 4
There will be no differences in self reported quyadif life in the form of mental health

and physical health between the healthy and DNggou

3.3.3 Main study- Part 2

Null Hypothesis 1
There will be no differences in Hh4 sensory neuropathy, cholesterol levels and blood
pressure before and after the intervention (owvee}ibetween the control and the

exercise group.
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Null Hypothesis 2
There will be no differences in: 1) gait parametéet pressures and EMG patterns
during a gait task; and 2) lower limb strength Is\mefore and after the intervention

between the control and the exercise group.

Null Hypothesis 3
There will be no differences in capillary bloodvl@and oxygen consumption at rest and
in response to an exercise bout before and akeintbrvention between the control and

the exercise group.
Null Hypothesis 4

There will be no differences in self reported QGifdre and after the intervention

between the control and the exercise group.
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CHAPTER 4

4 Preliminary studies

4.1 Reliability of near infrared spectroscopy (NIRS ) to
quantify muscular blood flow and oxygen consumption
in the calf muscle using the venous occlusion metho d.

4.1.1 Introduction

Skeletal muscles make up approximately 40% ofdted body mass, thus representing
an important percentage of cardiac output and totadien consumption even at rest.
Under working conditions, muscle blood flow canrgese to 80-85% of cardiac output
and oxygen consumption can exceed the resting &ilifeld (McArdle et al., 2000;
Tortora & Derrickson, 2006). Thereby, the studylafod flow and oxygen
consumption of limbs is of great relevance in eiserphysiology and in patients with

cardiocirculatory impairments.

The standard for measurement of blood deliveryatygenation in the arm and leg is
the combination of strain-gauge plethysmographyldadd gas analysis for
determination of blood flow and arteriovenousdiiference, respectively (van
Whitney, 1953; Cort et al., 1991). However, thewoé of interest for both techniques
is limited to the total limb, whereas tissues ottiran the muscle tissue can influence

muscle oxygen consumption and blood flow.

NIRS is a non-invasive, continuous, and direct metto determine oxygenation and
haemodynamics in tissue. It enables the studyaaf ldifferences in muscle;O
consumption and delivery. Furthermore, NIRS ersmatile measurement o, O
consumption and blood flow at rest (van Beekvedlgt2001a) as well as during
exercise (Homma et al., 1996) and it discrimin&igtsveen normal and pathological
states (Boushel et al., 2001; Kooijman, et al.,7)99
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Numerous studies have shown the validity of NIR8dtermine muscle blood flow

(BF) by comparing it against well-established méthsuch as strain-gauge
plethysmography (van Beekvelt et al., 2001b; DesBta al., 1994; Homma et al., 1996;
Mancini, et al., 1994) or dye dilution in combirmatiwith magnetic resonance imaging
(Boushel et al., 2000b). Muscle oxygen consump@o¥ O,) measured by NIRS has
also shown good agreement with blood gas analgsiddtermination of arteriovenous
O, differences (van Beekvelt et al., 2001b; De B#sil., 1994; Homma et al., 1996).

Non invasive quantification of mV £and BF using NIRS has become possible by
applying an occlusion to control circulation in firab. BF measurements are carried
out when applying a venous occlusion. This metreidhown high reproducibility
both within one session (van Beekvelt et al., 2004a Beekvelt et al., 2002) and
between days (De Blasi et al., 1994). The studipented above investigated the
reliability of NIRS for measurements in the upgerd. However little is known about
the reproducibility of the NIRS device both wittarsession and between days when

measuring blood flow in the lower limb.

Unlike blood flow measurements, my@an be measured during both venous (De
Blasi et al., 1994; van Beekvelt et al., 2001b) aridrial occlusion (Kragel; et al.,
2000; van Beekvelt et al., 2001a). It has beenestgg that the venous occlusion (VO)
method is to be preferred over the arterial ocolusnethod because venous occlusion
is less inconvenient for the subject, the recoi@much faster, and oxygen
consumption and blood flow can be measured simedtasiy (van Beekvelt et al.,
2002; De Blasi et al., 1997). In addition to ttagerial occlusion, which requires a cuff
inflation of at least 30 mmHg above the individagstolic blood pressure for
approximately 45 seconds, may not be recommendqehfe@nts with hypertension or

cardiovascular impairments.

Van Beekvelt and colleagues (2001a) showed highinvitay reproducibility when
resting muscular oxygen consumption was measuredeoforearm during arterial
occlusion. They reported a coefficient of variat@i6.2 % for the three arterial
occlusions carried out during the session. A cokdfit of variation slightly higher
(17.6%) was reported by the same research grong ts¢ same procedures when

assessing the reproducibility on three separate (lean Beekvelt et al., 2002). In line
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with these results, Kragelj and colleagues (208pprted a coefficient of variation of
22.3% when oxygen consumption at rest was assesst@ distal part of the foot on

four to six different days using arterial occlusion

Contrary to the arterial occlusion method to assasscular oxygen consumption, the
reproducibility of the “preferable” VO method iskecertain. To the best of my
knowledge, van Beekvelt et al. (2001b) is the atilydy, which reports the
reproducibility of NIRS for mV @ measurements using the VO method. They carried
out three VO on the forearm and reported a coefiitcof variation of 30.6 % and 25.4%
when the inter-optode distance was 35 and 50 nspertively. They concluded that
the arterial occlusion method was the preferrechoteto quantify mV @ because it
offers higher reproducibility compared to the VOthwal. However, there is only one
study investigating the reliability of the “preféta” venous occlusion method and
nothing is known about the reproducibility of tkéghnique to assess oxygen

consumption in the lower limb.

The purpose of this study was therefore 1) towgtstin day and between day
reproducibility of NIRS when measuring BF on théf causcles (medial
gastrocnemious); 2) to determine whether quantifinaof mvVO, by NIRS using VO is

reproducible both within a session and betweeri@ess

4.1.2 Materials and Methods

Subjects

Ten healthy volunteers (5 men, 5 women) particgpaiehis study. The study was
approved by the School Ethics Committee, and allesis gave their written consent.
The subject characteristics were 33+ 4.3 year @ 4§8.1+ 6.3 cm in height, and 70.4%
5.3 kg in weight. None of the volunteers were tglkamy medication that may affect

muscle peripheral circulation.
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NIRS

NIRS is based on the relative transparency of ¢isuight in the near-infrared region,
and on the oxygen-dependent absorption changeseofidglobin and myoglobin.
Although there is not a general agreement on thé&ibotion of myoglobin to the near
infrared absorption changes (Mancini, 1994), tlhisdnot affect the results from the
present study, since the current study was ineaestthe amount of £consumed,
regardless of whether it was supplied by haemoglobimyoglobin. NIRS
measurements were performed using the Oxymon MEMtinis Medical systems
B.V, Zetten, The Netherlands), which generated lglv81 nm and 856 nm. NIRS
enables non-invasive continuous measurement ofgelsain the concentration of
oxygenated haemoglobin (HbO) and deoxygenated hgletsin (HbdO). The sum of
HbO and HbdO concentrations reflects the total arhotithaemoglobin (tHb), and
changes in tHb can be interpreted as changes @ Molume in the tissue.

NIRS measurements were done on the belly of theahgadstrocnemious (MGast) with
an inter-optode distance (distance between soumdeetector) of 40 mm. Waterproof

markers on the MGast avoided variation in placerngat separate days.

Quantification of BF and mV&@was carried out during VO. Venous occlusion caases
increase blood volume by an undisturbed artemalflow and interrupted venous (out)
flow (see Figure 4-1). Blood flow can thereforedaéculated during venous occlusion
from the linear increase of tHAiHb). Concentration changes of tHB ([Hb]) were
expressed in micromolars per second and were ctaalvir millilitres blood per 100
millilitres tissue per minute using an average ldhagntration of 7.5 mmal™ for
female subjects and 8.5 mmiof* for male subjects. The molecular weight of
haemoglobin (64.458-giol™) and the molecular ration between haemoglobin and
oxygen (1:4) were taken into account (Beekvell.e2802; De Blasi et al., 1994).
Muscular oxygen consumption was calculated fromlitresar increase of HbdO
(AHbdO). Since the venous outflow is blocked theease in HbdO is thought to be
solely due to the ©consumed under the assumption the arteria@a@uration is near
100%. Concentration changes HbdO were expressaitmomolars per second and

converted to ml@0,™-100 g* taking into account that each molecule of haentuglo
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binds for molecules of O2 and that the molar volwhegas is 22.4 L. A value of 1.04
kg-I*was used for muscle density (Beekvelt et al., 2082Blasi et al., 1994).

Equations:

BF= Abs(((AtHb*60)/([Hb]*1000)/4))*1000)/10 in mimin *-100 mf*
mVO,= Abs(((AHbdO*60)/(10*1.04))*4)*22.4/1000 in mi©min *-100 g*

Figure 4-1. Overview of the venous occlusion methdd quantify muscular BF and mVO,

E% 50 mmHg
S

occlusion

Blood volume increase

Note: The blue line represents the deoxygenateshbgiebin (HbdO), the red line represents the
oxygenated haemoglobin (HbO) and the green lineesgmts the total haemoglobin content (tHb).

NIRS measurements were carried out on the MGabieafight leg with the subject
lying down in a supine position on a KINCOM machim&e right leg was semi-
extended (30°+ 10 flexion) while the foot restedadioot dynamometer. The foot was
positioned above the heart level and the leg in@mard position to avoid venous
pooling of the blood. A pneumatic cuff was plae@edund the thigh and was used to

apply venous occlusion during the test.

After placement of the instruments, the experinstatted with a 5 minutes rest period,
followed by a VO (50 mmHg). The cuff was maintainefilated for 30 seconds. This
procedure was repeated three times with a resg@riggof 40 seconds between

inflations. All subjects attended three times opasate days to test the between days
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reproducibility of NIRS to measure muscular BF amdO, using the VO method.
NIRS data was processed and analyzed using theof2y4.2 software (Artinis
Medical systems B.V, Zetten, The Netherlands).

Statistics

Systematic bias for within day and between daybdity data was assessed by a one-
way analysis of variance (ANOVA) for repeated measuThe within-subject
variability was calculated as the coefficient ofigion (CV) for each subject
[(SD/mean)*100]. CV was determined both for thehivitday as well as for the
between days data. The day to day and betweerrelneducibility was determined by
calculating the Intraclass correlation coefficil@C). The same statistical tests were
applied when assessing the reproducibility of bliod and muscular oxygen
consumption. The level of statistical significaneas set at £0.05. All analyses were
performed with SPSS version 16.0 (SPSS Inc., Chiclhg USA).

4.1.3 Results

The reproducibility of the NIRS measurements fathwi day mvVQ and BF
measurements were investigated by means of thétrepg of three venous occlusions.
All results for within day reliability measuremerase shown in Table 4-1and Table
4-2. No significant differences between within sgagasurements were observed for BF
as well as mVQ@values (p=0.535). In addition to that, the relatsariability within
subjects (CV) for within days was 10.4% and 14.409BF and mVQ, respectively.

An ICC for within day measurements of 0.92 and @8 observed for BF and myO

respectively.
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Table 4-1 Within-day reliability: Blood flow

BFrep 1 BF rep2 BF rep3 Anova
Subject | (ml-min- | (ml‘min" | (ml-min" CVv% | ICC
1100 mr) | %100 mrY) | %100 mrYy | P value
1 0.492 0.474 0.478 1.98
2 0.802 0.854 0.993 11.14
3 0.578 0.527 0.460 11.30
4 0.895 1.202 0.945 16.25
5 0.375 0.415 0.300 16.01
6 0.123 0.110 0.111 6.20
7 0.414 0.553 0.505 14.32
8 0.619 0.673 0.766 10.84
9 0.356 0.362 0.305 9.10
10 0.607 0.527 0.583 7.12
Overall 0.526 0.570 0.545 0.535 10.43 0.92
Table 4-2. Wthin-day reliability: Muscular Oxygen Consumption
) mVO,rep1l | mVOarep2 | mVO,rep3 | Anova
Subject ngO?Tin : ngOZ-Tin : (Tloz-m_iln - o value CVv% | ICC
-100 g) -100 g) -100 g)
1 0.015 0.013 0.013 7.34
2 0.025 0.022 0.022 7.63
3 0.020 0.023 0.024 10.77
4 0.024 0.018 0.029 22.77
5 0.029 0.019 0.030 22.30
6 0.009 0.006 0.006 20.78
7 0.012 0.011 0.017 19.91
8 0.035 0.045 0.037 13.83
9 0.011 0.011 0.010 6.99
10 0.020 0.024 0.025 11.71
Overall 0.020 0.019 0.021 0.442 14.40 0.86

92




The reproducibility of the NIRS measurements fameen day mvV@and BF
measurements were investigated by averaging treitieps of three venous occlusions

on three separate days (average day 1, averageatay average day 3).

All results for between day reliability measurenseaute shown in Table 4-3 and Table
4-4. No significant differences between day measerds were observed for BF as
well as mVQ values. The relative variability within subjec@\) for between days
was 20.94% and 22.80% for BF and my/@spectively. An ICC for between day

measurements of 0.72 and 0.68 was observed fonBR& O,, respectively.

Table 4-3. Between-day reliability: Blood flow

) BF day 1 BF day 2 BF day 3 Anova
Subject| (mi-min~ | (ml-min~ | (ml-min" CV % ICC
1100 mrY) | %100 mrY) | L100 mry | Pvalue
1 0.481 0.464 0.390 10.80
2 0.883 0.882 0.953 4.46
3 0.522 0.364 0.328 25.44
4 1.014 1.766 0.887 38.84
5 0.363 0.371 0.485 16.68
6 0.114 0.307 0.309 45.76
7 0.422 0.491 0.542 12.40
8 0.686 0.480 0.499 20.52
9 0.341 0.341 0.310 5.46
10 0572 0.398 0.328 29.07
Overall 0.540 0.586 0.503 0.638 20.94 0.72
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Table 4-4. Between-day reliability: Muscular Oxygenconsumption

mVO,day 1| mVO,day 2 | mVO,day 3 | Anova
Subject | (mIO, min = | (MIOzmin~ | (MIO2-min - CV% | ICC
1100 ¢Y) 1100 ¢Y) 1100 ¢Y) p value
1 0.0139 0.012 0.007 32.52
2 0.023 0.017 0.020 15.27
3 0.023 0.026 0.021 9.56
4 0.024 0.022 0.029 14.50
5 0.026 0.033 0.046 29.45
6 0.007 0.010 0.014 34.66
7 0.020 0.014 0.013 25.34
8 0.039 0.030 0.032 13.80
9 0.011 0.027 0.015 45.61
10 0.023 0.026 0.023 7.30
Overall 0.021 0.021 0.022 0.911 22.80 | 0.68

4.1.4 Discussion

The main finding in this study was that the venocslusion method showed good
reproducibility when measuring BF and myi@ the calf muscle both within-day and
between-days. Data also shows that the relativiahiity within-subjects, when
looking at the SD in relation to the mean, andI@@ values were consistently better

for the BF compared to the m\{@ata both within-day and between-days.

Reproducibility of BE measurements

Blood flow measurements in the calf muscles shogaetl reproducibility. An ICC
value of 0.92 and 0.72 for within-day and betweagsddemonstrated that the
reproducibility of the venous occlusion methodgtantify BF is excellent and
substantial, respectively (Landis & Koch, 1977)eThlative variability within subjects
(CV) was 10.43% and 20.94% for within and betweapsdrespectively. In line with
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the results from the present study, de Blasi (198ddrted a coefficient of variation of
10% and 22% when blood flow was calculated in tredrm within the same day and
between days, respectively. It should be pointddimat de Blasi (1994) only tested two
individuals over three different days to quanttg reproducibility of this method
between days. Van Beekvelt and colleagues in tiferdnt studies found higher
coefficient of variation, 28.6% and 22.4% compaethe results from the current
investigation when assessing within day reliabitifythe NIRS to quantify forearm BF
(van Beekvelt et al., 2001b & van Beekvelt et 2002).

Previous studies have used NIRS to investigateddlloav delivery in the lower limb in
patients with circulatory problems (Kooijman et 4997; Mohler et al., 2006).
Kooijman et al. (1997) stated that NIRS is an dffecnoninvasive method for
assessing claudication following a walking exeraispatients with peripheral arterial
diseases. In addition to this, Mohler et al. (20@6&¥stigated the vasodilatory responses
of the calf muscles to physical activity in dialbgtatients and they reported significant
differences in blood flow delivery when diabetidipats were compared to age
matched healthy individuals. Therefore, mountinglence demonstrates that NIRS is
an efficient non-invasive tool to assess muscleutation in healthy and clinical
population. However: 1) the reproducibility of NIRSquantify BF on different days
was uncertain; and 2) the reproducibility of NIRSassess BF on the lower limb was
unknown. This is the first study that shows thaRBlis a reliable tool to 1) quantify

blood flow on different days and 2) assess blood fbn the lower limb.

Reproducibility of mVO, measurements

There is a debate as to which occlusion methodlghmmuused to assess my®ith a
NIRS device. It has been suggested that the vemmeigsion method should be the
preferred option over the arterial occlusion siiiég less inconvenient for the subject,
the recovery is much faster, and oxygen consumpgiiehblood flow can be measured
simultaneously. Arterial occlusion requires a daoffation of at least 30 mmHg above
the individual systolic blood pressure for approaiaety 45 seconds, which may not be

advisable for patients with circulatory problems.
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In the present study it has been shown that veacelsision is a reliable method to
guantify oxygen consumption on the calf muscle€ @lues show an excellent
reproducibility for within-day reliability (0.86)ral a substantial reproducibility for
between-days reliability (0.68).

In disagreement with the results from the curréudys, van Beekvelt et al. (2001b)
suggested that venous occlusion was not a reliabtbod to assess,©@onsumption
using NIRS. They investigated the reproducibilifymd/O, during three consecutive
venous occlusions (within day) and they found d$igant differences among them by
running a one-way analysis of variance for repeatedsures. It was therefore
concluded that because no differences were expeatétke basis of physiological
background the venous occlusion method was nathilelito measure mviO
Interestingly, Beekvelt et al. (2001b) measuredsti@e muscle (Flexor digitorum
superficialis) using two different inter-optodetdisces, 35 and 50 mm. They found that
a distance of 50mm generated reproducible restieseas and distance of 35mm did
not. Although the mvV@measurements using an inter-optode distance ofrb@ere
considered reproducible, a CV of 25.4% was reposteidh is considerably higher that
the 14.4% observed in the present study. Nearrgdrapectroscopy light travels in a
“banana shape” from the source to the detectorfladaximum penetration depth is
roughly half the inter-optode distance (Homma et1#196). Therefore, a possible
explanation for the conflicting results observedeekvelt's study, compared to the
present investigation, is that an inter-optodeaglis¢ of 35mm may have not been
appropriate to measure the Flexor digitorum supieifs and could have compromised
their results. In the present investigation, th&8lldevice was applied on the bulk of
the MGast using an inter-optode distance of 40mumthEérmore results from the
present investigation (using the venous occlusiethod to quantify mVg) show a CV
of 14.40%, which is comparable with the CV of 16.8%borted by Beekvelt et al.
(2001) when assessing mY@sing the arterial occlusion method. This confithest

venous occlusion is a reliable method to measur®mV

Expectedly, results from the present investigasioow that CV values for musculap O
consumption were consistently higher when calcdlattween days (22.80%) than
when measured within the same day (14.40%). HowdverCV obtained in the present

study for between days is in agreement with CV esleported in the literature when
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mVO, was determined using the considered “more reliarkerial occlusion method
(Kragelj et al., 2000). Kragelj et al. (2000) refgara CV of 22.3% when O
consumption at rest was assessed on the distabfghit foot on four to six different
days using arterial occlusion. In addition to thé&in Beekvelt et al. (2002) published a
CV of 17.6% when mV@measurements were carried out three times onaepdays.
Therefore, our results show for the first time tthegt “preferable” venous occlusion
method is reliable to measure myi@ the calf muscle within the same day and

between days.
In conclusion, the present results suggest thatugoncclusion is a reproducible

method both within day and between days to quabtdgd flow and muscular oxygen

consumption in the MGast using an inter-optodeadis¢ of 40 mm.
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Reliability studies for “EMD” determination

Electromyography is a non invasive method to meathe electrical signal associated
with the contraction of a muscle (Winter et al.09D Hence, EMG data provides with
useful information about to the timing and relatintensity of muscular function during
different conditions, and has played a very impurtale in the understanding of
human movement over the last decades (Perry & Bldnf010). However, the EMG
signal refers to the electrical event producedhgyrhuscle and not to the mechanical
output (force) (Winter et al., 2009). The time tzgween EMG activity and force
production is called electromechanical delay (ENDJl it is suggested to include the
propagation of the action potential over the musatenbrane, the excitation-
contraction coupling process and; the stretchindp@fseries elastic component by the
contractile element (Cavanagh & Komi, 1979; Nordeal., 2009). Therefore, there is
little doubt that EMD should be taken into consatiem when attempting to associate
EMG signal and muscle function. Otherwise the mtiah of segmental movement

from EMG data could be mistimed and could lead isinterpretations.

The question remains how to better account fotithe delay between muscular
activity and force production when attempting tegdct muscular function from EMG
data. Previous investigations have reported difiegs in EMD values due to the type
of muscle contraction (Cavanagh and Komi, 1979)ransgement velocity (Howatson
et al., 2009). This suggests that the task usedltulate EMD values should be the
same as for the EMG analysis. Since in the pregtadlyy EMG traces were investigated
during gait, it appears ideal to determine EMDtfar different muscles under
investigation during walking. For this reason aatgility study was carried out to
determine the reliability of a novel approach tted@ine EMD for the plantar-flexor
muscles during gait. However, the instrumentatiseduduring gait only allows the
measurement of the forces generated by the plfetaon (PF) muscles whilst the
forces produced by the dorsi-flexion (DF), kneeeasion (KE) and knee-flexion (KF)
muscles were not be determined. For this reasathanapproach to determine EMD
values for all the muscle groups during isometaotractions was also investigated.

The next sections present the 2 reliability studeasied out prior to the main study to
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determine the reliability of two different approashto investigate EMD 1) during

isometric contractions; and 2) during gait.

4.2 Electromechanical delay determination during
iIsometric contractions.

4.2.1 Introduction

When EMD is determined as the time delay from tihget of muscular activity to the
onset of force production (definition of EMD), EM&Rd torque production signals are
synchronised at the beginning of the muscular eatitn (the timing at the beginning
of the muscular output is accurately predictedieyEMG signal). However, if the
relationship between tested muscle/s EMG and tla¢jtmnt moment is not linear then
the prediction of muscular output from EMG signalynibe inaccurate later on during
the contraction. This obviously will compromise theerpretation of the EMG data in
relation to movement. Many studies have intendgatédict mechanical output on the
basis of EMG signal (Amaranti & Martin, 2004; Hdfad., 1987; van Zandwijk, et al.,
2000). However, there is not a general consensughether there is a linear
relationship between EMG and force production edring isometric conditions. Hoff
(1997) stated that in isometric conditions theraisially, a linear relationship between
muscle force and EMG data. In contrast, Metral &<2a, (1981) found a linear
relationship between these traces only during lterisity (< 50%) whereas above that
intensity the relationship was not linear. Thisgests that accounting for EMD does
not fully resolve this issue and EMG cannot estémaechanical output during

sustained contractions.

Following this logic, it is reasonable to think thastead of calculating time differences
from onset of muscular activity to onset of foreeduction (EMD), the calculation of
the mean time differences between EMG and isokirtztia during the whole
contraction may be more meaningful in this conteXtoss-correlation is a
mathematical solution that provides the average tifferences between two traces
over a period of time. However, to the best of mpwledge, no study has investigated

the reliability of this method to assess time défeces between EMG data and
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isokinetic dynamometer data. For the purpose dfithiestigation the term “EMD”
refers to the average time differences between BE¥dforce data. However, EMD is
usually defined as the time lag between the orfssiuscular activity to the onset of

mechanical output.

In the main study of the present thesis EMG dat wsad to investigate muscular
activity patterns during gait in healthy subjeets,well as in patients with DN. For this
reason the reliability of this new approach to gkdte “EMD” was investigated both in
healthy and DN subjects. An additional aim of thespnt study was to investigate
“EMD?” differences between healthy individuals aratipnts with DN. To the best of
my knowledge no study has investigated whetherestbwith DN show differences in

EMD values compared to healthy counterparts.

Thus, the aim of this investigation was twofoldtd assess the reproducibility of cross-
correlation to calculate “EMD” during 3 maximal isetric voluntary contractions in
healthy as well as in DN patients; 2) to inveseg&MD” differences between healthy

individuals and diabetic patients.

4.2.2 Methods

Subjects

78 volunteers participated in this study of whi¢hwviere diagnosed with DN (DN
group) and 25 were healthy (HEALTH group). The gtues approved by the Cardiff
and Vale NHS Trust Research & Development Office thie South East Wales Local

Research Ethics Committee and all subjects gawewhigten consent.
The subjects characteristics were 62.20+ 7.55 yafaage, 169.1+ 9.8 cm in height, and

93.03% 17.47 kg in body mass for the diabetic grang 57.76+ 10.60 years of age,
171.1+ 8.6 cm in height, and 78.63% 9.56 kg in bowss for the healthy group.
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Procedures

“EMD” was assessed during 3 maximal isometric cattons for the knee extensors,
knee flexors, ankle dorsi-flexors and ankle plafitxors. Ankle PF and ankle DF
measurements were carried out with the subjecg lglimwn on a supine position. The
right leg was semi-extended (30°% 10 flexion) wiite ankle fixed at 15° plantar-
flexion. The external malleoli was placed in linghthe rotation axis. This position
was chosen to maximize the muscular activity indéé muscles during the PF. KF and
KE were tested with the subject seated in an upgghition (90° hip flexion) with their
knees flexed to 90° and 70°, respectively. The teghwas secured into an
instrumented cuff positioned at a point a few geetres above the ankle joint with a
stabilization strap across the femur of the rigit |A seat belt was used to secure the
subject in the sitting position and prevent theamfraltering their position during the
data collection. The moment arm distance was recbathd used when processing

strength data for all 4 movements.

Prior to data collection, a warm up period was qaned. To increase body temperature
and therefore reduce the risk of muscular problsues as cramps, participants were
asked to ride an indoor bike for 5 minutes at amdasing (moderate) pace. Once, on
the isokinetic dynamometer device (on the positiescribed above), they performed 15
contractions for 2 seconds at different levelsnoémsity (40% and 60%). Data
collection consisted in three maximal voluntary tcactions (MVC) per movement over
a 3 second periods. Each contraction was followyed 80 second rest period before the
next MVC. Altogether 12 MVCs were recorded.

EMG device

EMG data was recorded using surface electromyogrépdieMyo™ 2400T G2
Transmitter, Noraxon Inc., Scottsdale, Arizona, Y®A the VL (knee extersor
muscle), biceps femoris (BicFem) (knee flexor mescT A (dorsi-fkexir muscle) and
TS (plantar-flexor muscle) of the right lower limibS EMG activity was calculated as
the sum of the MGast, lateral gastrocnemious (LGasd soleus EMG activity. EMG
data was recorded at 1500 Hz using bipolar suagAgCL electrodes with a
conductive area of 10 nfnfKendall Meditrace 230; Tyco Healthcare, Hampshire,
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PO13 0AS, UK). The diameter of the electrodes v@amfin, and the inter-electrode
distance was 37 mm. EMG data was collected andisasiag the MyoResearch XP
Clinical Application software (Noraxon Inc, Noraxbrc., Scottsdale, Arizona, USA).
EMG data processing was performed using a purpogemvprogramme in Matlab
(R2007a, Mathworks, Natick, USA). The raw EMG signas full wave rectified and
low pass filtered using a second order Butterwbiltigr with a 50 Hz cut off frequency

to create a linear envelope that was used fordudhalysis.

Isokinetic dynamometer device

The KINCOM dynamometer (KinCom 125E plus; Chatt€dxfordshire, UK) was

used to measure maximal isometric strength. TheGON dynamometer was
connected to The TeleMyo™ 2400R receiver via antigmalog channel. Data was
collected and saved using the MyoResearch XP @lidipplication software. Further
processing of the data was performed using a panpoigten programme in Matlab.
Further information about the instrumentation getan be found in Chapter 4 (Section
5.4.1.2).

Calculations

A written-purpose Matlab programme was developechtoulate the time differences
between EMG an isokinetic data. The cross-corgdtinction available in the Matlab
programme was used to determine time differenctgdem the traces during the
isometric contractions. Thus, VL, BF, TA and TS EMGivity was investigated in
relation to isokinetic data during KE, KF, DF anll Reasurements, respectively.

Figure 4-2 shows an example of both EMG and famees processed with Matlab.

Statistics

Systematic bias for within-day reliability data wessessed by a one-way ANOVA for
repeated measures. The within-subject variabilig walculated as the CV for each
subject [(SD/mean)*100]. The within-day reprodiilijp was determined by
calculating the ICC. The same statistical testsevagplied when assessing the
reproducibility during the different types of camttion. In addition to this, an

independent t-test was carried out to assess eliftess in “EMD” values for the
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different types of contractions between the DN EIRGALTH group. The level of
statistical significance was set a(Qo05. All analyses were performed with SPSS

version 16.0.

Figure 4-2. Example of EMG and Force data processedith matlab to calculate “EMD” values
during isometric contractions

N / \
Contraction
time " B
N a B f/,\

r Al I L

Note: The blue line represents the EMG trace aadlack line represents the force generated in the
KINCOM machine. The red line represents the perahgting which the differences between both traces
were investigated.

4.2.3 Results

All the results for within-day reliability measuremts are shown in Table 4-5. No
significant differences between within-day measiwests were observed for any of the
muscle groups (KE, KF, DF, PF) both in the HEALTht&DN groups. The relative
variability within-subjects (CV) was 9.21% durind=P12.68 % during PF, 13.77 %
during KE and 14.96% during KF in the HEALTH groaipd 13.11% during DF,
13.15% during PF, 15.43% during KE and 16.62% duki in the DN group. ICC
values of 0.68 and 0.62 during DF, 0.75 and 0.65duWPF, 0.61 and 0.64 during KE
and 0.62 and 0.60 during KF were observed for tRAHTH and DN groups,

respectively.
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Furthermore, Figure 4-3 presents the results weigjard to the differences in “EMD”
values for the different group muscles betweerHBALTH and the DN group.
“EMD” during DF is the only value that significapttliffered between both population
groups (p<0.001). Thus, the DN group reported &manitly higher “EMD” values
(67.31+ 21.19) compared to the HEALTH group (142:243.40).

Table 4-5. Within-day reliability for “EMD” calculat ions during isometric contractions

Mean over 3 Anova
Rep (ms) p value CVH ec
Dorsi-Flexion
HEALTH (N=25) 142.24+ 13.40 0.659 9.21 0.68
DN (N=53) 167.31+21.19 0.579 13.11 0.62
Plantar-Flexion
HEALTH (N=25) 204.95+ 26.7% 0.426 12.68 0.75
DN (N=53) 206.98+ 26.08 0.101 13.15 0.65
Knee Extension
HEALTH (N=25) 110.34+ 15.16 0. 759 13.77 0.61
DN (N=53) 119.76+ 18.1% 0.572 15.43 0.64
Knee Flexion
HEALTH (N=25) 116.16+ 17.35 0.625 14.96 0.62
DN (N=53) 107.83+19.17 0.735 16.62 0.60

#Values are mears SD.
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Figure 4-3. “EMD” values calculated during isometic contractions: Comparison between the
HEALTH and the DN group?

250
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w i
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w
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Type of contraction

#Mean and standard deviation (SD) (error bar) jigificance value is less than 0.01 level (2-tgiled

4.2.4 Discussion

The present investigation demonstrated that crog®lation is a reproducible (within-
day) technique to calculate “EMD” values during &ximal isometric voluntary
contractions in healthy as well as in subjects \Witth This is the first study that

demonstrates that EMD values may be affected by DN.

Reliability

“EMD” values for PF, DF, KE and KF showed substahivithin-day reliability both

for the healthy and DN group (Landis & Koch, 197QC values in the health group
ranged from 0.61 during KE to 0.75 during PF whiRT values in the DN group
ranged from 0.60 during KF to 0.65 during PF. Thresailts demonstrated that cross-
correlation is a reliable approach to calculataaye time differences between
muscular activity and force production traces aveeriod of time during maximal
isometric contractions. However, the CV values imled in the present study, which
ranged from 9.21% (DF) to 14.96% (KF) in the HEALGkbup and from 13.11% (DF)
to 16.62% (KF) in the CN group, were substantialtyher than the CV values reported

by Howatson et al. (2009) when assessing EMD irethew flexors during isometric
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contractions (CV 3.1%). To the best of my knowledgewatson et al. (2009) is the
only study that has assessed the reliability afrélar approach to calculate EMD.
Furthermore, Howatson et al. (2009) reported EMDeas of 58.35 ms while in the
present investigation “EMD” values ranged from 1€ during KE to 210 ms during
PF in the HEALTH group. It is likely that methodgioal differences may explain the
diversity in these results. For instance, Howatsad colleagues (2009) calculated
EMD as the time differences between EMG onset antefproduction onset. Since the
present study used a longer time frame to deteriEMB (whole contraction versus
onset), and considering that the relationship bemaauscular activity and force
production may be non-linear at maximal intensifidetral & Cassar, 1981), it is
logical that results from the present study shoghér CV compared to Howatson et al.
(2009). Furthermore, differences in the approadifetermine EMD values (whole
contraction versus onset) may also partly explangreater EMD values found in the
present investigation compared to Howatson’s stMdyral & Cassar (1981)
investigated the relationship between force and EMtBe forearm (biceps brachii)
when working at different intensities. They founltingar relationship between those
traces between 0 and 50% of the maximum force vatiferces greater than 50% the
relationship was non-linear. They reported thatstbee of the EMG signal was steeper
than the one from the force and this became mormob at intensities near the
maximal force. This finding may partly explain whiptwatson et al. (2009), who
calculated EMD at the onset of the contractionnfblower EMD values compared to
the present study, in which “EMD” values were cédted over the whole contraction.
This finding is particularly important since it sggpts that EMD values calculated at the
onset of the contraction may represent EMD valugsg the whole contraction. This
highlights the usefulness of this new approactatoutate “EMD” when attempting to

predict muscular function from EMG data during atained contraction.

Overall, the present study demonstrated that & approach to determine the time
differences between EMG and force production dutimegwhole contraction is
reproducible. Furthermore, this method may resuét more accurate estimation of the

mechanical output timing from EMG data during pr@ed activities.
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EMD differences between healthy and DN subjects

Several investigations have demonstrated diffeeimc&MD values due to gender
(Winter & Brookes, 1991), after ligament reconstiae (Kaneko et al., 2002), in
response to a training programme (Grosset at@09)Y and in case of neuropathies
(Granata et al., 2000). This is the first invedfyareporting that EMD may be affected
in patients with diabetic neuropathy. The presandysshows that “EMD” values for
the TA muscle during DF were significantly highpg(.001) in the DN group (167.31)
compared to HEALTH group (142.24). However, no gigant differences were found
during PF, KE or KF.

According to Richardson et al. (1992), the firstvaeto show electrophysiological
alterations due to diabetic motor neuropathy idfithdar nerve, which innervates the
TA. This may explain why the TA is the only musttiat shows significant differences
when comparing “EMD” values between healthy indidts and patients with DN.
This finding in the context of EMG data processim@articularly important since it
highlights the importance of calculating individi&¥D values in DN subjects when
attempting to estimate muscular output from EMGdERor instance, if this finding is
related to EMG activity during gait, a longer EM®axpected to bring the activation
patterns forward. Since the time lag from activatbmset to muscle production is

longer muscle activation is expected to occur earli

Overall the present investigation demonstratedHerfirst time changes in EMD values
in DN subjects when compared to healthy individu@lss highlights the importance of
assessing individual EMD values when attemptingstimate muscular output from
EMG data, especially when comparing populations different EMD values such as
DN.
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4.3 Electromechanical delay determination for the p  lantar-
flexor muscles during gait

4.3.1 Introduction

Howatson et al. (2008) investigated EMD valuesruisometric and isokinetic
contractions and they found that EMD was somewhattsr during isometric
compared to isokinetic contractions. They repovi@des of 57+ 5.5 ms and 72.3+ 8.9
for isometric and slow isokinetic contractions,pestively. In addition to this,
Cavanagh & Komi (1979) found that the EMD underesttc contractions (49.5 ms)
was significantly shorter than during concentricveroents (55.5 ms). These findings
suggest that EMD values determined during isometii@itions may not represent

EMD values during more dynamic conditions such akking.

Some studies looking to estimate muscular forcas EMG recordings have skipped
the problem of calculating EMD and focused on thd@larity between EMG and joint
moment traces (Hof et al., 1987; Metral & Cass8B1). It is generally believed that
the TS muscle group, which consists of the soledsgastrocnemious muscles, is the
main responsible for the PF of the ankle (Wint@0Q2. Furthermore, the ankle moment
during the stance phase of gait is believed totiative of the torque generating
capability for the plantar-flexor muscles (TS) (\¢in 2009). Some studies have linked
EMG and kinetic data during gait by synchronisind@& activity patterns with the joint
moments obtained when walking over a force platf@idof et al., 1987 & Metral &
Cassar, 1981). However, to the best of my knowledgestudy has investigated the

reliability of this approach.

In this study “EMD” was defined as the time delaym the peak muscular activity of
the TS to the max vertical GRF generated on thefdot during the second half of the
stance phase. This approach may allow the synctatiomn of EMG (TS) and kinetics

data accurately during gait.

In the main study of this thesis EMG data was mesakto investigate muscular activity
patterns during gait in healthy subjects and ptgiaith DN. For this reason the

reliability of this new approach to calculate “EMWas investigated both in healthy
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and DN subjects. An additional aim of the preséudyswas to investigate “EMD”

differences between healthy individuals and patievith DN during gait.

Thus, the aim of this investigation was twofoldid assess the reproducibility of a new
approach to calculate the time differences frompisgk TS muscular activity to the
max GRF during the push off phase of the gait gy2leto compare “EMD” values
during gait between healthy individuals and patiemith DN.

4.3.2 Methods

Subjects

78 volunteers participated in this study of whiéhviere diagnosed with DN (DN
group) and 25 were healthy (HEALTH group). The gtuds approved by the Cardiff
and Vale NHS Trust Research & Development Office thre South East Wales Local

Research Ethics Committee and all subjects gawewhigten consent.

The subject characteristics were 62.20+ 7.55 yefaage, 169.1+ 9.8 cm in height, and
93.03+ 17.47 kg in body mass for the diabetic grang 57.76+ 10.60 years of age,
171.1+ 8.6 cm in height, and 78.63 + 9.56 kg inyoothss for the healthy group.

Protocol

Participants were asked to walk barefoot at thedfrselected speed on a 9 meter
walkway. Before data acquisition, the subjects viresgucted to walk freely on the
walkway to reproduce their normal gait and to adajphe laboratory environment.
Multiple trials were permitted to allow the subgtd practice walking without visually
targeting the platform surface. The testers adaghedubjects starting position to
ensure the platform was always hit on the fourtip.sData was collected over 5 trials

for the right foot.

EMED platform

Ground reaction forces were measured with the ENdE&Eform (EMED-m, Novel

GmbH, Munich, Germany). The platform was positioteek| with the floor at the
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midpoint of the 9 meter walkway. The platform dstsof a matrix of 3840 force
transducers that are uniformly distributed in a@vaof 24 x 38 cm. The platform has a
resolution of 4 sensors-&with a sampling frequency of 50 Hz. The sensorshav

pressure range from 10 kPa to 1200 kPa.

The data was processed and analysed by Novel Sef(Mavel 13.3.42, Novel GmbH,
Munich, Germany). Using this software the instaoteoll over process (in
milliseconds) in which the maximal vertical GRF oz during the push of phase was

calculated.

EMG

Muscle activation patterns during walking were réleal using surface EMG
(TeleMyo™ 2400T G2 Transmitter) on the MGast, LGaed soleus of the right lower
limb. EMG data was recorded at 1500 Hz using bipslaface Ag/AgCL electrodes
with a conductive area of 10 MnThe diameter of the electrodes was 18 mm, and the
inter-electrode distance was 37 mm. EMG data whsated and saved using the
MyoResearch XP Clinical Application software. EM@tal processing was carried out

using a purpose written programme in Matlab.

Data Processing and Calculations

A purpose written Matlab programme was createditoutate the time delay between
the peak muscular activity of the TS (calculatethassum of the MGast, LGast and
soleus EMG activity) and the max vertical GRF gatent on the forefoot during the
second half of the stance phase. As discusse imtitoduction, it is believed that the
TS muscle group is the main responsible for th@ftke ankle. This suggests that the
vertical GRFs during the stance phase are originfaten the TS.

The raw EMG signal was full wave rectified and Ipass filtered using a second order
Butterworth filter with a 50 Hz cut off frequenay treate a linear envelope that was
used for further analysis. To be able to relate EAtGvity to the GC, EMED data and
EMG data were collected simultaneously. See Ch&p{8ection 5.4.1.1) for more

information about the instrumentation set up dutirg task. Therefore, EMG data
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could be processed in relation to the heel sttikaddition to that, the instant of the

max vertical GRF was calculated by Novel Software.
Figure 4-4 shows a graphical representation of timitime delay between the peak

muscular activity of the TS and the max verticalfFsgnerated on the forefoot during

the second half of the stance phase was calculated.

Figure 4-4.0Overview of the “EMD” calculation for the TS muscleduring gait

‘ic lmﬁmtﬂi‘fﬂMFMFuu
. “EMD”
L Instant of | "
Max Activity | /|
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: | Max Force
.
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. % Gait cycle |

Note: The black line represents the EMG activitytfee TS muscle during the gait cycle. The greema li
shows the instant of the maximal vertical GRF.

Statistics

Systematic bias for within day reliability data wassessed by a one-way ANOVA for
repeated measures (5 measurements). The withieetwgriability was calculated as
the coefficient of variation for each subject [(8i&an)*100]. The within-day

reproducibility was determined by calculating tR&Cl In addition to that, an
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independent t-test was used to assess group difiesen EMD values during PF. The
level of statistical significance was set a05. All analyses were performed with
SPSS version 16.0.

4.3.3 Results

Results for within-day reliability measurements sinewn in Table 4-6. No significant
differences between within-day measurements weserebd both in the HEALTH
(p=0.22) and DN (p=0.24) groups. In addition tct tine relative variability within
subjects (CV) was 19.01% for the HEALTH group aBdd2% in the DN group. An
ICC of 0.89 and 0.77 was observed in the HEALTH BiNIgroups, respectively.
Figure 4-5 shows the results from the independestf which investigated differences
in EMD values between the HEALTH and the DN grolipus, results from the present
study show significantly higher values in the Do compared to the HEALTH

group when EMD were calculated during gait.

Table 4-6. Within day reliability for "EMD” calculat ions for the PF muscles during gait

Mean over 5 Anova
CV% ICC
Rep (ms) p-value
Peak to Peak
HEALTH (N=25) | 129.28+ 69.62 | 0.222 19.01 0.89
DN (N=53) 224.77+ 67.85 | 0.245 13.92 0.77

#Values are mearss SD.
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Figure 4-5. “EMD” values for the TS muscle calculagd both during isometric and gait conditions:
Comparison between the HEALTH and the DN group
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&Mean and SD (error bar); **Significance valuedsd than 0.01 level (2-tailed).

4.3.4 Discussion

Results from the present investigation demonstratgdod reproducibility of this
method to calculate “EMD” during gait. Furthermoresults from the present
investigation show that “EMD” values in the plantixor muscles during gait were
affected by DN.

Results from the present investigation show thdCE, calculated as the time delay
from the peak muscular activity of the TS to thexrGRF generated during the push
off, is a reproducible solution to estimate musicolaput from EMD recordings. An
ICC value of 0.89 and 0.77 for within-day measuretaéor the HEALTH and DN

groups respectively, demonstrated that the repibilitic of this approach to estimate
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“EMD” was excellent for the HEALTH group and subsial for the DN group (Landis
& Koch, 1977).

Furthermore, the present investigation showed fogmit differences in “EMD” values
between the HEALTH and the DN group. Interestingtg previous section, which
estimated EMD values in the same muscle group gusimmetric contractions, did not
find group differences. Although this is a remaikdinding the understanding of these
results go beyond the purpose of this prelimingugys This finding in the context of
EMG data processing highlights the importance eésasing individual EMD values
when attempting to estimate muscular output fronEdhta, especially when

comparing populations with different EMD values sas DN.

Overall, the present investigation demonstratetittteasynchronization of EMG and
kinetics data is a reliable approach to estimateaular output from EMG data during
gait. In addition to that, it appears that EMD determined during isometric
conditions may not represent EMD values during noiyrgamic conditions such as
walking. For this reason during the main study EMHlues for the PF muscles will be
calculated during gait using the approach testedisnsection. However, EMD values
for the DF, KE and KF muscles will be calculatediny isometric contractions using

the method evaluated in the previous section (set&dh 4.2), as absence of appropriate

force measuring devices prevented DF, KE, and Kmerds being calculated.
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CHAPTER 5

5 Methods- Main study- Part 1 and 2

This chapter outlines the methodology for Part d 2mf the main study. Part 1 of the
main study followed a comparative case-controlstilgkign to investigate differences
between patients with diabetic peripheral neuropéitiN) and matched healthy
controls (HEALTH) in general health outcome measpgait characteristics,
microcirculation and QOL. Part 2 followed a quasperimental test-retest intervention
study-design to investigate the effect of a 16-wgleksical activity programme on
general health outcome measures, gait charactsristicrocirculation and QOL in

patients with DN.

Part 1 and part 2 of the main study were not inddpet of one another. Therefore, the
volunteers from the DN group from the cross-seai@omparative study were
included in the intervention study (see Figure 5P8rt 1 and 2 followed the same
experimental protocol and used the same outcomsuresa Therefore, sections on
instrumentation, experimental procedures, datagasing and ethical considerations
apply to both parts whereas sections on the stadigd, sample size (from recruitment

to study completion) and the statistics are preskfdar each part separately.

5.1 Study design

Part 1

To address the hypotheses for part 1 of the maglysa case-control cross-sectional
comparative study design was carried out. Thisystlesign is commonly used to
compare patients who have a disease or outconmtenést (the “cases”) with patients
who do not have the condition, but are otherwisglar (the “controls”) (Rose &
Barker, 1978). Furthermore, it allows for potentahfounding factors to be controlled
by measuring them and making appropriate adjussrierthe analysis (Rose & Barker,
1978). In this study, age, height, sex and bodysmase identified as potential

confounding variables.
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Part 2

A quasi-experimental, test-retest, interventiomadlg design investigated the effect of a
16-week physical activity programme on the multipéalth problems associated with
DN including general health, gait and microcircatgtparameters as well as self-
reported QOL in DN patients. Two groups were coragaver time; an exercise (EXE)
group, which participated in the exercise programame a control (CON) group, which
was not provided with any intervention. Randomgsain the present study was based
on the patient’s preferences and therefore carmotbed an experimental randomised
control trial (RCT). Randomisation based on patmeterences is considered an
acceptable randomisation method when patients $taweg preferences for one
intervention group or the other (Campbell, et2000; Craig, et al., 2008).

Random allocation increases internal validity anidimise the selection and testing
bias related to pre-testing subjects with the keolgk of group allocation (Craig et al.,
2008). However, the main problem of RCTs is if bstantial proportion of patients
refuse the allocation group, and as a consequefieeedces in outcome may be
obscured (Rose & Baker, 1978). In addition to,thisay also result in a high number
of drop outs, which may compromise the power ofsiuely (Bratcher et al., 1970). It is
noteworthy that previous studies have reported haggs of drop-out in PA intervention
in diabetic populations (Thomas et al., 2006). €fme, a study design which allowed
participants the opportunity to choose in whichugréhey wanted to be included was

used for the present investigation.

Due to the nature of the study design and sincgaraisation was based on the
patient’s preferences, it was impossible to blimg participants to the intervention
group they were allocated to. Since the vast mgjofithe outcome measures were
calculated quantitatively by computerised systatwgas not considered necessary to

blind the tester with regard to which interventgmoup participants were allocated.
The subjects were tested on two visits split bgaviek period. Between the two visits,

the EXE group carried out a structured physicavagtprogramme whereas the CON

group continued as before.
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Figure 5-1. Overview of the study designPopulation groups:Neuropathic group (DN) and healthy group (HEALTH); Intervention groups:exercise group (EXE)
and control group (CON); Tests T1 (pre-intervention measurements) and T2 ( Poshtervention measurements).

Cross-sectional Interventional study
StUdy EXE= 21
DN T2
53 CON= 20
N=78 T1
25
HEALTH
Pre- intervention INTERVENTION Post- intervention
- (16-weeks -




5.2 Intervention

The study was a semi-controlled interventional gtudd which participants were asked
to both attend supervised training sessions andrgochome-based exercises for 16

weeks. All the supervised sessions took placedrotitpatients physiotherapy gym at
the University Hospital of Wales (UHW). Permisstoruse the facilities was obtained

from the Head of Department.

Each supervised session lasted approximately ldraimcluded 10 minutes warm up,
40 minutes resistance training using resistandeiigamachines, and a 10 minute cool-
down. During warm-up and cool-down phases flexipiind stretching exercises were
included. In addition to this, during cool-down ariety of foot mobility exercises were
included for at least 5 minutes. Subjects were cdiskgerform 2-3 sets of 8-12
repetitions on each machine per session. 5 differegrcises were carried out each
session to work out all main muscles on the loweb$. The resistance training
protocol was designed to provide progressive irsge#n volume of approximately
10% every two weeks. However, to minimise the aglnjury and overtraining (Fleck

& Kraemer, 1997), volume was reduced by approxityé@@% during weeks 7 and 16.
In the present study, individual volume was cal@daveekly in order to ensure that the
appropriate amount of training was completed fahesubject. Volume was calculated
by adding the amount of kilograms lifted per mugpieup per week. Training
intensities during weeks 1-8 were set up at 60-88f ¥RM (percentage of a one
repetition maximum contraction), whereas intensitlaring weeks 9-16 weeks were
programmed at 70-80 of 1RM. 1-RM testing was regebat week 8 to establish a new
baseline. All subjects were required to performheapetition in a slow, controlled

manner, with a rest of 75-120 seconds between sets.

