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Abstract

Background: Parkinson's disease (PD) affects the ability of individuals to initiate movement
and change muscle activity during gait initiation (Gl) and during variations in walking speed.
The present study aims to investigate the biomechanics parameters (kinetics and kinematics)
and muscle activity characteristics during Gl and variation in speed while walking on a
treadmill and overground (OG) for PD-affected individuals and physically fit people.
Methods: In this study, participants (n=17) included a physical fit (n=11, aged 31.72 +/-
17.91 years) and a Parkinson’s (n= 6, aged 67.33 +/-11.57 years, disease duration 13.5 +/-
8.69). Both groups were evaluated while walking on the treadmill and over the ground for
two phases. The first phase was Gait initiation, where the participants were asked to start
walking at their comfortable speed for two gait cycles on the treadmill and OG. The second
phase was speed variation, where the participants also walked at their comfortable speed,
and increased their speed in response to visual instruction on screen. However, on the
ground, they were asked to change their speed after their fifth walking step. A self-pacing
treadmill synchronised with a virtual reality screen (MotekMedical, the Netherlands) and
A 12-camera motion capture system (Vicon Motion Systems, UK) integrated with two
embedded force plates and a wireless EMG system (Trigno, Delsys, USA) collected the
biomechanical and muscle excitation data. Three gait cycles; before, during and
immediately after the speed change was used for the analysis of the speed variation. Data
were limited to lower limb joints and three muscles (tibialis anterior, gastrocnemius and
soleus. Differences in the percentage of contraction and magnitude of muscle activation
(area under the curve, AUC) were compared before and during the speed change.

Results: PD-affected individuals spent less time on GI during treadmill walking (2.06 s £
0.39) than the healthy reference group (2.25 s + 0.42) but more time with OG walking (1.95s
+0.25) compared to the reference group (1.49s +0.56). The reference group had a greater
range of lower limb joint movement than the PD group during Gl on both walking surfaces.
The power produced at the hip and ankle joint by the reference group was higher than the
overall PD group. The magnitude of muscle activation was lower in the PD group than the
reference group, and the severity of the disease affected the magnitude of the muscle
activation. At speed variation, both the reference and PD groups showed an increase in
speed. Cadence declined in the reference group but elevated in the PD group. Soleus muscle
activity increased with an increase in speed in PD-affected individuals, particularly in

severely affected individuals compared to the reference group.



Discussion/Conclusion: The mechanism for increasing speed appears to differ between PD-
affected individuals and physically fit individuals. Soleus excitation during stance may be a
control parameter for walking speed that is disturbed in PD, although age is likely to be a
confounding factor. Further research is needed to understand the mechanisms underpinning
these positive responses to interactive treadmill training and its impact on community

walking.

Keywords: Parkinson's disease, Gait initiation, Gait Cycles, treadmill walking, speed

change.
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Chapter1

1.1 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder,
affecting an estimated 9.4 million people globally (Maserejian et al., 2020). In the United
Kingdom, the prevalence is one in 500 people (National Health Services (NHS, 2019). PD
was first described by James Parkinson in 1817 as paralysis agitans (shaky palsy) in six
men who presented with symptoms of what is now known as PD (Ben-Shlomo, 1996).
Although PD can affect individuals as young as 18 years old (de Carvalho et al., 2018), it
is more common in older people with approximately 4% of people aged 80 years and over
are affected worldwide (Mutch et al., 1986). PD is a progressive, multisystemic illness that
affects the neural and musculoskeletal systems. The clinical symptoms of PD include non-
motor (e.g., depression, psychosis, and sleep disturbances; Witjas et al., 2002) and motor
disturbances (e.g., speech and gait impairments; Mutch et al., 1986) that worsen over time
as seen in Figure 1-1.

fhe

!

]
b — Masked facial
f expression

— Forward filt
of trunk

Flexed elbows

& wrisls Reduced arm
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A,
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hips & Knees
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Trembling +:-f—7f"'r

- Shuffling, shoit-
f stepped gait

Figure 1-1 Typical motor symptoms of Parkinson’s disease (figure adapted from

www.legacyneuro.com/parkinsons-disease/).
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Gait impairments (e.g., slow shuffling gait with incidences of gait freezing and higher risk
of falling; Shine et al., 2013) can restrict an individual’s ability to live as full a life as
possible. Walking is the most prominent activity that allows individuals to participate in
occupational and social life (Mendes de Leon et al., 2009). Maintaining walking ability is
likely to preserve a good quality of life despite disease progression (Shumway-Cook et al.,
2002). While many individuals maintain walking ability in less challenging environments,
such as their own home (Spencer, 1993), community walking is more demanding in terms
of speed (magnitude and change), changes in direction and pattern to accommodate
environmental challenges, including visual, auditory, and physical (e.qg., slopes, kerbs, and
pot holes) perturbations that affect the quality of walking (Khanmohammad et al., 2015;
Lamont et al., 2012). The multitasking nature of community walking requires a high level
of motor and cognitive function and the ability to smoothly and automatically switch
between movement patterns. This ability is impaired in people with Parkinson’s disease
(PwP); Mohammadi et al., 2015; Shumway-Cook et al., 2000). Community mobility is
required for many physical activities, which help with the restoration and maintenance of
physical health, and psychological and mental wellbeing (Hwang et al., 2019). It is an
important aspect in the rehabilitation of people living with neurological impairment, which
affects ambulation (Lee et al., 2019; Hwang et al., 2019; Miller et al., 2022).

To improve the maintenance and rehabilitation of community walking ability in PwP, there
is a need to understand the details of the kinematics and kinetics while changing walking

speed, as well as the muscle activation characteristics during these changes.

This thesis provides background information regarding Parkinson’s disease and the
research around gait in particular, in Chapter 1. Chapter 2 presents the literature review
of the characteristic of gait variables during gait transition among PwP compared with
healthy control, as well as the factors that affect community walking. Chapter 3 describes
the methods and materials used in this research. Chapters 4 and 5 present the results and
outcomes obtained using the methods outlined in Chapter 3. Chapter 6 discusses the
results and makes a critical evaluation and comparison of this research with the results of
previous studies by other researchers; it also highlights the present study’s limitations and
makes recommendations for future work. Chapter 7 includes the conclusion that this study
reached. The thesis ends with appendices containing additional information/evidence, and
a list of references.
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1.2 Background: Parkinson’s Disease Pathology

It was first suggested that PD occurred due to the loss of dopaminergic neurons in the
substantia nigra (SN), Hassler, 1967;. Subsequent research showed that dopamine a
neurotransmitter produced and secreted in the SN was deficient in PwP (Girault and
Greengard., 2004; Luedtkea and Mach., 2003; Petzinger et al., 2010). The deficiency of
dopamine neurotransmitters has been shown to disturb the function of the motor control
system and to affect the rhythmical processes of movement (Grosset et al., 2009). This
deficiency is associated with degeneration of the tracts which are responsible for the direct
and indirect pathways in the SN (Johns, 2014).

1.2.1 Basal ganglia

The term “basal ganglia” (BG) refers to a group of subcortical nuclei responsible primarily
for motor control and other roles, such as motor learning, executive functions and
behaviours, and emotions (Lanciego et al., 2012). The BG are composed of three sets of
motor nuclei located at the base of the cerebrum—the main part of the brain that helps to
initiate and modify the speed of the motor movement from the cortex to the limbs
(Graybiel, 2000; Lanciego et al., 2012). The motor pathways run from the motor cortex to
the thalamus via the BG, striatum, and globus pallidus and return to the cortex (Figure 1-2;
Grosset et al., 2009

1.2.2 The direct and indirect Pathway in PwP
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Figure 1-2 (A) shows a sagittal plane of the brain composition of the cerebrum, cerebellum, and
brain stem with the three nuclei of the basal ganglia positioned deep in the cerebrum. The green
line shows the connection between the midbrain and the cortex via the nigrostriatal projections

(Grosset et al., 2009). (B) the direct and indirect Pathways from cortex to BG back to the cortex
by excitatory projection (green) line or inhibitory projection (red) line (First Aid 2014 page 596)
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As shown in Figure 1-2 (B), in a healthy brain, the direct pathway increases dopamine
production in the SN, which leads to activation of the striatum. Striatum activation inhibits
the SN reticulate neurons (SNr) which lead to stimulate thalamus, resulting in exciting the
cortex function to produce motor activity .The indirect (hypokinetic) pathway inhibits the
global peduncle (GP) and the thalamus by neurotransmitter (GABA) which results in
inhibitory cortex activity (Frohlich, 2016).

Dopamine 1 (D1) and 2 (D2) receptors are abundant in the striatal neurons of the SN. D1
activates the direct pathway, which promotes movement (hyperkinetic). The D2 dopamine
receptor system initiates the inhibitory pathway. Dopamine 3 (D3) receptors play a similar
role to D2 receptors, although they are not so distinct in function in healthy conditions. D3
receptors are known to become upregulated in disease states such as PD (Luedtkea &
Mach, 2003). Dopamine 4 (D4) and 5 (D5) receptors activate and inhibit the direct and
indirect pathways, respectively (Girault & Greengard, 2004).

In PwP, the activity of the striatum in BG in the midbrain depends on the balance between
the direct and indirect pathways to produce D1 and D2, respectively (Lindroos et al.,
2018). The D2 receptor plays the main role in PD; the deficiency of dopamine results in
difficulties in initiating movement, inhibition of purposeful movement, and increased
unwanted movement (e.g., tremors) at rest (Gantous et al., 2007; Surmeier et al., 2017).
Firing more GABA neurons in global peduncle external nuclei (GPe) and subthalamic
nucleus (STN) produces more inhibition in the thalamus and generates motor deficits
(Mathew et al., 2019).

Cui et al. (2013) observed that both pathways were activated during both movement and
rest. Wang et al. (2015) and Freeze et al. (2013) have, however, argued that the direct
pathway promote and initiate movement whereas the indirect pathway inhibits unwanted
movements. Freeze et al. (2013) stated that activities within both pathways could influence
SNr neurons in more than one way. Cazorla et al. (2014) ported that the (GPe) externally
regulated the activation of the indirect pathway when the direct pathway was at work.