Home based exercises included 2 sets of 12 repeditargeting the major muscle
groups on the upper body. These exercises weredaut using a resistive exercise
band (Thera-band, UK). In addition to this a variet joint mobility exercises targeting
all the main joints were also included in the hdmsed programme (see Appendix 2).
All the participants were required to exercisecatt 70% of all the sessions in order to

be included for analysis. In order to control tleerie-based training programme, each
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participant was provided with a diary which theyrevasked to fill out daily. Every
week each participant was asked to bring the diarthe home-based session could be
inspected and therefore controlled. However, it olagerved early in the intervention
that the dairy was not a reliable tool to controfrie exercises. For instance, some
participants who reported in the dairy that thegcgssfully completed the home
exercises did not remember the exercises or hathiesesistance exercise band. For
this reason home exercises were left optionalHfermparticipants. Therefore, the
inclusion criterion for the participants to be imtkd in the analysis was at least 70% of

all the gym based sessions.

5.3 Subjects

The characteristics of the subjects who were idviteparticipate in the study are

specified below.

5.3.1 Inclusion Criteria

The inclusion criteria for the subjects with didbeteripheraheuropathy were:

» Diabetic peripheral neuropathy (inability to det#0tg monofilament in at least
one of four plantar areas)

* Age (45— 70 years old)

* Type 2 diabetes + non insulin dependent

» All the participants should be capable of walkingependently to perform their
activities of daily life without a walking aid

» Corrected vision 20/20

The inclusion criteria for the healthy growere:

* No diabetes

» Age (45— 70 years old)

» All the participants should be capable of walkingependently to perform their

activities of daily life without a walking aid
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5.3.2 Exclusion Criteria

The participation criteria were framed to excludéividuals with conditions that could
affect the outcome measures under investigatiogpeddently of DN. Since one of the
aims of the study was to investigate gait charasties, people with foot deformities,
which are known to affect gait parameters, werdugbed from the study. Similarly,
people with peripheral vascular diseases or takiadications that could affect
circulation were also excluded from the preseng¢dtigation since they may have an
effect on the microcirculation. In addition to this avoid any adverse effect during
either the data collection or the physical activitiervention subjects suffering from
cardiac or lung diseases, uncontrolled blood pressurrent ulcers or other
neuropathic complications were also not invitegdaticipate in this study. People with
high levels of physical activity were excluded fréime study since physical activity
may have a direct effect on many of the outcomesomes under investigations
including general health microcirculation, gait andtal health. Subjects involved in
PA programmes are less sensitive to long-term eesinduced adaptations, which
may compromise the results from the interventiomlgt A more detailed description of

the exclusion criteria can be found below.

The exclusion criterifor the_subjects with diabetic peripheral neurbgatere:

* Foot deformities
o Charcot foot
0 Osteomyelitis
* Ulcers
0 Previous ulcers must be prior to 3 months befoeesthdy starts.
o All previous ulcers must have been superficial jpoe, tendons or
cartilage must have been affected)
» Peripheral vascular diseases
o Patients with a history or any symptoms of peripheascular disease
(pain in calf after walking 100 yards)
» Severe cardiac or lung diseases
0 History of cardiac events (i.e. heart attack, stf@ngina pectoris)
0 History or clinical evidence of cardiac abnormaliggmplications) (i.e.

arrhythmias, heart blockage)
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o Patients taking medications that may affect theliogascular system
(i.e. vaso-active agents).
0 Severe lung diseases
» Other neuropathic complications
0 Retinopathy
* Glaucoma (High blood pressure)
0 Nephropathy
» Clinically diagnosed nephropathy
» Serious history of kidney failure (dialysis)
o Patients with severe painful forms of diabetespt@ial neuropathy
» Patients with high blood pressure not controlledr®dication
» Patients with any major neurological and/or musakeletal impairment other
than those resulting from diabetic foot complicatio

* People who underwent regular physical exercise

The exclusion criterigor the_healthy grouprere:

» Peripheral vascular diseases
o Patients with a history or any symptoms of peripheascular disease
(pain in calf after walking 100 yards)
» Severe cardiac or lung diseases
0 History of cardiac events (i.e. heart attack, stt@ngina pectoris)
0 History or clinical evidence of cardiac abnormaliggmplications) (i.e.
arrhythmias, heart blockage)
o Patients taking medications that may affect theliogascular system
(i.e. vaso-active agents).
0 Severe lung diseases
» Patients with high blood pressure not controlledri®dication
» Patients with any major neurological and/or musakieletal impairment

* People who underwent regular physical exercise
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5.3.3 Recruitment Strategy

Eligible patients for the DN group were identified the referring cliniciahand given a
brief outline of the study for their considerati@linicians were contacted through two
main routes: 1) Podiatric clinics and 2) Wound hggtlinics in the Cardiff & Vale
Trust. At the podiatric clinics clinicians werentacted via the departmental director,
Mr Scott Cowley, whereas at the wound healing c$irdlinicians were contacted via the
clinical director, Professor Keith Harding.

Patients who were in agreement were then contégtdéite researcher. The first contact
was done by correspondence in which an invitagdted together with an information
sheet explaining the characteristics of the studsevattached (Appendix 3 and
Appendix 4, respectively). They were offered upvto weeks time to decide whether
they were interested in participating in the stuahyd if interested, in which group (EXE
or CON) they would like to be included (see Sectdhto find out more details about
the randomisation process). After this period pgoréints were contacted by phone to
ask them about their decision; if positive an mir was held on the phone to confirm
whether or not the participant was suitable fordhgly (see Appendix 5). If the
interview was successful, an appointment for thewigit the Research Centre for
Clinical Kinaesiology (RCCK) laboratory at Ty De®ant (Heath Park Campus,
Cardiff) was arranged. Once the appointment wasemadonfirmation letter was
mailed to each participant, together with the infed consent sheet (Appendix 6 and
Appendix 7, respectively). During this first vigit the RCCK, an electrocardiogram
(ECG) at rest was carried out on the participamerested in participating in the
exercise programme. If the ECG at rest was witloimtal limits, which was determined
by a qualified anaesthetist who reviewed the EQ@Hjcipants were invited to
participate in the exercise programme. On the dihad, if the ECG was not within
normal limits the participant was referred to thel following consultation with the
clinical supervisor. After the first visit, partgants belonging to the CON group were
contacted again in 16 weeks to arrange the sedsitdosthe RCCK. Further
information about the recruitment strategy candamél in the flow chart presented in

Figure 5-2.

! Note: Clinical data was used by the referringiclan to identify suitable participants (i.e. type
neuropathy, peripheral vascular diseases, histocgrdiac or lung diseases, foot deformity, etc)
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One of the exclusion criteria for the study wasese\(or a history of) cardiac diseases.
However, an ECG on the exercise group was cartiétbaconfirm that participants did

not suffer from any heart condition that could bersened by the exercise programme.

The healthy control group was contacted: 1) fromiagalubs in the Cardiff & Vale
Trust catchment area; 2) from university staff mersband 3) from the DN group.
Participants from the DN group were asked whethgrfamily member without history

of diabetes would be interested in participatinthi|m study as a healthy control.
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Figure 5-2. Recruitment strategy for the patients with diabeticneuropathy
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5.3.4 Sample size: From the recruitment stage to th e study
completion

Initial statistical analysis consultation deterndribat for part 1 of the main study 60
subjects in the DN group and 30 subjects in the HEAgroup were needed. No
additional recruitment was required for part 2haf tain study since volunteers who
participated in the intervention study were obtdifrem the DN group in part 1(see
Figure 5-1 for more information about the studyigies Information about how sample

size was determined can be found in Section 5.6.1.

5.3.4.1Part 1 of the main study

To achieve those numbers recruitment was exterates 2-year period (from April

2008 to March 2010). This period included the réorent of patients with diabetic
peripheral neuropathy as well as the healthy grBaa collection was carried out over
16 months (from January 2009 until April 2010). Timee from the start of recruitment
(April 2008) to the start of data collection (Jaru2009) was spent in creating a pool
of participants (DN group) who were interested anitiable for the study. Prior to the
start of recruitment, this part of the study wapeoted to be completed within 12
months. This time frame was constructed based pargénce from previous research at
the Research Centre for Clinical Kinaesiology (RG@Hkth the same population.
However, due to difficulties in the recruitmentstime frame had to be extended for

another 12 months.

During those two years a total of 425 patients wittbetic neuropathy were
approached in clinics (by clinicians), providedwihformation about the study
(information sheet) and agreed to be contacteagggarchers. Following this first
contact, all participants were contacted by phorfentl out about their decision. If
interested, an interview over the phone was caoigdo make sure they were suitable
for the study. 325 of those 425 candidates (76%isesl to participate or were not
eligible for the study. If the interview was sucsfes, an appointment for them to visit
the RCCK laboratory at Ty Dewi Sant (Heath Park @asn Cardiff) was arranged. The
main motives to refuse to participate in the stagdye: 1) not interested in research and

2) lack of time due to work or family commitment$ie main causes to be excluded
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from the study were: 1) type | diabetes (insulipelaents); 2) history of heart
problems (heart attack or angina); 3) walking diffties (walking aids); and 4) regular

physical activity.

Once the appointment was made a confirmation letssr mailed to each participant,
together with the informed consent sheet. Out efiih0 confirmation letters, sent to as
many individuals, at the end only 58 attended. tiobthose 58 had to be excluded from
the study. 2 people were excluded due to ECG almliies, 1 person due to
uncontrolled hypertension and 2 people since thengwindertaking regular physical
activy. The subjects who did not attend the appeimtmwvere recontacted to find out the
reasons for their absence and to give them therappty to rearrange another
appoinment if still interested. Therefore, 53 paptants with diabetic neuropathy

visited the RCCK for the first visit and were indkd in the DN group for the cross-
sectional study. In summary out of 425 persons wére invited to participate in the

study, only 53 participated in part 1.

The healthy group was recruited in two differemtdiframes. Ten healthy individuals
were measured together with our first DN patieais] the remaining 15 volunteers
were measured at the later part of the study. &aean for leaving half of the HEALTH
group for the end of the study was to match bottugs, DN and HEALTH, on weight,
height, age and gender since those variables nflagice the outcome measures
investigated in the present study. However, it ingsossible to succesfully match both
groups on weight. Due to the characteristics off@aNrgroup, whose mean age and
weight were 62 and 93 kg respectively, it was inifedo find sufficient individuals
with those characteristics and no further heakhes (i.e. diabetes or heart problems).
See results Chapter (Section 6.1.1) for more inédion about the participants
characteristics. In summary 53 subjects were irezluid the DN group while 25
individuals were included in the HEALTH group. S&gure 5-3 for more information

about the recruitment process.
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5.3.4.2Part 2 of the main study

Of the 53 individuals included in the DN group, 2ibjects were then included into the
EX group while the CON group was composed of 2éviddals. During the 16-week
period between visits, 6 participants dropped ounfeach group. Then, 21 subjects
completed the exercise programme in the EXE growp2® individuals completed the
2 visits to the RCCK as controls, which resultedeir22 and 23% of drop outs for the
CON and the EXE groups, respectively. See Figusdd-more information about the

recruitment process.
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Figure 5-3. Sample size from recruitment stage tawwdy completion
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5.4 Data collection

To test the study hypotheses data was collectddwrdifferent domains named
general health, gait characteristics, microciréataind quality of life. Table 5-3
provides an overview of the different measuremeatsed out during data collection
and how they relate to the different domains inges¢d in the present study. As
mentioned earlier, data collection did not diffetseen the cross-sectional and
intervention studies and for this reason this sactipplies to both studies. This section
will start providing some specific information altmome of the instrumentation set up
carried out during the main tasks of the data ctite. Thereafter, the procedures

carried out during the whole data collection wil &plained.

5.4.1 Instrumentation set up

Data collection included three main tasks, durifmgclv 1) gait measurements, 2)
strength measurements and 3) microcirculation meagents were carried out. During
these tasks data was collected simultaneouslydiffitrent equipments. This section

will provide details of the specific instrumentatiset up used during each task.

5.4.1.1Instrumentation set up during gait

During gait analysis, foot-floor interaction and soular activity data were collected
simultaneously. Foot-floor interaction parametarsrdy barefoot walking were
assessed using a pressure platform (EMED, Novelgwiuscular activity on the lower
limb (TA, TS, VL and BicFem) was measured usingielss 8 channel EMG device
(TeleMyo™ 2400T G2 Transmitter). To be able to aately relate EMG data to the
phase of the GC it was necessary to link bothafedsita via a synchronisation box
(TeleMyo™ 2400R G2 receiver, Noraxon Inc., Scotda@lrizona, USA). See Figure

5-4 for a picture of the instrumentation set up.
TeleMyo™ 2400R G2 is a receiver with 8 channelaradlogue input, which allows the
synchronisation of data coming from different s@stcThe EMG device was connected

wirelessly using WIFI technology to the Telemyo @482, which was also linked to a
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computer where data was saved using the MyoResg&t¢Dlinical Application
software. At the same time, the EMED platform wias @onnected via a USB cable to
the TeleMyo™ 2400R G2 receiver. EMED platform sgsignal to the TeleMyo™
2400R G2 receiver when heel strike on the pregdatiorm occurred. Heel strike was
identified when vertical GRF in the EMED platformoeeded 5 Newtons. The number
5 in Figure 5-4 shows the data display in the EM@puter during gait. Thus, the top 6
rows (channels) display EMG activity of 6 differdotver limb muscles while the
bottom row displays the exact moment in time whbecheel strike occurred. As a
result EMG data can be analysed in relation tchied strike. In addition to that, the
EMED platform was also connected via USB cable diffarent laptop, where EMED

data was processed and analysed by Novel Software.

5.4.1.2Instrumentation set up during strength measurements

The KINCOM dynamometer was used to measure maxsualetric strength. During
these measurements EMG data was also collecteglado§MG activity could also be
determined. Peak EMG activity is normally useddonmalise EMG signal to the peak
activity during maximal effort (Perry & Burnfiel®010). Normalisation is a necessary
step during EMG data processing to be able makersénts about the relative intensity
of an EMG signal. In order to be able to synchrericece and EMG data the following

instrumentation set up was carried out:

The KINCOM machine was connected with a cable éoTteleMyo™ 2400R G2
receiver. Simultaneously the TeleMyo™ 2400R G2ikerbEMG data wirelessly via
WIFI and was also linked via a USB cable to the Eb@&puter, where EMG and
KINCOM data were visualised and saved using the Rggearch XP Clinical
Application software. The number 4 in Figure 5-bwh the data display in the EMG
computer. Thus, the top 6 rows (channels) displeEEactivity of 6 different lower
limb muscles while the bottom row displays the éogenerated in the KINCOM
machine. Therefore, EMG data could be analysedlation to amount of force
produced during the MVC.
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5.4.1.3Instrumentation set up during microcirculation
measurements

Muscular microcirculation was assessed using a Nl&gce (Oxymon MK IlI).
Measurements using NIRS were carried out in the®&ed at rest and during an
exercise protocol, which included 14 submaximalristric contractions with the calf
muscle on the KINCOM machine (plantar-flexion a#0f MVC value). However,
since plantar-flexion moment is the sum of the mothgenerated by the different
plantar-flexion muscles (especially the soleus, $iGad MGast), with only the
KINCOM data it is impossible to determine the amtoafrwork coming from each of
those muscles separately. Van Beekvelt et al. (@@ onstrated that muscular
microcirculation during an exercise bout, measimgtlIRS, was dependent on the
intensity of the work of the specific muscle unaerestigation. Thus, in the present
investigation muscular activity on the MGast durihg exercise protocol was measured
together with microcirculation data on the same ateuddence, microcirculatory
responses during the exercise protocol could lagaglo the amount of work coming
from the same muscle. To allow the NIRS and the EN&strodes to be placed on the
same muscle, the EMG electrodes were placed slifgtidral to the medial-lateral
centre of the muscle belly. As seen in Figure 816, position of the electrode was still
on the muscle belly and did not change throughwaittthole measurement. In order to
be able to synchronise: 1) force (KINCOM data)ER)G data; and 3) NIRS data, the
following instrumentation set up was carried oee(§igure 5-5 for a picture of the

instrumentation set up).

The KINCOM machine was connected with a cable éoTtelemyo 2400 G2.
Simultaneously the Telemyo 2400 G2 received EM@ daitelessly via WIFI and was
also linked via a USB cable to the EMG computererglEMG and KINCOM data
were visualised and saved using the MyoResearc@Ixital Application software.
The number 4 in Figure 5-5 shows the data displdiie EMG computer. Thus, the top
6 rows (channels) display EMG activity of 6 diffatdower limb muscles (channel 2
corresponds to the MedGast) while the bottom raspldys the force generated in the
KINCOM machine. Therefore, EMG data could be aredys relation to amount of

force produced by the plantar-flexor muscles dutirgisometric contractions. This
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part of the instrumentation set up is the samep&amed above for the strength

measurements.

The KINCOM machine was also connected with a cabtée NIRS device. This
device has 16 channels of analogue input so additioaces can be added to the NIRS
data. KINCOM data and NIRS data were then inspeaiebsaved together using the
Oxysoft 2.1.2 software. Number 6 Figure 5-5 shdwvesdata display in the NIRS
computer. The green, red and blue traces représtahhaemoglobin content,
oxygenated haemoglobin and deoxygenated haemoglegpectively, while the black
trace at the bottom of the graph represents thénamécal output coming from the
KINCOM machine.

Figure 5-4. Instrumentation set up during gait measrements
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1) The participant with all the EMG electrodes aadrying the EMG device, 2) the walk way were gait
measurements took place. 3) EMED platform in thereeof the walk way; 4) the synchronization box
(Telemyo 2400 R G2); 5) laptop 1 with the “EMG” sedire; and 6) laptop 2 with the “EMED” software.

132



Figure 5-5. Instrumentation set up during microciraulation measurements

NIRS DATA

EMG MGast

N

KINCOM
device

Mo o M e M PP M e e

b b b e be bn o B e e

a7l 8 S S B A P
2

rrn

o somw ol mion A iy wobon st eseod

KINCOM datd

1) Subject carrying EMG device and NIRS devicelKBYCOM machine; 3) the synchronization box
(Telemyo 2400 R G2); 4) laptop 1 with the “EMG” seére; 5) NIRS machine; and 6) laptop 2 with the
“NIRS” software.

Figure 5-6. Picture of the Medial Gastrocnemious vifh the NIRS device and EMG electrodes
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5.4.2 Summary of the procedures

All experimental testing was carried out at theesgsh Centre for Clinical Kinaesiology
(RCCK). A summary of the procedures followed athedata collection session is
presented in this section. Further details of $meciethods can be found at sections

referred to in the flow chart (see Figure 5-7).

Prior to the measurement day, subjects receiveshfrmation letter in which they were
requested not to do unusual physical activity #hBurs before the appointment and to
refrain from caffeine containing drinks on the ddyhe measurements. At arrival at the
RCCK they were welcomed and given a detailed exgtlan of procedures to be
executed. They were also encouraged to re-readftirenation sheet and ask anything
they wanted about the study. After this informaiiveoduction, they were asked to

read and sign the consent form. Once the requivedent documentation had been
completed participants were asked to fill in the3BFquestionnaire as a measure of self

reported quality of life (Luscombe et al., 2000).

Then a general examination was conducted. Thisided foot visual inspection,
anthropometric (height, body mass and body fatg#)ipheral neuropathy (touch
pressure sensation and vibration perception) amadipressure measurements. In
addition blood samples (to analyse cholesterolsamar levels) and a 12-lead ECG at

rest were both taken on the diabetic group only.

Thereafter, skin was prepared to reduce skin impeglduring EMG recondings and
EMG electrodes were placed on the following musclés MGast, LGast, Soleus, VL
and BicFem. Prior to that, skin was prepared taicedskin impedance. Gait analysis
was carried out after. Spatial and temporal pareraetf gait were recorded using a
digital video at 25Hz while foot-floor interactigrarameters were assessed using the
EMED platform system. During gait EMG was useddsess muscular activity patterns
on the TA, TS (MGast, LGast and soleus), VL andBim (see Section 5.4.1.1 for

more information about the instrumentation set upng gait).
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Muscle strength was tested isometrically usingkiidCOM dynamometer on the right
knee extensor, knee flexor, and ankle dorsi-flewmi ankle plantar-flexor muscles.
EMG data was recorded during the strength testmuigtlais was used to calculate peak
muscular activity (see Section 5.4.1.2 for moretinfation about instrumentation set up
during strength measurements). Microcirculation sneaments were carried out
afterwards. Blood flow and muscle oxygen consunmpéi@re assessed on the calf
muscle (MGast) using a NIRS device. These measursmeere performed at rest and
after an exercise protocol, which included 14 sukimal isometric contractions with
the calf muscle (plantar-flexion at 50% of MVC walcalculated during muscle strength
test). During the exercise protocol EMG data ang$ltata were collected
simultaneously to quantify the effect of musculetivaty on the muscular physiological
responses (see Section 5.4.1.3 for more informatimut the instrumentation set up

during microcirculation measurements).
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Figure 5-7. Overview of the data collection procedes
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5.4.3 Explanation of the Procedures

5.4.3.1Questionnaire

The SF-36 questionnaire was used to assess helatad quality of life. This
guestionnaire has been widely used and validateddess wellbeing in different

populations including diabetic patients (Jacobdaal.e1994; Luscombe et al., 2000).

The SF-36 comprises 36 questions that measurediigiehsions of health: physical
functioning, role limitations due to physical héalbodily pain, general health, vitality,
social functioning, role limitations due to emotabhealth, and mental health. In
addition to the dimension scores two summary scaleih assess the overall mental

and overall physical function, were calculated.

Answers to each question were scored and transtbtong 0-100 scale. Then, the
average for each dimension and summary scale (§time transformed scores from
each item divided by the number of items belondinthat dimension or summary
scale) was computed using Excel 2003 (Microsoftd®fExcel 2003, Microsoft
Corporation, USA).

5.4.3.2General examination

5.4.3.2.1Foot Visual inspection

All participants were inspected for foot deformsti@.e. Charcot foot, claw toes, and
hammer toes) by the clinicians before being retetoethe study. Only subjects with no

severe foot deformity were given the opportunityp#oticipate in the study.

Feet were inspected visually by the researcheondiren that foot deformity was not
present prior to collecting foot-floor interactidata during gait. Static inclination of
first phalanx at the metatarsophalangeal jointlation to the longitudinal axis of the

first metatarsal head was measured with a handgeaier to confirm no foot
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deformities (claw toes). Foot deformity was defirgadan angle higher than 10 degrees.
Myerson and Shereff (1989) defined an extensidh aégrees of the
metatarsophalangeal joint as a foot deformity (messon cadaver feet). Since
structural changes are related to aging indepetydeihDN (Caselli et al., 2003) and the
sample of the present study was expected to bévediaelderly a broader definition of

foot deformity was chosen for the present study.

5.4.3.2.2Anthropometric data

Height in metres was measured when standing bdre$img a wall attached height
measure (Seca 222 telescopic wall mounted measuihdgeca Ltd, Medical scales
and measuring systems, Birmingham, B5 5QB, UK).\Bodss was measured in
kilograms using a digital weighing scale (Seca 88ftal weighing scales; Seca Ltd,
Medical scales and measuring systems, Birminghdnh@B, UK). Body mass

measurements were carried out with the subjectimgeahorts and a t-shirt.

Body fat percentage was measured using the Harpesikiafold Calliper (Baty
International, Victoria Road, Burgess Hill, WestsSex RHI5 9LR). The four site
system, which requires measuring skin fold at dlleding sites: biceps, triceps,
subscapular and suprailiac, was the selected mlofbcese measurements were
converted to an estimated body fat percentagedpih equation (Siri, 1961). Three
measurements were taken per site. If repeated msasots varied by more than 1mm,
the test was repeated. Numerous researchers hanangieated the validity and

reproducibility of this technique to predict body percentage (Patterson, 1992).

5.4.3.2.3Peripheral neuropathy

The subjects recruited for the study were alredidycally established cases of diabetic
peripheral neuropathy. Touch pressures sensating the Semmes-Weinstein
monofilament, and vibration perception using a nthesiometer, were used to confirm

the presence of diabetic peripheral neuropathiiese patients.
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5.4.3.2.4 Touch pressure sensation

Semmes-Weinstein monofilament (Bailey Instrumerts Manchester, UK) is known
to be a valid and reliable clinical tool to testipkeral neuropathy (Collins et al., 2010).
The S-W monofilament is a set of 20 pressure-seasitylon filaments attached to a
penholder. Each monofilament is a piece of nyloe bf a precise diameter that is
applied end-on-to the skin until the line beginbémd (see Figure 5-8), providing a

reproducible, metered sensory stimulus (Kumar.efL8P1).

Cutaneous sensation was measured by the 5.07 rzonefit. The Semmes—Weinstein
5.07 monofilament exerts 10 grams of force whendazbimto a C-shape against the skin
for one second. Patients who cannot detect apjolicat the 10 g monofilament are

considered to have lost protective sensation agiiasulceration (Olmos et al. 1995).

Diabetic peripheral neuropathy was defined as litalbd perceive the 5.07 (10 g) S-W
monofilament (loss of protective sensation) (Kumigal., 1991) in at least one of the 4
plantar areas tested in this study (he®mgtatarsal head™metatarsal head and

hallux).

The four sites were tested in the prone lying pmsiand the subject needed to perceive

80% of the trials to be graded as the sensaticseptever that site.

5.4.3.2.5 Vibration sensation

Vibration sensation was measured using a neuratimetér (Bailey Instruments Ltd,
Manchester, UK), which has being widely accepted ®aalid and reliable method
(Cassella et al., 2000) to assess diabetic peapheuropathy. The neurothesiometer is
considered the preferable method to assess vihragiose due to the ease and rapidity
of testing by this method (Brill & Perkins, 200%).addition to that, this method
provides the very specific threshold above whialisadon can be perceived by the

subject (vibration perception threshold), whileestmethods such as the commonly
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used tuning fork (128Hz) can only assess whethesag®n is perceived above an
established cut off point (128 Hz).

Vibration perception threshold (VPT) was measuneef the f' metatarsal head with

the subject in prone lying position with the knkxéd 90° (see Figure 5-8). This
position was chosen to blind the participant. Tibad of the device was placed on the
1% metatarsal head with the neurothesiometer turffeder a few seconds (randomly
to avoid the learning effect) the vibration wasréased constantly from 0 until the
vibration was perceived by the participant. Fivalsrwere performed and the average
represented the final vibration score (in voltyepeated measurements varied by more

than five volts the test was repeated.

5.4.3.2.6 Blood pressure

Blood pressure (BP) was assessed by an automatid pbressure device (Microlife BP
A100 Plus, 60 Cranmer Terrace; London; SW17 0QBis device has been proven to
be reliable and valid (Stergiou et al., 2006) aad been recommended by the British

Hypertension Society.

Blood pressure was measured from the right armicipemts were placed in a sitting
position with both arms resting comfortably on lléa Subjects were required to rest in
that position for two minutes before the measurametarted. Three consecutive
measurements were taken automatically by the dewidehe average of those three
readings was used as the final score. In additiaystolic and diastolic BP, resting

heart rate (HR) was also measured by this device.

5.4.3.2.7 Blood Samples

Finger-prick blood samples were taken in this sticdsneasure: HbA and cholesterol
levels. HbA. was measured using the DCA Vant2§Analyzer (Siemes Healthcare,
Camberley, Surrey, GU16 8QD). DCA Vantage has Ipeewen to be a valid and
reliable portable device to assess Hpwapidly (Carter et al., 1996).
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HbA1; has been chosen to monitor blood sugar level lsecaprovides information
about glucose control history contrary to normaldol tests which determine instant
glucose levels. In addition to this, these measargscan be carried out on site and it
does not require prior fasting. Subjects were asigrform different physical tasks
during the data collection. For this reason, arigdest was not considered appropriate

since it may increase the risk of hypoglycaemidiabetic patients.

Cholesterol level$TC, HDL and LDL) were measured with the CholestedtDX
system (Cholestech Corporation, Inverness Medigid), This device has become very
popular both in clinical settings and researchistidue to the prompt and accurate
results. Cholestech’s LDX has shown very good @diom (r>0.8; p<0.001) when

compared to well established laboratories (Pagklal., 2009).

5.4.3.2.8 ECG at rest

A rest 12-lead electrocardiogram was performedllaih@ subjects included in the
intervention programme using an ESAOTE P80 (ESAGTEA, Florence, Italy)
device. Diabetic individuals have a 4-fold increissk of cardiovascular diseases
compared to healthy people (McCallum & Fisher, 200Bhe ECG test was therefore
carried out to confirm that the participants in éxercise group did not suffer from any

heart condition that could be worsened by the ésefrogramme.

The resting ECG was taken by the researchers, vene trained by a qualified clinician
at the ECG department at the University HospitaMafles. The skin was shaved where
necessary and cleaned with alcohol free wipes befar application of the electrodes,
in order to ensure good electrode-skin contacttide placement was carried out
following the American Heart Association (AHA) remmendations (Kossmann, et al.,
1967) (see Figure 5-8).
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Figure 5-8. Touch pressure measurements, vibratiosensation measurements and ECG electrodes
lacement
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5.4.3.3Preparation for data collection using surface
electromyography (EMG)

The subject was positioned in a sitting positiothviegs extended on the plinth. The
skin was shaved where necessary and cleaned withdlfree wipes before application
of the electrodes, in order to ensure good eleetshih contact. Good electro-skin
contact improves the EMG recordings by reducingtetsl interference and noise.
Ag/AgCL electrodes with a conductive area of 10 mvere applied to VL

(quadriceps), BicFem (hamstrings), TA, MGast, LGast soleus of the right lower
limb according to the European recommendationsdoiace electromyography (Zipp,
1982). The electrode application position was deireed by palpation (during muscular
contraction) along with the use of accurate anatahiandmarks to ensure that the
electrode was applied to the muscle belly. Thereafee electrode was placed in the
medial part of the tibia, which is considered toebectrically inactive. The distances
between agonist and antagonist bipolar electrodse greater than 10 cm. It is,
therefore, unlikely that EMG cross-talk could haeataminated agonist or antagonist
signals (Mullany et al., 2002). As a precautioniagfaany possible signal
contamination, the electrodes were applied in alf@iorientation to the muscle fibres
being tested, mid-way and central along the muselly. The diameter of the
electrodes was 18 mm, and the inter-electroderdistécentre to centre distance

between conductive areas of 2 bipolar electrodes) 37 mm.

In order to minimise the risk of artefacts due able movement, the pre-amplifier
cables were attached to the subject’s skin usihgside tape (Micropore; 3M
Healthcare, D-41453 Nuess, Germany). Once theretiet were placed and the cables
fixed, the raw signal was visually inspected foy distortion of the signal using the
MyoResearch XP Clinical Application software. EM@ta was acquired using a
wireless 8 channel EMG device (TeleMyo™ 2400T GanBmitter).

NIRS and EMG data were collected simultaneouslthenrMGast during a plantar-
flexion exercise protocol (see Section 5.4.1.Fdother information about
instrumentation set up during this procedure). &fe, it was necessary to place the

EMG electrodes slightly lateral to the medio-lateentre of the muscle belly (Figure

143



5-6). The position of the electrode was still oe thuscle belly and did not change

throughout the whole measurements.

As it was necessary that the subjects were notmeibered by numerous EMG cables
and fatigued by a lengthy data collection, a pcat@pproach of collecting the EMG

data from the right leg of each individual was @rs

5.4.3.4Gait analysis

Gait analysis was carried out during barefoot ctoowl. To protect the foot during the
experiments the subjects only removed the shotbe atalkway. Special attention was
paid not to allow any participant to step out frima walkway without shoes on. Prior

to each measurement the walkway was cleaned wigthcahol free wipe to minimise

any potential hazard to the bare foot.

Participants were asked to walk barefoot at thedfrselected speed on a 9 meter
walkway. The platform to analyse foot-floor intetian (EMED-m) was positioned

level with the floor at the midpoint of the 9 m kwaiy (see Figure 5-9). Self-selected
gait speed is considered to be the most efficialkivwg speed for an individual and has
been found to be an appropriate predictor of fmctind disability (Guralnik et al.,
2000)

Before data acquisition, the subjects were instaditd walk freely on the walkway to
reproduce their normal gait and to adapt to theraory environment. Multiple trials
were permitted to allow the subjects to practicékimg without visually targeting the
platform surface. The testers adapted the subjéatsng position to ensure the
platform was always hit on the fourth step. Dats wallected over 5 trials for each foot
(five successful trials with the left foot followdny five successful trials with the right
foot). The EMED system has demonstrated overadilsiity when 3 to 5 walking trials
are used (McPoll et al., 1999). During this task glaaracteristics, kinetic data and

muscular activity characteristics were evaluated.
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5.4.3.4.1Gait parameters

Spatial-temporal characteristics

Spatial and temporal parameters of gait were recbusing the Sony digital video
camera at 25Hz (Sony digital Camcorder, DSR-PDIFL®S, Cardiff, UK). During
the gait task, only four trials (two in which thght foot hit the platform and two in
which the left foot hit the platform) were recordaad saved on a DV tape for further

analysis.

The camera position was perpendicular to the walkata distance of 3.5 meters. The
video clip was downloaded onto a computer and fasex using the SiliconCoach
software (SiliconCoachPro 6.0, SiliconCoach, LonddK). The time difference
between the 3 consecutive heel strikes was useald¢alate the step and stride times.
The frame capturing the heel strike was identifiad saved for further analysis using
Matlab. A purpose written programme in Matlab wasdito calculate gait velocity,
cadence and stride length. To compute spatial peteamtwo parallel sticks (1 meter

long each) were positioned on both sides of thé&waly (See Figure 5-9).

Centre of pressure parameters

Foot-floor interaction parameters were measurel thie EMED platform. This system
has been proven to be an accurate method to quétif-floor interaction
characteristics (Pultti et al., 2008).

The platform consists of a matrix of 3840 forcensiducers that are uniformly
distributed in an area of 24 x 38 cm. The platftwas a resolution of 4 sensansi?

with a sampling frequency of 50 Hz. The sensorelapressure range from 10 kPa to
1200 kPa.

The data was processed and analysed by Novel 23%8fdvare. With this software it is
possible to customise the data analysis by setgspecific areas of the foot (masks)

and parameters you are interested in. Then, ind@ichasks were created for each trial
subdividing the foot into 9 masks: heel, midfoogtatarsals, 1st metatarsal head, 2nd
metatarsal head, 3rd, 4th and 5th metatarsal hbadse, 2nd toe and 3rd, 4th and 5th
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toes. These masks were determined automaticalilgebilovel software after applying
the PRC-mask on all files. After the automatic niagkvisual inspection of all the trial
was carried out. If the mask did not look corréetas corrected manually to ensure the
mask was covering the right area. Although the PRk did determine 9 masks
(regions) automatically, only 3 areas were usedudher analysis: heel, metatarsals

and big toe (see Figure 5-10).

Centre of pressure parameters were investigatédoddh COP parameters are kinetic
data (COP is the point of application of the GREpyovides descriptive information
about gait in general and the roll over procegzairticular. For this reason COP data
was included in this section together with spatatporal characteristics. Total
distance travelled by COP gives information abbatttansverse plane foot mobility
during the GC. In addition to that, velocity of 8©P within different foot regions may
provide information about the roll over proces®tighout the stance phase. Thus, total
distance travelled by the COP, velocity of the Cddkhe heel, metatarsal heads and

hallux were measured (Figure 5-10 shows an exaofglOP data).

5.4.3.4.2Kinetic data

Kinetic data was measured with the EMED platfor8ed previous section for details
about the EMED platform). Same as for COP pararségection 5.4.3.4.1 ) the data
was processed and analysed by Novel Software anela® were used for further

analysis: heel, metatarsal heads and big toe.

Foot plantar pressures are known to be an impoctarttibuting factor for plantar
tissue damage in DN subjects (Frykberg et al., 1, 9%igough there is an ongoing
debate on which kinetic variables predict foot peats in this population, there is little
doubt that PP which accounts for the highest sggesgrated under the sole of the foot
(or foot region) and PTI which represents the miagie and duration of the stress, are
important contributing factors (Mueller & Maluf, @R; Uccioli et al., 2001; Veves et
al., 1992). For this reason, PTI and PP were exaanim this study. In addition to that
other parameters related to PP and PTI such aaat@area (CA), maximal force (Max

Force) and contact time (CT) (both in millisecoansl as % of the stance phase) were
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also investigated. These parameters related toreskure and PTI may provide some
extra information to better understand PP and Rlues. Therefore, PTI, PP, CA, Max
Force, CTms and CT% during the whole stance phase galculated for each of the

areas under investigation (heel, metatarsals alhakha

Push off is known to be the phase of the GC wheeddrefoot, which is the foot area
more likely to develop ulceration (Boulton, 199dihdergoes the highest pressures.
Then further analysis was carried out to inveséidaading patterns on the forefoot area
during this critical phase of the GC. In this contiorefoot was defined as the foot area
that covered the metatarsal heads and the toemevnéorefoot mask was created
manually and it included the masks metatarsal haadgoes, which were previously
created by the novel software. Push off was defawthe time period from 40% to
100% of the stance phase (Perry & Burnfield, 20T@grefore PP and Max Force were
analysed for this new created mask and time frare.instant of Max Force and the
instant of PP during the push off phase in relatoothe full roll over process (% ROP)
were also investigated. They may provide some médion about the exact time that
the highest stress occurs in the forefoot durirgpthish off phase. Although, arch index
provides information about the structural charasties of the foot and it is therefore

not a kinetic variable, some investigators haveedttéhat arch index is an important
predictor for foot pressures (especially undemtiegatarsal heads) (Morag & Cavanagh,

1999). For this reason arch index is included this section together with kinetic data.
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Figure 5-9. Overview of the gait task with the wallwvay and the force platform

A. 1 meter long sticks to determine spatial parameterd8. EMED platform in the middle of
the walkway.

Figure 5-10. Example of EMED data with the COP lineand the foot
areas under investigation

Hallux

Metatarsal
heads

COP line
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5.4.3.4.3Surface electromyography during gait

EMG data was recorded at 1500 Hz using a wireless 8neltllEMG device
(TeleMyo™ 2400T G2 Transmitter). EMG data was aié and saved using the
MyoResearch XP Clinical Application software. Fentiprocessing of the EMG signal
was performed using a purpose written programnidatiab. Next, the steps followed

to process and analyse EMG data are explained.

The raw EMG signal was full wave rectified and Ipass filtered using a second order
Butterworth filter with a 50 Hz cut off frequenoy treate a linear envelope that was
used for further analysis. To be able to relate EAd@vity to the GC, EMED data and
EMG data were collected simultaneously. (See Se&id.1.1 for more information
about the instrumentation set up during this takgrefore, EMG data could be
processed in relation to the heel strike (See mcturom Figure 5-4). Furthermore to
be able to relate EMG data not only to the heétestyut to the rest of the GC, the
duration of the stance phase, which was calculayetie Novel 13.3.42 software, was
taken into account when processing the EMG sidrian, if the instant of the heel
strike and the duration of the stance phase arevkrioe instant of the push off can also
be determined. It has been stated that stance pbasally represents 62% of the GC
while swing phase accounts for the remaining 38&6r{P& Burnfield, 2010).
Therefore, the swing phase of the GC was estimzdsdd on these percentages. This
approach was used in the present investigatioeléber EMG data to the GC (stance

phase and swing phase).

Thereafter each step was normalised to 100% d&the0% represents the heel strike
and 100% represents the end of the swing phaseréieg to the normalisation of the
EMG amplitude, EMG is usually normalised to EMGistgred during a maximum
effort test (Perry & Burnfield, 2010). In the prasévestigation some participants from
the DN group showed muscular activity values dugad up to 600% of the highest
EMG activity recorded during MVCs (see Section 3.8 .and Section 5.4.1.2 for more
information about MVC measurements and instrumantatet up during this task).

This shows that EMG data normalised to % MVC wasanealid approach to use with
the patients with DN in the present study. It waentdecided to normalise EMG signal
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to the peak activity during the GC, which is anegatable and widely used

normalisation technique during dynamic conditioBarflen, 2010).

EMG data was collected throughout the entire gait.tHowever only the steps in
which the right foot hit the EMED platform were dysed (5 steps in total). To help
identify the correct step a sheet was used durétg cbllection in which the correct

heel strikes were written down.

For each of the six muscles recorded, an averagé Edte for each subject was
obtained by getting an average across all fivdstrleor a more comprehensive
interpretation of the results, it was decided talgse the three plantarflexor muscles
(MGast, LGast and soleus) as a single muscle, i&n,JEMG activity was investigated
for TS, TA, VL (quadriceps), BicFem (hamstringsM@& signal was then investigated
1) over the entire GC; 2) per phase of the GC;3rdlring the push off phase.

Firstly, the % of time each muscle was kept aativeng the whole process was
determined. Perry & Burnfield (2010) suggested teoffupoint of 5% of the peak
activity to define muscular activity. Then, musaldivity was calculated when the
average EMG trace was above 5% of the peak activiting gait (Figure 5-11 shows
an example of EMG data processed with Matlab terd@he % of time EMG trace was

kept above 5% of the peak activity).

Secondly, the mean EMG activity (normalised) wdsuwdated within selected phases of
the GC. According to Perry & Burnfield (2010) th€ & composed of 7 phases:
loading (0-10% of the GC), mid-stance (10-30% af &), terminal swing (30-50% of
the GC), pre-swing (50-60% of the GC), initial s@/i{®0-73%), mid swing (73-87%)
and terminal swing (87-100% of the GC). Since faraiblems are related to the stance
phase of the GC, initial swing and mid swing weoginvestigated in the present study.
Therefore, average activity was calculated onlySfphases (Figure 5-12 displays an
example of EMG output processed with Matlab to wake mean EMG activity
throughout the different phases of the GC).

Numerous studies have reported excessive footyresssn the forefoot during push

off in patients with diabetic neuropathy (See Chagtfor more information about foot
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pressure in neuropathic patients). It was therededed to create time windows to
investigate TS and TA EMG data around the pusliploffse during the GC. The time
window for the TS covered the time from the peatkvég during the push off phase
(around 50% GC) to the initiation of that activifyhe time window for the TA covered
the time from the peak activity during the initaaling phase to the initiation of that
activity. Hence, a time frame window was createdlie TA and TS muscles to
investigate: 1) when the peak activity occurredach window, expressed as % of the
GC; and 2) the time delay from the onset of thes/égt which was defined as 5% of the
peak activity during gait, to the peak musculaivitgt This measure was calculated in
milliseconds. (See Figure 5-13 for more informationhow the windows were defined

as well as the calculations carried out within eagtdow).

EMG signal refers to the electrical event produlsgdhe muscle and not to the
mechanical output (force) (Winter et al., 2009)eTime lag between EMG activity and
force production is called electromechanical delderefore, it has been proposed that
EMD should be taken into consideration when prangdsMG data, so muscle

function during dynamic conditions such as walkiag be investigated in relation to
movement (Amaranti & Martin, 2004). Since in theremt study we were not interested
in when EMG activity was present but when musclgoufrom that activity was
produced, EMG data was processed taking in corstidarEMD. Two different
approaches were followed in this study to deterr&N®. Thus, one method was used
to determine EMD for dorsi-flexors, knee extensamd knee flexor muscles, while a
second method was used to quantify EMD for thetplathexor muscles. The reliability
of the EMD measurements used in the present stedy mot well established prior to
the start of the study. For this reason two reliigistudies were carried out before the
main study started, which demonstrated that thestbads were reliable to quantify
EMD. See Chapter 4 (Section 4.2 and Section 4r3nfwore information about these

reliability studies.
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Figure 5-11. Example of EMG data to quantify the arount of time each muscle was kept active
during the gait cycle
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Figure 5-12. Example of EMG activity throughout the different phases of the gait cycle
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Figure 5-13. Example of how the time window was detmined to calculate time related EMG
variables for the TA and TS muscles
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5.4.3.5Muscle strength

Muscle weakness secondary to DN is considered pariant factor in explaining gait
abnormalities in this population (Mueller et aB9#; Giacomozzi et al., 2002). It has
been hypothesised that gains in strength levelsisrpopulation may change gait

characteristics in DN patients. For this reasoargth levels were measured in part 1

and part 2 of this study.

The KINCOM dynamometer was used to measure maxsualetric strength. This
device has been shown to be accurate and relialiheese measurements (Farrell &
Richards, 1986). Muscle strength was assessecttsioglly for the ankle plantar-

flexors, ankle dorsi-flexors knee extensors anceKiexors. Ankle plantar-flexion and
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ankle dosi-flexion measurements were carried otlt thie subject lying down on a
supine position. The right leg was semi-extend@3B0 flexion) with the ankle fixed
at 15° plantar-flexion. The external malleoli wéeced in line with the rotation axis.
This position was chosen to maximise muscular égtin the calf muscles during the

plantar-flexion.

Knee flexion and knee extension were tested wittstibject seated in an upright
position (90° hip flexion) with their knees flexal90° and 70°, respectively. The right
leg was secured into an instrumented cuff positicatea point a few centimetres above
the ankle joint with a stabilisation strap acrdss femur of the right leg. A seat belt was
used to secure the subject in the sitting posdiwth prevent them from altering their
position during the data collection. The moment distance was recorded and used

when processing strength data for all 4 movements.

Prior to data collection, a warm-up period was @eried. To increase body temperature
and therefore reduce the risk of muscular problsues as cramps, participants were
asked to ride an indoor bike for 5 minutes at andasing (moderate) pace. Then,
participants were taken to the KINCOM machine, weh@n the positions described
above), they performed 15 contractions for 2 ses@tdlifferent levels of intensity

(40% and 60%). During these contractions, EMG veesllas a feedback tool for the
tester to ensure participants were doing the moméowrectly (contractions was
observed in the correct muscle) (see Section 2.4ot.more information about the
instrumentation set up). This tool was especiatigful during plantar-flexion. When
subjects were doing the movement at a high intgrisiey tended to recruit the whole
leg which resulted in a shift in activity from toalf muscles (soleus, MGast and LGast)
to the quadriceps. By providing live feedback mapants achieved better movement

awareness which resulted in better muscle isolation

Data collection consisted of three maximal isorgetdluntary contractions per
movement lasting 3 seconds per contraction. Eaotraxdion was followed by a 30-

second rest period before the next MVC. All togettiz MVCs were recorded.

Data collected in the KINCOM dynamometer was sawed laptop using the

MyoResearch XP Clinical Application software (sext®n 5.4.1.2 for more
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information about the instrumentation set up). lr@rfprocessing of the data was
performed using a purpose written programme in aatlhus, maximal force was
defined as the mean activity during the middlehef three seconds contraction periods
(Figure 5-14 display an example of how maximal éonas defined during MVCs). The
highest of these three means (one per MVC) wasders! the maximal force for that
specific movement. The moment arm distance fodtfierent movements was
recorded and the joint moment used to quantify makstrength. EMG data during
MVCs was used to normalise the EMG data collectethd gait to maximal voluntary
contraction (see Section 3.4.4. for more informrmatibout EMG data normalization

during gait).

Figure 5-14. Example of how the Maximal Force waseatermined during MVCs
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5.4.3.6Microcirculation measurements

Microcirculation measurements were carried outhenskeletal muscle using NIRS.
NIRS is a non-invasive optical and direct methoddtermine oxygenation and
hemodynamics in tissue. This technique is baseti®@nelative transparency of tissue
to light in the near-infrared region, and on thggen-dependent absorption changes of
haemoglobin and myoglobin. It enables non-invasiwetinuous measurements of
changes in the concentration of HbO and HbdO. Tine & HbO and HbdO
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concentrations reflects the total amount of haeotngl(tHb), and changes in tHb can

be interpreted as changes in blood volume in Hsaié.

Numerous studies have proven the validity of NIR8dtermine muscle BF and myO
by comparing it against well-established methodhss strain-gauge plethysmography
or the Fick method (De Blasi et al., 1994; Maneinal., 1994; van Beekvelt et al.,
2001b). Data collection was performed using ther@xy MK Ill. This device has been
proven to be a reliable and valid method to ingedé local muscle consumption

and blood flow, both in resting and exercising nieigean Beekvelt et al., 2001b; van
Beekvelt et al., 2002).

Quantification of muscle oxygen consumption andtlfiow was performed by
applying a VO to control circulation in the limbegsFigure 4-1 in Chapter 4). Venous
occlusion causes an increase blood volume by aistunioed arterial (in) flow and
interrupted venous (out) flow. Blood flow can tHere be calculated during venous
occlusion from the linear increase of tHb. Musculgygen consumption is calculated
from the linear increase of HbdO. Since the vermuflow is blocked, the increase in
HbdO is thought to be solely due to theg@nsumed under the assumption the arterial
O, saturation is near 100%. NIRS measurements istodly were done on the belly of
the MGast with an inter-optode distance of 40 mhe Teliability of the method to
measure blood flow and @onsumption in the lower limb was not well estsitid

prior to the start of this study. For this reasarlability study was carried out before
the main study started, which demonstrated thatrtt@thod is reliable both within-day
and between-days to quantify blood flow and oxygamsumption in the calf muscle.

See Chapter 4 (Section 4.1) for more informatiooualhis reliability study.

NIRS measurements were carried out with the subjery down on the KINCOM
machine (in the same position as during the anlkletar-flexion measurements) (see
Section 5.4.3.5) (see Section 5.4.1.3 for infororaibout the instrumentation set up
during these measurements). This position was chtosensure the heart position was
not above the limb position. The opposite may taautenous pooling and therefore
may compromise the quality of the measurementsm@umatic cuff was then placed
around the right thigh and was used to apply vemegkision during the test. Venous

occlusion was performed at 50 mmHg and maintaine@® seconds. A resting period
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of 40 seconds was allowed between inflations. fal tgsix venous occlusions were
carried out throughout the NIRS measurements, Bigluesting conditions and 3
following an exercise protocol. The exercise prot@onsisted of two sets of seven
isometric plantar-flexion contractions at 50% of ¥V C, separated by a one minute
resting period. Contractions were maintained fosd€onds. A 20-second resting

period was allowed between contractions.

To control the intensity of the contractions, thaximal force produced during plantar-
flexion MVC was computed and the 50% was calculésee Section 5.4.3.5 for more
information about how MVC was carried out). Thisueawas entered on the KINCOM
machine. The KINCOM machine has got an option bictvicontinues feedback

(current force and target forces) can be displayethe screen (see Figure 5-16).

NIRS data was processed and analysed using theofD2y$.2 software. Oxygen
consumption as well as blood flow in the MGast wesasured to investigate muscle
microcirculation during three different conditioriy: circulation at rest; 2) circulatory

responses to exercise and; 3) circulatory recofrery exercise.