The second suggested cause of PD is the presence of the protein a-synuclein—known as
Lewy bodies—in the cytoplasm of neurons. These were discovered by Frederick Lewy in
the early 20th century (Engelhardt., 2017; Holdorff., 2002; Lewis & Spillane., 2018).
Lewy body proteins are known to be extensively present in people with cognitive

problems, such as hallucinations, Alzheimer’s disease, dementia, and some forms of PD
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(Michael-Titus & Shortland, 2018; Reisberg, 2001). It was suggested that Lewy body
proteins poison the cell body and the synapses around the cell, leading to
neurodegeneration (Lucking & Brice, 2000). In the diagnosis of PD, there continues to be a
debate about whether an individual who has all the clinical features of PD without the
presence of Lewy bodies in the brain should be diagnosed as having PD (International
Parkinson and Movement Disorders Society [MDS]; Queen Square Brain

Bank for Neurological Disorders [QSBB]; UK PD Society).

1.3 Clinical Features of PD

Irrespective of the underlying mechanism, the resulting signs and symptoms can be divided
into four phases: pre-physiological, preclinical, premotor, and motor (Frohlich, 2016).
Table 1-1 presents the motor and non-motor symptoms. Anxiety and change in mood
appear to emerge first with Cognitive deficits such feeling distraction and difficulty to
plane task, while motor control deficits appear after a 50% loss of dopamine synthesis
(Grosset et al., 2009; Riederer et al., 2006). Researchers have observed that neurologists
take a long time to diagnose people aged 2040 years with PD due to their lack of
symptoms (Schrag et al., 1998; Schrag and Schott, 2006; Tzallas et al., 2014). It is thought
that motor symptoms start to appear when approximately half of the SN cells are lost
(Fearnley et al., 1991). PD features may also occur secondary to other neurological
conditions, such as cerebrovascular disease and Alzheimer’s disease (Grosset et al., 2009).

Table 1-1 Clinical signs and symptoms of Parkinson’s disease. These have been broadly categorised
into the motor and non-motor features (Frohlich, 2016; Grosset et al., 2009)

Motor symptoms Non-motor symptoms
Tremor Fatigue
Rigidity Cognitive change, Anxiety and change mood
Bradykinesia (slowness of Sleep disturbance
movement )
Postural instability Bladder and gastrointestinal problems

1.3.1 Motor signs and symptoms

The movements of PwP are characterised in general by slowness (Lewis & Spillane, 2018).
The main motor deficits are rigidity, tremors, bradykinesia, and postural instability (Fahn,
2003; Jankovic, 2007; Parkinson, 2002), which will be discussed in greater detail below.
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According to the severity of these features, mobility and independence are affected, which
impacts the psychological status of PwP (de Pablo-Fernandez et al., 2018; Fereshtehnejad
etal., 2017).

A) Rigidity

In PwP, rigidity manifests as muscle stiffness in the limbs’ joints as well as observable
resistance during joint movement upon clinical examination (Levin et al., 2009). It is
noteworthy that clinicians observe rigidity in the later stage of PD (Jankovic, 2008) and
that rigidity in PwP does not increase with high-speed movement, as is seen in upper motor
neuron lesions such as stroke (Jankovic, 2007, 2008).

B) Tremors

A tremor is an involuntary movement which is mostly asymmetrical and appears at rest in
the hand, chin, and jaw in approximately 70% of PwP. It is observed to increase when a PwP
feels anxious or performs a task (Lewis & Spillane, 2018), and it disappears during sleep
(Jankovic, 2008). The frequency of the tremors has been measured at 3-6 Hz (Bain, 2007),
and worsening tremors in PwP point to the need to increase the dose of anti-Parkinsonism
treatment (Grosset et al., 2009).

C) Bradykinesia

Bradykinesia is movement slowness and a reduction in the sustained speed of movement
(Grosset et al., 2009). It appears when the BG begin to fail in their function of sending
outputs to the motor cortex or when a delay occurs in sending messages to the motor cortex
to prepare for and subsequently activate movement. Bradykinesia might affect walking
(e.g., shuffling gait, reduced swinging of the upper limbs, and/or inability to initiate
movement) and result in generally slow movement during the execution of common
physical activities, such as the activities of daily living (ADL,; Berardelli et al., 2001;
Lewis & Spillane, 2018). The gait specific features of PwP will be discussed in detail in
the chapter 2.

1.3.2 Non-Motor Symptoms

More than 40% of PwP complain about cognitive symptoms such as slow thinking,
memory loss, and difficulty solving problems, which arise due to the disturbance in the

brain’s higher functions in the motor cortex and subcortex areas (Pandya et al., 2008).
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There are also disturbances in the autonomic system, which lead to impaired senses,
weight change, excessive sweating, and urinary and gastrointestinal interruptions such as
constipation and increased urinary frequency and urgency (Berganzo et al., 2016; Massano
& Bhatia., 2012). As the disease progresses, PwWP may exhibit changes in mood, such as
apathy and low motivation (Aarsland et al., 2005, 2009). Furthermore, depression can
occur at any stage of PD as a main psychosocial factor, due to the often poor quality of life
(Pandya et al., 2008). Fatigue is suggested to result from a combination of sleep
disturbance and depression in around 80% of PwP, and it can be reflected in further gait
impairment and postural instability (Barbieri et al., 2013; Berganzo et al., 2014; Hagell &
Brundin, 2009).

1.4 Clinical Management of PwP

The main pharmaceutical treatment for PwP is the prescription of the dopamine
replacement drug levodopa—an amino acid precursor of dopamine—uwith the dose
determined by the severity of the symptoms helps to increase the dopamine production in
brain (Johns, 2014; Levine et al., 2012). Such treatment is effective in the short term, with
the dose becoming less effective as the disease progresses (Frohich, 2016; Grosset et al.,
2009). Studies on levodopa in animals, such as rats and monkeys, have shown that it
improves and stabilises fluctuations in motor function over the long-term period after
around 4-8 weeks of treatment (Lewis & Spillane., 2018; Rylander et al., 2010).

Impaired cognition, in PwP, can respond to levodopa because cognitive symptoms such as
memory loss develop first due to dopamine depletion in the striatum of the BG (Cools,
2006). Several studies have investigated the effects of dopamine medication on the motor
and cognitive functions of PwP, and the results have shown that motor and cognitive
functions are both improved through medication (i.e., receiving prescribed levels of
levodopa); furthermore, the overall quality of life is improved (Berganzo et al., 2016;
Lloret et al., 2014; Lord et al., 2010).

The next part will discuss the process of rehabilitation that helps to reduce the effect of
these impairments among PwP through the process of neuroplasticity.



26

1.5 Rehabilitation for PwP

Neuroplasticity is the process whereby the brain can continuously remodel its functions
during an individual’s life to adapt and enable new neural networks after brain injury or in
the presence of pathology (Duffau, 2016; Sasmita et al., 2018).

This is achieved through the generation of new neural pathways, new fibre branches or by
the growth of new cells (neurogenesis). Furthermore, the neuroplastic process can help
recover functional and behavioural systems that have been impaired by neural diseases
(Pascual-Leone et al., 2005; Hirsch and Farley., 2009).

Barnes (2003) stated that neurorehabilitation educates the disabled person on how to be
independent and to participate with the community by achieving goals and plans that are
related to their circumstances. According to WHO (2006), neurorehabilitation is an
interdisciplinary clinical process that ensures those who need rehabilitation acquire the
knowledge, skills and support for their optimal physical, physiological, social and
economic functioning. The rehabilitation process includes a number of tasks that help to
reach the recovery goals (WHO 2011).

The majority of physiotherapy/neurorehabilitation guidelines, worldwide, rely on an
exercise program to improve functional impairment (Tomlinson et al 2012). Ceravolo (2009)
introduced strategies and guidelines for the rehabilitation of PwP as an evidence-based
practice. While there is evidence on the improvement of general functional impairment
among PwP, there is insufficient evidence to support the specific or targeted modality for
these improvements.

There is growing evidence that applying exercise for PwP as a rehabilitation process helps
to recover motor function through neuroplastic recovery, which enhances dopamine
production in the SN and slows down the loss of motor skills and cognitive impairment
(Petzinger et al. 2013; Kolb & Gibb., 2010). Various types of exercise interventions have
been used as part of rehabilitation programme across several studies , for example, treadmill
walking (Uchida et al., 2005: Fisher et al., 2008), aerobic exercise (Schenkman et al., 2012)
and dance (Madeleine et al., 2010).

In addition to improvement of motor skills, improvement of behavioural deficits (Fisher et
al. 2004; Tillerson et al., 2001) psychological and cognitive impairments might also occur
(Tanaka et al., 2008) through rehabilitation. To gain the maximum benefit from
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rehabilitation, patients must find the type of exercise feasible and acceptable, as well as find
suitable times and places to practise the exercise (Kolk et al., 2013).

One of the most recent rehabilitation treatment in PwP involves the application of virtual
reality (VR) screens connected to motion cameras which record their body movements while
moving on ground or on the treadmill (Lei et al., 2019). The participants were able to
recognize their body parts on the screen and modulate the parts according to the responses
on they observed on the screen that help to improve motor imparment (Lei et al., 2019).

Another rehabilitation intervention being developed is interactive treadmill training using
synchronised virtual reality environment that provides the capacity to deliver intensive
practice with cognitive engagement (Mirelman et al., 2011, 2013, 2016). The sensory
perturbations that are created during interactive treadmill walking help to simulate variables
and challenges that might occur during real community walk environment, thus creating a
closer analogue to community walking than standard treadmill walking (Mehrholz et al.,
2015). Training with these interactive treadmills has been shown to reduce the incidence of
falls in PwP by a greater extent than training with standard treadmills alone (p< 0.0001)
(Mirelman et al., 2013, 2016; Nudeau et al., 2013.