Blood flow was calculated during venous occlusiamf the linear increase of tHb.
Concentration changes of tHb were expressed inomiglars per second and were
converted to mmin *-100ml* using an average Hb concentration of 7.5 miiblfor
female subjects and 8.5 mmiof* for male subjects. The molecular weight of
haemoglobin (64.458-gol™) and the molecular ration between haemoglobin and
oxygen (1:4) were taken into account. Muscular @ygonsumption was calculated
from the linear increase of HbdO. Concentratiomnges HbdO were expressed in
micromolars per second and converted to millili@gper minute per 100 grams. A

value of 1.04 kg was used for muscle density (van Beekvelt eRaD2).

Circulation at rest was presented in absolute walBod flow values were then
expressed in miin *-100mI* and oxygen consumption in mi@nin *-100g*. Resting
BF and mVQ were calculated as the average of the three valkgpsred during the
first three VOs. Responses to exercise were cadlis the % of change in BF and
mVO, from resting condition values (average valuesiobthduring VO1,VO2 and

VO3) to post-exercise values (values obtained guvi®4). Recovery from exercise
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investigated the % of recovery in BF and mpom VO4 (first VO after the exercise
protocol) to VOS5 (second VO after the exercise grot finished). (See Figure 5-15 for

more details about the microcirculation measures)ent

During the exercise protocol, force and EMG werected simultaneously (see

Section 5.4.1.3 for more information about instratagon set up). This enabled us to
relate NIRS data (blood flow and oxygen consumpitiotihe MGast) to the amount of
work done by the MGast during the exercise protd€eén though force was controlled
during the exercise protocol, the amount of workitw specifically from MGast was
unknown. EMG data during the exercise protocol eadsulated using Matlab and was
processed in relation to the maximal activity oiéal during the plantar-flexion MVCs
(strength test). Then, the mean activity duringteontractions (10 seconds each) was

determined.

Figure 5-15. Example of the microcirculation data btained from the NIRS device.
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Note: The blue line represents the deoxygenateshbglebin, the red line represents the oxygenated
haemoglobin and the green line represents theliathoglobin content.
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Figure 5-16. Example of the display of the KINCOM nachine during the exercise protocol
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5.4.4 Summary of the outcome measures in relationt o the aims of
the study.

Table 5-3 shows an overview of the outcome measnvestigated in the present

investigation and how they relate to the differégotnains under investigation.

5.5 Ethical Considerations

General ethical consideration

The study was approved by the Cardiff and Vale Nt Research & Development
Office and the South East Wales Local Researctc&thommittee (See copy of
approval letters in Appendix 8). All work undertakeomplied with the Research
Governance Framework for Health and Social cal&ates and Cardiff University
Research Governance Framework. Patients weredngghdraw from the study at any

time without a given reason, and without medicaéaa legal rights affected.
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Ethical issues related to data collection

The participants were required to wear shorts afsghirt during the data collection.
Changing facilities were available on site. Durgkin-folds measurements participants
were required to lift the t-shirt so the skin foldere accessible to the researcher.
During the ECG measurements, in order to placeltlest electrodes in the right
position participants were requested to take siart-off. Women were also asked to
unfasten their bra. A towel was placed on the cbiite women participants during the
whole duration of the ECG recordings to protecirthgvacy. In addition to that, in
order to respect the dignity of the participantgt®@ measurements were carried out by
someone of the same gender as the subject, a esglarcher for men participants and a

female research for women participants.

Since DN subjects are at risk of developing foolyems, special attention was paid in
protecting their feet throughout the entire datigection session. Participants were
provided with a pair of comfortable and adjustailees (Classic xtra, Chaussures
Pulman, Saint Paul Les Dax, France) that they woighout the data collection.
When measurements required barefoot standingdgalysis, weight and height
measurements) a mat or walkway was placed on tddavoid direct contact between

the foot and the floor at any time during the whsdssion.

Ethical issues related to data storage

All data was collected, processed and analyseieaResearch Centre for Clinical
Kinaesiology, department of Physiotherapy at Cétdiifiversity. To ensure anonymity
all participants were allocated a unique subjedec@\ll collected data was then kept
anonymous and saved under the subject code in pesgnotected computers. Any
written data as well as the video taken from thieayzalysis were kept in a key-locked
cabin and only the researcher (PhD student) haesado the key.

Cardiff University was/is the data controller. g capacity, the School of Healthcare
Studies Cardiff University will retain all data tedted during the research for 15 years,

in accordance with the Data Protection Act (1998).
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Ethical consideration of the exercise programme

(This section only applies to the part 2 of themrgtudy).

The exercise programme was designed and supetwstte researcher, who is a
qualified exercise scientist. The exercise programaas planned to be performed both
in the gym and at home. It was thought that engpogapeople to exercise by
themselves will improve their confidence and deteation to integrate physical
activity as part of their daily lives which will &nd the benefits of physical activity
beyond the duration of this study. During the ffstnightly gym sessions special
attention was paid to teach participants; 1) hoexercise by themselves; and 2) how
to reduce the risk of any hypoglycaemic events edilny the exercise bout (i.e.
controlling glucose levels before and after trajirAfter that period subjects were
provided with a guide which included the exercites had to do at home (see

Appendix 2).

There are some exercise-induced risks associatadhva interventional study. Even
though the strictness in the inclusion/exclusiateda may minimise these risks, there
were still some threats secondary to peripheralapaihy, which need to be taken into
consideration. Foot problems and hypoglycaemicoglgis are the most common risks
associated with exercise training. To reduce thle of foot complications the amount of
weight bearing exercises were reduced to a minimndhonly non-impact exercises
were used. In addition to that, all participantsevencouraged to closely examine their
feet after each training session to prevent sardsagere required to use proper
footwear. To reduce the risk of hypoglycaemic egésy subjects were advised before
each session to check their sugar levels. If sieyafs were below 100 mdL™
participants were provided with a carbohydrate krfgtood & Constance, 2002). The
information sheet included a section in which theeptial risks of the study were
addressed. Moreover, participants were encouragaskt about their concerns before

accepting to take part in the study.
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5.6 Statistical consideration

5.6.1 Sample size determination

Prior to the beginning of the study, the sample sizd power calculation were assessed
for the primary outcome measures. The primaryautmeasures in the present
investigation were PP and microcirculation duehtgirtassociation with foot ulceration

in subjects with DN. Two power calculations werefpened, 1) to determine the
numbers for the cross-sectional study and 2) terdehe the numbers for the
intervention study. Details on the power calculagidor the cross-sectional and

intervention studies are provided below.

5.6.1.1Cross-Sectional

Effect size for peak pressure

Data from previous research investigating groufedéhces in forefoot peak pressures
between healthy and subjects with DN were usethforcalculations. Forefoot peak
pressures were chosen since most of the foot ultargbjects with DN occur in this
foot region. Pitei et al. (1999) reported mean galaf 242+ 25.1 kPa and 204.6+ 37.8
kPa for subjects with DN and healthy individuaespectively. These values indicate a
standard difference of 1.18 (Bratcher et al., 19F¥0} this power calculation, a more

conservative estimate of the standard differencewés used.

Effect size for microcirculation

Data from previous research investigating groufedéhces in vasodilatory changes in
the microcirculation between healthy and subjedtls @N were used for the
calculations. Colberg et al. (2005) reported megnes of 119.7+ 12 units and 91.6+
14.9 units for healthy individuals and patientshatitpe 2 diabetes, respectively. These
values indicate a standard difference of 2 (Brateteal., 1970). For this power

calculation an effect size of 2 was used.
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Study Power calculation

Two groups namely DN and HEALTH were compared @ dlpss-sectional study.
Minimum sample size was calculated using a stamskatdifference of 1 (which
reflects the lower of the two effect sizes repodbdve), and a power of 0.99<0.05).

Each group therefore needed a minimum of 22 pp#ids.

5.6.1.2Intervention study

The main objectives of this research study weréo Hetermine whether a physical
activity programme based on strengthening exerciaesnodify gait characteristics in
patients with diabetic neuropathy and 2) to examihether a strength training

programme can improve circulation in this populatio

Effect size for chances in strength levels

An important aim of this investigation was to inase strength levels in a sample of
patients with diabetic neuropathy. Therefore, a@d literature was investigated for
changes in strength levels due to a physical agiivbgramme in patients with diabetic
neuropathy. Since prior to the beginning of thespné investigation there was no
information available on the effect of a PA prograenon strength levels on subjects
with DN, the effect size calculation was carried on individuals with type 2 diabetes
and no neuropathic complications. Cauza et al.gp6arried out a 4 months resistance
training programme on 22 individual with type 2libées. They reported changes in
lower limb strength levels from 113.6% 7.8kg to 197 9.7kg that indicate a
standardised difference of 8.7 (Bratcher et &70). For this power calculation an

effect size of 8 was used.

Effect size for chances in circulation parameters

An important aim of this study is to explore théeefs of resistance training on
microcirculation in a diabetic population with gareral neuropathy. Therefore,
available data in the literature was investigatedchanges of microcirculation

parameters through a strength training interventtasodilatory responses to local heat
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were chosen for the power calculations since thdicate adaptations in
microcirculation. Colberg, et al. (2006) carried 8uveeks of strengthening exercises
in a group of 10 subjects with type 2 diabetes.yTieported pre-intervention values of
91.6+14.9 units and post-intervention values of.9826.9 that indicate a standardised
difference of 1 (Bratcher et al., 1970). For thasver calculation an effect size of 1 was

used.

Study power calculation

Two groups namely EXE and CON were compared basgrhgsiological outcomes.
Minimum sample size was calculated using a stamskatdifference of 1 (which
reflects the lower of the two effect sizes repodédve) and a power of 0.99<0.05).
Each group therefore needed a minimum of 27 ppéids. However, due to fact that
some studies reported high rates of drop-out irsighy activity interventions with
diabetic populations (Thomas et al., 2006), whighl@ drastically affect the power of
the study, it was attempted to recruit about 3@igpants per group to minimise this

risk, whilst aiming to limit the drop-out as much possible by motivating participation.

Part 1 and part 2 of the main study were not inddpet to one another. Therefore, the
volunteers from the DN group from the cross-secti@tudy were included in the
intervention study either as exercisers (EXE grarmontrols (CON group) (see
Figure 5-1). The intervention study required adangumber of subjects with DN (30 in
each group, totalling 60 subjects with DN) thandeskfor the cross-sectional study
(only 22 individuals required). This resulted ihigher number of subjects for the DN

group than needed based on the power calculation.

5.6.2 Statistical analysis

The present investigation includes two differentisgs, a cross-sectional study, and an
intervention study. Table 5-1and Table 5-2 inclad®immary of the statistical analysis
followed for the cross-section and longitudinaldéis, respectively. SPSS 16.0

software was used for all statistical analysehefdata.
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5.6.2.1Cross sectional study

Normality and equal variance of the data were agskt® allow for the appropriate
choice of statistical test (Field, 2009; Portney\&tkings, 2009). Histograms and Q-Q
plots were used to inspect the distribution ofdata visually (skewness and kurtosis),
whereas the Shapiro Wilk test was used to confilmather the data was normally
distributed. Since the Shapiro Wilk test is morprapriate for small sample sizes (<50)
compared to the Kormogorov-Smirnow test (Elliot &@dward, 2010), the Shapiro
Wilk test was used in the present study. In additmthis, to further explore the
distribution of the variables, the values of skessand kurtosis were recorded.
Homogeneity of variance was tested using Levemsts Pearson’s correlations and in
cases where normality was not shown the non-paramiatndall’s tau-b was used to
identify possible confounding variables. Kendaléis-b was chosen instead of
Spearman’s correlation coefficient since Kendatatistic is considered a better
estimate of the correlation in the population coragddo Spearman’s coefficient
(Howell, 2006). Independent t-test and in casesr&hermality was not shown the
non-parametric Mann Witney U test was used to adsetsveen group differences.
When confounding variables were identified grouifedénces were investigated using
analysis of covariance (ANCOVA), which allows a gpocomparison after controlling
for the confounding variables. ANCOVA assumes tat is normally distributed,
therefore, in the case where normality was not shdata transformation was carried
out. Square root transformations for positive skiata and reverse score
transformations for negative skew data were ch@siid, 2009). After the data was
transformed and prior to carrying out ANCOVA it watzecked via histograms, Q-Q
plots and the Shapiro Wilk test that the data wasnally distributed.

Significance was set at an alpha level of 0.05aais considered to show a trend
when alpha level was <0.1. Descriptive statistieseapresented in the form of means
and standard deviations when the data was norm@&lisibuted and in the form of
medians and ranges when the assumption of normadisyviolated. Variables that were
not normally distributed can be identified in tlesults Chapter since: 1) they were
presented as median and range; and 2) they welyzadavith a non parametric test.

When a non parametric test was used to analysdatieit was stated in the table with
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the results. Transformed data was presented ifotheof original means and standard

deviations not to lose the meaning of the actudsun

The two groups were matched on marginal distrimstimr age, body mass, sex and
height as those variables would potentially afteetfindings in the present study. Since
matching for body mass was not possible the etiEbbdy mass on the data was
explored. Thereafter when body mass was identiged confounding variable

ANCOVA was used to control for the effect of bodgsa in the analysis.

Table 5-1. Overview of the statistical analyses caed out for the cross-sectional study.

Procedure Statistical test

Normality check Q-Q plot, Histogram and Shapiro-Wilk test
|

Normality assumed Normality NOT

assumed
Correlations
confoundin .
( . 9 Pearson’s Correlation Kendall's tau-b
variables) . .
(Parametric) (Non Parametric)
1
l Normality assumed Normality NOT
assumed
No confounding | Confoundings
. identified identifed
Group differences : .
P Mann Witney U
Non Parametric
Indiﬁiggent ANCOVA? ( )

* In the case where normality was not shown data transformation was
performed

5.6.2.1.1Further data exploration

After performing the statistical analyses to tbst hypotheses of the cross-sectional
study, it was considered of interest to explorepbssible variables that may explain
those results. The main objective of the crossigmaltstudy was to understand the

differences between healthy and neuropathic patighen investigating “health
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characteristics” from a multidimensional comprelemgapproach. Further to this
information, it was interesting to explore the &astthat may better account for those
group differences as well as whether those faglang a similar or a different role on
the diabetic neuropathic patients when comparddetdealthy counterparts. It is
noteworthy that only outcome measures that have liemtified in the literature to
influence the dependent variable were explorethérresults chapter and prior to the
presentation of the exploratory data the variatilaswere investigated and the

theoretical reasons behind that choice were exgiain

The main analysis of the exploratory data was edrout using bivariate correlations.
Normality and equal variance of the data were agskt® allow for the appropriate
choice of statistical test. Histograms and Q-Qple¢re used to inspect the distribution
of the data visually, whereas the Shapiro Wilk tegs$ used to confirm whether the data
was normally distributed (Field, 2009). Then, Peais correlations were used when
the data was normally distributed whereas Kendtdlisb was used when normality
was not shown (Howell, 2006). Significance wasasein alpha level of 0.05. The
exploratory analysis of the data was intended e gn indication of the variables that
may contribute to the main outcome measures irgastil within the cross-sectional
study. For instance, it was explored whether sgnseuropathy or muscle weakness,
which are considered two important factors resgmedor the gait differences between
healthy and DN subjects (Mueller et al., 1994; Ragnal., 2002), were important

contributing factors in the present investigation.

5.6.2.2Intervention study

Two groups namely CON and EXE were compared owee tb assess the effect of a
resistance training programme on cardiovascullrfaistors, gait characteristics,
circulation and quality of life. Adaptations to thrercise programme were calculated
using a 2 way Mixed ANOVA design. The analysisndérest was the interaction of
group*time. Prior to running the analysis for ANOVAormality of the data was
inspected as described in the section above. Sn@&way Mixed ANOVA there is no
non-parametric counterpart, no alternative testeeased out in the present study when

the data broke the assumption of normality (Fi2@09). Although 2 way Mixed
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ANOVA assumes that data are normally distributet, well known that ANOVA is
robust to violations of the assumption of normatitythe data (Field, 2009; Howell,
2006). Thus, it is believed that normality of tregaldo not seriously affect the results.
For this reason and to reduce the risk of losirg‘theaning” of the actual units due to
data transformation, variables that were not ndsnthétributed were not transformed.
2 way Mixed ANOVA also assumes that the data doviwdate the assumption of
sphericity. However, at least three means are reduor sphericity to be an issue
(Field, 2009) and in the present study only two msg@re-intervention and post-

intervention) were analysed.

Hence, pre- and post-intervention data sets weasrezhin the within subjects box
whereas the intervention groups (CON and EXE) wetered for the between subjects
analysis in the SPSS 16 software. The covariates tsoughout the intervention
results section were carried over from the cros@®l results sections. No post hoc
tests or contrast were carried out since only tveams were (pre-intervention and post-

intervention) were analyzed.

Significance was set at an alpha level of 0.05aDas considered to show a tendency
when alpha level was <0.1. Descriptive statistiesenpresented in the form of means
and standard deviations.In addition to this, F @aland degrees of freedom were also

displayed. Please note that the F values onlyaétathe group*time interaction effect.

Table 5-2. Overview of the Statistical analyses caed out for the intervention study
Procedures Statistical Test

Normality check Q-Q plot, histogram and Shapiro- Wilk test

Confounding NOT
identified in the Cross-
Sectional study

Confounding IDENTIFIED in the
Cross-Sectional study

Group*Time interaction

Covariate was entered in the 2 way

2 way Mixed ANOVA mixed ANOVA analysis
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Table 5-3. Overview of the outcome measures invegdited in the present study

Domain Measurement | Instrument Outcome measure
Total cholesterol
Cholesterol LDX system LDL
HDL
Systolic Blood Pressure
General Health Blood Pressure Microlife BP
Diastolic Blood Pressure
Glucose Control | DCA 2000 HbA1¢
Neurothesiomete VPT

Gait

Neuropathy i N/A (only for confirmation
Monofilaments
of DN)
Strength KINCOM Peak Moment

Gait parameters

Video Camera

Gait velocity

Step length

Step time

EMED Platform

Distance COP

Velocity COP

Arch Index

Kinetic data

EMED Platform

Peak Pressure

PTI

Contact Area

Contact time

Max Force

Instance Max Force

Instant Max Pressure

% peak activity per gait
phase

% GC muscle active

M lar Activit NORAXON _
uscular ACtVIY | =\ 1 device Time to peak (push off
phase)
Instant Peak Activity (Push
off)
Muscular Blood flow
. . . Muscular
Microcirculation microcirculation NIRS Muscular Oxygen
Consumption
Self-R red SF-36 Physical Health
. . elf-Reporte -
Quality of Life Quality of life Questionnaire

Mental Health
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CHAPTER 6

6 Results

The present investigation includes two differentigs, a cross-sectional study (Part 1
of the main study), and an intervention study (Rast the main study). The cross-
sectional study investigated differences betwediema with DN and healthy controls
whereas the intervention study analysed the effifcsl 6-week semi-controlled
strength training programme on subjects with peniphneuropathy. As mentioned in
the methods chapter both studies investigatedatime ®utcome measures, which
included parameters related to general health, grstocirculation and QOL These are

considered the primary pathologies associated RNh

This chapter was therefore divided into two sedinamed cross-sectional study and
intervention study. Therefore, section 1 presdmsesults related to the hypotheses for
the part 1 of the main study and section 2 pregbetsesults related to the hypotheses

for the part 2 of the main study.

6.1 CROSS-SECTIONAL STUDY

The aim of this cross-sectional study was to ingast differences in the primary
pathologies associated to diabetic peripheral rgathy between healthy and DN
subjects. Therefore, after the demographic chaiatits of the sample groups are
presented, results of the outcome measures relatiggneral health, gait,
microcirculation and QOL are displayed in differgettions in this chapter (see Table
6-1). These results compose the main analysis. &&ation begins by exploring the
effect of previously identified possible confounsié@n the literature) on the dependent
variable. Thereafter, based on this explorationdig@sion was made to which analysis
would be appropriate. Further information aboutdtagistical approach used during the
cross-sectional study can be found in the Chap(®ebtion 5.6.2.1). In addition to that,
the last section of the results includes an expioysanalysis which provides some
additional information regarding the factors thatynaccount for the group differences

investigated in the main analysis.
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Table 6-1. Overview of the results presented in css-sectional study
DOMAIN Measurement Outcome measure
TC
Cholesterol LDL
HDL

General Health

Systolic Blood Pressure

Blood Pressure

Diastolic Blood Pressure

Gait

Glucose Control HbA ¢
‘ Body mass
Obesity Body fat %
Neuropathy VPT
Strength Peak Moment
Gait velocity
Spatial-temporal Step length
par(aar?:eters Step time

Distance COP

COP parameters

Velocity COP

Heel

Peak Pressure Metatarsals

Big toe

Kinetic data

Heel

PTI Metatarsals

Big toe

% peak activity per gait phase

% GC muscle active

Muscular Activity

Time to peak (push off phase)

Instant Peak Activity (Push off)

Muscular Rest
Blood flow Post-Exercise
Recovery
Microcirculation Muscular microcirculation Rest
Muscular
Oxygen Post-Exercise
Consumption
Recovery

Quality of Life

Self-Reported Quality of life

Physical Health

Mental Health
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6.1.1 Subjects characteristics

The two groups were matched on marginal distrimstimr age, height and gender.
Table 6-2 presents the demographic features dfutbgects belonging to the 2 groups
(DN and HEALTH). No statistical differences weream between the groups
regarding to age, height or gender. However, bathgs differed significantly in body
mass (<0.01). Meanz standard deviation was 93.03471kg and 78.63+ 9.56 kg for
DN and HEALTH groups, respectively. Since matcHimgbody mass was not possible
the effect of body mass on the outcome measuregxydsred prior to the main

analysis.

Table 6-2. Subject characteristics for the HEALTH and DN group®

Inferential statistical
Group
) results
Variable
Case*Control
DN (N=53) HEALTH (N=25) )
comparison
Age (years) 62.20+ 7.55 57.76+ 10.60 t(76)=1.850D.p68
Mass (kg) 93.03+ 17.47 78.63% 9.56 [1(76)=3.846, p<0.001 *
Height (m) 1.69+ 0.98 1.71+ 0.86 t(76)=-0.939, (35D
Sex
Male (n) 34 (64%) 16 (64%) NA
Female (n) 19 (36%) 9 (36%)

#Values are mears SD; ** Significance value is less than 0.01 lex&itgiled).

6.1.2 General Health

This section investigates characteristics relategenheral health. Thus, blood pressure,

body fat% and lipids profile were explored.
Table 6-3 shows the medications that were taketh&@yON group at the time of the

measurements and that could have affected sonhe girbup comparisons discussed

later. Thus, Table 6-3 shows that all the subjectse DN group were taking
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medications against hypertension, hyperglycaenahgpercholesterolemia. In

addition to this, 7 subjects (13%) were taking depressants.

Table 6-3. List of medications taken by the DN grop

Number of Number of
atients takin patients taking
Treatment Medication P specific 91 medications
pectl for specific
medications treatment
» ACE inhibitor (i.e.
o 48 (5299
Hypertension Valsartan 52 (100%)
* Thiazide diuretic (i.e. o
Bendroflumethiazide 6 (11%)
. » Metformin 51 (98%)
Hyperglycaemia 52 (100%)
» Repaglinide 3 (5%)
Hypercholesterolemi h Statin (|.e._S|mvastat|n, 52 (100%) 52 (100%)
atorvastatin)
. » Amitriptyline (i.e. o o
Antidepressant tryptomer, Lentizon) 7 (13%) 7 (13%)

Main results: Comparison of general health relateditcome measures between the

DN and the HEALTH group

Information with regards to the risk factors asatail with cardiovascular diseases is
presented in Table 6-4. DN group showed signifigamgher values in systolic blood
pressure, heart rate at rest and body fat % compartne HEALTH group. Diastolic
blood pressure did not differ significantly betweba groups. Since cholesterol levels
were only measured in the DN group Table 6-5 pitssaholesterol levels in the DN
group. For informative reasons current recommeandatfrom the National Cholesterol
Education Programme (NECP) regarding LDL, HDL ar@ (Expert Panel on
Detection, Evaluation, and Treatment of High Bldgitblesterol in Adults, 1993) were

also presented.
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Table 6-4. Cardiovascular risk factors: Comparisorbetween the HEALTH and the DN group
Inferential statistical

Group
] results
Variable
Case*Control
DN (N=53) HEALTH (N=25) )
comparison

Systolic blood
136.00 (53.00) 127.00 (62.00) 0.032* (NPT)
pressure (mmHQ)

Diastolic blood
79.77+9.06 83.24+ 8.80 t(76)=-1.590, p=0.116
pressure (mmHQ)

Body fat % 37.74+6.32 31.41+6.46 t(76)=4.111, p<0.001*1

Heart rate at rest

. 76.73+12.42 70.76+ 10.36 t(76)=2.085, p=0.040*
(beatsmin ™)

#Values are means SD;bVaIues are medians with range in parentheses;rif8ignce value is less
than 0.05 level (2-tailed); ** Significance valueless than 0.01 level (2-tailed); NPT. Non paraimet
test.

Table 6-5. Cholesterol levels: Values in the DN gup in relation with current recommendations

Group
Variable Recommendations from
DN (N=53)
NECP
HDL (mmol-L™) 1.11+0.3% >0.9
LDL mmol-L™) 1.83+0.73 <3.4
TC (mmolL™) 3.81+ 0.94 <5.2

*Values are means with SD in parentheses.

6.1.3 Gait biomechanics

Gait was investigated from different perspectividss intended to provide a more
comprehensive analysis of walking in patients wlittbetic neuropathy. This section
starts presenting results of the strength leveteérower limb muscles. Although
strength is not a gait-related outcome measursetresults are included in this section

due to the close association that exists betweestlmweakness and gait alterations in
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individuals with DN (Mueller et al., 1994). See @ker 2 (Section 2.2.2.1) for more

information about the way muscle weakness cantadfgit in DN subjects. Thereafter

three more subsections are included in which ouécoreasures related to gait

parameters, kinetic data and muscular activity datang gait are presented.

6.1.3.1Isometric strength

Maximal strength levels during isometric testingttte DN and HEALTH groups are

presented in Figure 6-1. Results show that the BNmgwas significantly weaker in all

muscle groups compared to HEALTH group.

Figure 6-1. Strength levels: Comparison betweethe HEALTH and the DN group ?
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Dorsi-Flexion  Plantar-Flexion Knee-Extension

Knee-Flexion

@ DN group
m HEALTH group

&Mean and SD (error bar); **Significance valuedss than 0.01 level (2-tailed)

6.1.3.2Gait parameters

Possible confounders for spatial-temporal and CO&ameters

Since body mass was not sufficiently controlledak explored as a potential

confounder variable for spatial-temporal paramefgable 6-6 shows that body mass

did not correlate significantly with any of the s§phktemporal parameters. However,
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both groups showed a trend toward longer step tandsslower cadence in subjects

with larger body mass (p<0.06).

Body mass was also explored as a possible confowad@ble for COP measurements.
Thus, body mass appeared to be positively coritlatéhe total distance travelled by
the centre of pressure in the DN group. This cati@h was not present in the

HEALTH group (p=0.013). However, there was a trémaard a positive correlation
between the total distance travelled by the COPbady mass in the HEALTH group
(p=0.081). Apart from that, no other significantratation was observed between body
mass and all the other floor-foot interaction pagtars (velocity of COP at the heel,

forefoot and hallux).

Beside body mass, gait velocity was also exploeed possible confounding variable
for COP measurements. Since some of the COP vesialoé velocity related it was
important to explore the effect of gait velocity ihose variables. Gait velocity was
found to be positively correlated to the velocifyttte COP at the heel in both groups
(p<0.15) and not to the velocity of the COP atftrefoot or hallux either in the DN or
HEALTH groups. Table 6-7 shows the effect of bodgsmand gait velocity on COP

outcome measures

In the main analysis, body mass and gait velocgyewherefore handled as follows:
body mass was controlled for when analysing the wistance travelled by the COP
whilst gait velocity was controlled for when anahgsthe velocity of the COP at the

heel.

Table 6-6. Spatial-Temporal parameters: Possible afounding variables (Bivariate
correlation)

Step time | Step lengtl Cadence| velocity

N=53 r=0.267 | r=-0.131 | r=-0.271 | r=-0.165
(DN group) p=0.055 | p=0.928 | p=0.052 | p=0.243

N=25 r=0.381 | r=-0.112 | r=-0.386 | r=-0.113
(HEALTH group)| p=0.060 | p=0.593 | p=0.056 | p=0.589

Body Mass
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Table 6-7. Floor-foot interaction parameters: Possile confounding variables (Bivariate
correlation)

COP (total [ COP velocity| COP velocity| COP velocity
distance) Heel Forefoot Hallux
1=-0.049
N=53 r=0.560** r=0.049
N/A p=0.615
-~ (DN group) p<0.001 p=0.738
£ (NPT)
3 N=25
> r=0.480* r=-0.402 r=0.135
(HEALTH N/A
p=0.015 p=0.052 p=0.519
group)
N=53 r=0.339* r=0.06 r=-0.269 r=0.082
@ (DN group) p=0.013 p=0.968 p=0.054 p=0.569
=
=) N=25
3 r=0.356 r=0.205 r=-0.134 r=0.280
(HEALTH
p=0.081 p=0.325 p=0.534 p=0.175
group)

* Significance value is less than 0.05 level (2e@); ** Significance value is less than 0.01 leg@!
tailed).

Main results: Comparison of gait parameter outcomeasures between the DN and

the HEALTH group

Group differences in gait parameters are showraeinie6-8 and Table 6-9. The
HEALTH group reported significantly quicker and gmr steps, higher cadence and
higher walking velocity when compared to DN groiith regard to the COP
parameters the velocity of the COP at the heelth@®nly dependent variable that
differed significantly between the groups. Henbe, HEALTH group showed slower
velocity of the COP at the heel when comparededN group (p=0.07). A trend
toward longer distance travelled by the COP inHIEALTH group compared to the
DN groups was also observed (p=0.084). No grouprdifices were observed in all the
other floor-foot interaction parameters (p>0.08)verall, the data shows that the main

group differences in gait parameter refer to sp&timporal parameters.
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Table 6-8. Spatial-temporal parameters: Comparisorbetween the HEALTH and the DN group®

Inferential statistical
Group
. results
Variable
HEALTH )
DN (N=52) Case*Control comparison
(N=25)
Step time (sec) 0.55+ 0.05 0.51+ 0.02t(75)=3.299, p<0.001**
Step length (m) 0.61+0.07 0.71+ 0.06t(75)=-5.466, p<0.001**
Cadence (stepsin™)| 109.86+9.81| 117.22+ 6.71 (75)=-3.386, p=0.001*
Velocity (msec') 1.13+0.18 1.39+ 1.64 t(75)=-6.003, p<0.001**
*Values are means+SD; ** Significance value is kbss 0.01 level (2-tailed).
Table 6-9. COP parameters: Comparison between the EALTH and the DN group
Group Inferential statistical results
Variable Case*Control comparison
DN HEALTH
ithout ith covariate
(N=53) (N=25) withou wi vari

covariate | (ANCOVA)

Distance travelled by F(1,75=3.064,

24.49+2.00| 24.72+ 1.5C N/A

the COP (cm) p=0.084
Velocity COP at the N/A F(1,79=7.827,
heel (msec)) 0.47+0.17 | 0.485+0.1F D=0.007+2
Velocity COP at the 0.140
metatarsals (rsec)) 0.27 (0.25f | 0.28 (0.16¥ (NPT) N/A
Velocity COP at the t(74)=0.899,

- 0.81+0.29" | 0.752+ 0.2
hallux (msec') p= 0.372
®Values are means + SPValues are medians with range in parenthégeslysis of covariance with
body mass as a covariafénalysis of covariance with gait velocity as a coage; ** Significance value
is less than 0.01 level (2-tailed); NPT. Non partiméest.

N/A

6.1.3.3Kinetic data

Due to the high association between plantar pressamd foot problems peak pressure
and pressure time integral were the primary outcomeasures under investigation. In

addition to this, parameters related to PP (i.e, KlAx Force and arch index) and PTI
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(i.e. CT) were also investigated. Kinetic data wagstigated in three different foot
areas, the heel, the metatarsal heads and the Hailure 6-2 shows an example of the
distribution of the plantar pressures in a heailtitjvidual with normal foot pressures

and in a DN subject with abnormal loading patterns.

In addition to this, peak pressure, Max Force,jiiséant of peak pressure and the
instant of Max Force were investigated under thefémt (metatarsals and toes) during
the push off phase. These results may provide s@tn@ble information about the

amount of stress the forefoot undergoes duringrbst critical phase of the GC.

6.1.3.3.1 Primary outcome measures: Peak Pressure and Pres3Jiume
Integral.

Comparison of peak pressure and pressure timerattegrameters between the right
and the left foot for the HEALTH and DN groups gresented in Table 6-10. This
Table shows that there were no significant diffeesnin PP and PTI variables between
the right and the left foot in the DN group andhe HEALTH group. This justifies that

further analysis on the kinetic parameters weresdinly on the right foot.

Figure 6-2. Example of foot pressure distribution a DN subject with loading abnormalities (left
picture) and a healthy individual (right picture)

PP=975kPa PP=570kPa
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Table 6-10. Foot pressures: Comparison between thight and left foot in the HEALTH (N=25) and

DN group (N=53)

Inferential statistics

Foot
Variable Group results
) Right*Left
Right Left )
comparison
PP
Heel HEALTH | 546.60+ 155.89| 535.32+ 137.88| t(24)=0.271, p=0.784
(kPa) DN 450.60+ 136.25| 444.67+ 117.87| t(76)=0.239, p=0.811
PP
Metatarsals | HEALTH | 647.36+ 230.68| 642.04+ 213.00| t(24)=0.085, p=0.93
(kPa) DN 779.45+ 270.14| 797.16+ 264.05| t(76)=-0.341, p=0.73}
PP
Hallux HEALTH | 575.92+ 240.09| 618.88+ 306.13| t(24)=-0.552, p=0.588
(kPa) DN 405.00 (1275.0)[ 403.00 (1207,0)) p=0.943 (NPT)
PTI
Heel HEALTH | 99.93+24.26 | 102.16+ 26.59 | t(24)=0.194, p=0.754
(kPasec) DN 110.64+ 34.56 | 111.90+ 32.11 | t(76)=-0.194, p=0.83¢
PTI
Metatarsals | HEALTH | 145.42 (328.80)| 151.66 (794.00))  p=0.776 (NPT)
(kPasec) DN 206.94 (318.86)( 222.92 (430.08)]  p=0.543 (NPT)
PTI
Hallux HEALTH | 100.35+48.00 | 114.81+ 64.42 | t(24)=-0.207, p=0.372
(kPasec) DN 68.42 (258.70) | 79.32 (310.86) 0.836 (NPT)

#Values are means SD,; P Values are medians with range in parentheses; NBii parametric test.

Possible confounders for peak pressure and presdime inteqgral

Since group matching for body mass was not possililee present study and it is

known that it may affect foot pressures (Cavandgil. £1991), body mass was

explored as a potential confounding variable foraRB PTI parameters. The effect of

gait velocity on PP and PTI was also investigatedesits influence in PP and PTI has

been stated in the literature (Morag & CavanagB9).9
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Table 6-11 presents the correlations between PPP&hdutcome measures and the
potential confounders. Gait velocity was the ordyiable that was significantly related
to PP or PTI data. Thus, gait velocity was posiyiverrelated to PP at the heel both in
the DN (p=0.012) and the HEALTH (p=0.016) groupsvdas gait velocity was
negatively correlated to PTI at the heel in the @bup (p=0.01) and not in the
HEALTH group (p=0.553). Contrary, PP and PTI battha metatarsals and hallux
were not significantly correlated to either velgait body mass. Body mass did not
seem to be related to PP and PTI at the heel eitherefore, in the main analysis gait

velocity was accounted for when analysing PP ahted.

Table 6-11. Peak pressure and Pressure time intedr&ossible confounding variables (Bivariate
correlation)

PP PP PP PTI PTI PTI
Hallux |Metatarsal{ Heel Hallux |Metatarsali Heel
1=0.032 1=0.047| 1=-0.087
N=53 r=-0.128 | r=0.350* r=-0.353*
p=0.740 p=0.625( p=0.360
(DN group) p=0.364 | p=0.012 p=0.010
% (NPT) (NPT) (NPT)
o
k) N=25 1=-0.140
> r=0.332 | r=-0.066 |r=0.488*| r=0.246 r=-0.125
(HEALTH p=0.327
P=0.105| p=0.754 | p=0.016|p=0.235 p=0.553
group) (NPT)
1=0.114 r=-0.12 1=-0.015
N=53 r=-0.182 | r=0.017 r=-0.181
= p=0.228 p=0.184 p=0.872
2 (DN group) p=0.192 | p=0.906 p=0.195
g (NPT) (NPT) | (NPT)
=) 1=0.178
3 N=25 r=-0.163 | r=-0.113 | r=0.183 |r=-0.129 0.215 r=-0.182
(HEALTH ' 0436 | p=0591 | p=0.392|p=0.538 7 p=0.383
group) (NPT)

* Significance value is less than 0.05 level (2e@); NPT. Non parametric test.
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Main results: Comparison of peak pressure and pnaisstime integral parameters

between the DN and the HEALTH group

Group differences in peak pressures are shownbifeT&al1l2. The HEALTH group
showed significantly higher foot pressure valuesitthe DN group at the hallux
(p=0.033) whereas the DN group reported signifigamgher values at the metatarsals
compared to the HEALTH group (p=0.03). Group d#éfeces in PP at the heel were
not significant after controlling for the effect gait velocity (p=0.481).

Table 6-12. Peak pressure: Comparison between theBALTH and the DN group

Group Inferential statistical results

Variable Case*Control comparison
DN HEALTH

(N=53) (N=25)

without with covariate
covariate | (ANCOVA)

Peak Pressure Heel (kHa) 453.63+ 546.60+ N/A F1,75)=0.500,
136.36 155.89 p=0.481
Peak Pressure Metatars|] 779.45+ 647.36% | t(76)=2.211,
(kPa) 270.14 230.68 p=0.030* N/A

Peak Pressure Hallux 405.00 548.00 p=0.033*

(kPa) (1275.00f | (1020.00)|  (NPT) N/A

@Values are means + SPValues are medians with range in parenthegeslysis of covariance with
gait velocity as a covariate; * Significance vaisiéess than 0.05 level (2-tailed); NPT. Non par&ite
test.

Table 6-13 shows that when comparing PTI paraméitxgeen the HEALTH and the
DN group, the only significant group differenceolsserved at the metatarsal area. The
DN group obtained median values (range) of 206338.86) kPaseccompared to the
145.42 (328.80) kPaec reported by the HEALTH group (p=0.01).

Overall, these results show that the metatarsaliarhe foot region in which the
greatest PP and PTI differences occur betweenhyeatid DN individuals.
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Table 6-13. Pressure Time Integral: Comparison beteen the HEALTH and the DN group
Inferential statistical

Group
results
Variable Case*Control
DN HEALTH _ _
comparison without
(N=53) (N=25) _
covariate
PTI Heel 110.64+ 34.58 | 99.93+ 24.28 | t(76)=1.391, p=0.16%
(kPasec)

PTI Metatarsals _ .
(kPasec) 206.94 (318.86) | 145.42 (328.88)]  p=0.01** (NPT)
PTI Hallux _

(kPasec) 68.42 (258.70) |101.42(328.80))  p=0.156 (NPT)

3Values are means + SPValues are medians with range in parenthesesigtiificance value is less
than 0.01 level (2-tailed); NPT. Non parametrid.tes

6.1.3.3.2Secondary outcome measures: Parameters relatede@akAPressure
and Pressure Time integral

1) Parameters related to peak pressure

Peak pressure is defined as the force per unit @heaefore it is important to
investigate vertical GRFs and CA outcome measurbestter understand PP values.
Structural characteristics are also known to playngportant role in PP. For this
reason, arch index, which measures the heighteofioiht arch, was also analysed and

included in this section.

Possible confounders for contact area

Body mass is likely to affect CA. In fact some istrgations have found an association
between these two variables (van Deursen, 2004 thifreason, body mass was
explored as a possible confounder for CA. Tabld @lisplays the correlations between
CA in different foot areas and body mass for bo# DN and HEALTH groups
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separately. A strong positive correlation betweedybmass and CA on different foot
areas was observed for both groups. The only pdeartiet did not reach significant
levels when related to body mass was CA at therhalhd this non significant
correlation was only observed in the HEALTH gropp@.235). Due to the high
correlation that is expected between body massands (GRFs), Max Force (vertical

GRF) was normalised to body massKti*).
Results from the present study show that CA islisigependent on body mass. For this

reason, body mass was controlled for when comp&hdpetween the healthy and DN

groups.

Table 6-14. Contact area: Possible confounding vables (Bivariate correlation)

CA CA CA CA
All foot Metatarsals Heel Hallux
" N=53 r=0.724** r=0.770** r=0.642** r=0.301*
§ (DN group) p<0.001 p<0.001 p<0.001 p=0.028
-§‘ N=25 r=0.439* r=0.410* r=0.618** r=0.235
@ (HEALTH group]  p=0.028 p=0.042 p<0.001 p=0.258

* Significance value is less than 0.05 level (2e@y); ** Significance value is less than 0.01 le(@itailed).

Main results: Comparison of CA and Max Force betwethe DN and the HEALTH

rou

Table 6-15 presents data on the parameters thatlated to peak pressure. It shows
that the only significant differences in CA betwagnups were found at the hallux
(p=0.005). Table 6-15 also shows that there amfgignt group differences in the Max
Forces (normalized to body mass) measured on tfezatit foot areas. The DN group
reported significantly higher Max Force valueskdi') at the metatarsals compared to
the HEALTH group (p=0.018) whereas the HEALTH gralqowed significant higher
Max Force values (Mg™) at the heel (p<0.001) as well as at the halls0(p02). The
results also show significant group differencethimstructure of the foot as
demonstrated by the higher foot arch observedarN compared to the HEALTH

group (p=0.048). Overall, these results show thax [Aorce is the main factor
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explaining the differences in PP between the DNtaedHEALTH group in the

different foot regions under investigation.

Table 6-15. Parameters related to Peak Pressure: @parison between the HEALTH and the DN

roup?
Group Inferential statistical results
Variable Case*Control comparison
DN HEALTH
) ) with covariate
(N=53) (N=25) without covariate
(ANCOVA)

Contact Area
(cn)

Metatarsals | 49 20+ 6.14| 45.33+5.21 N/A Fa.7570.010, p=0.92
Heel 33.82+ 4.52| 32.11% 3.37 N/A F7570.811, p=0.3741
Hallux 8.91+1.92 | 9.83+1.99 N/A F1.758.210, p=0.005*
Max Force
(N-kg™)

Metatarsals | 9 34+1.09 | 8.72+1.04 | t(76)=2.411, p=0.018"

Heel 7.05+0.97 | 7.75+0.78 |1(76)=-3.915, p<0.001*}

Hallux 1.37+2.06 | 2.06+ 0.80 |{(76)=-3.112, p=0.002*
Arch Index | 0.20+ 0.06| 0.18+ 0.046 t(76)=2.011, p=0.048*

#Values are mearnss SD; * Significance value is less than 0.05 levetaed); ** Significance value is
less than 0.01 level (2-tailedfAnalysis of covariance with body mass as a cowvariat

2) Parameters related to Pressure Time Integral

PTI, calculated as the area under the peak pressunre, represents the magnitude

(pressure) and duration of the plantar stress (Miu& Maluf, 2002). Therefore, the

contact times in the different foot regions weralgped. Since contact times, when

measured in milliseconds, are dependent on gaititg] contact times were normalized

to the percentage of the stance phase.
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Main results: Comparison of contact times betweeh and HEALTH groups

Table 6-16 shows that there are significant diffiees between the HEALTH and the
DN group in the amount of time the metatarsalstarcheel areas contact the floor
during the GC. The DN group reported higher contiawés (% of the roll over process)
at the metatarsals (p<0.001) and heel areas (p¥0ddbnpared to the HEALTH group.
The contact time spent on the hallux area did iftgrdignificantly between both

groups (p=0.251).

Table 6-16. Parameters related to PTIl: Comparison &tween the HEALTH and the DN group®

Inferential statistical
Group
) results
Variable
DN HEALTH | Case*Control compariso
(N=53) (N=25) without covariate
Contact Time
(% ROP)
Metatarsals 84.99+ 2.75| 82.10+ 3.04| t(76)=4.181, p<0.001**
Heel 62.23+ 7.44| 55.19+ 8.51| t(76)=3.722, p<0.001**
Hallux 52.32+ 16.47/56.57+ 11.65 t(76)=-1.152, p= 0.251

#Values are mears SD in parentheses; ** Significance value is lesstd.01 level (2-tailed).

6.1.3.3.3Kinetic parameters during the push off phase

Main results: Comparison of kinetic parameters beten DN and HEALTH groups

during the push off phase

Table 6-17 presents data during the push off pivalsieh is thought to generate the
highest stress on the sole of the forefoot. Noi@gnt differences were observed when
comparing time related variables between the HEAlaRd the DN group. Therefore,
both groups reported very similar results when stigating the instant during the roll
over process in which PP (p=0.547) as well as Maxé-(p=0.957) were produced.

Interestingly, no significant group differences webserved in PP at the forefoot
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(metatarsals and toes) during the push off. Evengh, the DN group obtained higher
PP mean values (855.36+ 259.08 kPa) compared tdE#d. TH group (772.69%
209.97 kPa), those differences did not reach saamt levels (p=0.161). Regarding to
the amount of vertical GRF generated during pu§htioé DN group showed
significantly higher values compared HEALTH gro§ps0.001). However, those
differences disappeared after controlling for batgss (p=0.811). Thus, the DN and
HEALTH groups reported a mean value of 10.83+ IN8izg™ and 10.88+ 0.82 Mg,

respectively.

Table 6-17. Peak pressure and Max Force parametedsiring the push off phase: Comparison
between the HEALTH and the DN group

Inferential statistical
Group
results
Variable Case*Control
DN HEALTH _ _
comparison without
(N=53) (N=25) .
covariate
PP (kPa) 855.36+ 259.08772.69+ 209.97| 1(76)=1.416, p=0.161
Instant PP (% ROP) 83.24 (25.84) 80.00 (23.92% 0.547 (NPT)
Max Force (N) 999.38+ 178.16 868.30+ 126.66| t(76)=3.85, p<0.001**
Instant of Max Force
77.38 (8.38) | 76.94 (19.90% 0. 957 (NPT)
(%ROP)
Max Force Normalised
Nk _1) 10.83+0.82 10.88+ 0.82 t(76)=-0.24, p=0.811
‘Kg

#Values are means SD,; P VValues are medians with range in parentheses;ghificance value is less
than 0.01 level (2-tailed); NPT. Non parametrid.tes

In summary, when comparing foot pressures betweseMEALTH and the DN group,
the most noticeable differences occurred underrntbatimetatarsal heads. Thus, results
from the present study showed significantly highBrand PTI values at the metatarsals
area in the DN group when compared to the HEALT®Lgr Interestingly, no

significant group differences in PP or Max Forcek@{) at the forefoot (which
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included the metatarsal heads and the toes) weaeradd during the push off phase.

6.1.3.4Surface Electromyography

This section presents the results obtained fronEM& measurements. Firstly, the
group differences in mean muscular activity duting differences phases of the GC are
presented. Thereafter, time related variablestayess, which include: 1) the
percentage of time each muscle was kept activitinduhe whole GC; 2) the instant of
the GC at which TS and TA activity peaked duringd after the push off phase,
respectively; and 3) time lag from the onset tokpeaivity during and after the push

off phase for the TS and TA muscles, respectively.

Main results: Comparison of mean activity duringffirent phases of the gait cycle

between DN and HEALTH groups

EMG data during the GC is displayed in Figure @8.the top of the picture the
different phases of the GC as well as their dunaiticrelation to the GC can be
observed. EMG data traces from the different nass€r'S, TA, VL and BicFem) as
well as the results Table shown at the bottom efgilsture have been presented in
relation to the phases of the GC. Figure 6-3 shbesaverage EMG values during a GC
for the DN (blue line) and HEALTH (red line) grou@aMG values are presented for
the TA, TS, quadriceps (VL) and hamstrings (BicFemiscles. The Table at the
bottom of Figure 6-3 displays the differences iramactivity for the TA, TS,
guadriceps (QUADS) and hamstrings (HAMS) duringhejicase of the GC when the
DN group was compared to HEALTH group. Note thastatistical analysis has been
carried out to investigate group differences in ol activity during the initial swing
and mid-swing phases of the GC. EMG data is predgest percentage of the peak
activity during the GC.

During the loading phase (0-10% of GC) the DN grogjported significantly higher
mean values than the HEALTH group for TS (28.6886%6 vs. 17.35%+ 9.14%), TA
(77.11+ 11.07% vs. 63.77+ 18.03%) and QUADS (68.9982% vs. 64.03+ 14.70%)
while no significant differences were observedtfe HAMS (67.25+ 18.31% vs.
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63.00£ 22.19%). The same trend was observed fof $héuring the mid-stance phase
(10-30% of GC), in which the DN group showed higheran values (p<0.001) than the
HEALTH group (47.63+ 12.63% vs. 33.94% 11.78%). ikalTS, TA activity during

this phase was significantly higher (p<0.05) in H®ALTH compared to the DN group
(57.21+ 14.92% vs. 47.63+ 16.99%). Muscular agtipitterns for QUADS and

HAMS during the mid-stance did not differ considayabetween groups. During the
terminal stance phase (30-50% of GC), the DN gshgwed significantly higher
(p<0.05) mean values for the TS (75.62+ 9.33% 0sL8* 8.80%) and QUADS
(31.98+ 14.48% vs. 23.02+ 17.85%) compared tdBALTH group while no
significant differences were observed for TA or HBMDuring the pre-swing phase no
significant group differences were observed for ahthe four muscles (p>0.15).

The analysis of muscular activity levels during k&t phase of the GC (Terminal
swing) showed significant group differences fordathuscles. TS, TA QUADS and
HAMS activity levels were consistently higher iretBN group compared to the

HEALTH group. Significance values were lower tha@10for all four muscles.

Main results: Comparison of time related EMG varilds between DN and HEALTH

groups

Table 6-18 presents time related EMG data. Paraseteler the heading % GC muscle
active refer to the amount of time (as percentageh muscle is kept activity during the
whole GC. The other two sets of results refer $pecific time window around the push

off phase for the TA and TS. More information abiig time windows for those

muscles can be found in the Chapter 5 (Sectio3 3.8).
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Figure 6-3. EMG activity patterns during the GC: Comparison between the HEALTH and the DN
group
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* Significance value is less than 0.05 level (2e@); ** Significance value is less than 0.01 le(@!
tailed); NPT. Non parametric test.
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When investigating muscular activity patterns dgrine whole GC, results from the
current study showed that the DN group maintaihedlitS, QUADS and HAMS
muscles active during the GC significantly londgér GC) than the HEALTH group
(p<0.05). However, no statistical group differenee&se observed when looking at the
TA.

When assessing time related outcome measures dbargpecific time window around
the push off phase for the TA and TS muscles, tefum the present study show that
the DN and HEALTH groups did not differ significinin the instant of the GC TA
and TS peaked. When looking at the time delay fiteeronset of muscular activity to
the peak activity, longer time delays were obseimatie DN group compared to the
HEALTH group for the TA (p=0.026) and the TS (p<@.). Therefore activation was
started earlier in the GC for the DN group for Teand TS muscles compared to the
HEALTH group.

Results from the present study showed significéférénces in EMG activity patterns
between the DN and the HEALTH group. Thus, the Dblg showed significantly
higher EMG activity compared to the HEALTH groupdesnonstrated by: 1) higher
mean activity values throughout different phasethefGC; 2) higher amount of time
the muscles were activity during the GC; and 3jeamuscular activation of the TA

and TS muscles.
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Table 6-18. Time related EMG variables: Comparisorbetween the HEALTH and the DN group

Inferential statistical

—

Group
Variable results
DN HEALTH Case*Control compariso
(N=52) (N=23) without covariate
% GC muscle active
TS 67.46+ 11.18 | 59.04+9.1% | t(74)=3.101, p=0.003**
TA 75.33+9.69 | 72.78+12.18 t(74)=0.956, p=342
QUADS 68.46+ 12.01 | 59.68+ 14.51 | t(74)=2.700, p=0.009**
HAMS 70.29+ 15.22 | 62.16+ 17.63 | t(74)=2.001, p=0.049*
Time From Onset To
Peak Activity (ms)
TS 75.86+ 12.43 | 61.36+ 12.73 | t(74)=4.552, p<0.001**
TA 25.21 (83.58Y | 20.93 (19.98Y p=0.026* (NPT)
Instant of peak activity
(% GC)
TS 47.50 (10.70§ | 47.65(4.70¥ 0.323 (NPT)
TA 72.95 (38.309 | 77.35 (22.30% 0.201 (NPT)

2values are mearts SD; ° Values are medians with range in parentheses; riifgéignce value is less
than 0.05 level (2-tailed); ** Significance valueless than 0.01 level (2-tailed); NPT. Non paraitiet

test.

6.1.4 Microcirculation

Muscular BF and mV@were investigated during different conditionsrest, in

response to an exercise bout and during recoveny ém exercise bout.

Possible confounders for microcirculation variables

Since body composition was not controlled body naassbody fat% were explored as

potential confounder variables for microcirculatdigta. Table 6-19 shows that during

resting conditions body mass was positively coteeldo blood flow and oxygen

192



consumption in the DN group (p<0.05), while thoseerelations did not reach
significant levels in the HEALTH group (p>0.05).08y fat% was not significantly
correlated to either resting BF or resting my/Table 6-20 shows that body mass and
body fat% did not correlate significantly to BFraW O, variables during the other 2

conditions.

Table 6-19. BF and mV Q at rest: Possible confounding variablegBivariate correlation)

BF at rest mVO; at rest
1=-0.014
N=50 1=0.176
o p=0.891
> (DN group) p=0.072
s NPT
LL
5 1=-0.276
2 N=25 1=-0.100
p=0.052
(HEALTH groups) p=0.484
NPT
=0.335** =0.239*
N=50
=0.001 =0.018
7 (DN group) P P
g NPT NPT
=) 1=-0.003
3 N=25 r=-0.128
p=0.981
(HEALTH groups) p=0.542
NPT

* Significance value is less than 0.05 level (2e@; ** Significance value is less than 0.01
level (2-tailed); NPT. Non parametric test.

Beside body mass and body fat%, the effect of M@astcular activity on
microcirculation during the exercise bout was @sgplored. Microcirculatory
responses to an exercise bout will depend on teesity of the exercise. For this
reason the intensity of the exercise bout was pebustantly at 50% of the individual’s
MVC. However, even thought force was controlledimigithe exercise protocol the
amount of work coming specifically from the MGash(ch is the muscle under
investigation) was not controlled. Therefore, tlsgible effect of the specific amount

of work carried out by the MGast on the microcietaly responses was investigated.

Table 6-20 shows that EMG activity (normalisedhe peak activity during MVC)

during the exercise bout (measured on the MGaggared to be positively correlated
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to the microcirculatory responses to exercise (oregbsalso in the MGast). Thus, the
muscular oxygen consumption response to exercideulated as the percentage of
change from baseline to post-exercise values) iga#isantly correlated to EMG
activity in the DN (p=0.01) and HEALTH groups (p€01). Furthermore, the change in
BF in relation to the exercise bout was correlateHMG activity in the DN group
(p=0.002). However, this correlation did not reanificant levels in the HEALTH
group (p=0.180). Table 6-20 also shows that theauiculatory recovery from the
exercise bout (blood flow and muscular oxygen consion) did not appear to be

related to the activity level of the MGast durihg texercise protocol both in the DN

group and in the HEALTH group.

Table 6-20. BF and mVQ in relation to the exercise protocol: Possible copfinding variables
(Bivariate correlation)

BF BF mVO; mVO;
PreVsPost %4 Recovery % | PreVsPost % Recovery %
1=-0.169 1=-0.127
N=53 r=0.110 r=0.271
© p=0.098 p=0.225
> (DN group) p=0.467 p=0.056
ks NPT NPT
& N=24 1=-0.100 1=-0.167
2 r=0.073 r=-0.070
(HEALTH p=0.484 p=0.254
p=0.607 p=0.624
group) NPT NPT
1=-0.125 1=-0.135
N=53 r=-0.006 r=-0.311
* p=0.222 p=0.199
%) (DN group) p=0.968 p=0.053
g NPT NPT
=) N=24 1=-0.077 1=-0.302
3 r=-0.199 r=-0.180
(HEALTH p=0.591 p=0.052
p=0.341 p=0.388
group) NPT NPT
=0.320** 7=0.338**
> N=53 =-0.035 r=0.084
£ p=0.002 p=0.001
5 (DN group) p=0.817 p=0.589
< NPT NPT
S N=24 1=0.196 1=-0.043
b r=0.664** r=-0.108
3 (HEALTH p=0.180 p=0.771
= p<0.001 p=0.615
group) NPT NPT

** Significance value is less than 0.01 level (2ed); NPT. Non parametric test.
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In the main analysis, body mass and EMG activityevikerefore handled as follows:
body mass was accounted for when comparing reBfingnd mVQ between the
groups while EMG was entered as a covariate whaerpaong group differences for

BF and mVQ responses to the exercise bout.

Furthermore, muscular activity during the exerdisat was significantly higher (mean
+ SD) in the DN group compared to the HEALTH grddp.26+ 21.88 vs. 28.54+
12.20, p=0.017). Figure 6-4 shows a typical exanoplthe force and EMG traces
during the exercise protocol in two different sultge one from the DN group and one
from the HEALTH group.

Figure 6-4. Example of the force and EMG traces during the exaise protocol in two different
people, one from the DN group (A) and one from thelEALTH group (B)
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Note: The red trace represents the force geneiratb@ KINCOM machine whilst the blue trace

represents the EMG activity. The green line shdwesdorce targeted during the exercise bout (50% of
MVC).
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Main results: Comparison of microcirculatory relatevariables between the DN and

the HEALTH group

Table 6-21 presents data on the comparison of wifcrdatory related outcome
measures during different conditions between theadtlithe HEALTH group. It

should be noted that the main analysis for thesdifit microcirculatory related outcome
measures was carried out with 46 subjects in thegiaNp and 24 subjects in the
HEALTH group whereas all the other analyses wergezhout with 53 in the DN

group and 25 in the HEALTH group. Some individugi$fered from muscle cramps
during the exercise protocol and the exercise bdektstopped. This explains the

reduction in the numbers compared to the othelyansl

During resting conditions, no significant differesovere observed when comparing
either BF (p=0.167) or mV&{p=0.535) between the DN and the HEALTH group. With
regard to the microcirculatory responses to exereesults from the present study
showed significant lower exercise-induced vasaodliiah in the DN group compared to
the HEALTH group (p=0.003) as demonstrated by theler percentage of change in
BF from baseline to post-exercise conditions. Grdiffigrences were also significant
when comparing the percentage of change of miv@n the baseline to the post-
exercise condition between the DN and the HEALTbBUgr(p<0.034). Table 6-21 also
shows that the DN group recovered from the exetwigg significantly slower than the
HEALTH group. Thus, significant group differencesre& observed when comparing
BF recovery (p<0.004) and m\i@ecovery (p<0.033) after 70 seconds.

Overall, results from the present study show that®N group had reduced
microcirculatory responses to an exercise bout esetpto the HEALTH group and

that the recovery from the exercise was slowehé&N compared to the HEALTH

group.
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Table 6-21. Microcirculation parameters: Comparisonbetween the HEALTH and the DN groug

Inferential statistical

Group
results
N i Case*Control comparisor]
Condition Variable
DN HEALTH with
without
(N=46) (N=24) _ covariate
covariate
(ANCOVA)
BF 0.60+ 0.64+ A Fae7=1.951,
(ml-min *.100g%) 0.28 0.26" p=0.1673
At rest
mVO; rest 0.024+ 0.025+ N/A Fa,6770.389,
(mlO,-min *-100g%)| 0.012 0.012 p=0.5353
BF pre vs. post 112.40+ 154.18+ NIA F(1,6779.633,
Responses tpexercise (% changg) 75.1% 68.36' p=0.003**23
exercise | mVO; pre vs. post] 301.42+ 346.78+ N/A F(1,6574.683,
protocol | exercise (% changd) 228.86 253.60 p=0.034*23
Recovery |BF recovery after 7p  74.99 91.05 p= 0.004** NIA
from sec (%) (114.08} | (76.67 NPT
exercise mVO, recovery 77.77+ 89.83+ | t(65)=-2.17; N/A
protocol after 70 sec (%) 22.08 22.1F p=0.033*

®Values are means with SD in parentheS&4lues are medians and range in parentheses *f8amie

value is less than 0.05 level (2-tailed); **Signénce value is less than 0.01 level (2-tailed); NRdn
parametric testAnalysis of covariance with body mass as a covafianalysis of covariance with
muscular activity (EMG) as a covarialdata transformed not to break the assumptionehtirmal
distribution of the data when using parametricstest

6.1.5 Quality of life (SF-36)

Table 6-22 displays the group differences in thieint dimensions measured by the

guality of life questionnaire. Thus, significanttwer scores were reported by the DN

group in every single dimension compared to the HBA group (p<0.001).
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Table 6-22. Quality of life dimensions: Comparisoetween the HEALTH and the DN groug

Variable

Inferential
Group o
statistical results
Case*Control
DN (N=53) HEALTH (N=25) | comparison withou

covariate

Physical Function

70.00 (100.00)

95.00 (20.00)

p<0.001 ** NPT

Role Physical

75.00 (100.00)

100.00 (0.00)

p <0.001 ** NPT

Body Pain

70.00 (100.00)

100.00 (55.00

p <0.001 ** NPT

General Health

60.00 (90.00)

85.00 (60.00)

p <0.001 ** NPT

Vitality

55.00 (90.00)

70.00 (45.00)

p <0.001 ** NPT

Social Function

100.00 (100.00)

100.00 (45.00

p =0.001 ** NPT

Role Emotional

100.00 (100.00)

100.00 (0.00)

p <0.001 ** NPT

Mental Health

84.00 (100.00)

88.00 (52.00)

p <0.001 ** NPT

Physical Health
Overall

66.25 (92.50)

93.75 (42.50)

p <0.001 ** NPT

Mental Health

Overall

80.37 (95.00)

90.00 (37.50)

p <0.001 ** NPT

NPT. Non parametric test.
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6.1.6 Summary of the main results for the cross-sec  tional study

Table 6-23 provides a summary of the results iatiah to the null hypotheses for part

1 of the main study.

The null hypothesis 1 relating to differences ingrl health between the DN and the
HEALH group was rejected for the systolic bloodgsgre but was accepted for the
diastolic blood pressure. The DN group demonstraigher systolic blood pressure

compared to the HEALTH group.

The null hypothesis 2 relating to differences iit gharacteristics between the DN and
the HEALTH group was rejected for spatial-tempataracteristics, foot pressures
under the metatarsal heads, and EMG parametersvioag accepted for COP
parameters and foot pressures at the heel. Comfzated HEALTH group, the DN
group demonstrated higher PP and PTI under thetanséh heads, slower gait velocity
(gait velocity, shorter steps and slower cadenod)averall higher EMG activity.
Furthermore, null hypothesis 2 relating to differesiin strength levels between the DN
and the HEALTH group was rejected for all the magploups. The DN group was
significantly weaker in all the muscle groups conmepleto the HEALTH group.

The null hypothesis 3 relating to differences icmcirculation during different
conditions between the DN and the HEALTH group vegscted for non-resting
conditions but it was accepted for resting condgiorhe DN group demonstrated
smaller BF and mV@responses to an exercise protocol and slower BFarO,

recovery from the exercise protocol compared tdHBALTH group.

The null hypothesis 4 relating to differences inlQé2tween the DN and the HEALTH
group was rejected for physical and mental he@tmpared to the HEALTH group,
the DN group demonstrated significantly lower ssareall the physical and mental

dimensions of the SF 36 QOL questionnaire.
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Table 6-23. Summary of the results in relation tohe main analysis of the cross-sectional study

Domain Measurement Outcome measure| ~ P<0.05
NOT
Tc APPLICABLE
NOT
Cholesterol
LDL APPLICABLE
General Health HDL NOT
APPLICABLE
Systolic Blood Pressure 1
Blood Pressure N/S
Diastolic Blood Pressure
Strength Peak Moment *l
Gait velocity *
Spatial- *
ca temporal Step length
ait "
parameters Step time !
CcoP Distance COP N/S
parameters Velocity COP *1
Heel N/S
Peak *1
. Pressure Metatarsals|
Gait Big toe *
Kinetic data
Heel N/S
PTI Metatarsals 1
Big toe N/S
% peak activity per gait *q
phase
% GC muscle active 1
Muscular Activity Time to peak (push off 1
phase)
Instant Peak Activity (Pus N/S
off)
Rest N/S
Muscular P N
Blood flow ost- ¢
Exercise
*
!
; ; . Muscular Recovery
Microcirculation microcirculation Rest N/S
Muscular .
Oxygen Post- !
Consumption|__EXercise .
Recovery !
. *l
) ) Self-R ted lit Physical Health
Quality of Life elf-Reported Quality
of life *
Mental Health

* Significance value is less than 0.05 level (2e@); N/S no significant differences; reflect the DN
group in relation to the HEALTH group.
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6.1.7 Exploratory study

This section explores the variables that may betteount for the group differences
observed in the cross-sectional study. Thus, gt explores outcome measures that
are likely to have influenced gait characteristiog;rocirculation and QOL in the
present investigation. At the start of each sedfame is a brief explanation of the

variables under investigation as well as the tha@kreasons behind that choice.

Bivariate correlations (two tailed) were used tatethose parameters. Thus, Pearson’s
correlation coefficient was used when data setgwermally distributed whereas
Kendall’s correlation coefficient was used whenialsles were not normally

distributed. Note that significance was set atlphalevel of 0.05 and no Bonferroni
corrections, to reduce the chances of type | ewere applied. Correlations were

carried out separately for the DN and HEALTH graups

6.1.7.1Gait Biomechanics

Gait parameters (spatial-temporal and COP paras)etad peak pressure parameters
(PP and PTI) were used to explore gait charadiesidn relation to gait parameters,
sensory neuropathy and muscular weakness, espedii#iie distal leg muscles, are
believed to influence spatial temporal charactesstyavuzer, et al., 2006) and COP
parameters (Uccioli et al., 2001). For this reasba bivariate relationships between
both VTP and muscular strength (at the dorsi-flexwat plantar-flexor muscles) and
gait parameters were investigated. In relatione@kgpressures, the literature has
identified structural changes (i.e. arch index)a@imozzi et al., 2005), sensory
neuropathy (Frykberg et al., 1998) and muscle wes&nespecially of the distal leg
muscles (Akashi et al., 2008), as contributingdetor the changes in foot pressures
between healthy and DN subjects. For this reasembitrariate relationships between
VPT, arch index and muscular strength at the dtesor and plantar-flexor muscles
and both PP and PTI were investigated. Resulth@etploratory analysis for gait

parameters and foot pressures are presented.
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Gait parameters
Table 6-24 investigates the relationships betwestpgrameters (spatial-temporal and

COP parameters) and sensory (measured by vibragéiaeption threshold) and strength
levels. Sensory neuropathy was positively corrdl#estep time (p=0.029) whist
sensory neuropathy was not related to step lenggliovelocity. VPT also showed a
weak positive correlation with the total distaneeselled by the centre of pressure
(1=0.270; p=0.005).

When assessing the relationships between streeggfsland spatial-temporal
characteristics, plantar-flexor muscle strengtheaped to be correlated to gait velocity,
step time and step length. Therefore, individudis weported higher PF moment
seemed to walk quicker, with longer and quickepsténteresting, these associations
were only present in the HEALTH group (p<0.05), vdas no correlation was found

between the PF moment and any of the spatial-temhparameters in the DN group.

The strongest correlation between lower limb mustiength and COP variables was
found between the DF moment and the distance tealvby the COP. Thus, longer
distance travelled by the COP was observed ingipatits who reported higher DF
moment values. This significant correlation wasestsd both in the HEALTH
(r=0.545; p=0.008) and in the DN group (r=0.5330®01). The only other significant
correlation was found between DF strength levetsthe velocity of the COP at the
heel. However, this negative correlation was oidgesved in the DN group (p=0.038)
and not in the HEALH group (p=0.910).
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Table 6-24. Gait parameters: Exploratory data (Bivaiate correlation)
) . i COP (total [COP velocit
Gait velocity Step Time [ Step Length
distance) (Heel)

N=53 r=-0.081 | r=0.212* r=0.040 =0.270* r=-0.24
e p=0.398 | p=0.029 | p=0.676 | p=0.005 | p=0.807
> (DN group)

NPT NPT NPT NPT NPT

N=53 r=0.179 r=-0.086 r=0.156 r=0.140 N/A
% (DN group) p=0.203 p=0.542 p=0.268 p=0.308
§
=
L N=24 r=0.575** | r=-0.479* | r=0.467* r=0.409 NIA

(HEALTH group) p=0.005 p=0.024 p=0.028 p=0.059

N=53 r=0.533** | r=-0.288*
= N/A N/A N/A
T (DN group) p<0.001 | p=0.038
§
=
LL N=24 r=0.545** | r=-0.017
a N/A N/A N/A

(HEALTH group) p=0.008 p=0.910

* Significance value is less than 0.05 level (2e@); ** Significance value is less than 0.01 leg@!
tailed); NPT. Non parametric test.

Foot pressures
Table 6-25 explores the relationships between afgressure outcome measures at the

heel and metatarsal regions and sensory neurofratgsured by vibration perception
threshold), strength levels (dorsi-flexors and maiflexors) and foot arch

characteristics.

Sensory neuropathy (VPT) did not appear to be tzde® to peak pressures or pressure
time integral variables both at the heel and antktatarsals areas (p>0.05). Similar
results were obtained when relating arch index Wiitletic variables. Therefore, arch
index did not show significant correlations withaggpressure or pressure time integral
variables both at the heel and at the metatarsakgp>0.05). Strength levels seemed to
be related to some foot pressure outcome meaddiFesioment was correlated to foot

pressures at the metatarsal region. Hence, pedmeeported higher strength levels at
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the dorsi-flexor muscles also reported lower PTuga at the metatarsal region.

Although there was a tendency in both groups (8%,&his negative correlation only
reached significant levels in the DN group (p<0)047 addition to that, the HEALTH

group also reported a strong negative correlatiod.0492; p<0.05) between DF

moment and peak pressure at the metatarsal region.

Table 6-25. Foot pressures: Exploratory data (Bivaate correlation)

Peak Pressur{ Peak Pressur| PTI PTI
Heel Metatarsals Heel Metatarsals
1=0.054 1=-0.01 1=0.134 1=0.127
— N=53
o p=0.701 p=0.994 p=0.160 p=0.364
> (DN group)
NPT NPT NPT NPT
N=53 r=-0.206 r=-0.151 r=-0.166 r=-0.233
3 (DN group) p=0.139 p=0.280 p=0.233 p=0.102
g
S
Z N=24 r=0.372 r=0.030 r=-0.080 r=-0.069
(HEALTH group) p=0.067 p=0.885 p=0.704 p=0.741
N=53 r=-0.004 r=-0.291
- N/A N/A
o) (DN group) p=0.977 p=0.632
5
=
L N=24 r=-0.160 r=-0.291
o N/A N/A
(HEALTH group) p=0.297 p=0.189
N=53 r=0.041 r=0.171 r=-0.103 r=-0.274*
|5 (DN group) p=0.773 p=0.221 | p=0.461 | p=0.047
5
=
% N=24 r=-0.164 r=-0.492* r=-0.372 r=-0.371
(HEALTH group) p=0.467 p=0.020 p=0.088 p=0.089

* Significance value is less than 0.05 level (2e@); NPT. Non parametric test.
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6.1.7.2Microcirculation

Muscular blood flow and muscular oxygen consumptiaring different conditions
were used to explore microcirculation. Previousestigations have linked impairments
in blood flow and oxygen consumption to sensoryropathy (Dinh & Veve, 2004) and
hyperglycaemia (Tooke et al., 2000) in patienthwliabetes. For this reason, the
bivariate relationships between VPT and Hb#nd both blood flow and mVQvere

explored.

Table 6-26 explores the relationships between roimrolation and sensory neuropathy
(measured by vibration perception threshold), giyeim control and systolic blood
pressure. Blood sugar level appeared the only blarthat correlated significantly with
microcirculation variables. Thus, higher HRAelated to diminished blood flow and
muscular oxygen consumption recovery from exer@s®.05). On the other hand,
VPT and BP did not seem to correlate with any efrtiicrocirculatory variables
(p>0.05).

6.1.7.3Quality of Life

Some investigations have suggested an associatarebn QOL and physiological
markers in diabetic patients (Wikblad et al., 19%&)r this reason one of the objectives
of this exploratory study was to investigate whethigtcome measures linked to DN
such as sensory neuropathy, glycaemic control &edity, were associated with any of

the dimensions of the 36-SF questionnaire.

Table 6-27 shows the relationships between qualitife dimensions assessed by the
36-SF questionnaire and glycaemic control, sensetwyopathy and obesity (referred to
as body mass index). VPT and HR#&orrelations were only carried out on the DN
group while correlations involving BMI were donelinth groups. Sensory neuropathy
(measured by vibration perception threshold) wasaund to be correlated to any of
the QOL dimensions as well as to the overall memtdl physical health scores
(p<0.05). In contrast, HbAwas found to be negatively correlated to phydigattion
(p=0.025) and mental health (p=0.047) dimensionsedkas to the overall mental
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health score (p<0.032). In addition to that, a &roy toward lower scores in the role
emotional were shown in DN patients with higher Hb@#<0.052). In addition to that,
both groups reported that people with higher BMired lower in the general health

dimension (p<0.041).

Table 6-26. Microcirculation: Exploratory data (Bivariate correlation)

Blood flow| mVO,
Blood flow| mVO, Blood flow| mVO,
After After
at rest at rest ) _ recovery | recovery
exercise | exercise
N=53 1=-0.091 | 1=-0.011 | 1=0.121 | 1=0.113 | 1=0.027 | 1=-0.202
v p=0.357 | p=0.943 | p=0.240 | p=0.283 | p=0.859 | p=0.068
> (DN group)
(NPT) (NPT) (NPT) (NPT) (NPT) (NPT)
1=0.086 | 1=0.153 | 1=0.178
3 N=53 r=0.040 r=-0.266* | r=-0.219*
S p=0.409 | p=0.144 | p=0.097
T (DN group)| p=0.785 p=0.011 | p=0.044
(NPT) (NPT) (NPT)
1=0.062 | 1=0.004 | 1=-0.003 | 1=-0.115| t=-0.59
N=53 0.669 0.971 0.977 0.199 0.698 =0.170
2 | oNgroup| P p=2 p=2 p=2 p=2 p=0.275
1,9, (NPT) (NPT) (NPT) (NPT) (NPT)
>
&£ N=24 1=-0.187 | 1=0.127 1=-0.055
o r=-0.184 r=-0.248 r=-0.033
m (HEALTH p=0.191 | p=0.375 p=0.519
p=0.378 p=0.233 p=0.876
groups) (NPT) (NPT) (NPT)

* Significance value is less than 0.05 level (2e@); NPT. Non parametric test.
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Table 6-27. Psychology: Exploratory data (Bivariatecorrelation)

. . Mental Physical

N=53 1=0.019 | 1=-0.092 | 1=0.052 | 1=0.044 | 1=-0.070 [ 1=-0.097 | 1=0.041 | 1=0.089 | 1=-0.015 | 1=0.008

E (DN group) p=0.847 | p=0.381 | p=0.599 | p=0.655 | p=0.473 | p=0.350 | p=0.705 | p=0.366 | p=0.878 | p=0.933
(NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT)

. NS53 r=-0.224* | 1=0.055 | 1=0.066 | 1=-0.079 | 1=-0.130 | 1=-0.065 | 1=-0.207 | =-0.196* | r=-0.208* [ 1=-0.058
% (DN group) p=0.025 | p=0.573 | p=0.509 | p=0.432 | p=0.193 | p=0.538 | p=0.053 | p=0.047 | p=0.032 | p=0.544
(NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT)

N=53 1=-0.125 | 1=0.055 | 1=-0.075 | =-0.218*| 1=-0.118 | 1=-0.025 | 1=-0,018 | 1=-0,039 | 1=-0.044 | 1=-0.047

(DN group) p=0.198 | p=0.573 | p=0.573 | p=0.025 | p=0.224 | p=0.811 | p=0.871 | p=0.694 | p=0.640 | p=0.623

_ (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT)
% N=24 1=-0.156 | 1=-0.094 | 1=-0.131 | =-0.275*| 1=-0.004 [ 1=-0.063 | 1=-0.071 | 1=-0.135 | 1=-0.203 | 1=-0.054
(HEALTH | p=0.325 [ p=0.579 | p=0.402 | p=0.041 | p=0.981 | p=0.707 | p=0.677 | p=0.374 | p=0.160 | p=0.708
groups) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT) (NPT)

* Significance value is less than 0.05 level (2e@); NPT. Non parametric test




6.2 INTERVENTION STUDY

The aim of this study was to evaluate the effetts B6-week strength training
programme on identified pathologies associated pattipheral neuropathy in DN
subjects. Adaptations to the exercise programme weculated by comparing pre-and
post-intervention data between groups (EX and C@Nyay Mixed ANOVA design).

It should be noted that the covariates used throuigthis results section are carried
over from the cross sectional results sectionforfimation about the statistical approach
used to analyse the intervention study can be fau@hapter 5 (Section 5.6.2.2.)
Results from the intervention study are presematifferent sections, namely
demographic characteristics of the sample grougrsergl health, gait biomechanics,
microcirculation and QOL. Table 6-29 shows an oiemwof the data presented in this

section.

6.2.1 Subjects Characteristics

Table 6-28. Subject characteristics for the EXE andhe CON group

Inferential statistical
Variable Group results
EXE (N=20) | CON (N=21)| Groups comparison
Age (years) 60.85+ 7.56 | 64.95+5.76 | t(40)=-1.941, p=0.059
Body Mass (kg) | 91.78+18.77| 95.44+ 15.28| 1(40)=-0.683, p=0.499
BMI (kg-m™) 31.52+5.48 | 33.16+5.72 | t(40)=-0.936, p=0.355
Body fat (%) 37.81+6.87 | 38.63%6.23 | 1(40)=-0.399, p=0.692
VPT (V) 17.00(40.00§ | 14.00(47..50) p=0.256 (NPT)
Height (m) 1.70+ 0.97 1.69+0.86 | t(40)=0.129, p=0.898
Sex
Male (n) 14 (66%) 13 (65%) NA
Female (n) 7 (34%) 8 (35%)

2Values are mearss SD;° Values are medians with range in parentheses; NBil parametric test.
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Table 6-29. Overview of the results presented in farvention study

General Health

DOMAIN Measurement Outcome measure
TC
Cholesterol LDL
HDL

Systolic Blood Pressure

Blood Pressure

Diastolic Blood Pressure

Gait

Glucose Control HbA .
. Body mass
Obesity Body fat %
Neuropathy VPT
Strength Peak Moment

Gait velocity

Spatial-temporal

Step length

Gait
parameters

Step time

COP parameter

Distance COP

Velocity COP

Kinetic data

Heel

Peak Pressure Metatarsals

Big toe

Heel

PTI Metatarsals

Big toe

% peak activity per gait phase

% GC muscle active

Muscular Activity

Time to peak (push off phase)

Instant Peak Activity (Push off)

Microcirculation

Muscular microcirculation

Rest
Muscular
Blood flow Post-Exercise
Recovery
Rest
Muscular
Oxygen Post-Exercise
Consumption
Recovery

Quality of Life

Self-Reported Quality of life

Physical Health

Mental Health

209




The two groups (EXE and CON groups) were matchesharginal distributions for

age, height, mass, neuropathy and sex. Table 6e2&mmts the demographic features of
the subjects belonging to the 2 groups. No stasiktlifferences were shown between
the groups regarding to age, height, body massy faath, VPT and gender.

6.2.2 General Health

Table 6-30 presents the results of the effect®fittervention programme on body
composition, cholesterol levels, blood pressuret &gnsation and resting heart rate.
Body composition, calculated as BMI and body fat®as reduced in the EXE group
when compared to the CON group over time. Howesay; body fat % reached
significant levels (p=0.045) when both groups warmpared over time. Although BMI
changes over time showed a tendency toward lowaesan the EXE group compared
to the CON group, those differences did not reaghificant levels (p=0.078). Table
6-30 also shows that there were significant graupetinteractions in systolic blood
pressure (p=0.032), resting heart rate (p=0.04d vébration sensation (p=0.027).
Thus, the EXE group significantly lowered bloodgmere, resting heart rate and
vibration perception threshold over time when coraddo the CON group. In contrast,
no group differences were obtained over time inedterol levels [HDL (p=0.391),
LDL (0.850) and TC (0.508)], diastolic blood press(p=0.149) and HbA values
(p=0.739).
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Table 6-30. General health: Comparison between thEXE and the CON group over timé

Inferential
Group o
statistics results
. Control Group Exercise Group 2 way Mixed
Variable
(N=21) (N=20) ANOVA
(Group*Time
Pre-Int  Post-Intf Pre-Int  Post-Int )
interaction)
31.31+| 31.30+ | 33.16%x | 32.65% F(1,3073.284,
BMI (kg-m?) el
5.54 5.29 5.72 5.89 p=0.078
3791+ | 37.92+ | 38.63x | 37.28% F(1,3074.288,
Body fat (%)
6.72 5.99 6.23 6.53 p=0.045*
Systolic blood | 134.10%| 134.35+ | 142.0+ | 135.75% F(1,3874.974,
pressure (mmHg)] 11.80 17.02 11.25 8.90 p=0.032*
Diastolic blood 78.75+ | 78.45+ | 80.90+ | 77.35+ Fa.307=2.181,
pressure (mmHg)] 0.12 10.35 7.43 8.96 p=0.148
Vibration Thresholq 18.77+| 20.20+ | 21.52+ | 18.40% F(1,3975.267,
(V) 14.62 15.35 13.37 13.14 p=0.027*
Heart rate atrest| 76.15+ | 77.25+ | 77.45+ | 74.00+ F(1,3974.301,
(beatsmin ™) 3.05 14.94 11.45 9.71 p=0.044*
TC 3.74+ 3.78+ 3.82+ 3.72+ F,3070.447,
(mmol-LY) 0.80 0.65 0.94 0.84 p=0.508
HDL 1.20+ 1.20+ 1.02+ 1.07+ F,3070.739,
(mmol-LY) 0.29 0.30 0.29 0.26 p=0.395
LDL 1.95+ 194 + 1.67+ 1.63+ F1,3970.036;
(mmol-LY) 0.54 0.59 0.79 0.80 P=0.850
7.63 7.20+ 7.61+ 7.32+ F(1,3070.113;
HbA (%)
1.76 0.81 1.06 0.81 p=0.739

#Values are meanss SD; * Significance value is less than 0.05 leetdiled).
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6.2.3 Gait biomechanics

This section starts presenting the results of ffezieof the exercise programme on
lower limb strength levels. Thereafter three margsgctions were included in which
outcome measures related to gait characteristiosti& data and muscular activity data

during gait were presented.

6.2.3.1lsometric strength

Table 6-31 shows strength levels for the CON ardBKE group before and after the
16 weeks intervention. There were no significaougrtime interactions in any of the
muscles groups under investigations. KE, KF, DFRRdeported p values of 0.115,
0.310, 0.166 and 0.118, respectively.

Table 6-31. Strength levels: Comparison between tHEXE and the CON group over time®

Inferential
Group statistics
results
Variable Control Group Exercise Group | 2 way Mixed
(N=21) (N=20) ANOVA
Pre-Int  Post-Int| Pre-Int  Post-Int(Group*Time
interaction)
Knee-Extension | 349.35+| 382.44+ | 313.13+| 394.14+ | F13052.594,
(N-m™) 99.87 | 313.13 | 8256 | 104.99 | p=0.115
Knee-Flexion 172.20%| 170.41+ | 183.11+| 189.09+ | F(1,3071.061,
(N-m™) 36.84 | 3437 | 3452 | 36.34 p=0.310
Dorsi-Flexion 166.14+| 165.54+ | 159.16+| 182.86% | F1,3071.989,
(N-m?) 7352 | 68.18 | 7043 | 63.37 p=0.166
Plantar-Flexion | 96.28+ | 129.36+ | 129.56%| 127.99+ | F13072.560,
(N-m'™) 42.06 | 37.40 | 78.66 | 41.09 p=0.118

#Values are mearts SD.
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6.2.3.2Gait parameters

Spatial temporal parameters together with COP petenmare presented in this section.
Based on the exploration for possible confoundarsed out in the cross-sectional
study (see Section 0), body mass was accountedhien comparing total distance
travelled by the COP between groups over time,endlit velocity was entered as a
covariate when comparing group differences ovee fimthe velocity of the COP at the

heel.

Table 6-32 presents the changes in gait param@tergime when comparing the EXE
and the CON group. No significant changes or tsemére reported in any of the
spatial-temporal parameters under investigationnvidegh groups were compared over
time. Therefore, it appears that the exercise jgrogne did not trigger noticeable
changes in gait velocity (p=0.818), step lengthO(g64), step time (p=0.799) or
cadence (p= 0.636).

When assessing COP parameters, the only signifittiatences over time were
observed in the velocity of the COP at the heelisTithe EXE group reported slower
velocity of the COP at the heel (p=0.035) when carag to the CON group over time.

All the other COP parameters did not show any §igart group*time interactions.
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Table 6-32. Gait parameters: Comparison between thEXE and the CON group over time®

Inferential
Group statistical
results
Variable Control Group Exercise Group| 2 way Mixed
(N=21) (N=20) ANOVA
(Group*Time
Pre-Int  Post-Int| Pre-Int Post-Int. .
interaction)
Spatial-temporal dath
Step time (sec) 0.553+ | 0.557+ | 0.544+| 0.549+ | F1,305=0.066,
0.047 0.045) | 0.066 | 0.043 p=0.799
Step length (m) 0.614+ | 0.615+ | 0.624+| 0.637+ | F(,305=0.711,
0.072 0.061 | 0.084 | 0.084 p=0.404
Cadence 108.71+ | 108.22+| 111.364 109.70%| F(1,3070.228,
(stepsmin™) 9.48 8.41 12.03 7.72 p=0.636
Velocity (msec?) 1.11+ 1.11+ | 1.16 £ | 1.16% | F1,3070.054,
0.163 0.157 0.21 0.19 p=0.818
Foot floor interaction
Distance travelled by 24.37% 24.48+ | 24,57+ | 24.80+ | F(1,3970.270,
the COP (cm) 2.28 1.96 2.18 2.07 |p=0.606"
Velocity COP atthe] 0.44+ 0.45+ | 0.50+ | 0.46% | F(1,3074.729,
heel (msec?) 0.12 0.10 | 0.10 | 0.099 | p=0.035%
Velocity COP atthe] 0.277+ | 0.268+ | 0.273+| 0.275% | F1,3071.067,
Forefoot (msec?) 0.055 0.056 | 0.046 | 0.039 |p=0.308
Velocity COP atthe] 0.812+ | 0.868+ | 0.874+| 0.874% | F(,3070.921,
hallux (msec!) 0.338 0..346 | 0.329 | 0.350 p=0.343

@Values are mearts SD;* Analysis of covariance with body mass as a cotaridnalysis of

covariance with gait velocity as a covariate; ‘gi8ficance value is less than 0.05 level (2-tailed)

6.2.3.3Kinetic data

This section presents the results of the effeth@fexercise programme on the primary
outcome measures, PP and PTI. Thereafter, redulie parameters related to PP and

PTI are shown.
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6.2.3.3.1Primary outcome measures: Peak Pressure and Presstime

Integral.

Changes over time in PP are shown in Table 6-88.only foot area that showed

significant changes over time when the EXE group e@mpared to the CON group

was PP at the heel (p=0.017). Thus, the resultw sigmificantly higher PP values over

time in the EXE compared to the CON group. No sigant group differences or

trends were observed at the metatarsals and halijiens.

Changes over time in PTI both for the CON and EXd&ugs are shown in Table 6-34.
No significant changes were reported in any foearhen both groups were compared

over time. However, there was a trend towards mi§fié values over time in the EXE
group, both at the heel (p=0.075) and hallux (p&®)0when compared to the CON

group.

Table 6-33. Peak pressure values: Comparison beden the EXE and the CON group over timé

Inferential
Group statistical
results
Variable Control Group Exercise Group | 2 way Mixed
(N=21) (N=20) ANOVA
(Group*Time
Pre-Int  Post-Intf Pre-Int  Post-Int
interaction)
PP Heel 475.05+| 454.33+ | 431.6& | 455.40+| F(13976.274,
(kPa) 196.40 | 198.23 | 94.76 | 126.81 p=0.017*
PP Metatarsals | 852.5% | 826.88+ | 765.1+ | 774.35+| F(1,39)=1.878
(kPa) 260.93 | 266.31 | 281.85| 282.30 p=0.178
PP Hallux 523.3% | 505.83+ | 489.8% | 525.15+| F(1,39)=2.507
(kPa) 351.79 | 342.15 | 290.57 | 329.15 p=0.121

3Values are mears SD;* Analysis of covariance with gait velocity as a anate; * Significance
value is less than 0.05 level (2-tailed).
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Table 6-34. PTl values: Comparison between the EX&nd the CON group over timé

Group Inferential
statistical results

Variable CorEtNr(ilz(i)roup Exe(rlc\:liigo(?roup 2 way Mixed
ANOVA

Pre-Int  Post-Int| Pre-Int  Post-Int (Group*Time

interaction)

PTI Heel 119.34 | 118.28+ | 104.75 | 112.65+ F(1,3973.348,
(kPasec) 45.84 58.29 82.56 104.99 p=0.075

PTI Metatarsals | 260.6% | 259.10+ | 222.0& | 230.82+ F(1,3071.768,
(kPasec) 95.96 | 104.27 | 76.71 79.18 p=0.191

PTI Hallux 93.20+ | 89.83+ | 88.15+ | 101.03+ F(1,3072.938,
(kPasec) 68.62 68.18 57.15 76.45 p=0.094

#Values are mearts SD.

6.2.3.3.2Secondary outcome measures: Parameters relatecetikpressure
and pressure time integral

Since the intervention did not seem to trigger gesnin plantar pressures, apart from
PP at the heel, parameters related to PP and R&lnve¢ expected to change either.
However, these analyses were carried out to cortfiehthere were no group

differences over time.

Table 6-35 and Table 6-36 present data on the peeasrelated to peak pressure and
pressure time integral for both groups over tinregpectively. Table 6-35 confirmed
that there were not significant group differencethie parameters related to peak
pressure (Max Force, CA and arch index) over tigeilar results were found with
regard to the parameters related to PTI (resudtsgmted in Table 6-36). Thus, group
differences over time did not reach significantues when comparing the amount of
time that the heel, metatarsals and hallux remaimedntact with the floor during the
stance phase of the GC. However, there was a tosvatd higher contact times at the
heel in the EXE group over time compared to the Godup (p=0.082).
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Table 6-35. Parameters related to Peak pressure: Ggarison between the EXE and the CON

group over timée®

Inferential
Group statistical
results
Variable Control Group Exercise Group | 2 way Mixed
(N=21) (N=20) ANOVA
Pre-Int Post-Int Pre-int  Post-Int| (Group*Time
interaction)
Max Force (NKg™)
Heel 7.13% 6.97+ 7.00+ 7.06x F(1,3970.725,
ee
0.91 0.99 1.06 0.98 p=0.399
9.27+ 9.25+ 9.30+ 9.48+ F(1,3072.791,
Metatarsals
0.98 0.94 1.16 1.07 p=0.103
1.38% 1.42+ 1.38% 1.49+ F(1,3970.486,
Hallux
0.67 0.60 0.71 0.79 p=0.447
Contact Area (cf)
Heel 33.41+ | 33.43% | 34.63t | 34.48% F1,3070.486,
ee
4.96 5.14 4.24 4.08 p=0.490
47.24+ | 47.18t | 49.90+ | 48.83% F(1,39<0.001,
Metatarsals
5.82 6.26 49.83 6.52 p=0.983
8.40% 8.70x 9.15+ 9.38+% F(1,3070.075,
Hallux
1.76 1.42 1.79 1.58 p=0.786
0.191+ | 0.194+ | 0.212+ | 0.202+ F(1,3072.634,
Arch Index
0.074 0.080 0.057 0.069 p=0.113

2Values are mearss SD.
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Table 6-36. Parameters related to PTI: Comparison étween the EXE and the CON group over

time ®
Inferential
Group statistical
results
Variable Control Group Exercise Group 2 way Mixed
(N=21) (N=20) ANOVA
Pre-Int  Post-Int Pre-Int  Post-Int] (Group*Time
interaction)
Contact Time (ms)
Heel 465.55+ | 453.57+| 431.57+ | 44757+ | Fq1,39=3.200,
ee
97.88 103.61 95.77 9.75 p=0.082
611.77+| 614.44+| 601.47+ | 612.42+ F(1,3970.355,
Metatarsals
66.54 66.46 81.09 72.35 p=0.555
Hall 359.33+| 376.88+| 380.44+ | 390.88+ | F1,30970.147,
allux
102.85 | 92.69 119.85 123.47 p=0.704

#Values are mearss SD.

6.2.3.3.3Kinetic parameters during the push off phase

In line with the results presented in the previsestions (gait related results), the

intervention did not trigger any changes in PP (f£6) or Max Force (p=0.441)

(normalised and non-normalised to body mass) valugsg the push off when the DN

and the EXE groups were compared over time. Thedsnd towards no group

differences over time was observed when assessieg¢lated parameters during the

push off phase. Thus, the instant of the peak presmnd the instant of the Max Force

during the push off did not show significant gralifferences when comparing pre- and

post-intervention values. These results are pteden Table 6-37.
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Table 6-37. Pressure and Force related parametersidng push off: Comparison between the EXE
and the CON group over time®

Inferential
Group statistical
results
Variable Control Group Exercise Group | 2 way Mixed
(N=21) (N=20) ANOVA
Pre-int  Post-Int| Pre-Int  Post-Ijt (Group*Time
interaction)
901.55+| 867.61+| 851.36+| 852.89+| F1,3970.256,
Peak Pressure (kP3
263.66 | 244.17 | 268.37 | 277.91 p=0.616
Instant of Peak 80.86+ | 79.26x | 82.66+ | 81.59+ | F13970.056,
Pressure (% ROP) 6.95 7.47 5.43 6.44 p=0.814
930.46+| 949.35+| 1019.65|1006.01H F1,39~0.608,
Max Force (N)
161.19 | 163.23 | £ 156.58| 170.24 p=0.441
Instant of Max Forcq 77.20+ | 76.57+ | 77.05+| 77.37% F(1,30972.114,
(% ROP) 1.84 2.50 2.27 1.92 p=0.154
Max Force 10.69+ | 10.91+ | 10.69+ | 10.68% | F1,3070.324,
Normalized (NKg™) 0.96 1.25 0.83 1.19 p=0.572

#Values are mearts SD.

6.2.3.4EMG

This section presents pre- and post-interventida @éh regard to the EMG

measurements for the EXE and the CON group. Thexmmeescular activity during the
differences phases of the GC is presented firgr&dfter, time related EMG variables

are shown, including: 1) the percentage of timénaaascle was kept activity during
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the whole GC; 2) percentage of the GC at which i BA activity peaked during and
after the push off phase, respectively; and 3) tagerom the onset to peak activity

during and after the push off phase for the TSBAdnuscles, respectively.

Figure 6-5 shows pre-intervention (blue line) andtgntervention (red line) EMG
activity during a GC. EMG data was presented ferfh, TS, (MGast + LGast +
Soleus), Quadriceps (VL) and Hamstrings (BicFemjctes. EMG data traces from the
EXE group are displayed at the top of the figureélevitaces from the CON group are
displayed below. The table at the bottom of Figh#epresents the EMG differences
between the EXE and the CON group over time througthe phases of the GC. It
should be pointed out that no statistical anallyais been carried out to investigate

muscular activity during the initial swing and nsding phases of the GC.

During the loading phase the only significant diéfgce between the EXE and the CON
group was observed for the HA (p<0.03). This mushiewed a decrease in muscular
activity in the CON group when compared to the Egt&up over time. In addition,
there was a trend toward a decrease in TA activitie CON group when compared to
the EXE group over time (p=0.062). No significarup differences were observed
during the loading phase when TS and QUADS werepewed over time.

The intervention programme did not change mus@dtvity patterns during the mid
stance phase of the GC in any of the muscles undestigation (TS, TA, QUADS,
HAMS) (p>0.05).

The 2 way Mixed ANOVA analysis for the terminalrste phase revealed a trend
towards a decrease in TS activity (p=0.058) and Q8Activity (p=0,091) over time
in the EXE group compared to the CON group. Noifigant group differences were
observed when comparing TA and HA during this preasr time.

During the pre-swing phase, no statistical diffesmnbetween groups were observed
when comparing EMG data over time. However, TS BAdhow a trend toward
changes when the EXE and the CON group were comhpaer time. Thus, the EXE

group showed a trend toward increased TS activiey ime when compared to the
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CON group (p=0.098), whereas a trend in the oppabiection was observed when
looking at the TA (p=0.092).

No significant group differences during the ternhis\@ing phase were observed when
assessing EMG activity over time in any of the nirigcoups under investigation
(p>0.12).

Overall, results from the present study show tiéalvéeks of strengthening and
mobility exercises did not influence muscular atyipatterns substantially throughout
the different phases of the GC in DN subject.

Results from the time related EMG data for the B2l the CON group over time is
presented in Table 6-38. When investigating mascagtivity patterns during the
whole GC, results from the present study show goificant group* time interaction in
the amount of time (as percentage) each musclé&ke@sactivity during the GC.

Similar results were obtained when investigatingetirelated parameters for the TA and
TS muscles during push off phase (see Chapterddip8é.4.3.4.3 for more

information about the time windows for the TA anfl fhuscles). Thus, no group
differences over time were observed both in the tig from activation onset to peak
activity for the TA (p=0.694) and the TS muscle @pt04) and in the instant that TA
(p=0.158) and TS (p=0.136) peaked.

Overall, EMG activity patterns did not seem to dmasecondary to a PA programme.

This is consistent with the lack of changes in gaitameters and kinetic data presented

above.
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Figure 6-5. EMG patterns during the GC: Comparisonbetween the EXE and the CON group over

time
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Table 6-38. Time related EMG parameters during gait Comparison between the EXE and the
CON group over time?

Inferential
Group statistical
results

Variable Control Group Exercise Group 2 way Mixed

(N=19) (N=19) ANOVA
Pre-Int  Post-Int Pre-Int  Post-Int| (Group*Time
interaction)

% GC active above
threshold

TS 67.85+ | 67.11% 69.40+ 66.07+ | Fq.36)-1.023,

11.24 9.96 11.58 10.15 p=0.312
TA 75.08+ | 74.02+ 72.95+ 71.34+ | Fq.360.037,

9.66 10.91 9.93 10.32 p=0.850
QUADS 67.51+ | 71.49% 67.79+ 67.1+ Fa.360.398,

12.31 12.75 9.01 11.76 p=0.532
HAMS 70.38+ | 67.07% 74.50+ 68.96+ | F1,360.146,

17.65 14.94 12.60 14.59 p=0.705

Time From Onset To
Peak Activity (ms)

TS 78.44+ | 77.37% 75.06+ 72.78+ | Fa.360.157,

10.32) 8.28) 16.08) 18.19) p=0.694
TA 28.65+ | 28.82% 25.42+ 23.53+ | Fqu.360.714,

15.22 13.26 9.43 8.36 p=0.404

Instant of Peak Activit
(%GC)

TS 47.30+ | 47.11+ 46.94+ 47.45% | F1,362.082,

1.18 2.30) 2.38) 1.34) p=0.158
TA 74.18+ | 71.54% 71.23+ 71.37+ | Fqa,362.326,

6.56 7.40 4.22 5.95 p=0.136

2Values are mears SD.