Research on interactive treadmill training for PwP is scarce; there is need for further
research to understand the mechanisms underpinning these positive responses to interactive
treadmill training and its impact on community walking. Elucidating the factors that may
influence outcome, for example training intensity, walking parameters (frequency of
start/stop, changing speed, and, considering disease severity, when should this training
commence, is now important to optimising this promising intervention.

The background of PD has been presented with an explanation of the pathology and
clinical features and management that result from the disease, and the chapter has ended by
touching on the neuroplasticity and rehabilitation that are needed to improve the functional

and cognitive impairment among PwP
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Chapter 2 Literature review

This chapter is organised into foursections. The first section presents the phases of gait and
common measurements used in gait analysis, the second section discusses research on
community walking and the factors that affect it, and the third section will present the current
understanding of the transitions in gait including 1) gait initiation, for healthy and impaired
populations, and 2) changes in walking speed (increase or decrease) due to different events
(e.g., turning, obstacle avoidance,) and how it can impact the community walking, in healthy
and impaired populations. The gait transition section describes the kinematic and Kinetic
changes during gait as well as the changes that occur in muscle activity. The final section
will review the literature on motor control to gain a better understanding of including gait
transitions and specifically how people with Parkinson’s successfully, or unsuccessfully,

execute them.
2.1 Gait analysis

Gait analysis is the study of human walking, that is used in the assessment of various disease
conditions, and related interventions, that affect walking ability (Alharthi & Ozanyan, 2019;
Barth et al., 2011; Levine et al., 2012) .

2.1.1 Phases of gait

There are two phases of gait, a stance phase (foot on the ground) and a swing phase (foot off
the ground), which overlap and alternate for each leg (Cicirelli et al., 2021). There are seven
major events during the gait cycle, as described by (Kharb et al., 2011) and (Levine et al.,
2012);

1- Initial contact

2- Opposite toe-off

3- Heel-rise

4- Opposite initial contact
5- Toe-off

6- Feet adjacent

7- Tibia vertical

The first four events occur during the stance phase, while the last three occur in the swing
phase. The stance phase, also known as the contact or support phase, makes up 60% of the
gait cycle and starts from initial contact and ends at the toe-off event. On the other hand, the
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swing phase, which constitutes 40% of the gait cycle, lasts from the toe-off event to the next
initial contact, as mentioned by (Gouwanda & Gopalai, 2015). The stance phase is further
divided into initial contact, loading response, mid-stance, terminal stance, and pre-swing.
Similarly, the swing phase is subdivided into initial swing, mid-swing, and terminal swing,
according to (Kharb et al., 2011; Levine et al., 2012; Whittle, 2001). During normal walking,
there are two periods of double support, where both feet are in contact with the ground, and
a period of single support, where only one limb is in contact with the ground, as explained
by (Dicharry, 2010).

2.1.2 Motor tasks during the phases of gait

The gait cycle includes three primary tasks: weight acceptance, single limb stance, and
limb advancement, as illustrated in Figure 2-1 . In the weight acceptance task, involving
two phases of the gait cycle (initial contact and loading response), the body's weight is
shifted from one limb to the other. During the single limb support task (comprising mid
stance and terminal stance), the stance limb bears the body's weight while the swing limb
continues its forward movement (Kharb et al., 2011). In the final task of limb
advancement, which consists of four phases (pre-swing, initial swing, mid-swing, and
terminal swing), the opposite limb enters the terminal double support phase. The swing
limb is raised off the ground, propelled forward, and its foot contacts the floor. The limb
advancement task concludes when the leg surpasses the thigh, propelling the rest of the
body forward (Kharb et al., 2011) as depicted in as depicted in figure 2-1.
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Gait Cycle
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Figure 2-1 The gait cycle; periods, tasks, and phases. Phases are initial/heel contact, loading response,
mid stance, terminal stance, pre-swing, initial swing, mid swing, and terminal swing. A complete gait
cycle on the right limb starts from the heel contact and ends at the terminal swing (adapted from Resan,
2012)

The typical gait pattern is established between the ages of 4 and 8, children typically develop
a walking pattern characterized by rhythmic movements of the body and limbs, with the
centre of mass (CoM) moving forward (Olver et al., 2010). In healthy adults up to 59 years
old, the average walking speed is around 1.4 m/s, and the average distance covered with each
step ranges from 150 to 170 cm (Cuccurullo, 2019; Pirker & Katzenschlager, 2017;
Vazquez-Galliano et al., 2014). According to (Herrero-Larrea et al., 2018), stride length is
influenced by factors such as age, gender, physical activity, balance, and strength, while step
width appears to be related only to balance. The study found that older adults typically have
a stride length ranging from 36 to 141 cm and a step width ranging from 1.6 to 20 cm when
walking at home. Compared to younger individuals, older adults tend to have a wider step
in relation to their normalized stride length (Herrero-Larrea et al., 2018).

2.1.3 Measurement of Gait

Gait analysis, as described by (Chambers & Sutherland, 2002) can be conducted through
simple observation or more advanced three-dimensional analysis. The latter involves
measuring various factors such as joint angles (kinematics), muscular activity
(electromyography, EMG), joint forces (kinetics), foot pressure, and energetics
(measurement of energy utilisation). It enables clinicians to design approaches that are
adapted to each patient’s condition (Chambers & Sutherland, 2002). Spatiotemporal
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parameters of gait i.e. stride length, gait speed, stride time, swing and stance phase times,
along with heel-strike (HS) success, foot clearance, and toe-off (TO) angles and gait
variation measures are all measured as a first step and are the most common measurements
taken during the clinical assessment of gait (Levine et al. 2012). These spatiotemporal
parameters of gait can be used to assess a range of mobility problems, and the likelihood of
future falls for an individual (Camicioli et al., 1998; Hausdorff et al., 2001; Montero-Odasso
et al., 2005; Dodge et al., 2012). Gait analysis is widely utilised in monitoring human gait
movement in (PwP) (Demonceau et al., 2015; Ellis et al., 2015). Multiple instrumented
walkway systems are used to analyse gait information of patients with PwP, such and
GaitRite system, are widely used to measure gait patterns for clinical experiments.
Moreover, some optical capture systems, such as (Vicon motion capture system (Vicon Ltd,
Oxford, UK) and Codamotion optical tracking system, are also frequently utilised to capture
walking motion and calculate gait parameters (Chang et al., 2016).

In studies involving PwP, (Demonceau et al., 2015) placed a trunk accelerometer system on
the lower back near the body's center of mass to extract spatiotemporal gait information.
They observed that stride length, normalised to height, is reduced in PwP patients
1.36£0.19m compared healthy controlsl1.43+0.16m p<0.01. Following the same
methodology (Del Din et al., 2015) obtained the step time, swing time, stance time, step
length, and step velocity in PwP individuals.

Gait Shoes developed by (Bamberg et al., 2008) and (Morris & Paradiso, 2002) were utilised
to measure gait patterns in PwP and control groups. Based on the aforementioned literature,
gait analysis and spatiotemporal gait parameters offer valuable techniques for evaluating
medical care and treatment options for PwP.

2.2 Community walking

Walking is key to many community-based activities. A study by Chastin et al. (2014)
examined the walking behaviour of older adults in a community setting and found that
individuals were able to successfully adapt to changes in area, such as walking on slopes
and uneven surfaces. The study also found that individuals were able to adjust their
walking speed in response to changes in the environment, such as facing crowds or narrow
sidewalks. Another study by Schwickert et al. (2014) examined the walking behaviour of
older adults in a variety of community settings, including urban and rural environments.

The study found that individuals were able to adapt their walking behaviour to the specific
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challenges of each environment, such as crossing busy streets or navigating uneven

surface.

A study by Hwang et al. (2019) investigated the effect of different lighting conditions on
walking behaviour in a community setting. The study found that individuals were able to
adapt their walking behaviour in response to changes in lighting, such as walking more
slowly in dimly lit areas and adjusting their gait to maintain stability. A study by
Shigematsu et al. (2010) examined the walking behaviour of older adults in a community
setting and found that individuals were able to successfully navigate complex
environments, such as crossing busy streets and avoiding obstacles. It has been stated as
locomotion in environments other than one’s home or place of residence (Lamont et al.,
2012). This involves the potential to navigate public and private spaces, both inside and
outside, that combines a variety of environmental demands, which could be challenging for
people with Parkinson’s disease (PwP) (Lord et al., 2004). Community walking involves
independent gait (walking without assistance or support from other individuals or objects),
dynamic equilibrium, and cognitive control in response to obstacles or changes in direction
(Courtine & Schieppati, 2003). It is a generally automated task in healthy adults with most
adults able to perform other tasks, with minimal disruption, while walking in community,
such as holding a conversation or making plans (Bond & Morris, 2000; Canning, 2005;
Lajoie et al., 1996).

2.2.1Measuring Community Walking

Community walking tests can be used to predict community participation and reintegration
after an illness or injury. Qualitative tools for assessment, such as questionnaires, interview
methods, and direct observation of walking have helped to investigate the facilitators and
barriers to community walking as perceived by people living with Parkinson’s
(Blennerhassett et al., 2018, Alvelino et al., 2022; Lamont et al., 2012). These tests do not,
however, provide objective measurement of the gait parameters described in section 2.2.3
during community walking. There is a need for quantitative tools that measure and allow
greater understanding of the specific characteristics of community walking (i.e., changes in
speed to avoid obstacles or change of direction in situations of uneven or slippery surfaces,
ramps, and slopes). Understanding these challenging aspects of community walking will
help inform the rehabilitation process for an individual with gait problems. Several tests
have been developed to evaluate community walking and the underlying studies provide an



33

overview of the most commonly used tests of community walking, their psychometric

properties, and their clinical relevance.

Understanding how these biomechanical variables differ between people with and without
Parkinson’s disease would also help to isolate targets for rehabilitation. In addition, to
understand these differences in people’s gait, it is important to test whether these
differences are the same for treadmill walking as normal overground walking. This will
elucidate factors (if any) that may influence patients’ responses to treadmill-based
rehabilitation. Furthermore, investigating these factors will support the way rehabilitation
technology is used in PWP, which will help future rehabilitation processes address
impairments and arrive at better intervention outcomes for people living with PwP
(Asakawa et al., 2019).

In conclusion, tests of community walking are valuable tools for clinicians and researchers
to assess the functional status of individuals with mobility impairments. Each test has its
unique strengths and limitations, and the choice of test should be based on the specific
goals of the assessment.

2.2.2Measurement Tools used in Gait Analysis

Gait analysis is often performed with quantitative methods which are sometimes integrated
with the results of timed tests such as the 10-meter and 6- minute walking test, the Timed
Up and Go (TUG) etc (Pau et al., 2018). Unfortunately, such methods do not allow a
detailed and precise knowledge of all the spatiotemporal and kinematic variables
associated with the gait cycle, so that more refined analyses cannot be performed without
the instrumental support of devices specifically designed for human movement
analysis(Cappozzo et al., 2005; Pau et al., 2018). However, instrumented gait assessment
that provides measures with three-dimensional gait kinematics and kinetics and the
electrical activity of muscles remains the gold standard for gait assessment (Toro et al.,
2003).

Two systems are commonly used: non-wearable sensors (NWS) and wearable sensors
(WS) (Muro-De-La-Herran et al., 2014). The gold standard for gait analysis is
optoelectronic stereophotogrammetry, a NWS, but is costly and requires a controlled and
specialised movement environment (Bouga-Machado et al., 2020; Cappozzo et al., 2005).
This approach is conducted by (Corona et al., 2016; Maranesi et al., 2015; Peppe et al
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2007; Sofuwa et al., 2005; Speciali D S et al., 2014), to assess gait abnormalities in

individuals affected by Parkinson’s Disease (PwP).

This technique is, however, expensive, requiring a dedicated laboratory (i.e. the whole
system is not easily portable), and data acquisition and processing is time-consuming and
can be performed only by specialised personnel. Moreover, the final report of a gait
analysis is complex and not easy for the clinician to interpret (Pau et al., 2018). One of the
most promising solutions for mobility assessment in everyday life is the use of wearable
inertial measurement units (IMUs) (Bonci et al., 2020; Mobbs et al., 2022).

In the current review, nine different studies (Buckley et al., 2015; Caramia et al., 2018;
Chang et al., 2016; Mariani., 2012; Muthukrishnan et al, 2020; Pacilli et al., 2016; Shirai et
al., 2015; Suppa et al., 2017; Viteckova et al., 2020) used a wearable sensor approach in
PwP patients for gait analysis. All of these studies used IMU sensors with a combination of
two to eight IMU units. One study (Pacilli et al., 2016) proposed a combination of
sensitised insoles and six IMUs to estimate the gait phases and step length while also
providing rhythmic auditory feedback to the user. The PwP group has also been used as a
disease control group to identify other neurological conditions such as spinocerebellar
degeneration (Shirai et al., 2015). Other applications such as analysis of the upper body
and postural control were discussed in (Buckley et al., 2015), whereas the comparison of
several machine learning-based classifications of PwP patients was extensively discussed
by (Caramia et al., 2018). EMG is another tool, that is used to measure the electrical
activity of the muscles and has been widely used since 1920 for human movement studies

to identify the activity of muscles during movement (Levine et al., 2012).
2.3 Gait Transitions

This section will discuss research on speed modulation which define as the ability to
regulate walking speed; including initiating from standing, increasing and decreasing speed
and even changing direction. The modulation in speed is a feature of everyday walking and
problematic for PwP. Initially, the research will focus on studies of healthy adults before
considering adults with Parkinson’s.

2.3.1Gait initiation

Gait initiation (Gl) refers to the task of transferring from standing to steady-state walking
(Breniere and Do, 1991; Novak et al., 2014; Cau et al., 2014). The GI process requires a
propulsive force to move the body across a distance (from a bipedal stance to repeating gait
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cycles) (Breniere and Do, 1991; Lepers et al., 1995; Grosset et al., 2009; Martin et al., 2011;
Cau et al., 2014) while maintaining postural stability (Mickleborough et al., 2004). During
gait initiation, the complex interactions of muscles in the lower limbs generate a force that
separates the center of pressure CoP (location of the vertical force vector on the ground
(Chesnin et al., 2000)) from the center of mass, CoM (point about which the body’s mass
appears to be concentrated) to create the forward propulsion moment (Fiolkowski et al
2002).

The dorsiflexor muscles, including the tibialis anterior, extensor digitorum longus, extensor
hallucis longus, and peroneus tertius, counteract the plantarflexion moment by engaging in
a controlled eccentric contraction, as described by (Jacquelin Perry, 2010; Richards, 2018).
This contraction extends the period of heel support, propelling the tibia forward and shifting
the body weight onto the heel. The dominant force decelerating this movement is the activity
of the soleus, owing to its larger size and direct attachment between the tibia and calcaneus.
The gastrocnemius and soleus almost lock the ankle, causing the heel to rise as the tibia
advances. The ankle further dorsiflexes, reaching a maximum movement of 10 degrees. As
the ground reaction force (GRF) progresses anterior to the metatarsal head's axis, the foot
smoothly rolls with the body, resulting in an increased heel rise and a rising dorsiflexion
moment. The peak activities of the soleus and gastrocnemius only facilitate heel rise and
accelerate the advancement of the unloaded limb. In response to the action of the
gastrocnemius and soleus muscles, commonly referred to as push off (Burnfield, 2010;
Jacquelin Perry, 2010), the ankle plantarflexes. This transfer of body weight prepares the
other limb for forward movement. Simultaneously, the tibia moves forward, with the toe
stabilized by ground contact, and the knee flexes in preparation for the swing phase
(Burnfield, 2010). During toe-off, the ankle plantarflexes approximately 20-25 degrees. In
the initial swing, the dorsiflexor muscles intensify to bring the foot to a neutral position
during mid-swing, essential for foot ground clearance. Finally, the activity of the dorsiflexor
muscles increases to ensure the ankle is in a neutral position for optimal heel contact and to
meet the increased force requirements of the initial contact phase (Burnfield, 2010; Jacquelin
Perry, 2010).

Gait initiation is divided into two different phases, the preparatory and the execution (or
stepping) phases (Cau et al., 2014). The preparatory phase lasts from onset until the toe-off
of the swing foot (SW TO) (Mickelborough et al., 2004). The initiation movement requires
control and balance to start the movement and maintain postural stability, which may be
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challenging for people living with neurological conditions such as Parkinson’s PwP
(Roemmich et al. 2012; Rosin et al., 1997). Any modification to the GI program could affect
postural stability and the velocity of the movement (Stone et al., 2014) and any impairment
in muscle activation of the lower limb will interfere with the GI process, ultimately affecting
the velocity of the generated CoM displacement and consequently the initial step lengths
(Lelrad et al., 2017; Hiraoka. et al 2005; Warabi et al 2005).

The preparatory phase is further divided into two sub-phases, release and unloading
(Halliday et al., 1998; Fiolkowski et al 2002; Mickleborough et al., 2004). As shown in
Figure 2-2, the CoP is initially located between the feet (point 1) during steady standing.
During the release phase the CoP is moved postero laterally through muscle action towards
the swing foot (point 2), increasing the horizontal GRF components that accelerate the CoM
in the opposite direction (Mickelborough et al., 2004). This release phase lasts until the
furthest point of posterolateral CoP movement (maxCoP), when the CoP abruptly changes
direction, marking the start of the unloading phase. During the unloading phase, the CoP is
moved rapidly across to the stance foot, unloading the swing foot for toe-off (Mickelborough
et al., 2004). In the second Gl phase, stepping phase (execution), the CoP reaches the end at
the lateral side of the stance side foot, and the heel-off phase is immediately followed by the
toe-off as in points 3 to 5 (the final position of the CoP) (Lepers et al., 1995; Cimolin et al.,
2017).

Point 1: Origin {initial COP position)

Point 5: End
Paint 2;
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1
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Figure 2-2 The displacement of CoP during GI. The left foot is the stance side and the right foot is the
swing side. Point 1: Origin (initial CoP position), point 2: posterior position of the CoP on the swing side,
point 3: maximum anterior position during the CoP transition from the swing to the stance side, point 4:
posterior position of the CoP on the stance side, point 5: the final CoP position (Adapted from Cimolin et
al., 2017).

Muscle is composed of both contractile and non-contractile elements, as outlined in the Hills

model of muscle (Cadova et al., 2014; Jovanovi¢ et al., 2015). The contractile component,
activated by a motor unit action potential, generates tension through the interaction of actin
and myosin proteins. The non-contractile element consists of connective tissues, such as
tendons, which are parallel and in series with the contractile components, linking muscle
fibers to bones. While tendons are passive structures, their viscoelastic properties impact
motor control, with tendon length influenced by applied force (Latash, 1998; Van Soest &
van Ingen Schenau, 1998). Skeletal muscles comprise diverse tissues containing both slow
and fast muscle fibers, classified based on the myosin heavy chain (MHC) isoform
compartment. There is one slow type (MHC I) and several fast types (MHC lla, MHC lIb,
MHC I1d, and MHC 1Ix) (Pette & Staron, 2000). Muscle fibers of the skeletal system are
categorized based on their contractile and metabolic characteristics, with the contractile
properties being contingent upon the presence of specific myosin heavy chain isoforms
(MyHC) (Schiaffino & Reggiani, 2011). The tibialis anterior muscle (TA) and soleus muscle
(SOL) have been widely utilized in physiological and pathological studies involving both
animals and humans (Punkt et al., 1999). The TA primarily consists of fast muscle fibers,
while the SOL predominantly consists of slow muscle fibers (Punkt et al., 1998). The
distribution of fast and slow muscle fibers is influenced by various factors, such as
neuromuscular activity, passive mechanical loading (Carroll et al., 1999; Yan et al., 2011),
aging (Nilwik et al., 2013; Trappe, 2009), and hormonal balance (Peng et al., 2017).