6.2.4 Microcirculation

Muscular blood flow and oxygen consumption wereestigated during different

conditions: at rest, in response to an exercise¢ &ad during recovery from an exercise
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bout. According to the exploration for possiblefounders carried out in the cross-
sectional study (see Section 6.1.4), body massaeesunted for when comparing
resting BF and mV@between the groups over time whilst EMG was edtaea
covariate when comparing group differences ovee fion BF and mV@responses to
the exercise bout. It should be noted that the tmgipe for the statistical analysis of
the microcirculatory related outcome measures wWasubjects in the CON group and
17 subjects in the EXE group whereas all otheryaeak were carried out with 21 in
the CON group and 20 in the EXE group. Some indiaigl suffered from cramps
during the exercise protocol and the exercise bdmktstopped. This explains the

reduction in the numbers compared to the otheryaesl

Table 6-39 presents pre- and post-interventiondftmw and oxygen consumption
data obtained on the MGast for the EXE and CON gsaluring different protocols.
When investigating group differences over timedsting microcirculation, the 2 way
Mixed ANOVA analysis revealed no group differenseiotime in blood flow
(p=0.193) or muscular oxygen consumption (p=0.222)

Table 6-39 also shows that there were no signifigasup differences over time with
regard to the BF or mV£responses to the exercise protocol (p>0.05). Hewekiere
was a trend toward higher vasodilatory (BF) respsrmver time in the EXE group
compared to the CON group (p=0.092). The only $icanit group difference over
time, when assessing microcirculation, was obsedugihg the recovery condition. BF
and mVQ were assessed 70 seconds after the exercise @rbtighed and the % of
recovery was calculated in relation to resting gallEven though BF recovery over
time did not vary significantly between groups ([2434), significant group differences
(p=0.040) were observed when comparing the % of m\éCovery over time.
Furthermore, the EXE group reported a significastér mVQ recovery over time

compared to the CON group.

In summary results from the present study showttieexercise programme did trigger
some changes in the microcirculation of subjecth WIN. Thus, 1) there is a trend
toward higher vasodilatation in response to thea@se bout over time in the EXE
group compared to the CON group and 2) mVé&xovery after 70 seconds was
significantly quicker over time in the EXE compatedhe CON group.
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Table 6-39. Microcirculation parameters: Comparisonbetween the EXE and the CON group over

time®
Inferential
Group statistical
results
Condition | Variable Control Group Exercise Group | 2 way Mixed
(N=17) (N=17) ANOVA
Pre-Int Post-Int Pre-Int  Post-Irjt (Group*Time
interaction)
BF
_ 0.563+ | 0.565+ | 0.571+ | 0.513% | Fpu351.771,
(ml-min”~
1 N 0.20 0.227 0.153 0.172 p=0.193
-100g")
Rest
mVO,
_ 0.0284+ | 0.0286+| 0.0225+| 0.0266+ | F(1,3271.548,
(mIOz-min”~
1 N 0.016 0.033 0.011 0.012 p=0.222
-100g")
BF
% of 119.18+ | 119.73+| 105.04+| 136.05%| F(1,3,73.023,
00
88.15 82.87 55.61 67.37 p=0.092
Responses Change)
to Exercise
Protocol mVvO,
% of 307.26% | 263.42+| 276. 78+| 237.46+| F(1,32~0.055,
00
246.98 173.99 | 176.35 | 127.85 p=0.816
Change)
BF 75.29+ | 72.91+ | 61.94+ | 75.26% | Fqu371.410,
(% of 26.99 21.87 23.07 34.79 p=0.244
Recovery
Recovery)
from
Exercise
mVO, 82.26+ | 80.06+ | 75.38+ | 94.51+ | F(1,3,74.604;
Protocol
(% of 23.08 12.63 23.12 18.08 p=0.040*
Recovery)

@Values are means with SD in parentheb&salysis of covariance with body mass as a coveriat
2Analysis of covariance with muscular activity (EM&9 a covariate; * Significance value is less than
0.05 level (2-tailed).
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6.2.5 Quality of life

The effect of the intervention on self reportedlijyaf life is presented in Table 6-40
The 2 way Mixed ANOVA analysis revealed significgnbup differences in two of the
dimensions under investigation, Vitality (p<0.0@hd Mental health (p=0.027), as well
as in the overall Mental Health Score (p=0.013).t¢ three variables reported higher
values in the EXE group over time compared to t@N@roup. Although all the other
dimensions, except from body pain, obtained higleeres over time in the EXE group

compared to the CON group, none of these scorebedssignificant values (p>0.05).
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Table 6-40. Quality of life: Comparison between th&XE and the CON group over timé

Overall

Inferential
Group statistical
results
Variable Control Group Exercise Group 2 way Mixed
(N=18) (N=21) ANOVA
Pre-Int Post-Int | (Group*Time
Pre-Int  Post-Int ] )
interaction)
. | 69.44+ | 7111+ | 6333+ | 72.49: _
Physical Functior] 24.00 24.04 22 49 22 61 F(1,3_7)—1.029,
p=0.317
. 61.11+ | 66.66+ | 68.02+ | 8571+ _
Role Physical | 4473 46.17 30.84 30.17 | Far0-858,
p=0.360
. 69.02¢+ | 64.02+ | 7547+ | 74.64+ _
Body Pain 21.66 3149 | 2064 | 2075 | Fuar0344
p=0.561
60.83+ | 59.72+ | 52.61% | 56.90% _
General Health | 93, 15.57 18.61 16.54 | taer=1.367,
p=0.250
- 50.72+ | 5277+ | 49.28+ | 66.90+
Vitality F(1,37721.994,
21.17 24.20 18.72 17.78 | O e
. . 82.08+ | 77.77+ | 87.38+ | 9357+ _
Social Function | 55 g3 30.67 93.57 10.20 | Fer2.675,
p=0.110
. 7777+ | 7407+ | 85.71x | 93.65% _
Role Emotional | =5 59 37.14 | 2000 | 2265 | w2233,
p=0.144
81.77+ | 7777+ | 7819+ | 83.42% _
Mental Health | =, 74 1529 | 1536 | 1241 | Fasro325,
p=0.027*
. 64.82+ | 65.38+ | 62.76x | 70.08% _
Physical Health | -5, 47 26.47 14.82 17.69 | Tasr=l452,
Overall p=0.236
7395+ | 70.60+ | 7350+ | 8293t | _ . oo,
(1,3776. ,
Mental Health 17.19 22.54 15.17 11.51 o e

#Values are mearts SD; * Significance value is less than 0.05 lewetdiled); ** Significance value is
less than 0.01 level (2-tailed).
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6.2.6 Summary of the main results for the intervent  ion study.

Table 6-41 provides a summary of the results iatieh to the null hypotheses for part

2 of the main study.

The null hypothesis 1 relating to the effect ofviigeks of strengthening and mobility
exercises on general health when comparing the &XECON groups was rejected for
the systolic blood pressure, body composition am$asry neuropathy but was accepted
for the diastolic blood pressure and cholesten@lie The EXE group showed a
reduction in systolic blood pressure, body fat patage and VPT values over time

compared to the CON group.

The null hypothesis 2 relating to the effect of B programme on gait characteristics
was rejected for the velocity of the COP at thd hed for the peak pressure at the heel
but was accepted for all the other gait parametedsfor the plantar pressures at the
metatarsals and hallux. Compared to the CON groeEXE group increased foot
pressures at the heel (p values for PTI at the drdglreached tendency levels) and
reduced the velocity of the COP at the heel oveetiFurthermore the null hypothesis 2
relating the effect of the PA programme on strengtiels was accepted for all the

muscle groups.

The null hypothesis 3 relating to the effect ofviigeks of strengthening and mobility
exercises on microcirculation was rejected for mVé€xovery from the exercise
protocol and accepted for all the other variabBmmpared to the CON group, the EXE
group recovered mVfvalues after the exercise protocol quicker ovaetiAlthough

no statistically significant group*time interact®were revealed for the other
dependent variables, changes in blood flow froneli@s to post-exercise levels
(vasodilatation) showed a tendency toward highkregover time in the EXE group

compared to the CON group (p=0.092).
The null hypothesis 4 relating to the effect of B programme on QOL was rejected

for mental health and accepted for physical he&@ltmpared to the CON group the

EXE group showed higher overall mental health scorer time.
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Table 6-41. Summary of the results in relation tolte main analysis of the intervention study

AIM Measurement Outcome measure p<0.05
Cholesterol LDL N/S
HDL N/S
Systolic Blood Pressure *
General Health Blood Pressure
Diastolic Blood Pressure N/S
Glucose Control HbA . N/S
. Body mass N/S
Obesity
Body fat % x|
Neuropathy VPT x|
Strength Peak Moment N/S
Gait velocity N/S
Spatial- N/S
. temporal Step length
Gait K N/S
parameters Step time
COP Distance COP N/S
parameters Velocity COP *
Heel *1
Peak Pressure Metatarsals N/S
Gait Big toe N/S
Kinetic data
Heel *1 (trend)
PTI Metatarsals N/S
Big toe N/S
% peak activity per gait N/S
phase
% GC muscle active N/S
Muscular Activity Time to peak (push off N/S
phase)
Instant Peak Activity (Push N/S
off)
Rest N/S
Muscular Post- *
Blood flow | Exercise 1 (trend)
. . . Muscular Recovery N/S
Microcirculation . . .
microcirculation | Rest N/S
Muscular Post- N/S
ygen Exercise
Consumption
Recovery *1
- . Self-Reported Quality Physical Health N/S
Quality of Life of life Mental Health *q

* Significance value is less than 0.05 level (2ed); N/S no significant differences; reflect changes

over time in relation to the exercise programme.
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CHAPTER 7

7 Discussion

Diabetic neuropathy is a very complex conditiort ttearies multiple complications,
including cardiovascular diseases, foot ulcerasiecondary to gait and
microcirculatory changes, and poor QOL. The airthefstudy was twofold. In part 1
the aim was to investigate the differences betwdrand healthy individuals in the
primary pathologies associated with DN. This airedroaden the understanding of
the health problems linked to this condition anddmpare the findings in this study to
previously published data. In part 2 the aim waisitestigate the effect of a 16 week
PA programme, which included strengthening and jmiability exercises, on
identified pathologies related to DN. This aimeakxplore for the first time whether
these health problems can be influenced by 16 wefetesistance training in DN
subjects. This study also includes 3 preliminamestigations which explored the
reliability of some of the methods used in the nant of the study. The results of the
Preliminary studies have been discussed in ChdpfEnis chapter discusses the results

of Part 1 of the main study, followed by the disias of the results obtained in Part 2.

7.1 Part 1 — Cross-Sectional study

Part 1 was a cross-sectional study that investigdiféerences between DN and healthy
individuals in the primary pathologies associate®N, including general health, gait,
microcirculation and QOL. Therefore, part 1 of thain study found significant
differences in general health, gait characteristigsrocirculation and QOL when the
DN group was compared to the HEALTH group. The uliston of the results from the
cross-sectional study is presented in the same agdi@ the literature review and
results chapter. Then, general health outcome messaue discussed first, followed by

gait, microcirculation and QOL parameters.
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7.1.1 General Health

It is well established that type 2 diabetes inaesdbe risk of cardiovascular diseases
secondary to alterations in traditional cardiovéescrisk factors such as blood pressure
and cholesterol levels. The present study fountitkieaDN group had significantly
higher systolic blood pressure compared to the HBAlroup. Interestingly, the
differences in systolic blood pressure were seem éwvough most of the DN patients
were taking antihypertensive agents (see Tabléad-3ore information about the
medications taken by the DN group) and subjectl wiicontrolled blood pressure
were not invited to participate in the study. Hygtive medications may also explain
why diastolic blood pressure was within normal &irgthe DN group (79.77+ 9.06
mmHg). This also explains why no group differenicediastolic blood pressure were
observed. Cholesterol levels were not measurdueitiEALTH group, so no group
comparison was carried out on these parametersetywDN subjects in the present
study did not show abnormal cholesterol levels wi@mpared to current
recommendations (Expert Panel on Detection, Evialngand Treatment of High
Blood Cholesterol in Adults, 1993). Thus the DNupwaeported cholesterol values of
3.81+ 0.94 mmolL ™, 1.83% 0.73 mmoL"and 1.11+ 0.31 mmdl™ for TC, LDL and
HDL, respectively whilst current guidelines recormuevalues of <5.2 for TC, <3.4 for
LDL and >0.9 for HDL (Expert Panel on Detectionafation, and Treatment of High
Blood Cholesterol in Adults, 1993). The fact tha tnajority of the DN subjects were
taking anti-cholesterol medications can explairséheesults (see Table 6-3 for more

information about the medications taken by the Ddlg).

In addition to the risk of cardiovascular disease®ther major problem linked to DN
is foot ulceration. It seems clear that a combamatf gait biomechanics and
microcirculatory changes are responsible for tlvegiased risk of foot ulcerations
observed in this population. Results from the grdiffgrences in gait characteristics

and microcirculation obtained in the present stadydiscussed next.
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7.1.2 Gait biomechanics

In the present study gait was investigated frorfetght perspectives to develop a
comprehensive understanding of the walking charisties in patients with DN. Most
of the investigations analyzing gait characterssiitneuropathic patients have been
interested in kinetic data, which is believed tedict the risk of foot ulceration in this
population (Boulton et al., 1983; Guldemond et2006) and gait parameters
(Giacomozzi, 2005), which provide descriptive imh@tion about the overall gait
characteristics (i.e. gait velocity). However, EM&ivity, which provides insight into
how muscles are activated to generate movementdtdsen widely investigated in
this population during gait tasks. The assessnfemugcle activities in the lower limb
may be useful for interpreting and clarifying chasgn kinetic and gait parameters.
Thus, the present study investigated differencedl ithree aspects of gait in DN

patients compared to healthy individuals.

The present study found a number of alteratiorgaihparameters, kinetic data and

EMG activity patterns in the DN group comparedhe healthy control group. Overall,
DN gait was characterized by shorter and slowgasstieigher foot pressures under the
metatarsal heads and higher muscular activity coeapt® the healthy group. To follow
the same order as the literature review, hypothasisresults section, gait parameters

are discussed first, followed by kinetic data andiGedata.

7.1.2.1Gait parameters

The results from the present study show significhfifierences in all the spatial-
temporal, and in some of the COP outcome measugEy investigation between the
DN and HEALTH groups. Thus, DN subjects walked végthaller step length, lower
cadence and velocity and longer step times comgartee healthy individuals. In
addition to that, the DN group showed a trend talsamaller distance travelled by the
COP during the stance phase and a significantigkguifoot drop following the heel
strike as demonstrated by the faster velocity efGOP at the heel. The possible
underlying factors explaining the changes in 1}iagpéemporal characteristics and 2)

COP parameters in the diabetic group are discussed.
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Finding from the present study are in agreemertt piigvious investigations that have
compared spatial-temporal characteristics betweelthy and DN subjects
(Courtemanche et al., 1996; Yavuzer et al., 2008as been proposed in the literature
that both sensory neuropathy (van Deursen & Simgnk299; Yavuzer et al., 2006)
and motor neuropathy (Mueller et al., 1994) maydsponsible for the changes in
spatial-temporal characteristics observed in DNesatb. Next a discussion of the
possible effect sensory neuropathy and motor netinggnay have had on the changes

in spatial-temporal characteristics observed inpifesent investigation.

It has been hypothesized that sensory feedback plagle in adjusting step-to-step
limb trajectories to maintain balance during loceioro (Gandevia & Burke, 1992).
Then the loss of this feedback information thatlissrom DN may lead to loss of
stability in these patients during gait. Conseqlyetttis may increase the need for
producing a more cautious gait in this populatibms idea is supported by previous
investigations that have assessed stability in Dijests by measuring the distance
travelled by the COP during different conditioni{8ons et al., 1997b; Simoneau et
al.,, 1994). Itis assumed that stability is negayi related to the distance travelled by
the COP during a fixed period of time. Thereforghjects with poorer stability are
expected to show higher distances and vice versmdrbus studies have reported a
high correlation between the severity of DN and QGi¥¢ance in this population
(Simmons et al., 1997b; Simoneau et al., 1994)cwbHemonstrates that DN may
produce instability in this population. Furthermadiee level of neuropathy has also
been associated with step times (negative coroalgtgait velocity (negative
correlation) and step length (negative correlatauring gait (Yavuzer, et al., 2006).
Results from the present investigation show thatdibgree of neuropathy (quantified
by VPT measurements) was positively correlated st times in the DN group,
which is in line with the results presented abdwvis. therefore possible that the changes
in spatial temporal characteristics observed indNegroup in the present investigation

are secondary to lack of stability in this populati

However, in the present study other spatial-tenpriraracteristics such as gait
velocity or step length did not show any relatiapshith sensory neuropathy. It is
likely that instability, which is believed to prockel changes towards a more cautious
gait, is not only dependent on plantar cutaneonsat®n (van Deursen et al., 1998b).

This may explain why gait velocity or step lengtare/not correlated to sensory
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neuropathy in the present study. The somatosesystgm appears to be the biggest
contributor of feedback for postural control (vaaubsen & Simoneau, 1999). This
sensory system is composed of several differentlauint, and cutaneous
mechanoreceptors. The information from these rece| integrated in the central
nervous system to produce a sensation of jointiposand movement (Gandevia &
Burke, 1992). It has therefore been hypothesizatitistability in DN subjects may be
the result of a loss of peripheral sensory recedipiuction in the lower legs and cannot
be attributed exclusively to loss of plantar cutargesensation (van Deursen et al.,
1999). Van Deursen et al. (1998b) carried out dystun 10 young healthy, 15 DN
subjects and 15 age-matched controls to investigatele spindles function in ankle
movement perception in DN subjects compared to gdwalthy and age-matched
healthy controls. Muscle spindles are a type oppozeptors which are sensitive to
changes in muscle length (since they are locatgduiallel with the contractile fibres)
(Tortora & Derrickson, 2006). In this study, musspendle function was assessed by
measuring the movement perception threshold dumiangcle vibration (which is known
to particularly stimulate the muscle spindle priyneandings and therefore introduces a
bias into the muscle spindle output). They fourat treuropathic subjects had the
highest movement amplitude of all the groups, andenmterestingly, muscle vibration
had much less of an effect on their performancesgHindings led the authors to
conclude that muscle spindle function is impaire®N subjects (van Deursen et al.,
1998b). In line with these results, other studiagehreported an impairment of the
sensory function of the foot to perceive movemegah(den Bosch et al., 1995; Son et
al., 2009). Therefore, it appears that reducedupalsstability in persons with diabetic
neuropathy cannot be attributed exclusively to lafgslantar cutaneous sensation. This
may explain why plantar cutaneous sensation irptesent investigation was not
significantly correlated to all the spatial-temdaraanges in the DN group.

Beside sensory neuropathy, an efferent/motor detidiich is identified by muscle
weakness, may further explain the difference irkimgl characteristics between the DN
and healthy groups. The results in the presenystadfirmed that neuropathic patients
suffered from muscular weakness secondary to nathgpAll the muscle groups
under investigation (plantar-flexors, dorsi-flexdtaee-extensors and knee-flexors)
showed significantly lower strength levels in thd Bompared to the healthy group. It
has been hypothesized that if patients with DNuaable to generate sufficient

moments about the ankle during walking, they veiket shorter steps and walk more
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slowly than individuals without peripheral neurdpatMueller et al., 1994). The
present study supports this idea when investigdtaaithy individuals without
neurological complications. Gait velocity, stepirnd step length were significantly
correlated with plantar-flexion strength in the ltteagroup. Increased plantar-flexor
strength appeared to enhance the ability of thet@ieflexor muscles to push off and
resulted in larger steps, shorter step times amkguwalking velocity. On the other
hand, ankle strength levels did not correlate odfrthe spatial-temporal parameters in
the DN group. This suggests that ankle weaknesstikkely to be the main factor for

more cautious walking strategy observed in our Dbjects.

Overall, results from the present study seem tgasigthat in DN subjects, the loss of
peripheral sensory receptor function may be thenmesponsible factor for the more
cautious walking strategy observed in this pojota Numerous studies have reported
that patients with diabetes and peripheral neutgpla@ve a high incidence of falls
during walking (Dingwell & Cavanagh, 2001; Macqjitidt et al., 2010; Richardson &
Hurvitz, 1995) and a low level of perceived saf@gavanagh et al., 1992; Simoneau et
al., 1994). Therefore, it is likely that risk avaitte, fear of falling, and lack of
confidence are the main factors that influenceyastontrol and gait behaviours in
this population. On the other hand, spatial-temipchraracteristics in healthy subjects

seem to be dependent on the plantar-flexion stnelegel.

Beside alterations in the spatial-temporal outcomeasures, the present study showed
changes in some COP parameters (i.e. COP distadcectocity of the COP at the
heel) in the DN group compared to the HEALTH groRpsults from the present study
show that weakness of the DF muscles may partliagxfhe alterations in the COP
parameters observed in the DN group compared tblE#&LTH group. On the one
hand, weakness of the dorsi-flexor muscles mayltrigsa reduced dorsi-flexion angle
during heel strike, which provokes the foot to emtthe floor with the most anterior
part of the heel (Giacomozzi et al., 2002). Thteripretation is supported by the
present study that shows a significant correlabietween strength levels at the dorsi-
flexor muscles and COP distances both in the DNHEBALTH groups. Therefore, it
appears that strength of the dorsi-flexor musdeslated with the articular mobility of
the tibiotalar joint during heel strike. Therefa@teonger individuals may approach the
floor with the posterior part of the heel (more sldtexion) resulting in a larger

distance travelled by the COP. This may explaily distance travelled by the COP
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tended to be shorter in the DN patients. On therdtand, weakness of the dorsi-flexor
muscles may also contribute to the quicker drofmefforefoot after the heel strike.
This hypotheses is well supported by the comprebhemhalysis presented Perry &
Burnfield, (2010) that explains the role that sfiechuscles of the leg have during the
stance phase of walking. They state that betweehdontact and 10% stance, dorsal
flexors act eccentrically. Because DN subjects shmscle weakness of these muscle
group, especially TA (Schoenhaus et al., 1991)etiea general lack of foot control in
the heel strike phase, which results in a flatddaipproach. This interpretation is
supported by the results from the present studystmaw a correlation between DF
strength levels and velocity of the COP at the .Ha&trestingly this correlation was
only significant in the DN group, which suggestattonly severe (clinical) weakness

compromise the normal drop of the foot after héites

Another possible explanation for the reduced disgigent of the COP along the foot
surface is a feeling of instability secondary tanopathy (Cavanagh et al., 1992;
Simoneau et al., 1994). This may lead to a chamgeaiking behaviour so that the
body mass centre is positioned in a neutral pasitiacectly above the foot during the
whole GC (Katoulis, et al., 1997). This mechanidmearved in DN subjects to improve
stability may explain the reduced displacemenhef@OP along the foot during the
stance phase of gait (Giacomozzi et al., 2002)nti@oy to this, in the present
investigation DN subjects with more severe neuttoptgnded to show larger COP
distances. This association does not rule outibery that instability secondary to
neuropathy may result in a more secure gait cheniaet! by reduced displacement of
the COP. Instead, it suggests that other confognehniables (i.e. age, body mass, gait
velocity, etc.) may have influenced this correlatidMoreover, correlations in the
present study should be interpreted with cautioth@sesult may be due to insufficient

sample size.

Overall, results from the present investigationvglsome alterations in spatial-temporal
and COP parameters in patients with DN compardebaithy controls. It is likely that
the feeling of instability secondary to DN is panttsponsible for some of the changes
in walking characteristics observed in this pogatatFurthermore, results from the
current investigation also show that muscular weaknespecially of the DF, should be
included among causes that lead to changes infid@biinteraction parameters in DN

subjects. This finding suggests that interventtonisnprove strength levels in the lower
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limb, especially of the DF muscles, could possibfieience gait characteristics in DN
subjects. Nevertheless, changes in walking chaisiits cannot explain the high rate
of ulcers observed in diabetic neuropathic patie@tsup differences in PP and PTI,
which are considered a substitute measure to detemisk of foot ulceration (Frykberg

et al., 1998; Veves et al., 1992) are discussetl nex

7.1.2.2Kinetics data

Results from the current study show significantesté#nces in foot loading patterns
between the DN and HEALTH groups. Thus, the motiteable differences were
observed under the metatarsal heads, where ther@hy ghowed significantly higher
PP and PTI values compared to the HEALTH groupsu@differences were also
observed at the hallux, where the HEALTH group skwignificantly higher PP
compared to the DN group. On the other hand, namdifferences in PP and PTI at
the heel region as well as in the PTI at the hallexe observed. Furthermore results
from the present investigation demonstrated theoitapce of the hallux to reduce foot
pressures at the metatarsal region during the gifigfhase. This section starts
discussing foot pressures (PP and PTI) at the arstdtheads, which is the foot region
more likely to develop foot complications (Boultdr§94), followed by the foot
pressures at heel and foot pressures at the hallaxdition to this, the last part of this
section discusses kinetic data on the forefooinduttie push off phase, which is the
phase of the GC where highest plantar stress oatgrss therefore more likely to

damage the DN foot.

Results from the present study, in accordance théhvast majority of previous
investigations (Boulton et al., 1987; Caselli et 2002; Pitei et al., 1999), found higher
PP on the metatarsal region in the DN group contpar¢he healthy group. Thus,
different factors have been proposed in the litegato explain the higher pressures at
the metatarsal region observed in subjects withcdiMpared to healthy individuals.
These include body mass, sensory neuropathy, stalichanges and foot ROM. The

possible effect of each of these factors in thegmeinvestigation is discussed.

Increased body mass, which is common in subjedtstyype 2 diabetes, increases the
magnitude of the GRFs during gait and standingjtlalso increases the areas of
contact between foot and ground (van Deursen, 2004upport of this the present
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results show a strong correlation between contaet and body mass in both groups,
especially in the DN group. This may explain whylponass in the present study was
not correlated to peak pressures in any foot regitthough some investigations have
reported a weak relationship between the two vieesfCavanagh et al., 1991), it
appears that weight cannot explain the differemtésrefoot foot pressures found in
the current study between the HEALTH and the DNugro

Sensory neuropathy has also been proposed to secfeefoot PP in DN subjects. For
instance, Caselli et al. (2002) demonstrated aocéston between the level of
neuropathy and forefoot peak plantar pressuresy ifivestigated regional plantar foot
pressures in 248 subjects, who were divided irddfdrent groups in relation to their
level of neuropathy (no neuropathy: mild neuropathgderate neuropathy; and severe
neuropathy). They found a progression in the magdeibf the peak pressures along
with the severity of the neuropathy. Similar resulere found by Boulton et al. (1987)
who reported higher peak pressures in the growadietic subjects with neuropathic
complications (N=16) compared to the diabetic graithout neuropathy (N=28) and
the control group (N=41). In this context otherdéés did not find significant
correlations between sensory neuropathy and peslsyres (Sacco et al., 2000; Mason
et al., 1989). Sacco et al. (2000) assessed ndtoleaels through the determination
of sensitive chronaxie (electrodiagnostic evalugtimn 2 forefoot areas (medial
forefoot and lateral forefoot). Sensitive chronagieefined as the minimum time of an
electrical pulse required to excite a sensitiveraetrhey looked for relationships
between the sensitive chronaxie and peak planémspre in corresponding selected
areas and they did not find any correlations betwibe two. In line with these results,
in the current study sensory neuropathy was nottaied to PP at the metatarsal
heads. These findings suggest that loss of sensathy not have influenced forefoot
peak pressures in the current study. Howeverniheabe ruled out that the assessment
of neuropathy in the present study via VPT, whiafits the assessment of nerve
function to the A beta-fibre function, (van Schteak, 2004), may not be ideal for the
overall quantification of neuropathy. For instaneayne et al. (2002) and Caselli et al.
(2002), who found a correlation between neuropatity high forefoot pressures,
guantified neuropathy based on a variety of testliding, VPT, the presence or
absence of ankle reflex and temperature perceptibich may provide with a better
overall quantification of the sensory nerves funttfA fibres, C fibres, mechano

receptors, etc).
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Structural changes secondary to hyperglycaemi#, asi€Charcot foot, claw toes and
hammer toes, have been proposed to increase fesgyres in diabetic patients
(Mueller et al., 2005; Rahman et al., 2006; Rolertst al., 2002). In the present study
in order to reduce to effect of these structuralnges in foot pressures, all participants
were inspected for foot deformities and only sutgj@gth no severe structural changes
were included in the study. However, results frtv ¢urrent study show that the arch
index was significantly higher in the DN group caamgd to HEALTH group, which
agrees with previous investigations (D’Ambrogi ket 2002; Duffin et al., 2002;
Giacomozzi et al., 2005). It is believed that thiekening of the plantar fascia
secondary to non-enzymatic glycosylation of théagmnous may cause the
development of a foot fixed in a cavus configunatiwith a high longitudinal arch for
the entire stance period (D"Ambrogi et al., 2003AMmbrogi et al., 2005; Giacomozzi
et al., 2005). Plantar fascia, despite being aipassructure, actively contributes to
counteract the GRFs acting on the metatarsal Headbsorbing forces at the midtarsal
joints during the heel strike and the load tranffam rearfoot to forefoot (Hicks,
1954). In support of this idea, D’Ambrogi et alo() found an inverse correlation (r=-
0.52) between the thickness of plantar fascia amntcal forces under the metatarsal
heads in a group of 61 diabetic patients with déffe degrees of neuropathic
complications. Moreover, other authors have demmatest using a regression analysis
that arch index is an important predictor for fo@fplantar pressures during barefoot
gait in healthy individuals (Cavanagh et al., 199Ibrag & Cavanagh, 1999). Results
from the current study showed that there was rtlitegct correlation between arch
index and peak pressures at the metatarsals redowever, lack of correlation
between these two does not necessary mean thaigth&ot arch did not influence
forefoot pressures in the present study since tere number of variables such as
ROM or sensory neuropathy that could have compreanilsis association. Moreover,
the lack of correlations in the present study sthdadl interpreted with caution as the
result may be due to insufficient sample size. &foge, it is likely that a higher foot
arch secondary to a thickness of the plantar fasmidd partly explain the higher
forefoot pressures observed in the DN compareldgdtEALH group in the present

investigation.

Limited ROM has been also associated with incre&sadpressures in patients with
diabetes mellitus (Fernando et al., 1991; Fryklstrg., 1998). It is well established
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that glycosylation plays an important role for timited ROM of the foot and ankle
joints in diabetic patients (Frykberg et al., 1988nmons et al., 1997a; Yavuzer et al.,
2006; Zimny et al., 2004). Abnormally high sugardis promote glycosylation of
proteins and the consequent accumulation of addaglyeosylation end-products in
most human tissues (Rahman et al., 2006: Yavukat,,&006). Limited dorsi-flexion
of the ankle has been associated with abnormalpi@sisures under the metatarsal
heads particularly when the tibia rolls over thetfduring the late stance phase of gait
(Mueller et al., 1989; Salsich et al., 2005). Ithsrefore possible that limited ROM of
the foot and ankle joints in the DN group in thegant study could be another factor
responsible for the higher foot pressures observéids population. However, an
important limitation of the present investigatiogghat due to technical difficulties
ankle ROM could not be measured, and thereforannhot be demonstrated whether
reduced ROM was a contributing factor the higheoBg&erved in the DN group.

Overall, the present study showed higher peak pressat the metatarsals region in the
DN compared to the HEALTH group. It is likely thettanges in the foot secondary to
hyperglycaemia, in the form of high foot arch aimited ROM may be responsible for
the high foot pressures observed in the DN grouppaoed to the HEALTH group. On
the other hand, other factors such as body massnsiory neuropathy did not seem to
explain the differences in peak pressures at thatarsal heads found in the current
study between the DN and HEALTH groups. PTI valaiethe metatarsal heads will be
discussed next.

Recent investigations have looked at PTI valuesesihey represent both, the
magnitude and duration of plantar loading throughdtance phase and have therefore
been postulated to be a better predictor for fea#ration compared to peak pressures
(Mueller & Maluf, 2002). In agreement with previomsestigations, PTI values on the
forefoot were significant higher in the DN groupnguared to the HEALTH group
(D’Ambrogi et al., 2005; Sacco et al., 2009; Turaeal., 2007). Results from the
present study demonstrated that higher PTI valudseanetatarsal region in the DN
group resulted from higher peak pressures (disdusiseve) as well as from longer
duration of the plantar loading in this foot regitm agreement with the results from the
present study, previous investigations found thdtdatients spent longer period of
time at the metatarsals heads compared to healtliwiduals (Courtemanche et al.,

1996). The reasons for the higher foot pressurdseanetatarsal heads region were
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discussed above: the possible reasons for thedahgation of the plantar loading at

this foot region are discussed next.

It has been proposed that a higher foot arch, wiicharacteristic of the DN group in
the current investigation, makes the foot less taddg to the floor during the foot-floor
interaction (Giacomozzi et al., 2005). As a resulbst of the plantar surface makes
early contact with the ground, and propulsion isrppeffective. In support of this
interpretation, the present study, which agreeb thié majority of previous studies
(Courtemanche et al., 1996; Zimny et al., 2004htbthat DN patients spent a longer
period of time at the heel and at the metatarsad$i@nd less time at the toes compared
to the HEALTH group. The loading time differencesveen groups in the current
study remained statistically significant even aftermalization with respect to stance
phase duration, thus indicating that the incredskeooverall foot loading time during
stance is not homogeneously distributed amongdolotareas. These results suggest an
early loading of the metatarsals in the DN groupicv explains the prolonged forefoot
contact time and consequently increase in PTleafdlefoot in this group when
compared to the HEALTH group. However, the presgrgstigation did not find a
correlation between foot arch and metatarsal Pllleg which suggests that other
factors are more likely to explain the increaseatllng times at the metatarsals region
in the DN group compared to the HEALTH group in giesent study. Thus, results
from the current study suggest that muscular fonathay play an important role in the
higher forefoot PTI values observed in the DN grdDp the one hand, results from the
present study show an early activation of the TSalas in the DN group compared to
the HEALTH group, which may also explain the eaxtytact of the forefoot with the
ground. To the best of my knowledge, Kwon et &00@&) has been the only
investigation demonstrating that DN activate theeB8ier compared to healthy
individuals (a detailed explanation about the cadubat may lead DN subjects to fire
the TS early will be presented when discussing EdM@). On the other hand, results
from the current study show that DF strength lewadse inversely correlated to
forefoot PTI values in the DN group. It is therefdikely that the weakness of the DF
muscles in the DN group may result in an earlyffmrecontact with the ground in this
population, demonstrated by the quicker velocityhef COP at the heel discussed
earlier. Interestingly, the correlation betweenkop& moments and forefoot PTI was
only significant for the DN group, which suggestattonly severe weakness

compromise the normal drop of the foot after thel s&rike.
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Overall, results from the present investigationgasj that while structural changes are
the main factors responsible for the high peakguess observed in DN subjects
compared to healthy individuals, muscular functippears to play an important role in
the longer duration of the plantar loading at thetatarsal heads region. It is therefore
reasonable to think that strength gains in the DBales in subjects with DN could
delay the drop of the foot after the heel striken§€ezquently, this could reduce PTI at
the metatarsal heads, which is the foot region tilasy to suffer from foot ulcers
(Caselli et al., 2002).

Previous investigations have reported lower loadthe heel in DN subjects compared
to healthy individuals (Bacarin et al., 2009; Udicat al., 2001). It has been proposed
that higher foot arch, weakness of the DF musdesall as reduced dorsi-flexion
mobility (Giacomozzi et al., 2002; Giacomozzi et 8D05) cause subjects with DN to
approach the floor with the most anterior parthaf heel, which results in a minimum
heel strike. In support of this theory some stutligage reported lower peak vertical
GRFs at the heel during landing (Katoulis et 8@91; Uccioli et al., 2001). Contrary to
this interpretation the present study did not famy significant group differences in
regard to the magnitude of the stress at the Reethermore, results from the current
investigation show a strong association betweeatRIRe heel and gait velocity, which
agrees with previous investigations (Morag & Cagmad 999). In fact, absolute PP
values at the heel were significantly higher in HHALTH group compared to the DN
group (data not presented in the results sectimri)those differences disappeared when
velocity, which was higher in the HEALTH group, warstered in the analysis as a
covariate. It should be noted that some of thenwetions, which reported reduced
GRF at the heel in the DN groups did not contrdl galocity (which is normally
reduced in DN subjects) (Katoulis et al., 1997; idket al., 2001). In addition, some
of the studies that did control gait velocity digt find significant group differences in
vertical GRFs (Sacco et al., 2009; Yavuzer e28l06) or PP (Bacarin et al., 2009) at
the heel between DN and healthy individuals. Thresalts suggest that further
investigations are warranted to clarify group diéfece between health and DN subjects

in heel PP when velocity is accounted for.

Results from the present study also show that ¢aé fregion in the DN group spent
more percentage of time in contact with the grocmahpared to the HEALTH group,
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which agrees with previous investigations (D’ Andpret al., 2005; Sacco et al., 2009).
It is believed that higher foot arch and weakndth@®PF muscles lead to a less
effective propulsion, which is characterized byighler contribution of the heel during
the push off phase (Giacomozzi et al., 2005; Mueiteal., 1994). However, PTI at the
heel in the DN group did not show significant chemgompared to the HEALTH
group. The few studies assessing PTI in DN subjete investigated regional PTI in
relation to the main phases of the GC. Thus, ieappthat PTI at the heel are reduced
during the heel strike (D’Ambrogi et al., 2005) dndreased during push off
(D’Ambrogi et al., 2005; Sacco et al., 2009). b surprising then that overall PTI at
the heel during the stance phase did not showfi&ignt group differences in the

present study.

In addition to foot pressures at the metatarsalshael regions the present study also
investigated foot pressures at the hallux. In agerg with previous studies (Boulton et
al., 1987; Uccioli et al., 2001; Veves et al 199tl)vas found that the DN group
developed significantly lower foot pressures urtlerhallux compared to the

HEALTH group. This finding has been linked to sevdeformities of the toes typical
of the most advanced stages of diabetic motor pating (Schoenhaus et al., 1991).
However, this justification cannot fully explainetihesults from the previous study since
all participants were inspected for foot defornsitéend only subjects with no severe
structural changes were included in the study Vell established that DN subjects
have reduced ROM at the metatarso-phalangeal(jegthando et al., 1991; Zimny et
al., 2004), which may compromise the distributiéthe load under the toes. It is
therefore possible that changes in the mobilithatmetatarso-phalangeal joint
together with mild foot deformities secondary totatoeuropathy may explain the
lower PP at the hallux observed in the DN group gared to the HEALTH group in
the present investigation. However, since ROM afrtietatarso-phalangeal joint was
not measured it is impossible to draw any finalaoesion regarding the exact
contribution of the metatarso-phalangeal joint rfigbin the present study. It is also
possible that sensory neuropathy may have congdbtat this finding in the present
study. It has been proposed earlier that lossatifiltly secondary to sensory neuropathy
may result in a reduction of the COP progressiongthe longitudinal axis
(Giacomozzi et al., 2002). Consistent with thisaidlee present study found that the
contact area at the hallux was also significargjuced in the DN group, which

demonstrates the reduced contribution of moreIdista of the forefoot during the
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stance phase in DN patients. However, stability ma@tameasured in the present study.
Therefore it is only a speculation that a feelifignetability may have contributed to
the reduded contact area under the hallux obsénviae DN group. Overall, it is likely
that structural changes (including reduced ROMbpsdary to hyperglycaemia and
feeling of instability secondary to sensory neutbpanay explain the lower
contribution of the toes during the stance phaskérDN compared to the HEALTH

group in the present investigation.

The present investigation has provided insightidigg how the overall foot loading
distribution is in DN subjects compared to healitidividuals. The metatarsal heads
appears to be the foot region that suffers mogli@ttress during walking in the DN
group. On the other hand the heel and hallux regstmowed no group differences and
higher pressures in the HEALTH group, respectivEhe present study also
investigated forefoot loading during the push dfape, which may provide insight
regarding how foot loading is distributed during thost demanding phase of the GC.

These results are discussed next.

Results from the present study highlight the imgioce of the hallux to reduce foot
pressures at the metatarsal region during the pifigihase. Since pressure relates to
the amount of vertical GRF per area unit to whiwhforce is applied, the same force
applied to a smaller area will result in highergsueres. In the present investigation,
and in agreement with the majority of the literat{D’Ambrogi et al., 2003;
Giacomozzi et al., 2005; Uccioli et al., 2001) geak vertical GRF under the
metatarsal heads (normalized to body mass) wasisantly higher in the DN group
compared to the HEALTH group. Interestingly, thalpgertical GRF under the whole
forefoot (metatarsal and toes) during the pushdioffnot differ between groups. This
finding suggests that although the magnitude ovdrécal GRF is comparable
between the DN and HEALTH group, the load was itlisted differently in the DN
and the HEALTH group. Thus, the DN group appeadirect most of that vertical
GRF to the metatarsal region whilst the HEALTH gr@eems to distribute that load
more homogenously throughout the whole foot (metataarea and toes). Furthermore,
the peak pressure when considering the whole fotefieea (metatarsals and toes) did
not show significant differences between the DN HERALTH groups. These results
demonstrate that the contribution of the toes dyitire push off is very important to

reduce the magnitude of vertical GRFs under thataetals. In support of this idea the

244



present study found that the contact area andehk pressures under the big toe were
significantly reduced in the DN group comparedh® HEALTH group (discussed
above). This demonstrates the reduced contribafidinis foot region during the push

off phase in patients with DN.

Overall, results from the present study demonstretethe metatarsal heads region is
the foot area that suffers most of the stress dusialking. This explains why this is the
foot area in which most of the ulcers develop (Bmul 1994; Mueller et al., 2005). On
the one hand, it is likely that structural changesh as high foot arch or reduced
metatarso-phalangeal mobility may have contribtivetthe higher foot pressures at the
metatarsal heads region observed in the DN subj@ctshe other hand, muscular
function changes, such as weakness of the DF nsuantk PF activation patterns,
seemed to have contributed to the higher amoutiinefthe metatarsals region spend in
contact with the ground in the DN group. Longertechtime obviously increases the
overall stress applied over that foot region. Femtfiore, the present study demonstrated
that the contribution of the hallux during the pushis very important to reducing the
magnitude of the loads under the metatarsal héadsally, the lack of contribution of
this foot region during the push off is likely tanily explain the group differences in
foot pressures at the metatarsal heads obserthd present study. Structural changes
and feeling of instability are likely contributirigctors for the reduced loading at the
hallux observed in the DN subjects. Beside foot gaiameters and foot pressures the
present study investigated muscular activity pateturing the GC. These results are

discussed below.

7.1.2.3EMG data

Results from the present investigation demonstrsigguificant differences in muscular
activation patterns when the HEALTH group was coregdo the DN group. Thus, the
DN group showed an earlier muscular activation tfigehe TA and TS muscles and a
higher overall muscular activity for the TS, QUARSd HAMS compared to the
HEALTH group. Furthermore, the present investigatiound an association between

EMG activity patterns and loading patterns.

Most of the studies assessing gait characteristid&betic patients have investigated
kinetic or kinematic data, whereas the underlyungcfional factors that may be driving
these changes are not well understood. EMG prowitéght how muscles are
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activated to generate movement. However, since BB expression of
neuromuscular control depending on nerve condugitias potentially affected by
neuropathy. EMG signal refers to the electricainéyeoduced by the muscle prior to
contraction and not to the mechanical output (fo(@énter, 2009). The time lag
between muscle activation (EMG signal) and musmleef production is known as
EMD (Cavanagh & Komi, 1979) and it is crucial tedt into consideration when
attempting to estimate muscle function timing (n@tdbal output) from EMG data .
The fact that the current intervention accountedEdD values may explain why the
activation patterns in relation to the differenapls of the GC presented in this study
are more shifted to the right (activation occutefacompared to standard EMG
patterns reported in the literature for healthyjects (Perry & Burnfield, 2010). For
example, Perry & Burnfield (2010) reported that 3tAys active from heel strike to the
end of the loading phase (10% GC) in healthy irttligls, while the present study

found TA to be active until half way throughout timéd stance phase.

The preliminary studies number 2 and 3 presenté&hipter 4 demonstrated for the
first time that EMD was longer in DN subjects comgahto HEALTH individuals.
Longer EMD is expected to bring the activation @aits forward. Since the time lag
from activation onset to muscle production is langeuscle activation is expected to
occur earlier. This highlights the importance dtaéating individual EMD values
when attempting to present EMG data in relatiomtscular mechanical function,
especially when comparing populations with différeMD values such as DN. It
seems this is the first study that has investigaid patterns during gait in subjects
with DN whilst taking into account alterations ileetromechanical delay when
processing EMG data. However, it is noteworthy #ititough previous investigations
did not report any action to control for EMD, thenesented similar EMG patterns
compared to the present study (Akashi et al., 20g&ller et al., 1994). This suggests
that previous investigations may have used sigr@dgssing to correct for EMD

without reporting it in the methods.

Results from the present study show that the petitst for the TS and TA (during
the end of the stance phase and early swing ptesmectively) occurred at the same
time in the DN and HEALTH groups. Interestingly thonuscles show an earlier
activation in the DN compared to the HEALTH gro&mmilar results were found by

Kwon et al. (2003) who found an earlier activatmrset for the TS and TA in the DN

246



group compared to the HEALTH group. However, Kwoale(2003) only found
significant differences for the TS. It is possitiat DN subjects adopt an anticipatory
strategy to efficiently produce force at the rigidment in time. Gutierrez et al. (2001)
demonstrated a decrease in the ability to rapidiyetbp torque about the ankle in a
group of 6 DN subjects compared to 6 diabetic iihligls without neuropathy. Force
generation in this study was determined from the od change of the ground reaction
force vector in the lateral direction (measurechvaitforce platform) during 1) a rapid
lateral loss of balance and 2) a quick voluntamersion movement of the ankle. The
results showed that DN subjects were able to pdbout half the rate of torque
compared to a healthy group in both conditionshéligh the reasons for this slower
force production are not fully understood, evidefroen animal studies suggests that
the fast-twitch fibres (type 2) of the muscles laighly sensitive to the loss of strength
due to atrophy (Bishop & Milton, 1997). Therefoaegeneralized DN is likely to cause
distal loss of fast twitch muscle fibres, which nragult in slower force production by
the muscles, especially the distal ones. This/éititih to generate force quickly might
require DN subjects to activate the muscles eaaiest mechanism to overcome the
slower rate of force production and ensure the pewae is produced at the right
moment in time. It is therefore reasonable to thivd¢ changes in the neuromuscular
function in DN individuals may obligate this poptite to develop an early muscular

activation to ensure mechanical output is produatetie right time.

Furthermore, the present investigation demonstratesissociation between muscular
activity patterns during the initial phase of th€ @nd foot plantar pressures under the
metatarsal heads. Alongside the earlier activaifadhe TS by the DN group, which has
been discussed above, the current investigatiomdfam earlier cessation of the TA
following heel strike in the DN group comparedhe HEALTH group. Thus, an early
cessation of the TA activity, together with an gattivation of the TS may result in an
early contact of the forefoot with the ground. Timay also explain why contact times
and consequently PTI values under the metatarsalsh@ere higher in the DN group in
the present study compared to the HEALTH groupuRefrom the present study then
suggest that changes in TA and TS activity pattfath@wing heel strike could also

play an important role in the pathogenesis of faohplications in DN individuals.
Previous studies investigating TA activity duritng tearly stance phase of the GC have
been controversial. Some investigations have regatdelayed peak activity of the TA
muscle during the initial phase of the GC (Abbotidlg 2000; Sacco & Amadio,
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2003). Akashi et al. (2008) did not find any gralifferences in activation times for the
TA during the initial phase of the GC. The presstntly found an early activation
cessation in the DN group. It should be noted tinege studies have used different
population groups, which may partly explain thdetint results. Similar to the present
study, Sacco & Amadio (2003) and Akashi et al. @Q@cruited DN subjects with no
other previous foot complications whereas Abboual.f2000) included patients with
diabetes mellitus who were not assessed for nethppdowever, studies using similar
populations and comparable methodological appraalchee also reported conflicting
results (Sacco & Amadio, 2003; Akashi et al., 20@8hgwell & Cavanagh (2001)
demonstrated an increased walking variability in 8ijects, which may make EMG
data in this population more difficult to interpaid could explain the discrepancies
among the results from different studies preseabsve. Gait dynamics evolve over
multiple strides, where each stride depends oniphelfprevious strides (Hausdorff et
al., 2001). Thus, Kang & Dingwell (2009) quantifiEMG dynamics over consecutive
strides in healthy young individuals (N=17) as veallin older adults (N=17), which are
well known to exhibit greater step variability wdilvalking, like DN subjects. They
proved that older adults exhibited greater int&fstvariability of muscle activation
patterns during gait. Therefore, increased intelstvariability, together with different
gait tasks (6 meters walk, 10 meters walk or tratavalk), may partly explain the
discrepancies between the studies presented allevertheless, results from the
present study appear to suggest that an early fhM&atan onset and early cessation of
the TA activity may partly explain why contact timmand consequently PTI values
under the metatarsal heads region were higheeibt group compared to the
HEALTH group.

Furthermore, results from the present study, ir@gient with previous investigations
(Kwon et al. 2003; Petrofsky et al., 2005a), shbat the overall EMG activity in all
the muscles was higher in the DN group comparedgdiEALTH group, and that
those differences were significant for the TS, HAR® QUADS muscles. Higher
coactivation of muscles suggests higher co-contmattetween agonist and antagonist
muscles. Co-contraction has been observed as intdsgendent strategy that is
believed to be used to stiffen the joint and enbastability (Benjuya et al., 2004;
Manchester et al., 1989). Results from the presteiy show higher activation of all
the muscles during the terminal swing phase ildtNegroup compared to the

HEALTH group, which demonstrate a simultaneousvatitin of agonist and
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antagonist muscles (co-contraction). Furthermasylts from the present study
suggest that the joint stiffening strategy is pn¢s®t only at the ankle as previously
thought (Kwon et al. 2003; Petrofsky et al., 2005at)also at the knee joint. It is likely
that the feeling of instability associated with sery neuropathy may result in higher
co-contraction in this population. The group diffeces in muscle activity observed in
this study cannot be attributed to gait speed diffees, since walking speed has been
positively correlated with EMG activity levels (Ofmy & Wang, 2010) and the DN
group in the present study walked significantlynsto compared with the HEALTH
group. This strengthens the results from the ptestady and demonstrates that co-
contraction was present in the DN group. It is gessible that muscle weakness may
have contributed to the higher EMG activity obsdrirethe DN group. Since DN are
significantly weaker compared to the HEALTH grohjgher muscular activity may
need to be generated to make sure adequate maymoduced. However, it is
unlikely this is the reason for the group differesiin overall EMG activity in the
present investigation since EMG data was normaliad¢te peak activity during gait
and not to the peak activity during MVCs. It is@fsossible that the anticipatory
strategy proposed above may have contributed tettresults. Thus, an early muscular
activation may result in longer activation timesldnerefore higher EMG activity
during the GC.