In summary, the process of Gait Initiation (Gl) involves transitioning from a stationary
stance to steady-state walking. This intricate process relies on the coordination of various
muscles, particularly the tibialis anterior, dorsiflexors, soleus, and gastrocnemius. The
initiation is divided into preparatory and execution phases, demanding control, and balance.
Individuals with neurological conditions may face challenges in maintaining postural
stability. The preparatory phase, further divided into release and unloading, involves shifting
the center of pressure (CoP) and accelerating the center of mass (CoM). Understanding these
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phases is crucial for comprehending the complexities of human movement during gait

initiation.

3.2.1.1 Gait Initiation in Healthy People

Gait initiation (Gl) is a voluntary transition from a state of relatively stable to a state of
continuously instability (Hass et al., 2004; Uemura et al., 2012), which is characterised by a
preparatory phase that precedes the initiation of stepping and an execution phase that propels
the body in the intended direction (Rogers et al., 2011; Rosin et al., 1997). In the preparatory
phase of the GI, the central nervous system (CNS) elicits motor responses to prepare the
body for movement, which is also known as an anticipatory postural adjustments (APAS)
(Rogers et al., 2011). In healthy individuals, gait initiation is characterised by an anticipatory
postural adjustment (APA) phase that precedes and accompanies the initiation of the
stepping phase (Rogers et al., 2011). For forward stepping, APAs involve asequence of
muscle activations and changes in the ground reaction forces (GRFs) that move the
net centre of pressure(CoP) beneath the feet backward and toward the initial swing limb
(MacKinnon et al., 2007). This motor sequence produces the forces and moments necessary
to propel the body centre of mass (CoM) forward in the intended direction of stepping and
laterally toward the single stance limb prior to the onset of the first step..

Mickleborough et al., (2004) measured the EMG activity of the ankle muscles in each phase
of Gl in healthy elderly participants (n= 21, 11/10 F/M, aged 65 years) by analysing the
tibialis anterior (TA), gastrocnemius (GAS) in the lower leg and gluteus medias (GM) at the
hip. The CoP and CoM trajectories were also measured. The results showed that activation
of GAS, on the swing side, occurred at the beginning of Gl and later at the end of the release
sub-phase. The TA activated early at 10% of gait initiation onset on both swing and stance
sides while the GAS activated 21% on the swing and 16 % on the stance side. This study
evaluates the pattern of the ankle muscle (TA and GAS), in healthy elderly individuals,
however, they didn’t measure the activity of the soleus which is critical during GI assessment
(Mickelborough et al., 2004). In general, the older adults produced smaller and less
coordinated movement of the CoP during lateral and forward directed gait initiation than
yeang adult (Hass et al., 2008).

Developing successful training programmes to avoid falls in older adults and their efficient
rehabilitation when required, a thorough understanding of the normal age-related changes in
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motor behaviour is essential. Gait initiation is a phase of walking during which falls often
occur (Topper et al., 1993). (Henriksson & Hirschfeld, 2005) findings indicated that, the
elderly displayed several striking differences compared to the young individuals such as (
wight bearing during GI was 46% longer in elderly p<0.01 . They reported that, ageing leads
to alterations in weight bearing and ankle muscle activation in relation to gait initiation.. The
findings of (Polcyn et al., 1998) manifests some minor differences in muscle activity patterns
between young and elderly people at gait initiation onset(p<0.01), which is later on
confirmed by (Mickelborough et al., 2004) study, that reported that muscle activity to be
more variable in the preparatory phase of gait initiation. Furthermore, gait and cognitive
impairments, caused by aging or disease, commonly occur in older people (Wolinsky et al.,
2011) have been shown to predict falls (Anstey et al., 2006; Callisaya et al., 2011).The
associations between cognitive function and gait variability has been reported by Martin et
al (Martin et al., 2013). According to their results, poorer cognitive function seems to have
the greatest impact on double support phase (DSP, the phase of the gait cycle when both feet
are in contact with the ground) variability, an important factor in balance control during
walking (Martin et al., 2013).

Gait variability is the fluctuation in a gait measure from one step to the next and thought to
represent disruption in motor or postural control (Hausdorff, 2005). Gait variability is also
thought to be a more sensitive predictor of falls and mobility decline than gait speed
(Hausdorff et al., 2001) and is increased in disease of the central nervous system such as
Parkinson’s disease (Dubost et al., 2008). The decline in this neural function increases the
rate of falls (Rubenstein & Josephson 2002) mainly during change speed i.e., gait initiation
(Martin et al., 2011).

Reduced muscle reaction time which are associated with aging (Arnold et al., 2015; Jiménez-
Garcia et al., 2021; Winter, 1995), may lead to possible protective adaptations to maintain
stability, which may explain some of these changes (Winter, 1995) that have the effect of
reducing displacement of CoP to initiate the movement and produce forwarded progression
(Hass et al .2008). Martin et al., (2011); Muir et al., (2014) observed the age-related changes
in the first four steps of gait in three different age groups, from young's to adults. They found
that the gait speed during the first four steps of gait were reduced 20% for 65-79 year's old
compared with 20-25 year's old, and further reduced for 35% 80-91 year's old. Step width
(SW) did not change as a function of age, but SW variability was higher for the two older
groups p<0.01. Higher SL and SW variability may produce more errors in foot placement
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and/or decreased centre of mass control in the older groups. When comparing the two older
groups, healthy 80-91 walked slower with a shorter SL p<0.01, but did not demonstrate
changes associated with falls (Muir et al., 2014). However, the older groups that were studied
by (Muir et al., 2014) were healthy and fit, and they may have excluded those participants
who have experienced greater compromises to balance. This is supported by the observation
of higher SL variability during the first steps of gait in older fallers (Mbourou et al., 2003),
and people with Parkinson’s disease (Mbourou et al., 2003). The population of interest for
current review is people living with Parkinson’s (PwP) therefore it's important to review the
studies which explain the impairment in Gl among this population.

3.2.1.2 Gait Initiation in people with Parkinson

People with Parkinson’s disease (PwP) experience freezing of gait and slow movement that
both interfere with gait initiation (Nutt et al., 2011; Schlenstedt et al., 2018; Warabi et al.,
2018).

Impairments in the typical anticipatory postural adjustments (APA) are considered a major
pathophysiological mechanism underlying impaired Gl performance in PwP (Hass et al.,
2005). Observation and/or measurement of Gl allows APA to be assessed, such as muscular
synergies that generate the propulsion, aiming to destabilise the antigravity postural set by
shifting the center of pressure (CoP) to generate a gravitational moment favouring the center

of mass (CoM) forward acceleration.

According to Martin et al (Martin et al .,2002) persons with PwP displayed smaller
6.45+032.5 cm CoP-CoM magnitudes compared with healthy older adults 21.16+43.5cm to
reach the toe off of the swing side of GI and suggested that the CoP-CoM relation provided
a means of identifying problems during gait initiation in patients during the early stages of
PwP.. Onuma et al (Onuma et al., 2022) investigated the CoP separately for the stance and
stepping legs. In the PwP patients, the posterior displacement of CoP was larger in the stance
leg11.94£9.8mm than in the swing leg3.56+3.6mm p<0.01. Okada et t al (Okada et al., 2011)
observed the deviation of the 3rd CoP peak and the first heel contact position toward the
initial swing side, indicating excessive weight shifting toward the initial swing side during
the first gait initiation step. Their findings showes abnormality in weight shifting between
the legs. and that medial deviation of the CoP from the first heel contact position affected by
the severity of FoG during the first three steps of gait initiation in PwP patients with FOG.
Palmisano et al (Palmisano et al., 2022) studied the APA during GI in PwP, and observed an
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impaired posture instability and also impairment in APAs’ production at Gl, which isin line

with previous findings (Halliday et al., 1998; Palmisano et al., 2020).

In summary, research has shown that PwP display smaller magnitudes of the centre of
pressure (CoP) and centre of mass (CoM) relationship, indicating problems during gait
initiation. Studies have also observed abnormal weight shifting and impaired motor
programming during gait initiation in PwP, highlighting the significance of APA in this

process.

To understand the fundamental basis for gait disturbance in PwP, it is useful to consider
motor and attentional constraints on spatiotemporal, kinematic and kinetic variables.
Spatiotemporal (distance and time) variables concerning the foot step pattern include the
step length, walking speed and stepping rate (cadence) as well as the proportion of gait cycle
spent in double limb stance (Morris et al., 1999). According to (Roemmich et al., 2012),
PwP produce shortened step lengths ( 0.46+£0.01m) compared to control group (0.54+0.01m)
and increased step time (0.58+0.01min compared to control group 0.57+£0.01min of their
first steps during GI. In PwP, increased gait variability between swing and stance side with
step time (0.58+0.01m,0.73£0.01m)and step length(0.46+0.01m,0.97+0.01m )p<0.05 has
been reported and has been associated with an increased incidence of future falls (Roemmich
et al., 2012). Hass and colleagues observed that persons with more advanced PwP
demonstrated greater impairment in dynamic stability during GI when compared to persons
with less severe PwP p<0.04(Hass et al., 2005). In addition, Carpinella et al and Dibble et al
(Carpinella et al., 2007; Dibble et al., 2004) reported the decreased step length and step
velocity during the first step of gait initiation in PwP p<0.05=.

Understanding the details of the way GlI, for PwP, deviates from the normal mechanism
described in section 2.3.1 is important for future studies aimed at improving community
walking, the next section considers more detailed studies of Gl in PwP, including the use of

instrumented gait analysis.

Rosin et al., (1997) compared the phases of GI between 31 PwP and 20 age (42-78years old)
and sex matched, physically fit, control participants. The PwP spent more time (0.375x0.1s)
than the control group (0.302+ 0.08 s) in the preparation phase (p<0.01). A longer execution

phase was also observed for PwP, 1.321+0.2 s compared with 1.28+0.2s in the control group.

Okada et al. (2011) compared the displacement of the CoP during GI between 17 PwP aged
60-80 years old (10 with FoG, 7 without FoG) and 7 healthy aged-matched controls. The
centre of pressure (CoP), heel contact positions, and spatiotemporal parameters were
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estimated from the vertical pressures on the surface of the force platform. The PwP recorded
a significantly longer step time, 1.14+0.06 s compared to the control group 0.97+0.03s,
p<0.05, and a shorter, initial step length among PwP, 38.0+£3.8cm compared with the control
group, 52.5 +1.1cm and a lower velocity (22.0£2.4 m/min versus control group 33.1+1.1,
p<0.05). While no differences were observed in step width, the CoP movement in the
anteroposterior direction in PwP was noticed to be statistically smaller than the control group
(1.1 £0.2 versus 1.8+0.1, p<0.05). The results also showed that the spatiotemporal
parameters were all different for the participants who had freezing of gait (7/10) compared
with the non-freezers (p<0.05).

These differences in gait parameters may be indicative of an impaired motor function
associated with dysfunction in the basal ganglia in PwP. The maintenance of balance during
perturbations experienced when walking is one of the most important roles of the central
nervous system (Ray et al., 2022). It has been noted that walking on a treadmill could impose
challenges to stability control as compared to overground walking due to different
proprioceptive inputs arising from lower limbs (the legs are stable on the ground during
overground walking while being pulled posteriorly during treadmill walking) (Bayat et al.,
2005), the lack of optical flow and the absence of forward progression during treadmill
walking (Warren et al., 2001), and the constrained walking speed upon a narrower raised
path on treadmill than over ground (Dingwell et al., 2001).

According to Lu et al ( Lu et al., 2017) young adults are able to modulate time and space
differently on each surface probably because the displacement of their centre of mass was
smaller when they walked on the treadmill than when they did over the ground<0.001. Yang
etal (Yang & King, 2016) observed slower comfortable gait speeds during treadmill walking
1.15+£0.1m/s in comparison to the overground walkingl.41+0.1m/s p<0.001 that is also
reported by (Rosenblatt & Grabiner, 2010) concerning older (p<0.001), and (Dal et al., 2010)
concerning young participants (p<0.05). According to Nagano et al and Yang and King
(Nagano et al., 2013; Yang & King, 2016) participants take a shorter step when walking on
a treadmill than over ground(p=0.008).

Herman et al (2005) reported gait spatiotemporal parameters modifications as safety-related
adaptations, that indicates “cautious gait” used by the participants during walking on the
treadmill. Therefore, these adaptive changes may serve as responses to the destabilising
nature of treadmill walking in order to preserve balance and stability during treadmill
walking (Nagano et al., 2013). It was previously revealed that individuals exhibit comparable
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inter-joint coordination variability between treadmill and overground walking (Chiu et al.,
2015). It has also been reported that the metabolic energy cost is larger during treadmill
walking than overground walking at the same speed (Berryman et al., 2012) suggesting that
individuals try to ensure their stability when walking at the expense of efficiency.

In summary, spatiotemporal parameters in people with Parkinson's disease (PwP) show
shortened step lengths, increased variability, and decreased muscle activity compared to
healthy individuals. These parameters are associated with increased gait variability and
higher risk of falls. PwP also exhibit differences in gait initiation, spending more time in the
preparation phase and demonstrating longer execution phases. Treadmill walking poses
additional challenges, leading to adaptations such as shorter steps, altered gait speed, and
safety-related modifications. Understanding these parameters is crucial for developing

interventions to improve gait abnormalities and freezing of gait in PwP.

According to Crenna et al (Crenna & Frigo, 1991), gait initiation includes a single motor
sequence programme that starts with inhibition of the soleus (SOL) and activation of the
tibialis anterior (TA) on the starting moving side. They observed that these was inhibition of
the (SOL) tonic activity during standing while TA burst is responsible for the CoP backward
shift. This pattern of muscle activity is consistent with reports that the CNS governs initiation
of gait through use of pre-designed motor programs (Fiolkowski et al., 2002; Hass et al.,
2004; Queralt et al., 2010). These motor programmes define the detailed characteristics of
the movement, which allows the CNS to precisely control the muscle activity/inhibition
sequences. This coordination between muscles is a vital component of well controlled
movements (Wakeling et al., 2010). Several studies have confirmed this (Cau et al., 2014,
Fiolkowski et al., 2002; Queralt et al., 2010) in observing a highly reproducible pattern of
muscle activation/inhibition during Gl in healthy adults, which involves inhibition of
gastrocnemius/soleus (GS/SOL) muscle activity followed by activation of the tibialis
anterior (TA) muscle bilaterally and then soleus activity to assist the forward propulsion.
The delay in the switching between inhibition and activation of soleus muscle activity is
believed to result in an increase in time taken to execute GI (Warabi et al., 2017) and lower
resulting gait speed.

The altered control of voluntary movement, evident in a range of neurological conditions
like stroke and PwP, can also include an impaired ability to switch, automatically, between
muscle synergies, affecting a range of functional movements. Several authors, including
Rosin et al. (1997), Halliday et al. (1998), and Cioni et al. (1997), have investigated the
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effects of L-Dopa, a neurotransmitter replacement drug that is the mainstay of drug
management for patients with Parkinson's disease (PwP). These studies have found
qualitative disturbances in muscle activation patterns during walking in PwP when they are
OFF L-Dopa, such as an absence or extreme reduction in TA activations in early stance or
during the early and late swing phases.

During Gl, it has been observed that each lower limb muscle, such as planter flexors (SOL
and GAS) or dorsiflexors (TA), has distinct functions in gait, such as stability or propulsion
(Dessery et al., 2011; Michel et al., 2004; Sadeghi et al., 2000). Leteneur et al (Leteneur et
al., 2013) reported postural factors in Gl with natural forward leaning (FW) participants
presenting smaller hip flexion moments than backward leaning (BW) participants just prior
to heel-off in GI. They explained these results by suggesting a more efficient use of gravity
in FW leaners to initiate gait. But natural trunk inclination and its effect on the EMG
sequence during Gl have not been investigated. This is important knowing that impairment
in muscular agonist-antagonist synergy in both lower limbs could lead to abnormal patterns
of propulsive forces and postural instability (Fortin et al., 2015).

The above-mentioned studies suggest that PwP are less able to switch between muscle
synergies, particularly when off their medication. Okada et al. (2011); and Rosin et al., 2004
agreed that PwP need more time (1.14 s) for Gl than the control group, even when age-
matched p<0.05 ;P<0.01. Also, although there were methodological differences (Okada et
al., focused on weight shifting during the first three steps while Rosin et al., investigated the
kinematic patterns during gait initiation), both studies observed that the plantar flexor
muscles, mainly the soleus muscle, showed an altered ability to switch between inhibition
and activation during Gl phases (Hiroaki. et al 2005; Warabi et al 2005).

Table (2.1) summary of research investigating gait initiation in people with and without
Parkinson's disease.
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Table 2-1 summary of research investigating gait initiation in people with Parkinson's disease and healthy participants.

Authors Method Outcome measures Findings Comments and limitation

Falkofske., et al | » 10 healthy | To understand the effect of | e Fz loading forces decreased from pre- | e The study recruited 10 healthy participants

2002 Participants start to | forces during Gl pre- and test 111.23 +8.0% (BW) to post-test therefore unable to generalise results to
walk following | post-desensitise leg and 106.41 +6.2% BW (P= 0:03). neurological conditions.

visual cues on the | whether that affects the TA | o Fx propulsion force decreased from | e lack of control group
walkway underneath | and SOL muscle activity | 87.10+13.4t066.73 +8.8% BW (P = | e Gastrocnemius muscle as part of the plantar

the force plate with | during Gl. 0:01) flexor was missing during the investigation
and without tibial e Increase the time of the propulsion | which may affect the propulsion phase and help
nerve phase from 30 ms to 34 ms P=0.03. in postural stability as the study aimed.
desensitisation. e Decreased in percentage of TA

activation 85+.9% and SOL
2.3£3.3% of the total Gl time from
pre-test to post-test.

e The loss of sensation effect GRF
which affects muscle activation
during GI, resulting in postural

instability.
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(Mickelborough
et al., 2004)

e 21

healthy
Participants  Mean
aged 70.8 + 3.48
stood on the force
plate and initiated
gait at their normal,
self-selected speed,
in response to a cue

light

e The
activation of

and Muscles d

percentage  of

GAS, TA,
uring Gl

e The TA activated early at 10% gait

initiation on both swing and stance
sides while the GAS activated 21% on
the swing and 16 % for the stance side
CoP goes backward to the word swing
side and inhibits the activity of GAS,
and activate the TA

e The study includes 21 older adults without a
control group to show differences in CoP
displacement.

o Results didn’t measure the activity of the soleus
muscle Walking on different surfaces may
produce a change in biomechanics and muscle

activity.

Cau et al 2014

20 obese aged
49+13 years old, 15

e CoP movement (velocity

The velocity of the CoP reduced in the

o The study did not include kinematic and kinetic

control aged match and length) to identify the anteroposterior direction but data for the lower limb which helps to
The participants |  postural adjustment | increased in the mediolateral understand the main differences between the
stood on a force plate during GlI direction in obese compared with the |  two groups.
and initiated walking control group. p<0.05
after following the Obese participants walk longer for
verbal cue. CoP displacement compared with the
control which may be to maintain the
postural adjustment during Gl to
produce more balance.
Muir et al., 2014 48 adults healthy | e Speed of GI movement Walking speed decreased by 35% in | e Participants were asked to start three times with

Participants stood on

a force plate and

among elderly

elderly (80-91 years old) participants

compared with young adults.