Overall, results from the present study show EM@epa alterations in the DN when
compared to the HEALTH group. Thus, it appears Bidtsubjects adopt an
anticipatory gait strategy to ensure an adequateenbis generated at the right
moment in time. Although, the exact reason/s betiilladaptation is/are unclear, it is
possible that this is a compensatory mechanisméacome the slower rate of force
production observed previously in DN subjects (€uéz et al., 2001). Furthermore it
seems that changes in EMG patterns at the earkepla the GC may contribute to the
higher pressures at the metatarsal heads obsertiee DN group. Thus, an early TS
activation onset and early cessation of the TAvagtmay partly explain why contact
times and consequently PTI values under the metdtaregion were higher in the DN
group in the present study compared to the HEALT&Up. In addition to that, the
present study show higher overall EMG activityhie DN group compared to the
HEALTH group. It is likely that co-contraction sewtary to the feeling of instability
associated with DN and the anticipatory strategptinaed above may partly explain

the higher overall EMG activity observed in the Qibup.
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Summary of gait biomechanics

Overall, the present investigation showed alteratio all the different aspects of gait
in the DN group compared to the HEALTH group. THDB| gait was characterized by
shorter and slower steps, higher foot pressureerithé metatarsal heads and higher
muscular activity compared to the healthy grouppltears that structural changes
(including limited ROM) and loss of stability seaary to neuropathy are the main
contributing factors responsible for the alteragiimgait parameters and kinetic data
observed in the DN group in the present study. Hewnehe present study also
demonstrated that muscular function in the forrmagcular activity patterns and
muscular weakness should be considered among tinecansses that lead DN subjects
to change their walking strategy. For instance,kmeas of the DF muscles in the DN
group was associated with an early forefoot contattt the ground and consequently
with higher forefoot PTI values in this group. Irgstingly, muscular weakness together
with joint mobility are modifiable conditions. Trefore, it would be interesting to
evaluate whether changes in these condition maptiesbeneficial changes in gait

characteristics in DN subjects.

7.1.3 Microcirculation

In addition to changes in gait characteristics,ampents in the microcirculation are
also known to play an important role in the pathreepés of foot ulcers in patients with
DN (Dinh & Veves, 2005, Tooke, 2004). The pressatly investigated muscular
microcirculation (capillary) during different coritdin to evaluate both blood flow and
oxygen consumption 1) at rest; 2) in response tsafeucontractions (stress condition);
3) recovery from the stress condition in DN sulgjeehen compared to healthy
individuals. Furthermore, this is the first stutiat has investigated microcirculatory
responses to and from an exercise bout based ptapfexion contractions in DN
individuals. Results from the current study, whach in line with previous
investigations with subjects with type 2 diabeteslitns (Kingwell et al., 2003;
Scheuermann-Freestone et al., 2003), show dimidighectional responses in blood
flow and oxygen consumption during conditions 2 &@rid the DN group compared to
the HEALTH group. No significant group differencgere found during resting

conditions in either blood flow or oxygen consuroptivalues. Discussion of the results
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will be presented as follows: Microcirculation ast, microcirculatory responses to

muscle contraction and microcirculatory recovepnirthe muscle contractions

7.1.3.1Microcirculation at rest

Results from the present study show that at baselith muscular uptake and blood
flow did not differ between the HEALTH and the C@kbup. Previous investigations
assessing resting blood flow in patients with DpNomted increased values in the DN
group compared to the healthy controls (Flynn gt1888; Urbancic-Rovan et al.,
2004). However, those investigations assessed entiarblood flow contrary to the
present investigation that investigated musculaotliflow. It is known that the skin
microcirculation is rich in arteriovenous shuntagFell et al., 1999). The arteriovenous
shunts are innervated by sympathetic nerves; tagepce of diabetic neuropathy with
sympathetic denervation may lead to the openirthasfe shunts with blood flow
bypassing the skin capillaries (Korzon-Burakowsk&@monds, 2006; Schramm et al.,
2006). Therefore, the fact that the present ingatitn assessed muscular blood flow
may explain the discrepancies in the results. Riggthe baseline muscular uptake, it
seems this is the first investigation reporting owar oxygen consumption values in
patients with DN. Furthermore, it is noteworthytttiee absolute values reported in the
present investigation, both for myd@nd blood flow, are slightly lower than previous
values reported in the literature for healthy indiials during NIRS measurements. For
example, van Beekvelt et al. (2001b), van Beelatedt. (2002) and De Blasi et al.
(1997) published mV@values of 0.009+ 0.003 mIG®in™ 100g*, 0.14+ 0.02
ml02-min™- 100g* and 0.06+ 0.002 mIO&in™- 100g*, respectively whereas in the
present study the DN and HEALTH groups reported mvéues of 0.0246+ 0.012
ml02-min™- 100g"* and 0.0251+ 0.012 miG&in™- 100g®, respectively.

Similarly, van Beekvelt et al. (2001a) and van Bedket al. (2001b) reported BF
values of 1.28+ 0.82 mhin™ 100g* and 0.72+ 0.32 mhin™- 100g", respectively for
the 0.60+ 0.28 mimin™ 100g* and 0.64+ 0.26 mmin™- 100g* found in the present
study for the DN and HEALTH groups, respectivelyth&ugh it is not clear why the
present study showed lower vales compared to prsvitvestigations, it is likely that
methodological differences may partly explain thdi$ierences. Different studies have
used: 1) different muscles; 2) different inter-afgaifferences (distance between
source and detector) and 3) different differerath-length factor [used to correct for
scattering of photons in the tissue (van Beekuedl.e2001b)]. Overall the present
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investigation showed that resting microcirculatiothe form of muscular blood flow
and oxygen consumption did not differ in the DN gamed to the HEALTH group.
However, it is well known that most critical funmtial changes in DN subjects occur
during stress conditions (Tooke et al., 1995). Resun microcirculatory responses to

an exercise bout are discussed below.

7.1.3.2Microcirculatory responses to muscle contraction

The current study found impaired capillary resparisghe DN group in the form of
blood blow and oxygen consumption compared to gathy group in response to an
exercise bout. The exercise bout consisted of2afet isometric contractions of 10
seconds of duration at 50% of the MVC. Changeddndflow will be discussed first

whilst changes in oxygen consumption will be disaasthereafter.

Previous investigations found reduced blood flosprnses to an exercise bout in
subjects with type 2 diabetes when compared tdtheaddividuals, which has been
associated with the reduced exercise capacity wbden diabetic patients (Kingwell et
al., 2003; Mohler et al., 2006; Petrofsky et al)20; Scheuermann-Freestone et al.,
2003). Although similar results were expected ffiedént diabetic populations, this is
the first study to demonstrate impairments in thiditg to increase blood flow in the

microcirculation during an exercise bout in DN sdb.

The reduced percentage of change in blood volureergbd in the current study likely
reflects a decrease in the exercise-induced vadatidn capacity of capillaries in the
skeletal muscle of the lower extremity in the DNyp. Patients with diabetes, and
especially individuals with peripheral neuropathse known to have microvascular
alterations, including endothelial dysfunction &P#t al., 1997; Schramm et al., 2006).
Endothelial-dependent vasodilatation is thoughtaiatribute to exercise hyperaemia
(Higashi & Yoshizumi, 2004). Boushel et al. (20@2monstrated that a combined
inhibition of NO and prostaglandins, which are ddased the most important
endothelium-derived vasodilator substances, redouestle blood flow during exercise
in healthy individuals (up to 50%). In line withisHfinding, Mekus and colleagues
(2004) carried out a very similar study and alseateded that protanoids and NO
appear to play important roles in elevating skéleiascle blood flow during exercise.
It has been proposed that an increase in vasdudssgesulting from increased
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exercise-induced blood flow may induce the end@hetlls to release substances such
as NO and prostaglandins, which allow blood flovioimally increase (Higashi &
Yoshizumi, 2004). Kingwell et al., 2003 was thesfistudy providing evidence that
impaired endothelium-dependent vasodilatory respiimits blood flow during
exercise in patients with type 2 diabetes. Evidgresented above suggests that
impairments in the endothelial function in the Didgp may be the main factor
responsible for the group differences in the bleoldime percentage of change
observed in the current study. Moreover, it shdiddhoted that in the present study
BMI and % of body fat were significantly greatertive DN group compared to the
HEALTH group and obesity is known to be associatétl endothelial dysfunction via
numerous complex mechanisms (Caballero, 2003).,Thisgpossible that a greater
BMI and/or body fat percentage in the DN group rhaye contributed to the reduced
exercise-induced vasodilatation observed in thmufdion. However, this association
between obesity (as determined by either BMI onydatl percentage) and endothelium
function was not supported by the current studycesBMI and body fat % were not

correlated with exercise induced changes in blémad. f

Although impairments in exercise—induced vasodilameare normally associated with
endothelial dysfunction (Kingwell et al., 2003)istpossible that other mechanisms
may have also contributed to the results foundhéngresent investigation with DN
patients. For instance, reduced cardiac output@ueuropathic related changes in the
ANS (autonomic neuropathy) may also reduce exeindeced blood flow in this
population (Petrofsky et al., 2005b). Although daediac muscle initiates its own
electrical impulses, which is set by the sino-atri@de at about 80 times per minute
(Wilmore & Costill, 2004), neural influences supepiose the inherent rhythm of the
myocardium. These influences originate in the easaiicular centre and flow through
the sympathetic and parasympathetic component'edANS (Tortora & Derrickson,
2006). Those neural influences interact togethgrséidg HR in response to the action
of other mechanisms such as, ventilation, bloodsqanee control, thermoregulation and
renin-angiotensin system (Winsley, 2002). The iffeceof sympathetic and
parasympathetic autonomic modulation is to incresskdecrease the HR respectively
(Tortora & Derrickson, 2006). It is well known thaturopathy may alter autonomic
regulation in this population (Howarka, et al., I9Roimaala, et al., 2000; Loimaala, et
al., 2003) due to the damage, especially, to thagyanpathetic nervous system.

Petrofsky et al. (2005b) demonstrated that he&tressponses during isometric exercise
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were diminished in subjects with type 2 diabetasgared to healthy controls, which
suggests changes in the autonomic function prictimical presentation of neuropathic
complications. Since the increase in heart ratendusometric exercise is due to a
reduction in vagal tone, the reduced heart ratgorese observed by Petrofsky et al.
(2005b) is likely to be due to impairments in tlegsympathetic function in this
population. It is therefore possible that altenagiin the ANS may have affected HR
response during the isometric exercise in the Diigiin the present study (lower
cardiac output), which may result in reduced vdstaly response to the exercise bout.
In line with this idea, results from the currenteirvention show significantly higher
resting heart rates in the DN group compared tdtBALTH group. Since a
predominance of vagal autonomic modulation will éowesting heart rate, results from
the present study match previous data on impaisegisympathetic function in people
with type 2 diabetes. It is therefore possible ttietnges in the ANS may have also
contributed to the diminished exercise-induced ddatory capacity observed in the
DN group. However, further studies are requiredaofirm (or quantify) whether
changes in the autonomic nervous system in diabebijects with undiagnosed diabetic
autonomic neuropathy are important contributinddescto the reduced exercise-

induced vasodilatory responses observed in thislptpn.

Overall, the present investigation found impairmsdantthe exercise-induced
vasodilatation in DN subjects. It is believed tbatlothelial-dependent vasodilatation
contributes to exercise hyperaemia, which sugdkatsendothelial function may have
played an important role in the reduced blood vayrarcentage of change in the DN
group in the present study. Moreover, results ftbenpresent study also suggest that
central alterations in the ANS are likely to haeatributed to the results found in the
present study via reductions in cardiac outputrduthhe exercise bout. Further
investigations are warranted to understand bdteubnderlying mechanisms in the
impaired exercise-induced vasodilatation in DN eaty. Whilst there is agreement in
the literature that oxygen delivery during stressditions is affected in subjects with
diabetes, (which the present investigation dematestrfor the first time in DN
subjects) there is controversy among publishedsapewhether muscular oxygen
consumption (which refers to the use of the dedidesxygen), is altered in patients
with diabetes. Next, results from the current inigedion, which investigated for the
first time muscular oxygen consumption in respaonsan exercise bout in DN subjects,

will be discussed.
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Results from the present study show that the my@ércentage of change (from
baseline to post-exercise values) was significdotiyer in the DN group compared to
the HEALTH group. This finding suggests that muaculxygen uptake was also
impaired in the DN group. Consistent with the restdund in the present study Baldi
and colleagues (2003) demonstrated that arteriaxsearygen differences, which
assess the muscular oxidative capacity, was redndgge 2 diabetic subjects
compared to healthy controls when working at makiana submaximal intensities
(70% VOmay. However, there is an ongoing debate about widileereduced
muscular oxidative capacity observed in variougisgiwith subjects with type 2
diabetes (Baldi et al., 2003), is solely caused bgduction in oxygen delivery
(Regensteiner et al., 1998) or in combination witieduction in the muscular oxidative
capacity (Martin et al., 1995). The author of thierent investigation believes that the
reduced mVQ@responses to the exercise bout in the DN groupdrptesent study are,
at least partly, due to impairment in the muscalddative capacity in this group. The

reasons that led the author to conclude this arsepted below.

The exercise protocol chosen for the present ifgetgin was set up at submaximal
intensities (see Section 5.4.3.6 in Chapter 4 foreninformation about the exercise
protocol and how it was controlled). When workingabmaximal intensities and if
blood flow is restricted, an increase in the amafrixygen uptake by the muscle may
be expected to compensate for the impaired oxygévedy. In line with this idea,
Nyberg et al. (2010) demonstrated that muscle bftod and oxygen delivery can be
markedly reduced without affecting muscle oxygetake during moderate-intensity
exercise, suggesting that blood flow does not Imitscle oxygen uptake when
working at low intensities in young healthy indiveds (25+ 4 years). This study
measured the leg oxygen consumption during a 3abit@ione-legged knee-extensor
exercise under two conditions: without (controlylavith arterial infusion of inhibitors
of NO (N-monomethyl-L-arginine) and prostanoidsidmethacin). Increased activity
of several mitochondrial enzymes has been foumduscles of patients with peripheral
vascular diseases (Bylund et al., 1976; Jansoh, di988). For example, Janson et al.
(1988) investigated side-differences in muscle bwte characteristics in patients with
unilateral arterial disease and demonstrated iserkactivities of enzymes involved in
the oxidative metabolism in the claudication leghpared to the healthy leg. These

adaptations in limbs suffering from peripheral wvdacdiseases suggest compensation
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for impaired oxygen delivery. This idea is furtiseipported by a study carried out by
Mohler et al. (2006). They assessed the hemodyn@sfonse to exercise in calf
muscles in patients with type 2 diabetes, perighescular diseases, or both using
NIRS. They found that the presence of peripheratutar diseases was associated with
a significant increase in percentage deoxygenatioimg the exercise bout, which
suggests that impairments in circulation duringnsakimal exercises may result in a
higher amount (%) of desaturation of haemoglobithantissue. According to this logic,
it is likely that changes in the muscle oxidatiepacity in the DN group in the present
study may be partly responsible for the reducedyeryuptake observed in this group
during the moderate intensity exercise protocofutther support of this interpretation,
there is some evidence that metabolic abnormalitigg have implications in the
oxidative capacity in diabetic patients (Scheuemngreestone et al., 2003; Sivitz,
2010). Type 2 diabetic individuals have increasge tllb-to-type | fibre ratio (Marin et
al., 1994) and lower oxidative enzyme capacity (@igau & Kelley, 1997; Vondra et
al., 1977) than nondiabetic subjects. In the prestnly, it is therefore reasonable to
hypothesize that impairments in the skeletal mugkigative capacity in the DN group
may have resulted in less Being consumed following the submaximal exercizat b

in the DN group relative to the HEALTH group.

Contrary to the results from the present study,estmmestigations that used NIRS did
not find significant differences in exercise-inddgauscular deoxygenation when
comparing healthy and diabetic individuals (Baueale 2007; Mohler et al., 2006).
However, both studies reported higher deoxygenatidmes in the control group
compared to the diabetic group, although thosewiffces did not reach significant
levels. It is likely that differences in the suldecharacteristics of the diabetic groups
could partly explain why the present study was nsaesitive when identifying group
differences (diabetes vs. healthy) compared toipusvstudies. Firstly, the diabetic
group in the present study was composed of subjgttigoeripheral neuropathy while
Bauer et al. (2007) and Mohler et al. (2006) reedidiabetic patients without
neuropathic complications. Although it has been dlesirated that oxidative capacity is
reduced in subjects with type 2 diabetes (Baldil.e2003), a longer duration and/or
poorer control of diabetes (>Hh4, which is associated with DN (Pirart, 1978), may
be expected to have a greater negative effect @tlméunction. Secondly, the diabetic
group from the current study was more obese aret alompared to the other two

studies and it is known that age and BMI are assediwith mitochondrial function
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(Rabol et al., 2010). However, the most importaatson for the conflicting results
between the present study and the other two irgagsins is likely to be
methodological. NIRS measures local muscular oxgtien. Thus, it is important to
determine the specific amount of work that the rfreigader investigation is
contributing to the whole workout. In the presemtly NIRS data and EMG data were
measured in the same muscle simultaneously. Thiedure was followed in order to
be able to relate NIRS data (blood flow and oxygemsumption in the MGast) to the
amount of work done by the MGast during the exerpi®tocol (see Section 5.4.1.3 for
more information about the instrumentation set Uipus, the percentage of change in
the mVQ, was correlated to the average EMG activity (noizedl to MVC) in the
MGast during the 14 isometric contractions that posed the exercise bout. As
expected and in agreement with previous investigat{van Beekvelt et al., 2002) the
current study found that there was a significamtetation between EMG activity and
muscular oxygen consumption both in the DN and HEAIgroups. More
interestingly, results from the present investigabnly showed group differences
when EMG activity was entered in the analysis aswariate. This highlights the
importance of assessing local muscular workout vatempting to investigate local
oxygen consumption. This may explain why Bauel.§2807) and Mohler et al.
(2006), who only assessed total workout, did nad Bignificant differences in
exercise-induced muscular deoxygenation when campaealthy and diabetic
individuals. However, further studies are warrantethis context to provide insight

how muscular oxidative capacity is affected in Dijects.

The present investigation has demonstrated fofittetime that 1) muscular oxygen
delivery is restricted in the lower limb (calf miescof DN subjects in response to an
exercise bout; and 2) the muscular oxygen uptakésediminished in the calf muscle
of DN subijects, likely due to impairments in thesowular oxidative capacity.
Therefore, it seems that not only the deliveryxfgen to the muscle is restricted in
patients with DN following an exercise stress, &lsb the ability of the muscle to use
that oxygen. Results regarding the recovery ofttiocirculation following an

exercise bout will be discussed next.

257



7.1.3.3Microcirculatory recovery from the muscular contractions

The present study found that the DN recovered sleampared to the HEALTH
group. Since the DN showed reduced microcirculatesponses in the form of BF and
mVO, to the muscular contractions, it is not surprigirtbat percentage of recovery
after 70 seconds both BF and mM@as also reduced in the DN group. Therefore, it
appears that the slower BF and mpd@covery in the DN group in the present
investigations is secondary to impairments in thiétg of the microcirculation to

response to the exercise bout.

In summary the present study demonstrated thabwiiculatory function is affected in
DN subjects compared to health individuals, esgiigaimder stress conditions. Thus,
BF and mVQ absolute values at rest did not differ in the DN ¢he HEALTH group
whilst BF and mVQ percentage of change 1) in response to the erdvoist and 2)
from the exercise bout were significantly reduaethie DN group compared to the
exercise group. Furthermore, it appears that th& ordical changes in the DN group
occurred in response to the exercise bout as ddratet by the fact that alterations in
the recovery capacity of the DN group were seconttaabnormalities in vasodilatory
and oxygen uptake responses to the muscular ctintraclt is likely that changes in
the endothelial function are the main responsiatedr for the reduced vasodilatory
capacity observed in the DN group. However, itl$® gossible that reduced cardiac
output secondary to changes in the ANS have alstribated to this finding.
Furthermore the present study found that not orj)gen delivery was reduced in the
DN group but also the ability of the muscle to letaxygen, which suggests changes
in the muscle oxidative capacity. This is an impotffinding since previous studies
using the NIRS device failed to find significantfdiences in deoxygenation values
between the healthy and subjects with type 2 désbéloreover, the results from the
present study highlight the importance of assedsice) muscular workout when

attempting to investigate local oxygen consumptidith the NIRS device.

It is commonly accepted that gait alterations amctoairculatory changes are
responsible for the high rate of foot ulcers obsdrin DN subjects. Results from the
present investigation demonstrated alterationsihaparacteristics, including higher
foot pressures under the metatarsal heads, andringrds in the microcirculation in

response to a physical stress (exercise stress) edmparing the DN and the
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HEALTH group. These findings confirm that the DNogp in the present study was at
considerably higher risk to develop foot problerompared to the healthy controls.
Beside the foot complications associated with diedaeuropathy, increasing evidence
suggest that diabetes in general and DN in paaticuds an important impact on
people’'s QOL (Price, 2004). The results on theedifhices in QOL between the DN and
the HEALTH group are discussed next.

7.1.4 Quality of Life

Results from the present study, in agreement wikiipus investigations (Ali et al.,
2010), show that all the dimensions of the SF-3&stjannaire were significantly lower
in the DN compared to the HEALTH group. Furthermaarly evidence suggests that
QOL in subjects with diabetes could be associati#tdl physiological markers related to
the disease. For instance, the severity of dialgetigplications has been associated
with poor health-related quality of life (Currieat, 2006). However, results from the
current study failed to find a relationship betwdes severity of sensory neuropathy
measured with VPT and any dimension of QOL. Orother hand, HbA was
correlated to two different SF-36 domains, namdlysical function and mental health,
as well as with the overall mental health scores Eissociation between blood glucose
and QOL has been previously found in patients tyitie | diabetes (Wikblad et al.,
1996) and painful neuropathy (Galer et al., 2000addition, BMI was negatively
correlated with general health both in DN and HEAL@roups. Hypertension and
cholesterol levels were not correlated to any ef$l-36 domains, a not altogether
surprising finding since these two conditions agnaptomatic in the majority of
patients. The majority of the DN subjects wererngkinedications to control both blood
pressure and cholesterol levels, which could ats@hnfluenced their association with
QOL. Consistent with the results from the pres@imdys some investigations have found
no association between blood pressure and QOL dLédal., 2001; UKPDS, 1998).

Overall, findings from the present study supportyeavidence that 1) QOL is largely
affected in DN subjects; and 2) poorer QOL in DMjeats could be associated with
some physiological markers, such as Hba#x BMI. However, more studies are needed
to understand the relationship between physioldgicd psychological markers and

QOL in diabetic patients in general and DN subjé@t{zarticular.
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7.1.5 Summary of the results for the cross-sectiona | study

The aim of this cross-sectional study was to ingest differences in the primary
pathologies associated to DN when comparing healtidyDN subjects. This study
demonstrates that DN carries a complex set of doatins. Thus, the DN group in the
present study showed alterations in general hdalthe form of blood pressure, in
different aspects of gait including spatial-tempatearacteristics, foot pressures and
muscular activity patterns, in microcirculationpesially during stress conditions, and

in QOL when compared to healthy individuals.

In the present study special attention was paidvtestigate differences in gait
characteristics and microcirculation between DN healthy subjects, due to their
association with foot ulceration in this populati@n the one hand, changes in gait
characteristics are considered a common mechanjismiizch tissue damage may occur
in diabetic patients with peripheral neuropathy.t@mother hand, microcirculatory
impairments are thought to disable the diabeticopathic foot to respond to injury

and infection in the usual manner. The main findiimgrelation to gait biomechanics

and microcirculation are presented next.

The present investigation, in agreement with previstudies, found group differences
in all the aspects of gait under investigation Wwhitcluded gait parameters (spatial-
temporal characteristics and COP parameters) pi@ssures and muscular activity
patterns. Gait parameters in the present study glerecterized by a slower gait
velocity and a shorter distance travelled by thé*G@iDring the roll over process.
Overall results from the present investigation asgghat these changes are related to
lack of stability secondary to DN. Therefore itikely that risk avoidance, fear of
falling, and lack of confidence are the main fastitrat lead DN subjects to develop a
more cautious gait strategy. Beside changes inpgaitmeters the present study also
shows alterations in the loading patterns in thevdién compared to the HEALTH
group. The most noticeable group differences weeensed under the metatarsal
heads, where the DN group showed significantly éidghP and PTI values compared to
the HEALTH group. It is therefore not surprisingtlthe metatarsal area is the foot
region in which most of the ulcers occur in DN sdt§. Results from the present
investigation suggest that muscular function (idaig muscular weakness) appear to

play an important role in the longer duration of filantar loading at the metatarsals
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region. In fact, in the present study DF strengtlels were inversely correlated to
forefoot PTI in the DN group. It is therefore ligghat weakness of the DF muscles in
the DN group may have resulted in an early foretmoitact and more prolonged
forefoot contact with the ground in this populatiGrthermore, the present study
demonstrated that the contribution of the hallusirduthe push off phase is very
important to reduce the magnitude of loads undentbtatarsal heads. In fact the lack
of contribution of this foot region during this eaof the GC is likely to partly explain
the group differences in foot pressures at the tauesal heads observed in the present
study. Structural changes and feeling of instgbdre likely contributing factors for
the reduced loading at the hallux observed in tNesDbjects.

The vast majority of studies assessing gait chariatits in DN patients have
investigated kinetic or kinematic data, whereay anhandful of studies have
investigated EMG activity patterns during gaithistpopulation. Moreover, all the
previous studies processed EMG data without taikittgaccount EMD. It seems that
this is the first time that EMG patterns duringtgeére investigated in DN subjects
whilst taking into account individual EMD values @hprocessing EMG data. Data
from the present study show different EMG patténrthe DN when compared to the
HEALTH group. On the one hand, it appears thatal/&MG activity during the
whole GC is higher in the DN group compared toHlEALTH group. It is possible
that co-contraction of agonist and antagonist nauisch compensatory mechanism in
this population to improve stability. On the otlhand, it seems that EMG activity
patterns throughout the different phase of the Gf€rdbetween DN and healthy
individuals. For instance, the present study foanearly activation of the TS and TA
muscles in the DN group compared to the HEALTH graunilst the peak activity
occurred at the same time in both groups. This estgghat DN subjects adopt an
anticipatory strategy to efficiently produce forttethe right moment in time. It is likely
that a slower force production rate in DN subjects/ be at least partly responsible for
this compensatory mechanism. The present study nignaded that an early activation
of the TS muscle is linked to higher PTI valuethatforefoot. Overall, the present
investigation, as expected, showed alterationsffiardnt aspects of gait in the DN
subjects compared to the healthy control. It sethausstructural changes, including
limited ROM, muscular weakness and sensory neunggae the main factor
responsible for the changes in gait characterigigsussed above. Interestingly,

muscular weakness together with joint mobility aradifiable conditions and it would
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be interesting to evaluate whether changes in tbeséitions may result in beneficial

changes in gait characteristics in DN subjects.

The present study investigated for the first timeratirculatory responses to an
exercise bout based on plantar-flexion contractioi3N individuals. Results from the
current study, which are in line with previous ietigations in subjects type 2 diabetes,
show diminished 1) microcirculatory (blood flow aoxlygen uptake) responses to the
plantar-flexion contractions; and 2) microcirculgt¢blood flow and oxygen uptake)
recovery from the plantar-flexion contractionsapipears that impairments in the
exercise-induced vasodilatation in DN patientsemspciated with changes in the
endothelial function. Furthermore, the presentystudygest that central alterations in
the autonomic nervous system are likely to haverifried to the results found in the
present study via reductions in cardiac outputrduthhe exercise bout. Although there
is general consent in the literature that vasadtilan is impaired in diabetic patients,
there is an ongoing debate whether the capaciiyeomuscle to uptake oxygen is also
altered in this population. The present invest@ateems to suggest that the ability of
the muscle to uptake oxygen is also affected irDiNegroup. However, the exact
reasons behind this finding are not fully underdtdeéurthermore, the present
investigation demonstrated the importance of aswpsscal muscular workout when
attempting to investigate m\i@esponses to an exercise bout. Since NIRS measures
local muscular oxygenation, it is important to detime the specific amount of work
that the muscle under investigation is contributm¢ghe whole workout. Thus, the
current study demonstrated that local m\f€sponses in the MGast to an exercise bout
were dependent on the amount of work done by theifsp muscle and not necessarily
by the amount of work carried out by the whole 8imce in the present study the DN
showed reduced microcirculatory responses to thecese bout in the form of BF and
mVO,, it is not surprising that recovery of both BF andO, was also reduced in the
DN group. Overall, the present study demonstrdtatirhicrocirculatory responses to
an exercise bout are diminished in DN subjects @ewbto healthy individuals. Early
evidence suggests that PA interventions may progasgive changes in the
microcirculation of subjects with type 2 diabetdswever, it is still unknown whether

PA interventions could influence microcirculationDN subjects.

In addition to foot ulcerations there are furthealh problems associated with diabetes

in general and DN in particular. Thus, it is wedtablished the association between
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diabetes and both cardiovascular diseases andQbr On the one hand, it is thought
that alterations in traditional cardiovascular fiaktors such as blood pressure or
cholesterol levels are responsible for the incréas& of cardiovascular diseases in this
population. Results from the present investigasioow that DN had higher BP (despite
taking hypotensive medications) compared to the HBAgroup. On the other hand,
increasing evidence suggests that diabetes maydmawepact on everyday living and
consequently diminish health related QOL. Furtheensome investigations have
suggested an association between QOL and phystelagiarkers (Wikblad et al.,
1996). Findings from the present study supporyearidence that 1) QOL is severely
affected in DN subjects; and 2) poorer QOL in DMjsats could be associated with
physiological markers, such as HRAr BMI.

Overall, the present investigation has demonstrdtadDN is a very complex condition
which affects different aspects of health. The tjoegemains whether the primary
pathologies associated with DN, namely traditicaatliovascular risk factors,
alterations in gait, impairments in the microcietidn (in particular during stress
conditions) and QOL can be modified by rehabilitatprogrammes. Part 2 of the
discussion chapter discusses the results fromfthet ©f a 16-week PA programme on

the whole range of primary pathologies associatia BN.
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7.2 Part 2 — Intervention study

Part 2 was an intervention study that investig#edeffects of 16 weeks of
strengthening and mobility exercises on identifi@athologies associated with DN.
Results from this intervention study documentstiierfirst time the beneficial effects
of a 16-week resistance training programme on sgmsauropathy in patients with
peripheral neuropathy. Results from the presergstigation demonstrate that a well
controlled strengthening training programme doegteneficial effects on the
microcirculation, obesity, blood pressure as welba QOL in patients with diabetic
neuropathy. On the other hand, the exercise prageadid not seem to have a
substantial effect on gait characteristics inclgdipatial-temporal, plantar pressures or
EMG parameters, HbAor strength levels. Importantly, it should be niotieat, no
adverse effects related to the intervention wepented in any of the volunteers who

participated in the physical activity programme.

The discussion of the results of the interventig is presented in the same order as
in the previous chapters. Thus, general healthoooecmeasures are discussed first

followed by gait, microcirculation and QOL paranrste

7.2.1 General Health related to DN

This section discusses the results of the inteimeqrogramme on outcome measures
related to general health in patients with DN. Thidudes the effect of the PA
programme on parameters linked to: 1) diabeticopathy, such as sensory neuropathy
and motor neuropathy; 2) diabetes control suchlas; kland 3) cardiovascular risk
factors, such as cholesterol levels, blood pressuobesity. Results from the present
investigation show that 16 weeks of strengthenkey@ses produce positive changes
in sensory neuropathy and cardiovascular risk fadice. blood pressure and obesity).
On the other hand, the intervention did not seetrigger substantial changes in HRA
and strength levels. Discussion of these resultdbeipresented as follows: DN related
outcome measures in the form of sensory neuropattiynotor neuropathy (strength
levels), diabetes control (Hh4 and cardiovascular risk factors in the form afdul

pressure, obesity and cholesterol levels.
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7.2.1.1Sensory neuropathy

One of the most striking findings of the presentigtwas that 16 weeks of strength
training improved sensory neuropathy in DN subjettsthe best of my knowledge this
is the first investigation that has demonstratexd finysical activity can reverse sensory
neuropathy in DN subjects, which obviously may haeeendous clinical implications
in this population. Balducci et al. (2006) is thdyoinvestigation that has previously
assessed the effect of physical activity on nedtgpahey carried out a 4-years
intervention study on diabetic patients with nansigf neuropathy and they found that
low intensity long-term aerobic exercise trainirrgyented diabetic patients from
developing both motor and sensory neuropathy. Eneemtage of diabetic patients who
developed motor and sensory neuropathy during treass of the study was
significantly higher in the control group (17% a2@L8% occurrence rate for motor and
sensory neuropathy, respectively) than in the éseigroup (0% and 6.5% occurrence
rate for motor and sensory neuropathy, respeclivBlgsults from the present
investigation demonstrated that a physical actipiggramme can not only prevent the
progression of diabetic neuropathy in individualhwo neuropathic complications, as
demonstrated by (Balducci et al., 2006) but can edduce sensory neuropathy in DN
subjects. Currently there is no effective treatnzailable to prevent or treat
neuropathy, except for tight control of blood glseqYagihashi et al., 2011). Thus,
some investigations have found that intensive inguatments, which lower HhA

can decrease the incidence of neuropathy by 60%bédes Control and Complications
Trial Research Group, 1993) and improve nerve caimu velocity and VPT (Ohkubo
et al., 1995) in patients with type 2 diabetes. Hosv, the absence of statistically
significant changes on Hh&following both the present and Balducci’s intertien
suggest a possible direct and local effect of égeran peripheral nerves on diabetic
individuals. Next possible exercise-induced chartfat could have influenced sensory

nerves in the present investigations are discussed.

Nerve function depends on adequate blood flow doaidoflow is known to be
diminished in patients with diabetes. This assamidbas led some investigators to
believe that vascular problems may lead to pergdhreerve damage (Cameron &
Cotter, 1994). In addition, vasodilatory treatmleas been demonstrated to restore
endoneurial blood flow and improve nerve conductielocities in diabetic rats

(Maxfield et al., 1993). Physical activity programsrhave been shown to improve
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circulation in patients with diabetes via an enteggmnent in the endothelial function
(endothelial dependent vasodilatation) (Higashi &shlizumi, 2004). It is generally
believed that the increase in vascular stresstimegdtom increased exercise-induced
blood flow may stimulate the release of NO, whiohsequently improves endothelial
function (Higashi & Yoshizumi, 2004). Thus, imprawents in the circulation
secondary to physical activity training could beechanism through which
endoneurial blood flow may be restored, and in taight lead to improved sensory
nerves. Results from the present investigation shonend toward greater muscular
vasodilatory responses in the EXE compared to thbl @Qroups following the exercise
programmes. However, the fact that the presenysinty found a trend toward
improved vasodilatory responses followed the egerprogramme suggests that this
interpretation should be taken with caution. THugher investigations are warranted
to confirm whether exercise-induced improvementhé@circulation (blood flow) can

influence sensory nerves in DN subjects.

Beside changes in the circulation, changes in tibechrondria is another mechanism by
which exercise training could have influenced senserves in the present study.
There is accumulating evidence indicating that oitmdrial degeneration is involved
in the pathogenesis of DN (Leinninger et al., 200%)most eukaryotic cells (cells with
a nucleus), including neurons, mitochondria aremiss in managing oxidative stress
and providing energy by generating adenoside teéphate (ATP) through oxidative
phosphorylation (Lehmann et al., 2011). In neur&mP is required for axonal

transport and maintenance of ionic gradients foegation of action potentials and
synaptic activity (Kwong et al., 2006). Reactive/gen species (ROS), which are
generated at low levels during the normal mitochi@hdespiratory chain, are known to
produce mitochondrial dysfunction at higher levelbjch in turn may lead to
mitochondrial degeneration (Figueroa-Romero e8l08; Leinninger et al., 2006).
Hey-Mogensen et al. (2010) demonstrated that mitoghial ROS release was reduced
and muscle oxidative function was improved in Jf3et? diabetes patients in response
to a 10-weeks aerobic training programme. Thisifigduggests that physical training
could potentially improve nerves function (revensgiropathy) via beneficial
mitochondrial changes. Interestingly, results fribi® present investigation demonstrate
that a 16-week strength training programme enhandé@. recovery following an
exercise bout in DN patients. Since the curreng¢gtigation did not find changes in the

exercise-induced muscular oxygen consumption ipaese to the exercise programme,
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it appears that the intervention produced changesrthe capacity of the muscle to
uptake oxygen (i.e. changes in the muscle fibre)tyiput in the efficiency of its usage.
It is therefore possible that changes in the olidatapacity of the mitochondria may
be responsible for the more efficient use of oxyfdlowing the intervention, which
could explain the beneficial changes in the senseryes. However, more studies are
needed on DN subjects to better understand 1)ftibet ef strength training on
mitochondrial function; and 2) the association letw improvements in mitochondrial

function and sensory neuropathy.

Overall, it appears that vascular changes seconddhg exercise programme may be
responsible for the unexpected improvements inagmseuropathy observed in the
present study. It is possible that exercise-indwtethges in the endothelial function
could be a mechanism through which endoneurialdbftmw may be restored, and in
turn might lead to improved sensory nerves. Howetehould be stated that the
present study only found a trend toward greaterconas vasodilatory responses in the
EXE compared to the CON groups following the exa@rogrammes. It is therefore
uncertain at this stage whether changes in thalaiion may be partly responsible for
the results found in the present study. On therdthad, it is also possible that changes
in the mitochondrial function could explain the bé&aial changes in the sensory nerves
observed in the current study. In support of thisrpretation, the present study found a
more efficient use of oxygen in the EXE group faling the intervention, which could
be secondary to changes in the oxidative capatityeomitochondria. Regardless of
the exact mechanism behind this finding, the priesteraly found for the first time that
16 weeks of strengthening exercises influencedosgmeuropathy in DN subjects. It

is worth mentioning that sensory neuropathy indineent study was quantified by

VPT measurements whilst conduction velocity measeards of the sensory nerves,
which is considered the gold standard to asses® fignction, were not conducted.
Future studies should assess sensory nerve furditietly to understand better the
effect of PA on sensory neuropathy. Nevertheldss new finding should encourage
researchers to investigate the therapeutic toBlfofo improve sensory neuropathy in
DN subjects. The next section discusses the affatie intervention on strength levels.
Due to the close link between motor neuropathyrandcular weakness in DN patients,

strength results are discussed under the headitqy meuropathy.
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7.2.1.2Motor neuropathy

Results from the present study show that 16 wekkgengthening exercises did not
produce substantial changes in muscular strengétslén DN patients. Thus, no
significant gains in strength levels were obselimeahy of the muscle groups under
investigation, dorsi-flexors, plantar-flexors, krfeexors and knee extensors. It is most
likely that the lack of effect of the resistancaining programme on strength levels in

the DN subjects in the present investigation ctngldelated to motor neuropathy.

Diabetes related motor neuropathy can be defingkeggrocess in which segmental
demyelination combined with axonal degeneratiomofor nerve fibres limits the
peripheral efferent stimulation of skeletal musdtethe lower and upper extremities
(Greene et al., 1997).Thus, a general improvenmen¢ive function (sensory and
motor), which is suggested by the improved sensatiscussed above, might be
expected to trigger similar changes in motor nerkesulting in strength gains in
response to the exercise programmes. Numerougstadisubjects with diabetes have
shown the efficiency of strength training to impeastrength levels in this population
with no neuropathic problems (Cauza et al., 200 dPan et al., 2006). However, the
present study shows evidence for the first timé tiator function was not improved
with 16 weeks of resistance training in diabetitiggas with moderate neuropathy.
Some investigations have demonstrated using magmsibnance imaging (MRI)
technigues to quantify the muscle mass, a subatdosis in muscle tissue in DN
subjects (Bus et al., 2002; Brash et al., 199%sBret al. (1999) and Suzuki et al.
(2000) found significant correlations between materve conduction velocities and
muscle atrophy, which suggests that changes inlmtissue are secondary to motor
nerve dysfunction. Therefore, it is possible thasole atrophy secondary to
neuropathy may partly explain the lack of effecthaf 16 weeks of strengthening

exercises in the DN patients in the present ingattn.

To the best of my knowledge there is only one eviinvestigation assessing muscle
strength changes in DN patients following a PA paogme. Allet et al. (2010) carried
out a 12-week intervention (twice weekly) baseduwttion-orientated strengthening
exercises. Contrary to the present investigatioey teported changes in strength
values (measured with a hand held dynamometegsiponse to the exercise

programme. However, the percentage of improvemastmoderate compared with
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strength increases found in healthy elderly persdtes comparable training program
(Rubenstein et al., 2000), and only the hip flexand plantar-flexors reached
significant levels. It is most likely that differe@s in the severity of neuropathy may
explain why Allet’s study using a shorter and lessnse intervention was more
efficient to modify strength levels compared to fiiesent investigation. Notably, Allet
et al. (2010) included subjects with significantiyider DN (VPT<4) compared to the
present study (VPT=21.52-+13.37 in the EXE groiijh)s early evidence suggests that
interventions to change muscle function in diabpéitients may be more efficient in
the early stages of the condition before substiamiiescle tissue is lost. Although more
studies are required to draw any final conclusiisut the ability of DN subjects to
improve muscular strength, this finding stressesfiportance of strengthening
exercises in early DN subjects. It is notewortist tihnese two studies have used
different methods to assess muscular strength hahizy also explain the discrepancy
of the results. Thus, Allet’ study used a hand-tigldamometer, the reliability of which
is limited, in contrast to the present study, whaslsessed for the first time strength

changes in DN subjects with an isokinetic dynamemet

However, this explanation is likely to apply moeethe distal muscles (mainly foot
muscles), and it is improbable that a substardi&d bf muscle tissue occurred in the
more proximal muscles (knee muscles) of the DNexibjfrom the present study (who
did not suffer from severe neuropathy). Andersea.€t1997) demonstrated in a well
conducted study a distal-to-proximal gradient ooie atrophy (measured with MRI)
from cross sections in the proximal lower leg, toder leg, and distal lower leg in DN
subjects. Furthermore, Andersen et al. (1997) fahatimuscle area in the proximal
lower leg is unchanged in DN subjects with sevengropathy. Therefore, it appears
that there must be another explanation for the ¢d@kercise-induced changes in
strength levels in the present study. Next, thearauscular adaptations that were
expected from the resistance training programmd umsthe present investigation will
be explained. Additionally, theoretical reasons vabdgptations may have been elicited

in the present study with DN subjects will be pregd.

It is well documented that gains in muscle strerigliowing a resistance training
programme occur from neural and muscular adapstibimus, neural factors account
for the majority of the strength gains over thetf weeks of workouts. Thereafter,

muscle fibre adaptations become progressively rimgpertant to strength improvement
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(McArdle et al., 2010). It is noteworthy that theepent investigation started with very
low workloads, which slowly and progressively iresed throughout the 16 weeks of
the programme. It is likely that the workloads &tegl during the first few weeks (3-4
weeks) might not have reached a sufficient threksfal adaptations to occur. However,
it was considered very important to improve papicit's confidence towards the
programme and minimize the discomfort associatehl thie first workouts in sedentary
people (delayed-onset muscle soreness). Neverghétesexercise programme had a
sufficient duration to produce both neural and miescadaptations so it is unlikely that

the lack of strength gains can be associated toltamcteristics of the intervention.

Changes associated with neural adaptations resmibre efficient recruitment of

motor units and increase in their firing rate (Mdk, 2010). Thus, the learned
recruitment of additional motor units, which magpend in a synchronous (the
coincident timing of impulses from 2 or more matmits) fashion may contribute to
enhance the muscle’s ability to generate more favitteout changes in the cross-
sectional area of the muscle. Motor neuropathyh&acterized by loss of motor units
and a compensatory collateral reinnervation togak@&smuscle strength (Andersen et
al., 1998; Fleckenstein, 1993) Therefore, it iglikthat a reduction in the number of
motor units available secondary to DN may limit #ility of the muscle to recruit
simultaneously different motor units to increasesatel force. This obviously may
result in less strength gains via neural adaptatioithis population. Increases in
muscular strength following a resistance traininggpamme are also associated with
changes in the cross-sectional area of the muBetefact that in the present study BMI
did not change significantly following the intertiem whereas body fat percentage was
significantly reduced suggests increases in muselgs. However, unexpectedly, those
changes in body composition did not relate to gaimauscular strength. A limitation

of the study is that a muscular cross-sectiona a@s not determined. Studies with
other musculo-skeletal conditions have reportedainpents in neuromuscular
transmission or abnormal contractile propertiesinnervated muscle fibres (Dengler
et al., 1990), which leads to the assumption timaitas abnormalities might occur in

DN subjects. Thus, more studies are needed on bj¢ds to better understand the
underlying factors limiting their ability to imprevmuscular function after 16 weeks of

high-intensity resistance training.
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It should be noted that strength gains are relatede specificity of the training
exercises (McArdle et al., 2010). Thus, an isoroathy trained muscle shows greatest
strength improvement when measured isometricalig. Jame principle applies to
muscles trained during dynamic conditions, wheeegifeatest improvements in
strength will be observed when measured dynamiciiliy worth mentioning that the
training programme was based on dynamic exercibesess strength measurements
were carried out isometrically. It is possible ttras limitation in the methodology of
the present study could have affected the sertgitifithe measurements to identify
strength changes following the exercise progranirhas, it is important that future
studies measure strength levels taking into accienspecificity of strength-training

responses.

In summary, the present study has demonstratatidédirst time that 16 weeks of
strengthening exercises did not produce strengtisga any of the muscle groups
under investigation in the DN group. However, itiiclear why DN subjects in the
present study did not improve strength levels foilm the exercise programme. On the
one hand, it is possible that muscular atrophy rsgaxy to motor neuropathy may have
resulted in reduced neural and muscular adaptatiothe exercise programme. On the
other hand, impairments in neuromuscular transomnssi abnormal contractile
properties in reinnervated muscles, as demonstiateither neuro-skeletal conditions
could have also contributed to the results. loeworthy that the sample size in the
present investigation did not reach the numbersaméed by the power calculation.
Consequently this may have affected the poweresthdy. In addition, strength levels
were assessed isometrically whereas the exeragggmme was based on dynamic
exercises. This could also have affected the seitgibf the measurements to identify
strength changes following the exercise progranirhas, further studies are required
to draw any final conclusion about the musculapalzility of patients with DN to
strength training programmes. Beside, changestitome measures related to DN, it
was also very important to assess whether PA doflicence glucose control in DN

patients. Results on the effect of the interventinrHbA . values are discussed.
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7.2.1.3HbA ¢

The current investigations did not find that 16 iseef strengthening and mobility
exercises carried out twice weekly changed KHbdvels in DN subjects. It is well
established that physical activity can improve gkeccontrol in patients with type 2
diabetes, which obviously is one of the main tazgétany health-related intervention
in this populations. A meta-analysis carried oufllmpmas et al. (2006), which
included 13 studies, reported a clinically sigrafic reduction in HbA when the
exercise group (N=185) was compared to the norceseegroup (N=176). In addition,
numerous investigations have demonstrated theiymsitfect of strength training to
lower HbAc in individuals with type 2 diabetes (Castanedal002; Cohen et al.,
2008; Dunstan et al., 2002). It has been propds&dRA interventions may increase
the availability of the protein glucose transpottgre 4 (GLUT4) (insulin-responsive
glucose transporter) and enhance the glucose weriafo the muscle (Holten et al.,
2004).

Contrary to these findings in subjects with typéigbetes, the PA programme in the
present study did not seem to produce significhahges in HbA levels in DN

patients. It should be noted that Hb HpA1c levels decreased in the EXE group by -
0.3% from baseline to post-intervention values Wwhiccomparable with other
investigations which used similar exercise prograsiCohen et al., 2008; Dunstan et
al., 2008). However, similar HbAreductions were observed in the CON group, which
explains why group differences were not significarthe present study. In the current
study, it was not attempted to minimize hypoglyceemedication changes, which
could have resulted in substantial changes in hypagmic medication in the CON
group. It is noteworthy none of the subjects fréwa ¢xercise group changed
medications during the 16 weeks that the progratasted. However, no information
was recalled in the present study about changegpaglycaemic medications in the
CON group. It is therefore possible that medicatihanges could at least partly explain
the improvement in Hb4 levels observed in the CON groups over time. fitdassible
that other factors may have also contributed tdable of significant changes in HRA

levels following the interventions in the presetuidy. These are discussed.

Some investigations have found that exercise-indlim@rovements in glycaemic

control were greater among persons with higherlimesklbA; (Dunstan et al., 2008;
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Sigal et al., 2007). Sigal and colleagues (2007p warried out an interventional study
with 251 participants, found that decreases in Hiiévels were greatest for
participants with a baseline Hp&higher than 7.5%. The subjects in the presentstud
who participated in the intervention had a basdlbé;. of 7.61+ 1.06 %, which is
relatively low and may explain why participantghe current study were less sensitive
to HbA;; changes compared to other investigations with @raige exercise
programmes and higher baseline Hblevels (Castaneda et al., 2002; Cauza et al.,
2005; Dunstan et al., 2002). In support of thisuargnt, other investigations which
reported low HbA baseline values failed to find exercise-induceahngfes in HbA.
(Ibafez et al., 2005; Middlebrooke, et al., 2006)

Another reason for the lack of effect of the presetervention on HbA levels could
be the fact that the frequency of the gym baseditig sessions was twice per week.
The effect of a single bout of exercise on insaémsitivity lasts 24-72 hours depending
on the duration and intensity of the activity (Vellg-Henriksoon et al., 1998).
Because the duration of increased insulin sensitisigenerally no longer than 72
hours, physical activity guidelines for subjectshitiype 2 diabetes recommend that
there should not be more than 2 consecutive day®uti exercise training (at least 3
times per week) (Sigal et al., 2006). It is therefiikely that 2 sessions per week of
controlled exercises were not enough to reduce Hin&he present study in DN
subjects with low baseline Hhflevels.

Overall, the present investigation found that 1@kgeof twice weekly strengthening
and mobility exercises did not produce significaiminges in HbA levels in DN. It is
likely that factors such as low baseline Hplvels, changes in hypoglycaemic
medications or the weekly frequency of the sessinag explain the results from the
present investigation. However, it is noteworthattthis is the first investigation
assessing HbA changes following a PA programme in DN subjecti sannot be
ruled out that DN subjects are less sensitive tAdbhanges compared to individuals
with diabetes and without neuropathy. Further stsidire warranted to determine
whether PA programmes trigger comparable effectdlof; levels in diabetic patients
with and without neuropathy. Beside the effect Afdh diabetes related outcome
measures such as sensory neuropathy, motor neluyagad HbA. levels, which are
discussed above, it is also important to deterrtiieenfluence of the intervention on

risk factors associated with cardiovascular dised$e next section discusses the
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results on the effect of the physical activity paogme on traditional cardiovascular

risk factors.