the right and then left side and that may disturb

the way that the subject used to walk mainly
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initiated gait at their

e Elder people walk with slow and

with older adults, better to keep walking with

normal, self-selected longer steps to maintain more | the preferred side.
speed, in response to stability
a cue (light)
Rosin et al, 31 PwP aged 60-80 e Thechange in Gl time for | ¢ PwP spent a long time in the | e Small sample size
1997 ;((? arscoc:gtrol aged PwP preparation  phase  (0.37£0.12s) | e Examine the lower limb muscle activity help in
match compared to the control group (0.30+ understanding the main cause of delaying the
Participants stood at 0.83 s) (p<0.01). time of the GI phases mainly with PwP due to
the start line and e longer execution phase time for PwP | the impairment in BG which effect the motor
initiate gait with self- 1.32+0.21s compared to the program and postural adjustment
selected speed, in 1.28+0.15s control group. o The change in the walking surface may produce
response to a cue greater differences in spatiotemporal parameters
signal due to the need to maintain stability with the
treadmill
(Okada et al., 17 PwP aged 60-80 | displacement of the CoP | e small displacement of CoP in AP | ¢ Small sample size
2011) ;(earéoor:tdrol aged among PwP direction with PwP compared to | e The study includes PwP during ON medication
match control P>0.05 status which may affect the Freezing episodes
participants  stood e shorter step length time for PwP which increase during gait initiation that may

at the beginning of
the walkway and
initiated gait with

self-selected speed,

compared to the control
p>0.05)

group

e PwP was slower in Gl compared to
the control group p>0.05

affect the results
e possible to investigate the kinetics and

kinematics data with Gl
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in response to an

auditory signal

(Delval
2014)

et al,

e FoG =30 aged

64.4+9.9 years old
,Non-FoG= 30 aged
61.8+15.3years old
,Control = 30 aged
80-91years old
Participants walked

o Gl

parameters

cued and non-cued Gl

during

e FoG produced shorter APA compared

to non FoG and healthy( 47 £ 27mm
FoG , non FoG 65+29mm, healthy
78+26mm P<0.0001

FoG was slower than non-FoG and
healthy in the first step Gl cued
without cued P<0.0001

o The subjects were asked to start walking as fast

as they can which disturbs their balance and
generate a freezing phenomenon due to
disturbance in motor control that needs more

cation and stability which leads to having a short

on a  walkway FoG reduced in step length and time | g0 ¢ provide more stability which may affect
underneath force with cued GI 0.45x0.16m and
plate following 0.52+0.09s than NOT  cued results
verbal cues or by 0.51+0.15m and 0.60+0.14s
self-initiation
(Hass et al., PwP 43 split e Max displacement of Displacement of CoP-CoM was The study used the H&Y scale to identify the

2005)

according to H&Y
score(23 PwP > 2.0
H&Y aged 61+10
Years old, 20 PwP
<2.0 H&Y Aged
70+9Years old

The participants
stood on a force plate
and initiate walking
after following the
verbal cue.

CoP and CoM

greater during the single-support
phase with PwP mild disable group
<0.2 (H&Y score ) compared to
moderate disable score> 2.5 (P=.004)
PwP with impaired postural generates
shorter CoM-CoP  displacement
which affects the balance during Gl
single support phase

level of disease progression and it could be
better to use the Freezing scale to identify the
freezing that effect Gl as well as muscle activity

to help to clear the results

Lin et al 2016

15 PwP, Eight
healthy aged match
The participants
stood on a force plate

e Timing and magnitude of

vertical GRF force during

Gl.

PwP spend longer APA time at swing
and stance step compared to healthy
p<0.01

The study recruited PwP with moderate to
severe disease but not individuals with mild
disease which may have different results.
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and initiate walking
after following the
verbal cue.

Smaller GRF (Fz) on both swing and
stance during transfer in PwP
compared to control group p<0.01

Findings not applicable to whole population of
PwP

(Cohen et al.,
2017)

25 PwP (FoG =12
aged 67.7t£8.9Years
old, non-FoG= 13
aged 66.5t5.9Years
old, Control = 12
aged 66.9+6.6Years
old

The participants
stood on a force plate
and initiate walking
after following an
auditory cue...

o APA time during Gl

APA time in FoG was longer in time
compared to non-FOG and healthy
0.14 s and 0.10 s respectively
(p<0.0001)

The study didn’t use a freezing scale to identify
the level of freezing which will support the
result.

Possible to analysis the kinematic and kinetic
may help to identify the differences

It could be feasible for future study to
investigate similar parameters on treadmill
walking

(Palmisano et
al., 2020)

26 PwP, 27 control
aged matched

The participants
stood on a force plate
and initiate walking
after following the
verbal cue.

e CoP displacement time

and velocity

PwP showed a short time for CoP
displacement 31.8+13.4 mm
compared to the control group
36.9+15.1mm P<0.01

faster CoP movement with PwP
82.4+51.3 mm/s compared to control
103.6+50.5mm/s

Possible to measure the anthropometric
parameters that may produce differences on
step length, time, and speed during GI for PwP,
especially in advanced disease.

(Luetal., 2017)

PwP :FoG 11 aged
66.3+1.6y; NON-
FoG 14 aged
64.3£9.1y
Investigate GI from
standing over a force
plate walkway with

o self-initiated
e fixed cue

timing
protocols: delay (3s)

o CoP AP displacement

Reduced the time of the cued Gl in all
situations
(0.3140.075s,0.34+0.70s,0.30+0.07s)
than non-cued 0.375+0.08s for FOG
compared to another group of PwP
p<0.004

In PwP, delayed (3)s cues had longer
APA time than the fixed delay and
countdown conditions p<0.04.

FOG started GI slower than Non-
FOG to maintain balance.

The study investigated a different type of cueing
during the session that may produce fatigue to
PwP mainly with the number of repetitions of
trial

The severe condition may have different results
due to FoG which may be excited due to
variation in the type of cue
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e random delay (4-
12s)

e countdown  (3-2-1-
go, 1-s intervals)

(McCandless et
al., 2016)

e 20 FoG aged
68+11.5 Yo
e The participants

stood on a force plate
and initiate walking
with:

no cued

vibration cue

Visual cue

Auditory cue

o Investigate the effect of
three types of the cue on
the GI process among
FoG

e FoG episode

e CoP displacement AP

o First Step length

o shorter step length 0.143+0.1m than

Non-FoG  0.241+0.01lm with a
reduced velocity of CoM and CoP
among FOG p<0.05 than non-FoG
The study showed that the number of
FoG  episodes reduced  with
somatosensory curing than other
p<0.05

PwP was easily affected by the
surrounding  environment  during
walking

e possible to investigate joint movement
(kinematic) with different cuing among PwP
with FoG to analyse the differences

(Hiraoka et al.,
2005)

o Nine PwP 66.1+11.8
Years old,Seven
healthy aged
64.6+4.3 Years old

e participants  started
to walk following
verbal cued or
without cued with
self-selected speed

e EMG activity of TA and
SOL

Larger RMS activation of TA during
the cued trial compared non cued in
both groups p<0.05

The activity of Sol reduced in PwP
with cued compared to non-cued
p<0.05 but not with healthy

The external cued effect on the
muscle activity of the ankle joint
during the GI process among PwP due
to the delay in motor control

o Small sample size

o Absence of mild PwP subjects, not generalisable
to whole PwP population

e The FoG phenomenon needs to be examined to
identify the differences between cued and non-
cued among PwP and that will affect the activity
of the soleus muscle

PWP: parkonson people, TA: tibialis anterior, GAS: gastrocnemius, SOL: soleus, FoG: freezing of gait, CoM: center of mass, CoP: Centre of pressure, GRF(Fz): vertical ground

reaction force, GRF(Fx) horizontal ground reaction force, APA: anticipatory postural adjustment.
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Table 2.1 illustrates the key differences in gait initiation between healthy people and people
with Parkinson's disease:

e The commonly used outcome measure in research is gait speed. However, it is important
to note that an increase in gait speed does not always indicate an improvement in gait
quality, especially for individuals with balance issues.

e Any modification in the motor program reduces gait velocity and postural stability.

e The separation of the centre of pressure (CoP) and centre of mass (CoM) pathways is
generated by plantar flexor activity, primarily the soleus muscle, which shows
continuous activation during gait initiation phases among PwP (Warabi et al., 2018).

e Abnormal control of voluntary movement from the brain impairs the ability to switch
between muscle synergies, particularly in the lower limbs (Rosin et al., 1997) Holliday
etal., 1998).

e The reduction in tibialis anterior (TA) activation during the stepping phase, along with
increased activation of the soleus muscle during the preparation phase, leads to failure
in the gait initiation process among individuals with Parkinson's disease (Hiraoka et al.,
2005; Warabi et al., 2005)

e PwP are less able to maintain postural stability through the ankle strategy, as observed
in unimpaired individuals (Chastan et al., 2008; Dimitrova et al., 2003).

e It should be noted that the studies by Okada et al. and Palmisano et al. (Okada et al.,
2011; Palmisano et al., 2020) include individuals with Parkinson's disease during the
"ON" medication status, which may affect freezing episodes that increase during gait
initiation and subsequently impact the results.

e Methodological limitations of the reviewed studies include small sample sizes (range:
PwP = 9-43, control = 7-48).

e The absence of mild Parkinson's disease participants in these studies limits the
generalisability of the findings to the entire Parkinson's disease population.

e Understanding the differences in gait phases during clinical assessment can provide a
better understanding of the walking difficulties experienced by patients in their daily
lives and may contribute to the development of more personalised treatment plans in the

future.
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2.3.2 Change in walking speed (increase , decrease).

2.3.2.1 Change in walking speed Healthy people

Humans can reach a steady walking speed after taking four steps from standing
(Strutzenberger et al., 2021). Maintaining a steady speed during everyday indoor or outdoor
walking is, however, unlikely; individuals must change their speed, stop altogether or change
direction to get around various obstacles or situations they may encounter while walking in
everyday life (Strutzenberger et al., 2021). The next part will present the differences in the
biomechanics parameters and muscle activation during speed transition with healthy
participants.

Several studies have investigated the spatiotemporal changes during speed variation among
healthy individuals. In a study by (Menz et al., 2004), the authors analysed the gait patterns
of 60 healthy adults aged 20-87 years during slow, comfortable, and fast walking speeds.
The results showed that step length, step time, and walking speed increased with faster
walking speeds, whereas double support time decreased. Additionally, older adults had
slower walking speeds, shorter step lengths, and longer double support times compared to
younger adults p<0.05.