7.2.1.4Traditional cardiovascular risk factors

Results from the present investigation demonstriditadl6 weeks of strengthening and
mobility exercises improved some of the abnornedifissociated with the metabolic
syndrome: namely body composition and hypertenisi@N subjects. Thus the
intervention triggered beneficial effects on obegitthe form of body fat percentage
and systolic blood pressure. However, cholesterals in the form of TC, HDL and
LDL did not change following the intervention. Réswn body composition are

discussed first, followed by the results on blooglsgure and cholesterol levels.

It is well known that obesity is a common causéypE 2 diabetes and that weight loss
should play an important role in the managemettisfcondition. In addition, obesity
has been linked with other metabolic disorders @ated with type 2 diabetes such as
dyslipidemias and hypertension (Krause et al., 18&8kiewicz, 2006) as well as with
microcirculatory problems (Caballero, 2003). Therent intervention, in agreement
with previous reports on subjects with type 2 diabgCastaneda et al., 2002; Church et
al., 2010; Dunstan et al., 2006; Ibafiez et al. 52@Bowed that resistance training can
change body composition in DN subjects by redubiody fat percentage. As to the
reasons linked to these losses of fat mass, messtigations have demonstrated an
increase in resting metabolic rate in older indingl$ in response to strength training
(Hurley & Roth, 2000) This is mainly explained (80% of the inter-individual
variability) by training-induced gains in fat-freeass (Tataranni & Ravussin, 1995).
Unfortunately, muscle mass was not measured iprbgent study and it is unknown
whether resistance exercises may produce simikgtations in diabetic subjects with
neuropathic complications. However, the fact thdy ehanges in body fat percentage
and not body mass reached significant levels siigi@esincrease in lean mass

following the 16 weeks intervention.

In addition to changes in body composition, thespn¢ study also demonstrated that 16

weeks of strength training can lower systolic puessn DN patients. Moreover, the

magnitude of the changes (-7 mmHg) agrees withipusvinvestigations with

comparable resistance training programmes and atpalgroups (age and baseline
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blood pressure) (Castaneda et al., 2002; Cohdn 088; Dunstan et al., 2002). In
contrast, other investigations did not find chanigdslood pressure in response to
strengthening programmes (Church et al., 2010; fanrst al., 2006; Sigal et al., 2007).
It is well known that changes in blood pressure twyghysical activity programmes are
dependent on baseline blood pressure levels. Amiser baseline blood pressure has
been associated with larger training-induced chsufigesniak & Dubbert, 2001). Most
subjects with type 2 diabetes take antihypertensigdications, which explain 1) why
most of the investigations assessing the effeat®A programme on patients with type
2 diabetes have reported baseline blood pressiuesvaithin normal range and 2) why
some investigations failed to find changes in blpogssure secondary to resistance
training interventions. Studies carried out on diabpatients that found changes in
systolic blood pressure following a resistancenirey programme also reported higher
baseline systolic blood pressure (>142 mmHg) (@a&sta et al., 2002; Dunstan et al.,
2002). The studies that did not find changes inadigsblood pressure reported lower
baseline blood pressure values (<137 mmHg) (Chetreth, 2010; Dunstan et al., 2006;
Sigal et al., 2007) . Baseline systolic blood pueswalues in the present investigation
were 142+ 11.25 mmHg, which agree with the ideadlrangthening exercise are
efficient to reduce systolic blood pressure in diibsubjects with high baseline blood
pressure levels. This justification may also explahy the present intervention did not
produce significant changes in diastolic blood gues, which was within normal
values in the DN individuals in the EXE group (Has=80.90+ 7.43).The possible
mechanisms responsible for the decrease in systiolod pressure in the present

investigation are discussed next.

Exercise-induced changes in the endothelial functioe to an increased NO release, is
potentially an important exercise-related hypotemsnechanism (O"Sullivan & Bell,
2000). Previous investigations have demonstrateidrésistance training can improve
endothelium function (assessed by measuring vadodyl responses to iontophoretic
application of acetylcholine) in individuals withpe 2 diabetes (Cohen et al., 2008).
Results from the present investigation show a tecyleoward greater exercise-induced
vasodilatation in the EXE group compared to the Gfpdlp following the

intervention, which is likely to be due to changethe endothelial function. However
this did not reach significant levels, suggestimat bther mechanisms in addition to

endothelial function are likely to explain thesees in BP.
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Obesity has been consistently associated with bgmsion (Narkiewicz, 2006). Based
on population studies, risk estimates indicate #hddast two-thirds of prevalence of
hypertension can be directly attributed to obe@fiyause et al., 1998). The precise
mechanism linking obesity to hypertension is ndyfunderstood. However, it is
thought that obesity may lead to hypertension liwating the rennin-angiotensin-
aldosterone system (Engeli & Sharma, 2000), whichliormone system that regulates
blood pressure and water balance. It is therefossiple that the presumed changes in
body composition in the current study following #ercise programme may have led
to changes in systolic blood pressure. In suppdttis idea, several investigations have
reported weight reduction to be an efficient thgrapreduce blood pressure in
hypertensive subjects (Goldstein, 1992). Howexeés,not known for certain whether
changes in body composition are the cause forilaages in systolic blood pressure in

the present investigation.

In addition to this, adaptations in the ANS hawodleen proposed as a possible
mechanism leading to lower blood pressure valuas believed that an attenuation of
sympathetic drive (responsible for increasing HRJ anhancement of the vagal tone
(responsible for lowering HR) secondary to physicaihing may lead to positive for
health changes in BP (Lesniak et al., 2001). PRysictivity has been shown to modify
the sympathico-vagal regulation of the HR in vasipopulations including, healthy
individuals (Pichot et al., 2002), cardiac patigftggesen et al., 2001), type 2 diabetes
patients (Loimaala et al., 2003) as well as diabptdients with different degrees of
autonomic neuropathy (Howorka et al., 1997). Inghesent study, resting HR was
significantly reduced after the training programmvjch might suggest adaptations in
the ANS. However, the vast majority of studies stigating the effect of exercise
training on the ANS have used aerobic exercisesy@ds it is unknown whether
resistance training could trigger comparable admpts. Another explanation of the
reduced resting HR secondary to the exercise pmugeacould be that the intervention
increased stroke volume (volume of blood pumpethbyheart with each beat) due to
changes in the left ventricle (Tortora & Derricks@006). However, it is very unlikely
that a strength training programme can increas&etolume, unlike aerobic training.
Resistance training augments the thickness ofahdiacc wall, which results in a more
forceful contraction (which does not necessariffugnce the volume of blood ejected
from the heart in each contraction). Whereas aernphining enhances the elasticity of

the cardiac walls leading to greater expansiontherkfore increased stroke volume
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(McArdle et al., 2010). It is therefore likely thadlaptations in the ANS secondary to
the exercise programme may have led to BP changés ipresent study. However,
further studies are needed in DN subjects to detrateswvhether resistance training can

alter ANS function in this population.

Overall, results from the present investigation destrated that strength training can
lower systolic blood pressure in DN subjects. Altgb, the exact mechanism/s behind
this change in the present study is/are unknovgnpbssible that changes in body
composition and in the ANS may have contributelbweer BP. The fact that diastolic
blood pressure, which was within normal levelsaddiine, did not change following
the intervention, suggests that changes in bloedsure due to PA programmes are

dependent on baseline blood pressure levels.

Contrary to the beneficial effect of the exercisegpamme on body fat percentage and
blood pressure, cholesterol levels in the form Gflévels, LDL and HDL were
unchanged in the present study. In support ofekalts from the present study a meta-
analysis carried out by Thomas et al. (2006) detnatesl that PA interventions do not
appear to produce substantial changes in choléstemds in individuals with type 2
diabetes. It is noteworthy that the majority of gegticipants in the present study were
taking anti-cholesterol drugs, which explains whtlee variables were within normal
range (HDL, LDL and TC). Normal baseline values rmatsp explain that our

participants were not sensitive to changes inigiaptotein profiles.

Summary of general health

Overall, the present investigation demonstratedHeffirst time that 16 weeks of a PA
programme based on strengthening and mobility ésesdriggered positive effects on
different aspects of health in DN subjects inclgdéensory neuropathy, blood pressure
and body composition. On the other hand, the ptestarvention did not appear to
produce substantial changes in strength levelspgkicontrol and cholesterol levels.
The most striking finding among all is that sensoeyropathy was improved following
the exercise programme. Although the exact mechegibehind this finding is/are still
not clear it is possible that exercise-induced mupments in endothelial and/or

mitochondrial function could be responsible fosthihexpected finding. Unfortunately,
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changes in sensory neuropathy were not followechiayges in motor neuropathy.
Thus, the present investigation found that 16 wedlstrengthening exercises did not
improve strength levels in patients with DN. Altlghuthe reasons why DN subjects in
the present investigation did not gain strengtleleare unknown, it is likely that
muscular atrophy secondary to motor neuropathy ma&g resulted in reduced neural
and muscular adaptations to the exercise programdmgever, further investigations
with larger sample sizes are warranted before aigqany final conclusion about the

muscular responses to resistance training in patigith DN.

In addition to health related outcome measurescéed with DN the present study
also investigated the effect of PA on HRAnd cardiovascular risk factors in DN
subjects. Contrary to previous investigations wgithjects with type 2 diabetes the
present study found that twice weekly 16 weekgrehgthening and foot mobility
exercises did not produce changes in ldidével in subjects with DN. It is likely that
factors such as low baseline HiAevels, changes in hypoglycaemic medications er th
frequency of the gym-based sessions may explairethdts from the present
investigation. However, it cannot be ruled out that subjects are less sensitive to
HbA1; changes via a PA programme compared to individudlstype 2 diabetes.
Further studies are required to determine whetAgpriegrammes produce comparable
effects on HbA levels in type 2 diabetic individuals with and katt peripheral
neuropathy. In addition to this, results from thegent investigation demonstrated that
strength training can reduce obesity and bloodspiresin DN subjects.

The alterations in general health discussed amxi@ted with multiple health problems
in subjects with DN including neuropathic complioat or cardiovascular diseases.
Another major problem linked to DN subjects is fatiteration. It is therefore essential
to investigate the effect of PA, not only on newtbyy, glucose levels and traditional
cardiovascular risk factors but also on the facémsociated with the increased risk of
foot ulcers in DN subjects. It seems clear thatralmination of gait biomechanics and
microcirculatory changes are responsible for tleegased risk of foot ulcerations
observed in subjects with DN. Results from thectftd the intervention on both gait

biomechanics and microcirculation will be discussed
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7.2.2 Gait biomechanics

Changes in gait characteristics are consideredrsmmm mechanism by which tissue
damage may occur in diabetes patients with pergdmeuropathy (Frykberg et al.,
1998; Guldemond et al., 2006). Moreover, it hamdagothesized that therapies
aiming to improve joint mobility and muscle weaks@s DN subjects could improve
gait in this population and consequently reducé fwessures during walking (Herriott
et al., 2004; Akashi et al., 2008). In contragttis idea, the present study demonstrated
for the first time that 16 weeks of strengthenind éoot mobility exercises did not
produce substantial changes in the gait charatitsrizf DN subjects including all the
gait parameters, except the velocity of the COtReheel, foot pressures and muscle
activation patterns. It should also be noted thatimtervention programme did not
adversely affect gait in the DN subject, which segg that strengthening exercises do
not increase the risk of foot problems in this dapan. However, these results should
be interpreted with caution since the sample sizbé present study was smaller than
targeted by the power calculation. This may hatectéd the power of the study and
therefore compromised the interpretation of theltesDiscussion of results on the
effect of the PA intervention on gait biomecharigdiscussed as follows: 1) gait
parameters in the form of spatial-temporal and @@Rmeters; 2) foot pressures and;

3) muscular activity patterns.

Studies on different clinical populations that suffrom muscular weakness including
elderly people (Rubenstein et al., 2000), have shitnat interventions that improve
neuromuscular performance are efficient to modigt®l-temporal gait characteristics
(i.e. walking speed or step length). In agreemetit this, Brandon et al. (2003)
reported that improvements in lower extremity sgtbrievels following 6 months of
training were positively associated with mobilitgrfiprmance in subjects with type 2
diabetes (i.e. walking speed). Interestingly, shimiesults have been obtained in
diabetic patients with neuropathic complicationsr. iRstance, Allet et al. (2010) found
that a resistance based exercise programme impreaithg speed in DN patients
when comparing pre- and post-intervention data.t@onto this, the present
intervention based on strengthening and foot nigtelkercises did not appear to
modify spatial-temporal characteristics in DN selgewnith moderate neuropathy. It is
noteworthy that all the studies presented aboverteg significant strength gains

following the exercise programme, unlike the curistndy. This suggests that changes
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in strength levels are most likely responsibledioanges in spatial-temporal

characteristics in populations with muscular weakne

It is generally believed that sensory neuropathassociated with instability in DN
subjects resulting in slower and safer gait in upulation (Simoneau et al., 1994;
Simmons et al., 1997b). However, in the presemtystonprovements in sensory
neuropathy did not result in changes in any sp#tiaporal characteristics. It has been
hypothesized that instability in DN subjects maytheresult of a loss of peripheral
sensory receptor function in the lower legs andhoaibe attributed exclusively to loss
of plantar cutaneous sensation (van Deursen et989). It is noteworthy that in the
cross-sectional study, plantar cutaneous sensatisronly correlated to step times
whilst it was not significantly correlated to gaélocity, cadence or step length. This
suggests that in the present investigation cutaeensation was not likely to be the
main factor responsible for the alterations in gppa&mporal characteristics observed in
the DN group. This may partly explain why improvertsein VPT did not influence
spatial-temporal in the current investigation.ihelwith the results from the current
study, Eils et al. (2004) and Hohne et al. (2008%stigated changes in gait
characteristics following a reduction in the plargataneous sensation in healthy
individuals. They found no differences in spat@iaporal characteristics between the
control and the reduced sensation conditions. fiiming further supports the idea that
cutaneous sensation does not appear the main fasfwnsible for changes in spatial-
temporal characteristics. Another reason for thik lof association between sensory
neuropathy and spatial-temporal characteristicéddoe that the DN patients in this
study had been living with significant losses ofijpleeral sensation for many years.
Therefore, the gait patterns of these patientecefiot only the effects of the
neuropathy itself, but also of any locomotor cohsgteategies these subjects had
developed over the years to compensate for thegosg loss. It is therefore likely that
changes in gait characteristics in relation to ithisrvention (if any) may happen

beyond the duration of this study.

In line with the results discussed above in refatmspatial-temporal characteristics,
the present intervention did not seem to bring &bbanges in the foot-floor interaction
variables, except for the velocity of the COP athieel. It was hypothesized that
strength gains in the dorsi-flexor and plantar-diemuscles and increase ROM of the

ankle joints might augment the distance travelkedhle COP during the stance phase,
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which has been proposed to potentially reducestieghe foot plantar surface
(Giacomozzi et al., 2002). However, the fact thasignificant strength gains were
observed in the current study following the interien may explain the lack of
changes in the foot-floor interaction variables. ifaportant limitation of this
investigation is that, due to technical difficutjdROM data could not be analyzed.
Therefore, it is impossible to determine whethergyes in ROM did not alter loading
patterns or whether floor-foot interaction changese not observed due to lack of

alterations in ankle mobility as well as the lalstvength changes.

Interestingly, the present study found a reduditiotie velocity of the COP at the heel
following the exercise programme. It is generaljieved that weakness of the dorsi-
flexor muscles causes the foot to reach the fabtstihge quicker and in a less
controlled manner, which may lead to increasedsures and longer contact times of
the metatarsal heads with the ground in this pdimmaompared to healthy individuals
(Abboud et al., 2000; Bevans, 1992). Therefors, fitossible to speculate that if
changes in DF strength following a resistance ingiprogramme can be elicited more
effectively this may result in a slower and morateolled drop of the forefoot to the
ground after the heel strike. Results from the gmestudy did not show significant
changes in strength levels in any muscle groupyiolig the intervention. In addition to
this, there was a tendency toward higher presatrd® heel (PP and PTI) in the EXE
group despite no changes in gait velocity, whiahn tteeoretically be associated to
changes in the DF muscles. Further research ifgotefe strengthening of DF is
however needed before conclusions can be drawthdforore, the present study failed
to demonstrate that changes in the foot drop pettesay result in changes in the
loading patterns of the metatarsal region. Thusques at the metatarsal region, both
PP and PTI, were unchanged following the exerdiegramme despite a smother foot
drop in the EXE group, as demonstrated by the mdiuelocity of the COP at the heel.
This finding suggests that interventions to imprbeel strike motor control (i.e.
strengthening dorsi-flexor muscles) in DN subjexts likely not to alter foot pressures
on the forefoot regions in contrast to previousjpdthesized (Abboud et al., 2000,
Bevans, 1992).

EMG data also suggests that the 16 weeks of strenigtg exercises did not
substantially influence muscular activity patteim®N subjects, which agrees with the

lack of changes in gait parameters and foot pressunesented above. However, it is
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noteworthy that there is a trend toward higher TAvity in the EXE group over time
during the loading phase of the GC compared t&€C@&l group. It is therefore possible
that the above-mentioned changes in the velocith@fCOP at the heel could be due to
a higher TA activity during the loading phase otere in the EXE group and not
necessary due to strength gains secondary to $ieanece training programme. Eils et
al. (2004) and Nurse & Nigg (2001) investigateddffect of changes in plantar foot
sensation via ice immersion on EMG activity patseimhealthy individuals. Both
studies found a significant reduction in TA actnior the period immediately after the
heel strike when the iced condition was compardtieanormal condition. The central
nervous system relies on sensory input from muaatecutaneous receptors in the
lower extremities to generate effective motor pagdor human posture and
locomotion (Gandevia & Burke, 1992). Feedback oagjng from these receptors
provides a constant source of information regartiiagding, joint kinematics, and
pressure distribution on the plantar surface ofitlo¢ (van Deursen, 1998a, Nurse &
Nigg, 2001). Since, the present intervention apgeéw significantly improve
sensation, it is possible that the trend towardhgka in TA activity are secondary to
improvements in sensory neuropathy. However, tbetfet changes in TA activity
only reached tendency levels (p<0.1) suggestghiminterpretation should be taken
with caution. Since neuromuscular control strategievelop over the years, it is
possible that changes in muscular activity pattermslation to improvements in
sensation (if any) may become more evident beyamdtin of this study. However,
further studies are required to draw any conclusiothe effect of improvements in

cutaneous sensation neuropathy in EMG activatitteme in DN subjects.

Overall, the present investigation found that agite/ activity programme based on
strengthening and foot mobility exercises did mai to substantial changes in gait
characteristics in DN subjects. Previous invesiigaton different clinical populations
that suffer from muscular weakness (Rubensteih,e2@00) demonstrated that
increases in strength levels can modify spatialp@nal characteristics. The fact that the
present investigation did not manage to changegtndevels is likely to explain the
lack of changes in spatial-temporal characteristigerestingly, improvements in
sensory neuropathy secondary to the interventidmdi appear to change gait
characteristics substantially. It is believed #etsory neuropathy is the single most
important factor explaining gait alterations in Bbbjects (Frykberg et al., 1998; Payne

et al., 2002). However, gait parameters, foot pressand muscular activity patterns

282



during gait in the present investigation were mysgtichanged despite improvements in
sensory neuropathy. The DN in the present studybkad living with significant losses
of sensation for many years. Therefore, it is jikkblat improvements in sensation may
take a long time before any adaptation in gait o&¢ifiany). This could partly explain
the lack of association between changes in semsamopathy and gait in the present
study. On the other hand, the present study deinaded that a PA intervention did not
negatively affect gait in DN subjects, which sudgékat strengthening exercises do
not increase the risk of foot problems in this gapan. Beside gait characteristics,
microcirculation is also known to play an importasie in the development of foot
ulcers in DN subjects. Therefore, it is importantrivestigate whether PA can
influence microcirculation in DN subjects. Restiftsm the effect of the intervention on

microcirculatory parameters are discussed next.

7.2.3 Microcirculation

This study has investigated for the first time difilect of an exercise training
programme on: 1) resting microcirculation; 2) roigrculatory responses to an
exercise bout in individuals with type 2 diabeteuropathy; and 3) recovery of the
microcirculation from an exercise bout. Thus, thespnt investigation found that 16
weeks of strengthening and foot mobility exercidgsdid not change microcirculation
during resting conditions in the form of BF and my/@) showed a trend toward higher
vasodilatory responses to the exercise bout foligwine exercise programme whilst
did not change mV@responses to the exercise bout; 3) improved sigmifly mvVG,
recovery from the exercise bout whilst did not d@BF recovery. Results from the
effect of intervention on the microcirculation aiecussed in the following order: 1)
during resting conditions; 2) in response to thereise bout; and 3) recovery from the

exercise bout.

7.2.3.1Microcirculation at rest: BF and mVO ,

Results from the present investigation show thawééks of resistance and foot
mobility exercises did not influence resting midroglation in the form of capillary
blood flow and oxygen consumption. In line with tiesults from the present study,

previous investigations with type 2 diabetic patetid not find changes in baseline
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blood flow following either an aerobic exercise gramme (Colberg et al., 2005) or a
resistance training programme (Colberg et al., 20R6garding changes in baseline
mVO, values following an exercise programme, it app#assis the first investigation
reporting mVQ values before and after a physical activity inéation in patients with
type 2 diabetes.

7.2.3.2Microcirculatory responses to the exercise bout

The present investigation found a trend towardtgreaasodilatory responses in the
exercise group following the intervention. Furtherey 16 weeks of strength training
did not seem to influence the amount of oxygen agomved by the muscle in response to

an exercise bout.

With respect to changes in blood flow responsemtexercise bout, this study showed
that exercise-induced vasodilatation was enhanfted 6 weeks of resistance training
in DN subjects. The beneficial effects of an ex@q@rogramme on vascular function
probably relates to increasing flow and shear stoesthe endothelium, which may
stimulate the release of NO and, in turn, impravéathelial function (Higashi &
Yoshizumi, 2004; Goto et al., 2003). However, ia fltesent study changes in exercise-
induced vasodilatory capacity did not reach sigaifice and were limited to a trend
(p<0.1). Cohen et al. (2008) demonstrated thataddths strength training
programme improved vascular responses in 16 adithistype 2 diabetes.

Interestingly, Cohen and colleagues (2008) meastasdular function at 2 months and
14 months (end of the exercise programme), andftheyd that improvements in both
endothelial function and smooth muscle responss&mere significant after 14
months but not at 2 months. It should be notedttfeexercise programme and the
population age (mean age 60 years) in their stughg wery similar to the present
investigation, which allows the comparison betwbeth studies. Results from Cohen’s
study suggest that the duration of the interventi@y explain why Cohen et al. (2008)
found significant changes in the vascular functiotheir study while the results in the

present investigation only showed a trend.

In agreement with this interpretation, Colbergle{2006), who carried out a

interventional study for only 8 weeks, found thaesistance training programme of

this length was not sufficient to improve the rasgigeness of cutaneous perfusion to
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local heating in healthy as well as in subjecthwjpe 2 diabetes. The same results
were observed by the same investigator when asgedsanges in cutaneous perfusion
to local heating following 10 weeks of aerobicniag in individuals with type 2
diabetes (Colberg et al., 2005). Overall, theselt®suggest that there may be a
correlation between the duration of the exercisgmmme and vasodilatory changes in
type 2 diabetic patients, and that an interveritimger than 16 weeks may be necessary
for significant exercise-induced changes in therauicculation. It should be noted

there are methodological differences between tidiest presented above and the
present investigation, which should be taken imstderation. Firstly, the present
study assessed vasodilatory responses in the akelescle while Colberg’ studies
(Colberg et al., 2005; Colberg et al., 2006) anti€®oet al. (2008) measured cutaneous
microcirculation. Secondly, the current study irtigegted vasodilatory responses to an
exercise bout while Colberg and Cohen et al. (2@38mined vasodilatory responses
to local heating and iontophoresis of acetylcholind sodium nitroprussie,

respectively.

Although the duration of the intervention appearbe important to find vascular
changes, Maiorana et al. (2001) found an incregaecular response to infusion of
acetylcholine in subjects with type 2 diabetesolwihg an 8-week training programme.
Moreover, the magnitude of improvements was sintddldhe changes reported by
Cohen et al. (2008) after 14 months. There arevariethodological differences
between Maiorana’s and both the present and Colktudy. Firstly, Maiorana and
colleagues (2001) used a combined aerobic andaes&sexercise training compared to
the other studies in which only strengthening egescwere used. A combination of
aerobic strengthening exercise is known to reduz&;kHimore than either aerobic or
anaerobic training alone (Church et al. 2010; Damstt al., 2008; Sigal et al., 2007)
and HbA. has been linked to vascular function. It is bedidthat oxidative stress,
which is aggravated by hyperglycaemia, diminish€&savailability affecting the
endothelium-dependent function (Schramm et al.620@ddei et al., 1998). This
could be a possible mechanism by which a combinatiaifferent types of exercises
may trigger greater changes in the endothelialtfant¢han aerobic or resistance
exercises alone. However, more investigationseqeired to identify whether a
combination of exercises may trigger further changehe vasculature compared to
either type of exercises alone. Secondly, Maiompatticipants were significantly

younger (mean 52 years of age) than in Cohen €@08) or in the present study, and
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age is known to diminish physiological adaptatih€SM, 2000). Thirdly, Maiorana
et al. (2001) measured vascular responses on tbmwasculature. Hamdy et al. (2003)
provided evidence that there may be differentitda$ of exercise on the macro- and
microcirculation. Thus, they found that flow-medidtdilation of the brachial artery
(measured after 5 minutes of arterial occlusiomaihigh-resolution vascular
ultrasound) was significantly enhanced followinBA intervention while the
microvascular reactivity after iontophoresis oftgtdholine (measured with laser
Doppler) was unchanged. These results suggest#naticrocirculation may be less
sensitive to exercise-induced changes than theaniaculation, which may explain the

greater changes in vascular responses reportecaiyrdrha et al. (2001).

Overall, evidence presented above on subjectstyith 2 diabetes suggests that
strength training is likely to influence microcitation in DN subjects and that the
length of the intervention in the present study mathave been sufficient for
significant changes to be found. This could expleliy in the current study
improvements in the vasodilatory capacity in resgaio an exercise bout did not reach
significant levels and were limited to a trend (@§0This could also be influenced by
the fact sample size in the present investigatidmdt reach the numbers determined
by the power calculation. Thus, further investigas with larger numbers are
warranted to draw any final conclusions on theaféd strengthening exercises on DN

subjects.

Results from the present study also show that wddk resistance programme did not
promote any changes in the amount of oxygen conddop¢he muscle following an
exercise bout. This is not a surprising findingesithe physical activity programme
was based on strengthening exercise. Thus, itliseat@blished that aerobic exercises
are more efficient to improve muscular oxidativeaeity by increasing the number of
mitochondria, the proportion of type Il muscle &bror oxidative enzymes (McArdle et
al., 2010).

7.2.3.3Microcirculatory recovery from the exercise bout

This study investigated for the first time whetheesistance programme may bring

about changes not only in the post-exercise microkdtory responses but also in the

recovery phase in DN subjects. Results from thegreinvestigations show that 16
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weeks of strengthening and foot mobility exercidigisnot influence BF recovery whilst
improved significantly mV@recovery. The fact the current intervention did imave a
significant effect on BF recovery is consistenthittie lack of substantial post-exercise
changes in the microcirculation (BF and myy@Dn the other hand, the observation that
mV O, returned to baseline values significantly quidkethe EXE group compared to
the CON after the exercise programme is quite itmband was an unanticipated
finding. Although the exact mechanism behind tiiglihg is unknown, it appears that
the intervention resulted in changes not in theaciyp of the muscle to take up oxygen
(i.e. changes in the muscle fibre type), but indfficiency of its usage. It is therefore
possible that exercise-induced mitochondrial chamgay explain the results observed

in the present study. This option is discussed.next

Physical activity programmes have been proven fave not only overall oxygen
transport (circulation) or oxygen uptake capadity, also the capacity of the skeletal
muscle to produce energy (ATP) through the aersyitem (oxidative
phosphorylation) (McArdle et al., 2010). Starritted (1999) assessed the in vitro
mitochondrial ATP production rate in 7 untrainecltgy volunteers, who participated
in a 10-day cycle exercise training programme. iRg@shuscle samples were obtained
from VL before and after 5 and 10 days of trainifey indicated that mitochondrial
ATP production rate measured by a bioluminesceadenique can rapidly increase in
response to endurance training. Similarly, in \8tadies have used phosphorus
magnetic resonance spectroscopy (P-MRS) to sholnehi§yTP production rate in a
variety of muscles of trained compared to untrainealthy humans (Larsen et al.,
2009) and in response to endurance training ofiipewuscles (Forbes et al,. 2008).
Evidence presented above demonstrates that exénaisieg can influence
mitochondrial function in healthy individuals andnsequently produce energy more
efficiently. Furthermore, early investigations haeported beneficial changes in the
muscle mitochondria function in subjects type ddias following a physical activity
programme (determined via skeletal muscle biopglésy-Mogensen et al., 2010;
Toledo et al., 2007). These findings suggest thahges in the mitochondrial function
secondary to physical activity training may leagtmore efficient use of oxygen in the
skeletal muscle of type 2 diabetic patients (high€P production rate). This could

explain the quicker mV@recovery observed in the EXE group after the irgstion.
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It is noteworthy that all the studies presentedvahgsed aerobic exercises for the
training programme. Aerobic exercises are well knaavtrigger physiological
adaptation in the aerobic system (McArdle et &1® whereas the current intervention
was based on strengthening exercises. It is géynbeleved that aerobic fitness is
reduced considerably in diabetic patients comptoédrbalthy individuals (Ozdireng et
al., 2003; Regensteiner et al., 1998). Therefbiis,possible that a physical activity
programme that is not specifically designed to esbahe aerobic system, may reach
the minimal threshold stimulus to improve aeroliieess in this population. In the
present study every training session began witti@ Binutes warm up period at an
increasing intensity on an aerobic machine sudbi@gle or cross-trainer. It is
therefore possible that the duration and interdithese exercise bouts were sufficient
to trigger physiological adaptations in the aerdyistem in the DN subjects who
participated in the present study. Consistent thithidea, Colberg et al. (2006)
demonstrated improvements in maximal oxygen cap&@¢iD,nay) in a group of

patients with type 2 diabetes after a 8-weeks ta@sig training programme. It is also
possible that the intervention may have had arceffe the participant’s daily
activities. This could result in increased dailygical activity as part of lifestyle
changes and consequently higher fithess levaks nibiteworthy that the intervention
resulted in significant improvements in vitality measured with the QOL
guestionnaire. Therefore it is possible that ifigats showed an improvement in
vitality levels this may increase their capacityaad to a more active life style, which
may in turn lead to changes in aerobic capacitpmitation of the present study is that
aerobic capacity was not determined, and therafdasaenot known whether
improvements in mVerecovery are secondary to alterations in the aercdgpacity or
other mechanisms may be responsible for these esahgvertheless, results from the
present study show for the first time that streriggining improves exercise-induced

reoxygenation in DN subjects, likely due to chanigethie mitochondria.

Overall, results from the present study demonstridethe first time that 16 weeks of
strength training can influence microcirculatoryDN subjects. The most striking and
unexpected finding was that a strength trainingy@mme had a significant effect on
the mVVQ, recovery. Since the exercise programme did natpte changes in the
amount of oxygen consumed by the muscle followiregexercise bout, it appears that
the intervention resulted in changes not in theaciyp of the muscle to take up oxygen

but in the efficiency of its usage. Changes inriichondrial function secondary to
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the exercise programme are likely to explain tiseilte in the current study.
Furthermore, the present study showed that exeirmikeed vasodilatation was
enhanced after 16 weeks of resistance training.d¥ew this change did not reach
significance and was limited to a trend. It is ploigsthat the length of the intervention
or issues related to the power of the study mathypexplain why this change did not
reach significant levels. Although gait and microalation represent critical outcomes
in DN patients due to their link to foot problerhgalth-related quality of life outcomes
are also important. The effect of the PA progranomeelf-reported QOL will be

discussed next.

7.2.4 QOL

QOL represents an important goal for health canéegsionals and it has been
associated with adverse outcomes in people with &/giabetes, including poor
response to therapy, disease progression and ewdality (Ali et al., 2010; Landman
et al., 2010). In addition, QOL is known to be $figiantly reduced in patients with
neuropathic complications (Price & Harding, 20G3 shown by the data presented in
the cross-sectional part of the present study. Kewehe question remains whether
QOL is a modifiable risk factor or just a markerdidease burden in this population.
Harkness et al. (2010) carried out a meta-analgsisdentify psychosocial
interventions that improve both physical and mehéllth in diabetic patients. They
concluded that although there are efficient treatsie improve both diabetes and
mental health, they did not identify types of inemtions that consistently provide
benefits for both simultaneously. The present itigaion demonstrated for the first
time that a physical activity programme can bribgwt changes in multiple health-

related aspects including QOL in DN subjects.

Interestingly, 16 weeks of resistance training apee to modify mental and not
physical aspects of QOL. Thus, the current studydosignificant improvements in
various mental related dimensions of the SF-36 @Qdstionnaire, which included
vitality, mental health and overall mental healowever, it could be explained by the
fact that strength training and consequently dadracteristics were not changed
through the exercise programme. In support ofitléa, Ruhland & Shields (1997)
demonstrated an inverse correlation between bolkingaspeed and lower-extremity

muscle function and scores on the physical funciimale of the SF-36 following a
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home exercise programme in persons with chroniplperal neuropathies (no DN
subjects were included in the study). Therefordyeaidence suggests that changes in

muscle function are required for changes in physispects of the QOL to appear.

QOL has been previously associated with blood glado patients with type | diabetes
(Wikblad et al., 1996) and painful neuropathy (Ga&leal., 2000). In line with this
evidence the cross-sectional study (part 1 of tammstudy) showed that HhAwas
correlated to mental health in DN subjects. Sinb&{dwas not significantly changed
by the exercise programme, it is unlikely that imy@ments in blood glucose levels can
explain changes in mental health. On the other hdad from the present study
suggests that changes in mental health (vitaligntad health and overall mental
health) may be related to the exercise programsedf &nd not to other mediators. It
has been proposed that self-esteem and positilieferay mediate the effect that
physical activity has on the mental aspect of QDtevnowski et al., 2001). In
addition to this, it is well established that gralymamics can also influence levels of
enjoyment (Turner et al., 1997). According to Rkj&Mihalko (2001) repeated
enjoyment with an activity may be related to cogerijudgments about one’s overall
QOL. Thus, itis very likely that the social aspettsharing the exercise programme
with a group of people may have increased the emgoy of the session and

consequently the mental aspect of QOL.

QOL has been correlated to the severity of theadialzomplications (Price & Harding,
2000). In line with this, Currie et al. (2006) demstrated that the severity of diabetic
peripheral neuropathy symptoms was predictive ofelsed quality of life. Since the
present investigation improved sensory neuropattour DN subjects, it is possible

that changes in the severity of sensory loss calslol have influenced QOL.

The present investigation demonstrated for the tiimge that a PA programme can be
an efficient tool to enhance not only physical trealut also mental health in DN
subjects. However, further investigations compatiregeffect of group based versus a
home based PA intervention are required to distsigwhether changes in the mental
aspect of QOL are related to the exercise itselfia¢ social environment around the

exercise programme or to exercise-related changes¢nsory neuropathy).

290



7.2.5 Summary of the discussion for the interventio n study

The cross-sectional study demonstrated that thesidjects in the present study, in
agreement with the literature, suffered from midtipathologies linked to DN

including general health, gait abnormalities, miarculation and QOL. The aim of this
longitudinal study was to investigate the effeci6fweeks of strengthening and foot
mobility exercises on identified pathologies asataxl to diabetic peripheral
neuropathy. Therefore, results of the present stisaiyonstrated that 16 weeks of
resistance and foot mobility exercises can tridgmreficial changes in some aspects of
general health and microcirculation as well as @LQThe most striking finding of all

is that this intervention study documents for tingt time the beneficial effects of a 16-
week resistance training programme on sensory pathg on patients with peripheral
neuropathy. On the other hand, the exercise prageadid not seem to have a
substantial effect on gait characteristics. Impaiya it should be noted that, no adverse
effects related to the intervention were reportedny of the volunteers who

participated in the physical activity programme.

Regarding to general health linked to DN, the egerprogramme improved sensory
neuropathy and cardiovascular risk factors sudblasd pressure and obesity. On the
other hand the intervention did not appear to arilte HbA. levels, strength and
cholesterol levels. Unexpectedly, 16 weeks of tasie training seemed to improve
sensory neuropathy in DN patients. Although theeulythg mechanisms are not clear
it appears that vascular changes secondary todreige programme may be
responsible for this unexpected finding. On the loaed, it is possible that exercise-
induced changes in the endothelial function co@ld mechanism through with
endoneurial blood flow may be restored and in taight lead to improved sensory
nerves. However, it should be stated that the éseeprogramme only found a trend
toward improved vasodilatory responses following ¢ixercise programme. On the
other hand, it is also possible that changes imrit@chondrial function could explain
the beneficial changes in the sensory nerves obdemthe current study. In support of
this interpretation, the present study found a nefiieient use of oxygen in the EXE
group following the intervention, which could beedio changes in the mitochondria.
Unfortunately, changes in the sensory neuropath wet followed by changes in
motor neuropathy. Thus, the present investigatiomd that 16 weeks of strengthening

exercises did not improve strength levels in padigrith moderate severity of DN.
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Although the reasons why DN in the present studynadit gain strength levels are
unknown, it is likely that muscular atrophy secaryda motor neuropathy may have
resulted in reduced neural and muscular adaptatiotie exercise programme. Hence,
the present study suggests that interventions poawe strength levels in DN subjects

may be more efficient at an earlier stage of tiseake.

In addition to health related outcome measurescéed with DN the present study
also investigated the effect of PA on HhAevels and cardiovascular risk factors in DN
subjects. Contrary to previous investigationsradiviiduals with type 2 diabetes, the
present study found that 16 weeks of twice weetkkbngithening and mobility exercise
did not produce significant changes in Hpkevels in DN subjects. It is likely that
factors like low baseline HbAlevels, changes in hypoglycaemic medications er th
frequency of the intervention may explain the ressfrbm the present investigation.
However, since this is the first investigation asi®g HbA. changes following a PA
programme in DN subjects it cannot be ruled out Eid subjects are less sensitive to
HbA,. changes compared to individuals with type 2 diedehn line with previous
studies with subjects with type 2 diabetes thegemvestigation found that a PA
programme lowered blood pressure and body fat ptage whilst it did not influence

cholesterol levels.

The alterations in general health in DN discussedagell known to be associated with
multiple health problems in this population suclnasropathic complications or
cardiovascular diseases. Furthermore, another rhagth problem linked to DN
subjects is foot ulceration. Changes in gait bidm@as and microcirculation are
responsible for the increased risk of foot problémBN subjects. Thus, the principal
aim of the present investigation was to determihetiver a PA programme based on
strengthening and mobility exercises can influegeié characteristics and/ or
microcirculation in DN subjects. On the one hahe, intervention in the present study
did not produce substantial changes in gait chariatics in DN subjects. It was
hypothesized in the cross-sectional study thahgtregains in the lower limb may
result in some changes in gait biomechanics. Ttigliat the present investigation did
not manage to change strength levels is likelyxfaen the lack of changes in gait
characteristics. Interestingly, improvements inseen neuropathy secondary to the
intervention did not appear to change gait charaties substantially. It is believed

that sensory neuropathy is the single most impofeator explaining gait alterations in
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DN subjects (Frykberg et al., 1998). However, gaitameters, foot pressures and
muscular activity patterns during gait in the prasgavestigation were mostly
unchanged despite improvements in sensory neunppHtle DN in the present study
had been living with significant losses of sensafir many years. Therefore, it is
likely that improvements in sensation may takermltme before any adaptation in gait
occurs (if any). This could partly explain the laafkassociation between changes in
sensory neuropathy and gait in the present studyth®other hand, the exercise
programme influenced some aspects of microcirandafrhus, the intervention had a
significant effect on the mV&recovery. Since the exercise programme did natpte
changes in the amount of oxygen consumed by thelmfalowing the exercise bout,
it appears that the intervention resulted in chamgs in the capacity of the muscle to
uptake oxygen but in the efficiency of its usagkayes in the mitochondrial function
secondary to the exercise programme are likelyxpda@n the results found in the
present study. Furthermore, the present study Sihtives exercise-induced
vasodilatation was enhanced by 16 weeks of resistiaining. It is believed that the
beneficial effects of an exercise programme onwlasdunction probably related to
increased flow and shear stress on the endothelilnich may stimulate the release of
NO and, in turn, improve endothelial function. Haeg these changes did not reach
significance and were limited to a trend. It is gibke that the length of the intervention
or issues related to the power of the study mathypexplain why this change did not

reach significant levels.

In addition to the health problems associated With QOL also represents an
important goal for health care professionals. Ties@nt study demonstrated for the
first time that a PA programme can be an effictent to enhance not only physical
health but also mental health in DN subjects. Tthescurrent study found significant
improvements in various dimensions of the SF-3Gtjornaire including vitality,

mental health and overall mental health.

Overall, the present investigation demonstratetitBaveeks of strengthening and joint
mobility exercises influenced some of the healttbfgms associated with DN. It is
therefore possible to speculate that if changesidiovascular risk factors,
microcirculation and QOL were elicited this may baesulted in a better
cardiovascular health, less risk of foot problemd hetter mental health in the DN

after the exercise programme. Furthermore, thetffi@ttsensory neuropathy was
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improved following the exercise is a very importéinting in itself, since up to date
there is not a treatment available to reverse maihy. However, it is noteworthy that
sample size in the present investigation was ssodilirther studies are warranted
before drawing any final conclusions about theatftd a physical activity programme

based on strengthening exercises and joint myplekiercises on DN patients.
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7.3 Clinical implications of the study

The present study investigated, for the first tithe, effect of a PA programme on the
primary pathologies linked to DN. Several clinigaplications emerge from the results
of this study. The vast majority of previous stidievestigating the effect of a PA
programme on subjects with diabetes have beeresttt in health problems related to
type 2 diabetes such as glucose control or cardawar risk factors. This investigation
demonstrated that exercise-induced changes inhheddtted outcome measures in DN
subjects go beyond type 2 diabetes (results fram2paf the main study). Thus, the
present study demonstrated for the first time ii6atveeks of strengthening exercises
triggered positive changes in sensory neuropatiNrsubjects. Furthermore, the fact
that a PA programme can improve sensory neuropatypotentially suggest a
number of clinical implications. For instance, semyseuropathy is believed to be the
main factor responsible for the high risk of ulcer®N subjects (Veves et al., 1992).
This is related, on the one hand, to the mechatfiatra minor trauma in the presence
of loss of sensation can remain unattended whintbeathe start of an ulcer (Dinh &
Veves, 2005; Laing, 1998). On the other hand, rEathy has been linked to
microcirculatory problems secondary to changefénerve-axon reflex (flare
response) (Dinh & Veve, 2004; Schramm et al., 20@®)as been suggested that the
impaired flare response observed in patients wkhnitay be related to both impaired
C-nociceptive fibre function and impaired abilitiitbe microvasculature to response to
vasomodulators (i.e. NO) secreted by these fiblv@sK et al., 2001). It is therefore
possible to speculate that if an intervention danit €hanges in sensory neuropathy, it
may reduce the risk of foot ulceration in DN sukge€&urthermore, loss of sensation is
associated with higher number of falls (DingwellC&vanagh, 2001), reduced QOL
(Currie et al., 2006) and gait abnormalities (Cemnranche et al., 1996). It should be
noted that in the present study changes in sem&mopathy were not associated with
changes in gait biomechanics. However, gait patterN subjects reflect not only
the effects of the neuropathy itself, but alsorof enotor control strategies these
subjects had developed over the years to compefwsatesir sensory loss. It is
therefore likely that changes in gait charactarssiin relation to this intervention (if
any) may develop slowly beyond the duration of #tigly.

Moreover, results from the present investigatioggast, not only that exercise can
influence outcome measures related to DN, butthlsbadaptations to exercise
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programmes differ between subjects with type 2etiedand DN individuals. Contrary
to numerous previous investigations on subjectk typpe 2 diabetes (Cauza et al.,
2005; Dunstan et al., 2006), the present investigdbund that 16 weeks of resistance
training did not elicit changes in strength levial®N subjects with moderate
neuropathy. This finding demonstrates that DN estlsj may be less sensitive to
musculo-skeletal adaptations compared to diabebests without neuropathy. It is
well documented that gains in muscle strength falg a resistance training
programme occur from neural and muscular adapstibimus, neural factors account
for the majority of the strength gains over thetfB weeks of workouts. Thereafter,
muscle fibre adaptations become progressively rimypertant to strength improvement
(McArdle et al., 2010). Since the exercise progranasted 16 weeks, it seems that DN
diminishes both neural and muscular adaptatiostrémgthening exercises. It is
possible that muscular atrophy secondary to matarapathy (Brash et al., 1999) is
partly responsible for these reduced neural anccutaisadaptations. Allet et al. (2010),
who undertook the only previous study to assessgd®in strength levels in DN
subjects following an exercise programme, repootdgl moderate strength gains in DN
subjects with mild neuropathy (VPT<4 volts). Thessults suggest that the
improvements in strength levels in DN subjectslitedy to occur more readily at an
early stage of the disease. Muscle weakness istkib@iye an important contributing
factor for the changes in gait characteristics olesein DN subjects (Mueller et al.,
1994). In support of this, the cross-sectional gfiadind that muscular strength was
responsible (at least in part) for changes in C@Rrpeters and loading patterns
especially under the metatarsal region in the Dduigr In addition to this, motor
neuropathy is well known to limit physical functigResnick et al., 2000) and has been
associated with poor QOL (Currie et al., 2006)hérefore appears critical to
implement strengthening exercise at an early sth@N before muscular function is
impaired to a level which will be more difficult tofluence by strength training.
However, more studies are needed to confirm thatcolar weakness, despite possible

improvements in nerve function, cannot be improwedN subjects.

Overall, these findings highlight the importance hfevaluating PA interventions on
the whole range of health problems associated Bidhand not only on glucose
control and cardiovascular risk factors and 2) gtigmting the effect of PA on DN
subjects to challenge the assumption that simdaptations may occur in DN

compared to individuals with type 2 diabetes withoeuropathic complications.
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The aim of this intervention study was to evaluateether 16 weeks of strengthening
and foot mobility exercises could influence heaitidN. In line with previous
investigations with subjects with type 2 diabdtespresent study found that PA can
influence outcome measures linked with cardiovasatdiseases. Subsequently, it can
be speculated that improvements in blood pressauwd@hesity secondary to the
intervention may have decreased the risk of caedionlar events in the DN subjects
who participated in the training programme. A ncatdémpt of this investigation was
to evaluate whether the risk of foot ulcers camlbered through a resistance training
programme. Thus, results from the present studyodetrated that although foot
pressures were unchanged, microcirculatory resgdosg stress condition were
improved following the exercise programme. It isréfore possible to speculate that if
an intervention can enhance the ability of the ouirculation to respond to a stress
condition, this may improve the body’s ability #spond to trauma in the foot region
more effectively, and therefore the risk of ulcersy be reduced. Furthermore, the
present study demonstrated for the first time tleatain aspects of QOL can be
reversed in DN individuals via a PA programme. ies¢ingly it appears that aspects of
mental health showed greater improvement follovtiregintervention compared to
aspects of physical health. Overall the preserdgstigation demonstrated that some of
the outcome measures associated with cardiovastiskaises, foot ulcers and mental
health in DN subjects are modifiable by PA intemi@ms.

Since DN subijects are at risk to develop foot @Wd¢Boulton et al., 1994) and there is
little evidence on the effect of PA on this popigat it is important to mention that the
present intervention did not cause any adverseteuethe feet in any of the subjects
who participated in the present study. The amofiatsight bearing activities among
individuals with diabetes is thought to influenbe amount of mechanical trauma
accumulated by plantar tissue (Cavanagh et al§)19%his suggests that an adaptation
of the exercises used is necessary to avoid fauptications (Kanade et al., 2006). In
the present study, to reduce the risk of foot cacafibns related to the exercise
programme the amount of weight bearing exercisesreduced to a minimum and
only non-impact exercises were chosen. In addttathis, all participants were
encouraged to closely examine their feet after ¢é@dhing session to prevent sores and
were required to use proper footwear. This studygseats that a well controlled PA

programme based on non-impact exercises can béndafé subjects. In addition, no
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hypoglycaemic episodes were reported by any sulrjeébe study. To reduce the risk
of hypoglycaemic episodes subjects were advisentdeiach session to check their
sugar levels. If glucose levels were below 100dhd the participants were provided
with a carbohydrate snack (Flood & Constance, 208@ain this suggests that physical

exercises can be done safely when glucose levelsianitored prior the session.

The present investigation has provided a substartti@ribution to the knowledge of
rehabilitative exercise in the context of DN. Thile present investigation
demonstrated for the first time that PA intervensi@an influence a variety of health
related outcome measures in patients with DN, dialyboth outcome measures
related to type 2 diabetes such as blood presswrelzesity, and outcome measures
related to neuropathy such as sensory neuropathynarocirculation. Although this
early evidence highlights the therapeutic role R#&nventions may have on subjects

with DN, it should be noted that a number of lirtidas arose from the present study.

7.4 Limitations of the study

A number of limitations of this study have to bglighted. For part 1 of the main
study, groups were not successfully matched foylodss, which could have biased
some of the outcome measures investigated in gsept study. However, to minimize
this source of bias the effect of body mass orotlieome measures was explored prior
to the main analysis. Thereafter, when body massidentified as a confounding

variable ANCOVA was used to control for the effe€body mass in the analysis.

One of the aims of the present study was to ingatigait characteristics in DN
subjects. Thus, the cross-sectional study compgagdaharacteristics between healthy
and DN subjects whilst the intervention study inigegted the effect of an intervention
on gait characteristics. Range of motion is wethkn to affect gait characteristics in
DN subjects including COP parameters and foot presgSalsich et al., 2005;
D’Ambrogi et al., 2003). For this reason the présewestigation intended to measure
foot and knee mobility during gait. However, dugeohnical difficulties this data
could not be presented in the present study. Tdnisbe seen as a limitation of the
present study. Furthermore, the intervention pnogna, which was based on
strengthening and mobility exercises, was intertdedfluence foot mobility during
dynamic conditions. However, it is unknown whettrer exercise programme
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influenced joint mobility during walking in presestudy. Nevertheless, it is possible to
speculate that if gait characteristics in the fafngait parameters and foot pressures did

not change, ROM is not likely to have undergoneomeljanges either.

Another aim of the present study was to investigaitrocirculation in subjects with
DN due to its association with foot problems. Hoemit should be stated that
microcirculation measurements in the present inyason were obtained from the
MGast muscle. Thus, evidence obtained from thischeusannot necessary be
generalized to the foot area, which is where tret rajority of foot ulcers occur in
subjects with DN. Future studies should investiglageeffect of a PA programme on
the foot microcirculation, which may provide insighto how the foot responds to

stress conditions.

Another limitation of the study was the sample sk part 2 of the main study the
power calculation determined a minimum of 22 p#tots per group. However due to
difficulties during recruitment, groups in the intention study were composed of 21
and 20 in the EXE and CON group respectively. Tisaseple sizes were used for the
analysis of the majority of outcome measures. Harnesome data sets were lost for
EMG and microcirculation data, which resulted fuiher reduction of the sample size
for those measurements. Thus, analysis of EMGwasacarried out with 19 sets of
data for each group whilst analysis of microcirtiola data was carried out with 17 sets
of data per group. Therefore, the sample sizedrptiesent study is viewed as a

limitation and future research should include lamygmber of participants.

Randomized control trials (RCT) are considerededhe preferable study design due to
increases in the internal validity. Also the satatiand testing bias related to pre-
testing subjects with the knowledge of group altimeais minimised (Craig et al.,

2008). However, the main problem of RCTs is that/tare not easy to implement, for
instance, when a substantial proportion of patiesfisse the allocation group ( Rose &
Baker, 1978). In addition to this, a high numbeduadp outs can compromise the
external validity of the study (Bratcher et al. 709 Previous studies have reported high
rates of drop-out in PA interventions with diabgt@pulations (Thomas et al., 2006).

To reduce the number of drop outs in the preseidyst study design which allowed
participants the opportunity to choose in whichugré¢hey wanted to be included was

used. Randomisation based on patient preferencesmsidered an acceptable
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randomization method when patients have strongepe€es for one intervention group
or the other (Campbell, et al., 2000; Craig, et2008). Furthermore, in this study the
investigator was not blinded with respect to therwvention. However, these are viewed
as a limitation and future research should: 1)ycaat RCTs; and 2) blind the

investigator with respect to the intervention.

Strength gains are related to the specificity eftthining exercises (McArdle et al.,
2010). Thus, an isometrically trained muscle shgreatest strength improvement
when measured isometrically. The same principldiegppo muscles trained during
dynamic conditions, where the greatest improvemiarggrength will be observed

when the muscle is measured dynamically. In thegmeinvestigation the training
programme was based on dynamic exercises whereagtt measurements were
carried out isometrically. This is viewed as a tatibn of the present investigation. It is
possible that this limitation in the methodologtioé present study could have affected
the sensitivity of the measurements to identifgrsgth changes following the exercise
programme. Thus, it is important that future stadieasure strength levels taking into

account the specificity of strength-training resgpes

7.5 Future research

In relation to the cross-sectional study, futuisesch should focus on investigating
activity patterns during walking in DN patients.eTinajority of studies have
investigated kinetic or kinematic data, whereay arthandful of studies have assessed
EMG patterns in DN subjects. Furthermore, prelimiretudies number 2 and 3 have
demonstrated that EMD values differ between DN lagalthy individuals, especially in
the plantar-flexor and dorsi-flexor muscles, whigghlights the importance of
calculating individual EMD values when processind@& activity. Therefore, studies
are warranted to investigate muscular activitygratt in DN subjects whilst taking into

account individual EMD values.
Results from the present investigation suggestrfiatocirculatory alterations in DN
subjects are linked to: 1) vasodilatory capacity anhoxygen uptake capacity. Whereas

changes in the vasodilatory capacity have beenlwideestigated, the exact
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mechanism/s behind the reduced skeletal muscleeoxygtake capacity in DN

subjects remains unclear. Therefore, future stughiesild attempt to clarify this issue.

The present investigation is the first study thest Hemonstrated that 16 weeks of
resistance training can influence some of the patjies linked to DN. However, future
studies with larger populations and using diffettgpe PA interventions (i.e. type of
exercise, intensity, duration, etc.) are needébiatstage (what Campbell et al. (2000)
referred to as “exploratory phase”), before anwlftonclusions can be drawn about the
overall effect of PA interventions on the primamalth problems associated with DN
(what Campbell et al. (2000) referred to as “défieirandomised controlled trial”).
Furthermore, due to the exploratory nature of theys it is impossible to know for
certain the mechanisms and/or reasons behind sbthe exercise-induced adaptations
observed in the present investigation with DN pagsieFor this reason future studies are
warranted to explore these mechanisms in moreld&taumber of future studies are
proposed below to clarify the role of PA to infleerfactors such as sensory

neuropathy, motor neuropathy, HRAgait, microcirculation and QOL.

The most striking finding of the intervention studgs that 16 weeks of strengthening
exercise influenced sensory neuropathy in DN sthjeSensory neuropathy in the
current study was quantified by VPT whilst condostivelocity measurements of the
sensory nerves, which are considered the gold atdrid assess nerve function, were
not conducted. Future studies should assess semsiuy function directly to
understand better the effect of PA on sensory mathy. Furthermore, other forms of
physical activity should be investigated to estblivhich intervention is more efficient

to preserve sensory neuropathy in this population.

Results from the present study suggest that museglakness is more difficult to
preserve in patients with more severe DN. Theomlg one previous investigation
assessing the effect of an exercise programme aeutar strength in DN subjects and
they found moderate strength gain in subjects mitd neuropathy (Allet et al. 2010).

It appears that changes in muscular function apemi#ent on the degree of neuropathy.
However, more studies are needed: 1) to draw aay ¢onclusion about the
adaptability of the muscle to strengthening exegiand 2) to understand the reasons

why the muscles of DN subjects may be less seeditiexercise-induced adaptations
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in the form of neural and muscular adaptationstifeumore, it would be interesting to

aSSEeSSs

The main target of rehabilitation programmes irigrds with diabetes is to improve
glucose control. Previous studies demonstratedsthatigth training can lower HhA
levels in subjects with type 2 diabetes (Castanedal, 2002; Cohen et al., 2008;
Dunstan et al., 2002). This is the first study stigating the effect of an exercise
programme on Hb4y in DN subjects and contrary to previous investiget on patients
with type 2 diabetes the present intervention ditlaticit changes in this outcome
measure. It is likely that factors such as low baséHbA levels, changes in
hypoglycaemic medications or the frequency of ifterivention may explain the results
from the present investigation. However, it cartmetuled out that DN subjects are less
sensitive to HbA. changes compared to individuals with diabetesremdeuropathic
complications. Further studies are therefore waedio determine whether PA
programmes result in comparable effects on Hlbévels in both subjects with type 2

diabetes and DN individuals.

Muscular weakness is considered an important faxplaining changes in gait
biomechanics in DN subjects. One of the objectofebe present investigation was to
determine whether strength gains could influendeafparacteristics in DN subjects.
The fact that the intervention did not trigger apesiin strength levels may partly
explain why gait characteristics were not altergdhe exercise programme. Future
research should focus on investigating whethengthegains in subjects with an early
DN (who may still be more sensitive to muscularg@dtons) can modify gait in this
population. Furthermore, the present investigaftamd that improvements in sensory
neuropathy did not influence gait characteristicBN subjects. It has been speculated
in the present study that changes in gait biomeéchaecondary to improvements in
sensory neuropathy may occur (if any) beyond thgtleof this study. Therefore, if
improvements in sensory neuropathy are confirmefilituye investigations, it would be
interesting to extend the duration of the studgltow enough time for the locomotor

gait strategies to change.

The present study found a trend toward improvemiarttse vasodilatory capacity in
the EXE group following the exercise programme e tudies investigating subjects

with type 2 diabetes demonstrated that PA can ingtioe vasodilatory capacity via
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improvements in the endothelium (Cohen et al., 2808orana et al., 2001). It has
been hypothesized earlier in the discussion thealehgth of the intervention in the
present study may have been insufficient for sigaift changes to be found. In
addition, the sample size in the present investigatid not reach the numbers
determined by the power calculation. Future studigis a larger group of participants
are warranted to further understand the effecttopgrammes in general, and
strength training in particular, on the vasodilgtoapacity in DN subjects.
Furthermore, the present study demonstrated fdirgtdime that a PA programme
based on strengthening exercise can improve the yn&@very. However, future
studies are needed to confirm this novel findimgthle present study it was speculated
that changes in the mVO2 recovery may be relatetiamges in aerobic fithess
secondary to the exercise programme. Future stadsessing aerobic fithess and
microcirculatory function are warranted to deterenwwhether changes in the ability of
the muscle to recover from an exercise bout arergkry to changes in aerobic

capacity, or whether other mechanisms may triggeradaptation.

The present investigation demonstrated for the finse that a PA programme can be
an efficient tool to enhance not only physical tedlut also mental health in DN

subjects. However, further investigations compathmg effect of group based versus a
home based PA intervention are required to distsilgwhether changes in the mental
aspect of QOL are related to the exercise itselthé social environment the exercise

programme is undertaken in or to exercise-relabeghges (i.e. sensory neuropathy).

In summary, more studies are warranted to broduennderstanding of the effect of
PA programmes on the primary pathologies associaitdDN named cardiovascular
risk factors, glucose control, sensory neuropatigytor neuropathy, gait alterations,

microcirculation and QOL .
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CHAPTER 8

8 Conclusions

It is well established that DN is a complex coraditthat affects different aspects of
health. Pathologies associated with DN include bwia abnormalities, alterations in
traditional cardiovascular risk factors, gait at#sns, microcirculatory impairments
and poor QOL. The question remains whether a rétsdlvie exercise programme can
influence these primary pathologies which have Bieded to DN. Thus, this
investigation was composed of two different studéesross-sectional study to
investigate differences between DN and healthyiddals in the primary pathologies
associated with DN; and an intervention study t@stigate to the effect of a PA
programme on identified pathologies linked to peeifl neuropathy in subjects with
DN.

The aim of the cross-sectional study was two fBldstly, it aimed to compare the
findings of this study to previously published istigations. The present study
confirmed that DN produced alterations in outconeasures related to cardiovascular
diseases, gait characteristics, microcirculatioth@@L. Secondly, the cross-sectional
study aimed to provide some additional information 1) gait characteristics by
investigation muscular activity patterns; and 2¢mcirculation by assessing for the
first time exercise-induced microcirculatory respesin the form of blood flow and
oxygen consumption in patients with DN. This stirdyestigated gait characteristics
not only from a kinetic and kinematic perspectiwijch are the most evaluated
outcome measures in this population but also frareMG perspective. Only a handful
of studies have previously investigated EMG pagténrDN subjects and none of them
took into consideration EMD when processing EMGadResults from the present
study provide early evidence that foot loading grat$ are associated with EMG
activity. This suggests that muscular function dtidne considered as a factor partly
responsible for high foot plantar pressures, eslgainder the metatarsal region,
which are often observed in DN subjects. In additmthat, EMG data from the cross-
sectional study provided some insight about mobdmitrol in DN subjects. It appears
that the DN subjects in this study adopted an guatiory strategy to efficiently produce
force at the right moment in time (demonstratedubyarly muscular activation and

same peak activity). With regard to the microciatign, the present study investigated,
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for the first time, exercise-induced microcirculgtoesponses in DN subjects. The
present study not only found that oxygen deliveag reduced in the DN group, in
agreement with previous studies on individualdwype 2 diabetes, but also the ability
of the muscle to uptake oxygen. Overall, the ceessgional study demonstrated that
DN is a very complex condition affecting differestpects of health such as general
health, gait characteristics, microcirculation aetf reported QOL. It can be speculated

that if those outcome measures can be modifiedthhi@eDN subjects can be enhanced.

The aim of the intervention study was to evaluatetie first time whether 16 weeks of
a PA programme based on strengthening and footlityodxercises can influence
different aspects of health that are altered inddNjects. The most remarkable finding
was that the exercise programme improved sensamppathy. This is an important
finding since sensory neuropathy is linked to detgrof health problems associated
with DN such as foot ulcers or poor QOL. Furtherepdr shows that PA activity can
influence health beyond type 2 diabetes relateftthpeoblems. Another interesting
finding from this study was that high intensityistance training did to seem not
improve strength levels in patients with moderakéd3 expected, despite
improvements in neural health as demonstrateddygltanges in sensory neuropathy.
This finding not only suggests that exercise cédla@mce outcome measures related to
DN, but also that adaptations to exercise prograsmmey differ between type 2 and
DN individuals. This highlights the importance ofestigating the effect of PA on DN
subjects and not to assume that similar adaptati@ysoccur in DN subjects compared

to individuals with type 2 diabetes.

Furthermore, this study represents an accumulafi@vidence that PA programmes
can influence some of the health related outcomasores, which are altered in DN
subjects. Thus, 16 weeks exercise training impralectardiovascular risk profile by
decreased blood pressure and body fat percentddfd subjects. Furthermore, the
intervention improved exercise-induced responsdkeoficrocirculation. Additionally,
the PA programme improved the exercise-induceddikegory capacity in the exercise
group. However, this change did not reach signifieeand was limited to a trend
(p<0.1). On the other hand, the exercise prograsfichsignificantly improve mvV@
recovery (reoxygenation) from an exercise bouh&EXE group compared to the
CON group over time. Although there were no charngeise capacity of the muscle to

take up oxygen following the intervention, changethe efficiency of its use were
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observed. The fact that a PA programme can inflaenicrocirculation in DN patients
is a very important finding since impairments ie thicrocirculation are associated
with major health problems such as reduced execaipacity or foot ulceration.
Moreover, the exercise programme influenced cedsapects of self reported QOL.
Interestingly it appears that aspects of mentdthasadowed greater improvement
following the intervention compared to aspectstofgical health. Overall, the
intervention study demonstrated that some of tladtiheelated outcome measures that
affect DN subjects are modifiable via a PA prograemithis is only the first of many
steps required to fully understand the potentid?afinterventions in influencing health
in DN subjects. Thus, more evidence needs to bdumed at this “exploratory phase”
(Campbell et al., 2000) to evaluate different congrus of a PA intervention (i.e. type
of exercise, intensity, duration, etc.). This witbaden the knowledge base around the

effect of different types of stimuli on the diffeteoutcome measures related to DN.

The present study on the primary pathologies aasmtiwith DN has provided a
substantial contribution into the research of rditative programmes based on
physical activity in patients with DN. Results frahe present investigation highlighted
the value of PA as a therapeutic tool in subjedts @N to modify different aspects of
health in this population including sensory neutbhpaFurthermore, the present
investigation demonstrated the importance of ingatihg the effect of PA
programmes on DN subjects and not to assume thdasadaptations may occur in
DN subjects compared to individuals with type Zogi@s without neuropathic

complications.
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APPENDICES

Appendix 1. Literature search

Table Al. Keywords included for literature search m identified pathologies related to DN

Cardiovascular

i Gait Microcirculation QOL
iseases
Gait/Walking Microcirculation
Cardiovascular EMG/ Blood flow Quality of
disease/s Electromyograp |ifey
hy Vasodilatation
Metabolic Neuropathic/
syndrome Foot Pressures/  Endothelium/ b
X neuropathy
plantar pressures  endothelial
Type 2 diabetes
Neuropathy/ Neuropathy/
Neuropathic Neuropathic
Results 64 119 86 66 335
Relevant 18
after 21 26 39 104
reviewing

Table A2. Keywords included for the literature seach on the effect of PA on identified pathologies

related to DN

Cardiovascular

Type 2 diabetes

Neuropathy/
Neuropathic

endothelial

Type 2 diabetes

i Gait Microcirculation QOL
iseases
Gait/Walking Microcirculation
Car(;ilovascular EMG/ Blood flow ' '
disease/s Electromvoaranh Quality of life
yography  y/asodilatation
Metabolic Foot Pressures/ Neuropathic/
syndrome Endothelium/ Neuropathy
plantar pressures

Type 2 diabetes

Physical Physical
Act|V|ty/ Type 2 diabetes Neuropathy/ Ac_:t|V|ty/ N
exercise Neuropathic exercise training
training . o
Physpal Act!v!ty/ Physical Activity/
exercise training . s
exercise training
Results 42 61 18 10 132
Relevant
after 23 8 10 8 49
reviewing
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Figure A1. Example of literature search (using dathases AMED, MEDILINE and EMBASE

w Sparch History {17 searches) (Click to closed
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Appendix 2: Home exercises

HOME EXERCISES

Warm up:

Start each session by moving each body segmentcaiodo it from the top to the
bottom so we do not miss any.

Note: Please do all the exercisesy slowly and trying to reach thénhighest
amplitude for each movement”.

1. Head
a. Standing position (remember in standing positiorkeep the knees a
little bit bent so the back is in a better posi}ion
i. Move the head forward and backwards (5 times).
ii. Move the head from side to side (5 times).
2. Shoulders
a. Standing position.
i. Move the shoulders in circles (5 moving forward &nd
backwards)
3. Arms
a. Standing position
i. Move right arm in circles. Remember to follow thenbd with
your eyes. (5 times moving forward and 5 backwards.
i. Repeatthe same movement with the left arm.
4. Trunk
a. Standing position
i. Rotate your trunk to the right and to the left Digrihe last part
of the rotation we perform a reaching movement Wwiith arms.
(5 rotations to each side)
5. Ankles
a. Sitting position.
i. Make the alphabet with your feet. Both of them ttogre You can
use a chair underneath the calf muscles to held folr legs
while doing it. The ankles should be kept on ihe a

Resistant band exercisersit is important you find difficult to make 10 repsth that
tension). Remember you can always make the exarmse difficult by increasing the
tension on the band;

1. Shoulders
a. Seated position:
i. Hold the band with your arms straight and both lsgodt a few
inches from each other at the lower part of youwkb&rom that
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position move the hands away from each other. kdspys the
arms straight (10 repetitions).

ii. Repeat the same movement with the arms higher ypun
back. Arms still straight all the way through (Hps).

2. Chest
a. Seated position

1. Place the band around your back and hold it witlr yo
fists (Palm facing down) by the side of the truakbbws
bent and backwards). Move your arms to and extended
position. Do not chance the position of the fistidg the
whole movement. (10 reps).

3. Back
a. Seated position
1. Step on the band with both feet and hold the baittd w
you arms a little bit in flexion aside the body.eTist
should face the floor. Bend your body forward. Bend
your arms with the fist always facing the floor.

4. Biceps
a. Seated position.

1. Step on the band with both feet and hold the baittd w
you arms straight aside the body. Without movirg th
shoulders bend your arms simultaneously (10 reps).

5. Triceps
a. Seated position

i. Pick up your band with the right arm bent asidetthek and
elbow pointing forward. The left arm holds the athile of the
band by the lower back. Keeping the elbow and stemtill
straighten the arm. (10 reps).

6. Calf Muscles
a. Seating position

1. Pass the band around the forefoot of the right &maoit
hold it with both hands. Make the band tight and/eno
the forefoot down (like pressing the pedal in the.c(15

reps)

2. Repeat with the left foot

7. Tibiales
a. Seating position
1. Attach the band on the leg of a table, place threlba
around your forefoot. Place yourself at a distagroeugh
to make the band tight. Pull your toes up. (15 Yeps

337



2. Repeat with the left foot

b. Ankle muscles.
i. Sitting position

1. Place the band around the forefoot of your rigbt,fo
step on the band with the left foot and with thellof
the right foot touching the floor move the forefouit to
the side. (15 reps)

2. Do the same with the left foot.

3. Place the band around the forefoot of your rigbt.fte
the band out to the side with the leg of a tabk aith
the heel of the right foot touching the floor mdke
forefoot inwards.

4. Do the same with the left foot.

5. Pass the band around the forefoot of the right fout
hold it with both hands. Write the alphabet on dire
with your foot. Think of the toes as the tip ofeap(do it

once)

6. Do the same with the left foot.

Cool down

b. Sitting position.
i. Make the alphabet with your feet. Both of themttogie You can
use a chair underneath the calf muscles to held fiolr legs
while doing it. The ankles should be kept on ihe a
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Appendix 3: Invitation letter

Dear )

The Department of Physiotherapy is looking at tifects of a physical activity
programme in people with diabetes and loss of siemsaSuch a programme could
really benefit participants, so the Podiatry Depart (University Hospital of Wales)
has agreed to collaborate and contact people wattetes that may be suitable for this
research study. We would like to offer you the appuity to participate in a free
physical activity programme carried out by the Rbtygerapy Department specifically
designed for patients with diabetes and loss cfaten.

The study will investigate:
» the effect of a physical activity program (overwéeks) in preventing the risk
of ulcers in people with diabetes and loss of sEmsa
« the effect of this program on general health (Céolesterol levels, glucose
levels, weight loss, etc)

The benefits to patients could be:
» Ulcer prevention
* Improved glucose control
« Improved blood flow (healthier arteries).
* Reduce risk of cardiovascular problems by improvicigolesterol levels,
reducing body weight and improving general fitness.

A possible side-effect could be changes in gludegels due to physical activity. More
details can be found in the enclosed informatiaeskrisk section, page 3).

Before you decide it is important for you to undansl why the research is being
completed and what it will involve. Please take @mmant to read the information sheet
(enclosed) in which a clear explanation of the wtisgdprovided. You are under no
obligation to take part, as participation is emyireluntary.

To make it easer for you to respond, the Physiafhedepartment will contact you
within the next two weeks to ask whether you atergsted in participating in this
study. In the meantime if you wish to ask any dgoest please feel free to contact
either the Podiatry Department (Dr Jane Lewis)herresearcher conducting the study
at the Department of Physiotherapy.

Yours sincerely,

Dr Jane Lewis Alejandro Meana-Esteban
Podiatrist MSc Sport and Health Sciences
Weid 3@ N Wor 56
Email address: Mobil 84

.uk .uk
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Department of Physiotherapy

Director Dr R W M van Deursen MCSP MSc PhD ILTM
Adran Ffisiotherapi

Cyfarwyddwr Dr R W M van Deursen MCSP MSc PhD ILTM

DATE: 11/02/2008 Cardiff University

Ty Dewi Sant

VERSION NO 31 Heath Park

Cardiff CF14 4XN
Tel Ffén  +44(0)29 2074 2267

INFORMATION SHEET Fax Ffacs +44(0)29 2074 2267

L. R K K E-mail E-bost Physiotherapy@cf.ac.uk
(Participants with diabetic neuropathy) Prifysgol Caeraydd

Ty Dewi Sant
Mynydd Bychan
. . . . . . qurdydd CF14 4XN
“The effect of non-impact resistance training on ptdents with diabetic

neuropathy: Acute responses and lon-term adaptation”.

We would like to invite you to take part in a resdestudy. Before you decide you
need to understand why the research is being dwhevhat it would involve for you.
Please take time to read the following informatanefully. Talk to others about the
study if you wish.

(Part 1 tells you the purpose of this study andtwhthhappen to you if you take part.
Part 2 gives you more detailed information aboatabnduct of the study). Please, ask
us if there is anything that is not clear or if weauld like more information.

PART 1

What is the reason for the study?

Physical activity has been recognized to have goitant role in health promotion and
prevention of diseases. It is generally accepteat txercise reduces the risk of
cardiovascular diseases (i.e. stroke or heartlgtmed mortality in both healthy and
clinical population However, physical activity recommendations for geopvith
peripheral neuropathy are based on evidences eltafrom studies with non-
neuropathic people with diabetes whereas non attéagp been made to demonstrate
the positive effect of an exercise program on fewjith peripheral neuropathy.

What is the purpose of the study?

The aim of this study is to determine whether anevihat extent an exercise program
using muscle strengthening exercises have a peséffect on glycaemic control,

cholesterol levels, circulation, daily activity kg and quality of life in people with

diabetes and peripheral neuropathy. A more deta@eplanation of the exercise
program and the type of exercises you will be adkedio can be found in the section
“what will happen to me if | take part (next page)”

This study will be run by Dr Robert van Deursermpf@ssor Patricia Price and
Alejandro Meana-Esteban (PhD student) in collabanatith Prof Keith Harding.

Why was | chosen to take part in this study?
You have been invited to participate in the studgduse you have been diagnosed with
diabetes peripheral neuropathy.
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Do | have to take part?

Itis up to you to decide. We will describe thedstand go through this information
sheet, which we will then give to you. We will thask you to sign a consent form to
show you have agreed to take part. You are fregtt@raw at any time, without giving
any reason. This would not affect the standardhod gou receive.

What will happen to me if | take part?
If you agree to participate in the study, you Wil asked:
1. To undergo an exercise program for 16 wedks program will aim to improve
strength levels of your legs as well as other pafrigour body (arms and trunk)

by exercising against a fixed resistance which bélladjusted throughout the
program.

The exercise program will be split between congiind home-based sessions.
All the controlled sessions will take place in thepatients physiotherapy gym
at the University Hospital of Wales (UHW). Trainisgssions throughout the
study will be conducted 4 times per week (twic¢hia gym and twice at home).
The gym based sessions will last for 60 minutesraedmethe home based
exercise will last for 30 minutes.

The exercise program has been designed and withbseed out by a qualified
practitioner (Alejandro Meana-Esteban, MSc in Heald Sport Science).

Note: Not all the participants with diabetes wil Asked to undergo the exercise
training since by chance (randomly) you will betdlited into either Exercise
or Control groups (Non-exercisers) (Please, gohtarCl in the last page of this
document for further clarification regarding thedsyt groups).

2. To visit the Research Centre of Clinical Kinesigld®CCK), situated in Heath
Campus, twice during the studihe first visit will take place before the
physical activity program starts and the secontitalile place after the exercise
program finishes.

During each visit to the RCCK each participant Wwél tested: glucose levels,
cholesterol levels, blood pressure, height, weights, strength levels,
circulation both at rest and when exercising aatking characteristics.

During each visit, you will be asked to two maisks:

1. Walk on a 9 meters walk-way to analyze your walking
characteristics.

2. Produce movements with your right leg against edixesistance to
determine your strength levels. When performing tagk a cable
will be secured with a plaster on the skin of ylagr (calf muscle),
which will be connected to a piece of equipmerdit@ us
information regarding your circulation when exeiruis

You will also be asked to complete two questioregiOne questionnaire will

contain questions regarding to your daily physaivities, whereas the second
will contain health related questions.
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Each visit to the Research Centre of Clinical Kiakgy will last
approximately 120 minutes.

For further information on the structure of theeagh can be found in Chart 1 (last
page of this information sheet).

How will blood samples be taken?

A lancet will be used to analyze blood for glucase cholesterol levels. A lancet is a
fine, sharp pointed needle used for pricking tha.skou can choose whether to prick
yourself on the fingertip or to be pricked by a lifieal person.

Expenses
Travel and parking expenses will be available foparticipants in the study. Heath
campus has got car parking facilities in which gan park your car.

What are the possible benefits of taking part?

We cannot promise the study will help you direttilyt the information we gather from
this study will help improve our understanding lné effects of diabetic neuropathy on
the lower legs and may provide recommendationgréatment of people with diabetic
neuropathy.

Is there any risk associated with the study?

« The most common risk associated with physical @gtim people with diabetic
neuropathy is the development of foot ulcers. Havefre risk of foot
ulceration will be minimized in this study by chawg non-impact activities.

* When exercising people with diabetes faoene metabolic risks due to the
exercise-induced fluctuations in their blood gluetsvels. However, those risks
will be minimized in this study by controlling tiseigar levels both before and
after exercising.

* Due to the type of exercises (strength trainingj} till be carried out in the
present study, you may experience post-trainingcoias soreness. The
principal symptom secondary to this condition ispghen exercising the
fatigued muscles. However, the risk associated thigcondition is trivial and
no further complications related to muscle soreaes®xpected. In order to
reduce the discomfort associated to muscle sorepessexercisgprogramme
will start with low loads of training and will gradlly increase both its volume
and intensity. This will reduce the potential mesfEtigue provoked by the
exercise intervention. However, if you experiedisomfort associated with
muscle soreness, your following training sessidhlvei adapted to minimize the
risk of further soreness in the muscles affeciéthe discomfort persists
training will be stopped temporarily to allow thegifjued muscles to fully
recover.
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On top of that you will undergo an ECG (heart sdanhake sure that you do not suffer
from anyovertcardiac condition that may be worsened by theaseiprogram. For

the ECG to be done you will be asked to lie onesigheutic bed for 10 minutes whilst
signals from your heart will be recorded on a cotapusing 12 leads secured with a
plaster on the skin around your chest.

In case of concern please feel free to contact usRCCK on the telephone
number: 02920687739.

What happens if | am excluded from the study afteundergoing the ECG at rest?
If the electrocardiogram shows clinically relevabhormalities you will be
immediately referred tgour GP.

What if there is a problent?

Any complaint about the way you have been deah witring the study or any possible
harm you might suffer will be addressed. The dethihformation on this is given in
part 2.

What happens when the research study stops?
After your second visit to the Research Centre dini€al Kinesiology your
participation in the study will finish.

Confidentiality- Will my taking part in this study be kept confidential?
Yes. We will follow ethical and legal practice aaltlinformation about you will be
handled in confidence. The details are includeldart 2.

If the information in Part 1 has interested you angbu are considering
participation, please read the additional informat in Part 2 before
making any decision.

PART 2

What will happen if | don’t want to carry on with t he study?
If you withdraw from the study, we will destroy gthur identifiable samples, but we
will need to use the data collected up to your dridhwal.

What If there is a problem?

In the event that something goes wrong and yolnaneed during the research and this
is due to someone’s negligence then you may hawangs for a legal action for
compensation against Cardiff University but you rhaye to pay your legal costs. The
study is indemnified by Cardiff University, therea limit of indemnity of £5,000,000.
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If a participant, who has given informed consensek capacity to consent during the
study, the participant would be withdrawn from #tedy and the data already collected
with consent would be retained and used in theystud

Confidentiality- Will my taking part in this study be kept confidential?

All information which is collected about you durittge course of the research will be
kept strictly confidential, and any information abgou which leaves RCCK will have
your name and address removed so that you canmetbgnised.

GP notification
With permission, your GP will be informed of youarficipation in the trial.

What happens to the results of the research study?
The results of this study may be presented at cemées and published in scientific
journals. A summary of the results will be senydo after completion of the study.

Who is organising the study?
The study is being organized by the Departmentlofs®therapy, School of Health
Sciences, Cardiff University.

Who has reviewed the study?

All research in the NHS is looked at by independgotip of people, called a Research
Ethics Committee to protect your safety, rights|llbaing and dignity. This study has

been reviewed and given favourable opinion by thesdlrch and Development
Committee and the South East Wales Research Elbicsnittee (Panel D).

Contact for further information

In case you would like to discuss any part of theigzt in greater detail then
please dmot hesitate to contact Alejandro Meana-Esteb&e. details are displayed
below:

Research Centre for Clinical Kinesiology
Department of Physiotherapy

Ty Dewi Sant

Cardiff University

Cardiff CF14 4XN

Telf: 9
Email: .uk

Thank you very much for your attention,

Alejandro Meana-Esteban
MSc Health and Sport Sciences
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Chart 1. Sample size distribution.Population groupsNeuropathic group (DN) and healthy group (HEALTHntervention groupsexercise
group (EX) and control group (CONJgests Test 1 (pre-intervention measurements) and T@(-Pitervention measurements).

Visit 1 to RCCK Visit 2 to RCCK
EX= 40
DN 1V

30 CON= 40

o]
40
HEALTH
Pre- intervention INTERVENTION Post- intervention
- (16 weeks -
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Department of Physiotherapy
Director Dr R W M van Deursen MCSP MSc PhD ILTM

Adran Ffisiotherapi
Cyfarwyddwr Dr R W M van Deursen MCSP MSc PhD ILTM

Cardiff University
Ty Dewi Sant

DATE: 11/02/2008 Heath Park
o Cardiff CF14 4XN

VERSION N 32 Tel Ffén  +44(0)29 2074 2267
Fax Ffacs +44(0)29 2074 2267
E-mail E-bost Physiotherapy@cf.ac.uk
Prifysgol Caerdydd
Ty Dewi Sant
Mynydd Bychan

INFORMATION SHEET

(Healthy group)

“The effect of non-impact resistance training on péents with diabetic neuropathy:
Acute responses and long-term adaptation”.

We would like to invite you to take part in a resdastudy. Before you decide you need
to understand why the research is being done aiad itwvould involve for you. Please
take time to read the following information card&fullalk to others about the study if

you wish.

(Part 1 tells you the purpose of this study andtwhthhappen to you if you take part.
Part 2 gives you more detailed information aboatdbnduct of the study). Please, ask
us if there is anything that is not clear or if weauld like more information.

PART 1

What is the reason for the study?

Physical activity has been recognised to have goitant role in health promotion and
prevention of diseases. It is generally accepteat txercise reduces the risk of
cardiovascular diseases (i.e. stroke or heartlgttaed mortality in both healthy and
clinical population However, physical activity recommendations for geomvith
peripheral neuropathy are based on evidence obtafmem studies with non-
neuropathic people with diabetes whereas no attbagpbeen made to demonstrate the
positive effect of an exercise programme on pewjide peripheral neuropathy.

What is the purpose of the study?

The aim of this study is to determine whether andlhat extent an exercise programme
using muscle strengthening exercises have a pesgffect on glycemic control,
cholesterol levels, circulation, daily activity kg and quality of life in people with
diabetes and peripheral neuropathy.

This study will be run by Dr Robert van DeursempfBssor Patricia Price and Alejandro
Meana-Esteban (PhD student) in collaboration withf Reith Harding.
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Why was | chosen to take part in this study?

You are a healthy subject with no symptoms of dieband you will be part of the
control group. It is important to create a congrup with non-diabetic subjects in
order to quantify the effect of diabetes neuropathiat clinical population.

Do | have to take part?

It is up to you to decide. We will describe thedstand go through this information
sheet, which we will then give to you. We will thask you to sign a consent form to
show you have agreed to take part. You are fregthmraw at any time, without giving
any reason. This would not affect the standardacé gou receive.

What will happen to me if | take part?
If you agree to participate in the study, you il asked:

1. To visit the Research Centre of Clinical Kinesiold®CCK), situated in Heath
Campus, on one occasion.

During each visit to the RCCK each participant Wil tested: blood pressure,
height, weight, fat %, strength levels, circulatmsth at rest and when
exercising and walking characteristics.

During each visit, you will be asked to perform tmain tasks:

1. Walk on a 9 meters walk-way to analyze your walking
characteristics.

2. Produce movements with your right leg against ediresistance to
determine your strength levels. When performing task a cable
will be secured with a plaster on the skin of ylagy (calf muscle),
which will be connected to a piece of equipmerdit@ us
information regarding your circulation when exeirgs

You will also be asked to complete two questiorggiOne questionnaire will
contain questions regarding to your daily physadivities, whereas the second
will contain health related questions.

Each visit to the Research Centre of Clinical Kiokesyy will last approximately

120 minutes.

For further information on the structure of theeash can be found in Chart 1 (last
page of this information sheet).

Expenses
Travel and parking expenses will be available foparticipants in the study. Heath
campus has got car parking facilities in which gan park your car.
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What are the possible benefits of taking part?

We can not promise the study will help you diredtiyt the information we gather from
this study will help improve our understanding loé effects of diabetic neuropathy on
the lower legs and may provide recommendationréatment of people with diabetic
neuropathy.

Is there any risk associated with the study?
No, there are no risks for you to participate iis gtudy.

What if there is a problent?

Any complaint about the way you have been deah ditring the study or any possible
harm you might suffer will be addressed. The detkihformation on this is given in
part 2.

What happens when the research study stops?
After your visit to the Research Centre of Clinigahesiology your participation in the
study will finish.

Confidentiality- Will my taking part in this study be kept confidential?
Yes. We will follow ethical and legal practice aaldlinformation about you will be
handled in confidence. The details are includeart 2.

If the information in Part 1 has interested you angbu are considering
participation, please read the additional informat in Part 2 before
making any decision.

PART 2

What will happen if | don’t want to carry on with t he study?
If you withdraw from the study, we will destroy stbur identifiable samples, but we
will need to use the data collected up to your drigtval.

What If there is a problem?

In the event that something goes wrong and yotnaneed during the research and this
is due to someone’s negligence then you may hawangs for a legal action for
compensation against Cardiff University but you rhaye to pay your legal costs. The
study is indemnified by Cardiff University, therea limit of indemnity of £5,000,000.
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Confidentiality- Will my taking part in this study be kept confidential?

All information which is collected about you duritiie course of the research will be
kept strictly confidential, and any information albgou which leaves RCCK will have
your name and address removed so that you cannmetbgnised.

What happens to the results of the research study?

The results of this study may be presented at centes and published in
scientific journals. A summary of the results viné sent to you after completion
of the study.

Who is organising the study?
The study is being organized by the Department lofstherapy, School of
Health Sciences, Cardiff University.

Who has reviewed the study?

All research in the NHS is looked at by independgnaup of people, called a
Research Ethics Committee to protect your safegits, wellbeing and dignity.

This study has been reviewed and given favourabileian by the Research and
Development Committee and the South East WalesaRdsé&thics Committee

(Panel D).

Contact for further information

In case you would like to discuss any part of theiget in greater detail then
please dmot hesitate to contact Alejandro Meana-Estebde. details are displayed
below:

Research Centre for Clinical Kinesiology
Department of Physiotherapy

Ty Dewi Sant

Cardiff University

Cardiff CF14 4XN

Tel: 9
Email: .uk

Thank you very much for your attention,

Alejandro Meana-Esteban
MSc Health and Sport Sciences
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Chart 1. Sample size distribution.Population groupsNeuropathic group (DN) and healthy group (HEALTHntervention groupsexercise
group (EX) and control group (CONJgests Test 1 (pre-intervention measurements) and T@(-Pitervention measurements).

N=120

80

40

Visit 1 to RCCK

Visit 2 to RCCK

DN

[ ]

A

HEALTH

Pre- intervention

—_—

EX=40
|
CON= 40
INTERVENTION Post- intervention
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Appendix 5: Phone interview

UESTIONNAIRE
NAME:
DATE OF BIRTH: / /
CONTACT NUMBER:

1 Which type of diabetes do you have:

a) Type 1 ]
b) Type 11 ]
2. Are you currently taking insulin:

a) Yes ]
b) No ]

COMPLICATIONS SECONDARY TO DIABETES

3. Do you suffer from loss of sensation in your feet — (this may be slight or
significant)

a) Yes ]

b) No (Skip to Question 5) L]

4. Is the loss of sensation in your feet painful?

a) Yes

b) No

5. Do you suffer from any foot deformities:

a) Yes (Major deformity)
b) No (Minor deformity eg: claw toes)

[
[
[
[
6. Do you have any current foot ulcers?
a) Yes ]
b)  No L]
7. Do you suffer from retinopathy (severe vision loss)?
a) Yes ]
b) No ]
o) No but I suffer from other diabetes related eye problems eg. Glaucoma ]
8. Do you suffer from any form of kidney disease or ate you on dialysis?
a) Yes ]
b)  No L]
9. Do you have any history of kidney failure?
a) Yes L]
b)  No L]
10. Do you have any history of heart problems eg: heart attack or anginar
a) Yes ]

Please specify:
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b)

11.

b)

12.

b)

13.

a)
b)

14.

a)
b)

15.

a)

16.

a)

17.

a)
b)

18.

a)

No L]

Are you aware of any abnormalities or complications with your heart?
Yes
Please specify:
No

[

[

Are you on any medication?
Yes
Please list names:

[

No

Do you suffer from any severe lung disease?
Yes
No

Do you have any history of poor circulation in the lower limb?
Yes
No

I I 0

Are you capable of walking independently to perform your daily activities without a
walking aid?

Yes []

No []

Do you suffer from pain in the calves after walking 100 yards?

Yes D
No L]

During the last 7 days, how many days did you do moderate physical activity, e.g.
walking to the shops, carrying light loads, or cycling at a regular pace.
Number of days ]

Average amount of time per activity

During the last 7 days, how many days did you do heavy physical activity, e.g. DIY,
carrying heavy loads, or cycling.

Number of days L]
Average amount of time per activity

THANK YOU FOR COMPLETING THE QUESTIONNAIRE
PLEASE RETURN THE QUESTIONNAIRE IN THE ENVELOPE PROVIDED
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Appendix 6: Confirmation letter

Dear

Thank you for agreeing to participate in our research study. We look forward to meeting

you on:

Date: Wednesday 16™ December 2009

Time: 9.30 am

Location: RCCK Lab, Basement floot, Ty Dewi Sant, Cardiff University
Heath Park, Cardiff, CF14 4XN.

(Please see map attached)

If you are travelling by car, you may park in the University Hospital of Wales Multi-Storey
car park (expenses will be reimbursed). Please report to the car park office on arrival and

give them the reference number “VP765” to be able to park for £3 total.

We would request for you to bring (if possible) the following items when you attend:

1 x T-shirt

1 x Pair of shorts

Should this however pose a problem, please do not worry as these may be supplied on the
day. We would kindly request that you would refrain from coffee on the day you come to

the lab and from any unusual physical exacerbation 24 hours prior to attending the lab.

I will contact you the day before your appointment to confirm there are no problems.

Should you wish to rearrange this appointment or have any further queries, please do not

hesitate to contact us on: |

Yours Sincerely

ALEJANDRO MEANA-ESTEBAN
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Heath Park Campus Tel Switchboard: 029 2074 7747

The University shares the Heath Park Campus with the University Hospital of Wales (UHW).

Brecknock House 101 Healtheare Studies 116 Nursing & Midwifery 116 T§Maeth 119
Cardiff Medicentre 102 Henry Wellcome Pembroke House 113 Wales Heart

e Research Building 108 i Research Institute 120
Candigan House 0 oot ModcalGarics 109 DontalEducation 122 Shufen SupportCentre 103
Carmarthen House 104 Medical Schoal 110 Radnor Howse 115

Denbigh House 105 Monmouth House 111 Sports& Social Club 117

Dental SchoolHospital 106 Neuadd Meiri 122 TenovusBuilding 118

Glamorgan Housa 107 Mew Lecturs Theatr e 114 TiDewi Sant Building 116

Heath Park Campus

CENTRAL WAY

—
== THE GATEWAY == YPORTH =

EASTERN AV — TTTT————
ENUE A4a(h) _ || EASTERN AVENUE Adf{ts)

SLIP AOAD

* You are looking for building number 116 on mapeTis a reception when coming
from Concourse. You ask for the lab on the basenitiitere is any problem do not

worry, | will go to the reception to pick you up
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Appendix 7: Informed consent sheet
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School of Healthcare Studies
Dean Deon M J Booy BA MA TDipCOT ILTM

Department of

Physiotherapy

Director Dr R W M van Deursen MCSP MSc PhD ILTM

Adran Ffisiotherapi
Cyfarwyddwr Dr R W M van Deursen MCSP MSc PhD ILTM

DATE: 11/02/2008
VERSION N° 3

CONSENT FORM

Cardiff University

Ty Dewi Sant

Heath Park

Cardiff CF14 4XN

Tel Ffén  +44(0)29 2074 2267
Fax Ffacs +44(0)29 2074 2267
E-mail E-bost Physiotherapy@cf.ac.uk
Prifysgol Caerdydd

Ty Dewi Sant

Mynydd Bychan

Caerdydd CF14 4XN

Title of Project . "The effect of low impact resistance exercises on patients
with diabetes neuropathy: Acute responses and long-term adaptation’.

Name of Researchers : Dr Robert van Deursen

1.

5.

6.

Name of Patient

Alejandro Meana-Esteban

| confirm that | have read and understand the information sheet
dated 11/02/2008 (Version 3) for the above study. | have had
the opportunity to consider the Information, ask questions and
have had these answered satisfactorily.

.l understand that my participation is voluntary and that | am free

to withdraw at any time, without giving any reason, without my
medical care or legal rights being affected.

| understand that photography and/or video-recording is used in
this study.

| understand that relevant sections of any of my medical notes
and data collected during the study, may be looked at by
responsible individuals from Cardiff University, from regulatory
authorities, where it is relevant to my taking part in this research.
| give permission for these individuals to have access to my
records.

| agree my GP being informed of my patrticipation in the study.

| agree to take part in the above study.

Signature Date

Witness

Signature Date

p = AT
‘.',’ e
A
R w
-
e

BUDDSODDWR MEWN POBL
INVESTOR IN PEOPLE

% Name of person taking consent

Signature Date
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Appendix 8: ECG sheet

Department of Physiotherapy
Director Dr R W M van Deursen MCSP MSc PhD ILTM

Adran Ffisiotherapi
Cyfarwyddwr Dr R W M van Deursen MCSP MSc PhD ILTM

ECG REPO RT Cardiff University

Ty Dewi Sant
Heath Park
Cardiff CF14 4XN

Tel Ffon  +44(0)29 2074 2267
Fax Ffacs +44(0)29 2074 2267
E-mail E-bost Physiotherapy@cf.ac.uk

Prifysgol Caerdydd
Ty Dewi Sant

Research Project: The effect of non-impact resistare training Mynydd Bychan
Caerdydd CF14 4XN

on patients with diabetic neuropathy:Acute responses and long-term adaptation.

Subject code(as written on the ECG sheet):

Are there any abnormalities in this subjects’ ECG

that would exclude him/her from the study? Yes No
If yes, could you briefly explain the abnormaligeobserved in the ECG to

inform his/her GP?

Date Signature

Dr. Sharmila Khot, MB BS, DA, MD, FRCA,
FFPMRCA(Consultant in Anaesthesia and Pain
Medicine)

This sheet (and any attachments) is confidentialcamay contain personal views. If you have received
or found it in error, do not use, copy or disclosiee information in any way. Please notify Alejandro
Meana-Esteban (contact numbehBQ) imimggly of this error.

& 2y, %oleg meddygaet{lj}

M Y L
Yo o 3

o o 3
BUDDSODDWR MEWN POBL 13 .. =
INVESTOR IN PEOPLE college of medicine
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Appendix 9: Ethical approval

Canolfan Gwasanaethau Busne
Business Services Centre

South East Wales Research Ethics Committee - Panel D

Telephone: 02920 376822/6823
Facsimile: 02920 376835
19 February 2008

Dr R Van Deursen

Director of Physiotherapy

Cardiff University

Research Centre For Clinical Kinaesiology;
Department Of Physiotherapy

School of Healthcare Studies,

Heath Park, Cardiff University

CF14 4XN

Dear Dr Van Deursen

Full title of study: The effect of non-impact resistance exercise on patients
with diabetic neuropathy: Acute responses and long-term
adaptattions

REC reference number: 08/WSE04/8

Thank you for your letter of 4™ December 2008, responding to the Committee’s request for
further information on the above research and submitting revised documentation.

The further information has been considered on behalf of the Committee by the Chair, Dr
DEB Powell.

Confirmation of ethical opinion

On behalf of the Committee, | am pleased to confirm a favourable ethical opinion for the
above research on the basis described in the application form, protocol and supporting
documentation as revised.

Ethical review of research sites

The Committee has designated this study as exempt from site-specific assessment (SSA).
There is no requirement for [other] Local Research Ethics Committees to be informed or for
site-specific assessment to be carried out at each site.

Conditions of approval

The favourable opinion is given provided that you comply with the conditions set out in the
attached document. You are advised to study the conditions carefully.

Canolfan Gwasanaethau Busnes Business Services Centre

Ty Churchill Churchill House

17 Ffordd Churchill 17 Churchill Way

Caerdydd, CF10 2TW Cardiff, CF10 2TW
NHS Ffon: 029 20 376820 WHTN: 1809 Telephone: 029 20 376820 WHTN: 1809
"“I‘ 8 Ffacs: 029 20 376826 Fax: 029 20 376826
CYMRU rhan A AdAdueni RuirdAd larhud | laal Daunie | nart af DAaunie Taarhina | Aral Haalth RAaard
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08/WSE04/8

Approved documents

The final list of documents reviewed and approved by the Committee is as follows

[Document Version Date

Application 5.5 04 December 2007
'Investigafor Ccv A Meana-Esteban |01 December 2007
Investigator CV R van Deursen

Protocol ) 3 11 February 2008
Covering Letter R van Deursen 04 December 2007 |
|Letter from Sponsor Cardiff University 05 December 2007 |
Eompensation Arrangements UMAL 01 August 2007

Questionnaire: SF 36 Health Survey
Questionnaire: Modified Baecke Questionnaire for older

adults

Questionnaire: Telephone Interview i 2.2 - Healthy Group |11 February 2008
Questionnaire: Telephone Interview 2.1 - Patients 11 February 2008
Letter of invitation to participant 1 25 November 2007
|GP/Consultant Information Sheets No Version

Participant Information Sheet 3.1 - Patients 11 February 2008
Participant Information Sheet 3.2 - Healthy Group |11 February 2008
'Paﬁm Consent Form 3 11 February-ZDOB |
"Resporase to Request for Further Information [ \
Flow Chart No Version |
R&D approval

All researchers and research collaborators who will be participating in the research at NHS
sites should apply for R&D approval from the relevant care organisation, if they have not yet
done so. R&D approval is required, whether or not the study is exempt from SSA. You
should advise researchers and local collaborators accordingly.

Guidance  on applying for R&D  approval is  available  from
http://www.rdforum.nhs.uk/rdform.htm.

Statement of compliance
The Committee is constituted in accordance with the Governance Arrangements for

Research Ethics Committees (July 2001) and complies fully with the Standard Operating
Procedures for Research Ethics Committees in the UK.
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08/WSE04/8

After ethical review

Now that you have completed the application process please visit the National Research
Ethics Website > After Review

Here you will find links to the following

a) Providing feedback. You are invited to give your view of the service that you have
received from the National Research Ethics Service on the application procedure. If
you wish to make your views known please use the feedback form available on the
website.

b) Progress Reports. Please refer to the attached Standard conditions of approval by
Research Ethics Committees.

c) Safety Reports. Please refer to the attached Standard conditions of approval by
Research Ethics Committees.

d) Amendments. Please refer to the attached Standard conditions of approval by
Research Ethics Committees.

e) End of Study/Project. Please refer to the attached Standard conditions of approval
by Research Ethics Committees.

We would also like to inform you that we consult regularly with stakeholders to improve our
service. If you would like to join our Reference Group please email
referencegroup@nationalres.org.uk .

| 08/WSE04/8 ] Please quote this number on all correépondence

With the Committee’s best wishes for the success of this project

Email: jagit.sidhu@bsc.wales.nhs.uk

Enclosures: Standard approval conditions - SL-AC1
Dr RWM van Deursen
Copy to:

361