Chui &Lusardi., (Chui & Lusardi, 2010), analysed the gait patterns of 118 healthy older
adults during slow, normal, and fast walking speeds. The results showed that walking speed
was positively associated with stride length and step length, while negatively associated with
step width and double support time p<0.001. Additionally, age-related changes in gait speed
were associated with changes in stride length and cadence. According to Verghese et al.
,2009 community dwelling older adults in an urban setting were 28% more likely to fall if
their gait speed was below 1 m/s and 54% more likely to fall if their gait speed was below
0.7 m/s.

Segers et al., (Segers et al., 2006) examined the change in spatiotemporal parameters when
gait speed is altered, for instance, during the increase and decrease walking speed. Twenty
healthy participants performed 25 trials (increase and decrease walking speed) on a treadmill
with a rest period of 30 seconds after every five trials. The duty factor (DF, the ratio of
contact time and total stride time), step frequency (SF, the number of steps per minute),
speed (v), and step length (SL) were calculated. T-tests showed a difference (from 1.09£0.2
to 2.41+0.3Hz p<0.01) in SF and a corresponding decrease (1.09+0.07 to 0.87£0.12 m
p<0.01) in SL. In the decrease walking speed, the T-test showed a statistical difference in
DF from 0.46+0.02 to 0.55+£0.03m/s2 while a decrease in SF from 1.98+0.10 to 1.96+0.2Hz



53

and a slight decrease in SL from 1.12+0.07 to 1.08+0.09m. They concluded that the
processes for increasing and decreasing speed are not similar, but in both tasks the transition
from one speed to another takes place in the walking steps close to transition, emphasising
the importance of studying the cycles before and after the speed transition. While this study
is useful it represents a change in the type of gait (increase) as opposed to a change in the

speed of one type of gait.

The previous study, Segers et al., (2006), investigated the change in speed among healthy
young women which limits generalisability to whole population. The authors mentioned that
the change in speed does not occur at the same point in time and is more likely to be a

process.

In conclusion, the spatiotemporal differences between slow, comfortable, and fast walks
among individuals depend on age and other factors, such as health condition.

Understanding these differences can help to improve the assessment and treatment of gait
disorders and provide insights into the biomechanics of walking at different speeds.
However, none of these studies have looked at the actual transition point in walking speed.
Just compared different speeds. Future research in this area should focus on identifying the
underlying mechanisms of these spatiotemporal differences and their implications for
clinical practice.

There have been several studies investigating the kinetic and kinematic differences during
speed variation among healthy people. The majority of the studies used various gait analysis
methods, including motion capture systems, force plates, and electromyography. One of the
key findings in the literature is that different walking speeds elicit different joint kinematics
and kinetics.

Li and Hamill (Li & Hamill, 2002) analysed the vertical ground reaction forces (VGRF) for
five steps during the transitional period of a speed change (normal walking to increased
speed and back to normal) among 20 healthy young adults. The peak VGRF increased during
the speed increase, from 12.5.5 to 13.5 N/kg (recorded during the cycles preceding the gait
change) to 14.3 to 14.4 N/ kg (after the change), with greater changes observed during the
last step before the speed increase was observed. During the decrease in speed (decreased
speed from normal walking), the peak VGREF, unsurprisingly, decreased from a range of 20.8
to 19.7 N/kg and maintain the 19.7 N/kg after change speed. In a similar experiment, Sun et
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al. (Sun et al., 2018) reported that vertical GRFs significantly (p<0.001) increased with
increasing speed from 1.42+0.04 to 1.71+0.5 B/W and decreased from 1.71+0.5 to 1.36+0.07
BW p<0.001with decrease in walking speed. Stride length and cadence could also influence
propulsive GRF and increase with a change in walking speed as stride length decrease by
0.06+0.01m with slow speed and increases by 0.06+0.02 m with fast speed p<0.05. Cadence
also decreases (17.9+0.1 s/m) with slow speed and increases (27.2+2 s/m) with fast speed
(p<0.05).

The study by Sun et al., (2018) investigated the effects of walking speed on lower limb joint
kinematics, ground reaction forces, and moments. Their findings supported the idea put
forward by Li & Hamill, (2002) that there is a necessary increase in the ground reaction force
component prior to gait transition. Furthermore, their results reinforced the idea proposed by
Segers et al (Segers et al., 2006) that there are distinct spatiotemporal characteristics
associated with the increase and decrease transition when gradually changing speed. Thus,
the Sun et al., (2018) study provided evidence to support and strengthen the existing
literature on biomechanics during walking speed changes.

In summary during speed increases, the VGRF exhibits an increase in magnitude,
particularly during the early stance phase. This increase is due to the need to generate greater
propulsive forces to accelerate the body forward. In contrast, during decrease walking speed,
the VGRF exhibit a decrease in magnitude , particularly during mid stance. This decrease is
due to the need to decelerate the body, to brake.

Riley et al., (Riley et al., 2001) analysed the normal, slow, and fast gait of 24 healthy young
subjects to investigate their hypothesis, that adaptations for changing speed requirements
occur primarily with increased speed from normal to fast the ROM increased at the hip
(flexion and extension) 5 degrees, knee flexion 3 degrees and ankle planter flexion 2 degrees
while ankle dorsiflexion showed decreased 2 degrees with speed increase from normal. With
change speed to lower from normal speed the three joints showed decreased around 3
degrees in movement except the ankle dorsiflexion increased in ROM. At late stance early
swing , with increase speed the analyses of the hip linear power decrease to -0.2+0.7w/kg
and increase to 0.6£0.3W/kg with decease speed. also, the knee showed a decrease to -
0.7+£0.4 W/Kg with increase speed and increase to -0.14+0.4 W/Kg with decrease speed.
While the ankle maintained the positive value of increased linear power with increased speed
of 3.2+0.8 W/Kg and 1.4 £0.4W/Kg with decreased speed.
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the study revealed that the propulsive adaptations to speed changes occur primarily and
secondarily at the hip and ankle, respectively. Their findings also showed that the hip
extensors contributed more to horizontal than vertical force generation. This suggests that
the hip extensors play a key role in propelling the body forward during walking as this is the
joint mainly responsible for creating a speed change.

Den Otter et al., (2004) aimed to investigate the neuromuscular activity during very slow
walking speeds (<0.28 m/s) in order to better understand the mechanisms underlying speed
regulation during walking and aid the interpretation of gait data in patients who walk slowly.
Nine healthy young adults were recruited and walked at seven different walking speeds on
a treadmill, while electromyographic (EMG) activity was recorded from eight lower
extremity muscles. The results showed that the phasing of muscle activity remained
relatively constant over walking speeds, with high changes in amplitude.

At very slow speeds, the Peroneus longus during midstance and Rectus femoris in late swing
increased in activation to produce new bursts of activity with decreasing speed
(44.0%,38.2%). During the gait cycle, the GAS and SOL muscles showed one large burst of
muscle activation time with slow speed, mainly during the stance phase (39.9%,24.4%). On
the other hand, the TA showed two bursts of activation during the gait cycle, late swing, and

early stance , while the second was more strongly affected by speed than the first burst

The authors propose that these activities from muscles may be leads to increased ability
stabilised the postural and the altered dynamics of the swinging limb at very slow speeds.
Overall, this study provides important insights into the neuromuscular mechanisms
underlying speed regulation during walking, which may be useful for developing
interventions to improve gait in individuals who walk slowly.

A study conducted by Kibushi et al., (2018) on muscle activity during changes in speed
variation among healthy people involved surface electromyography (SEMG) to measure the
muscle activity of 10 healthy individuals during treadmill walking at various speeds. The
participants were instructed to walk at slow, medium, and fast speeds, with each speed
maintained for five minutes. The EMG data were collected from six lower limb muscles:
tibialis anterior, gastrocnemius lateralis, biceps femoris, vastus lateralis, rectus femoris, and
gluteus medius. The data were then analysed to determine the muscle activity patterns during
speed variation. Their findings were in line with the previous studies (Den Otter et al., 2004)
indicating that there are true differences in muscle activity patterns in comparison to speed.
This study contributes to the growing body of knowledge on the biomechanics of walking
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and provides valuable insights for the development of rehabilitation programs for recovery

of community walking that requires frequent speed changes.

The studies by Seger et al., (2006), Li et al., (2008), Riley et al., (2001), Sun et al., (2018),
Kibushi et al., (2018), and Den Otter et al., (2004) investigated muscle activity during speed
variation in healthy individuals. So the findings may not be applicable to individuals with
gait abnormalities. Additionally, the studies only examined forward velocity and did not
investigate other aspects of gait, such as stride length or cadence.

Overall, these studies suggest that changing in walking pattern, speed or direction is
challenging movement that is influenced by age, and cognitive function. Therefore, further
research is needed to better understand the underlying mechanisms of Change walking
pattern and to develop effective interventions to improve turning performance in individuals

with mobility impairments.
2.3.2.2Change in walking speed for People with Parkinson’s disease

One of the characteristic motor symptoms of PwP is bradykinesia, or slowness of
movement (Fahn, 2003). Speed modulation , or the ability to grade movement speed to
match the task demands, is often impaired in PwP patients, leading to difficulties with
activities of daily living and reduced quality of life (Mazzoni et al., 2012).

Freezing of gait (FoG) is a common and disabling symptom among people with
Parkinson's disease (PwP) characterised by a sudden, usually transient, cessation of
walking that can result in falls and has an impact on quality of life (Fasano et al, 2017,
Okuma, 2006).

As explained in Chapter 1 (1.2.1), the interaction between the motor cortex area and the
basal ganglia slows down among PwP, inducing changes in gait parameters, such as
reduced step length, cadence, and speed (Shine et al., 2010).

Peterson et al (2020) identified the changes in spatiotemporal parameters during the change
from a comfortable speed to faster walking among PwP. The test was conducted for PwP
when OFF medication, and an age matched control group were recruited from other
neurological conditions individuals (n=40). The study asked participants to walk for two
min at their preferred speed and two min with a faster walk. They observed that during the
faster walk both groups exhibited larger stride lengths, higher cadence, and longer swing
time, compared to a comfortable speed. The PWP, however, showed less change in stride
length (0.11m), cadence 12.02 steps/min, and swing time 1.71%) compared to control
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group 0.12m,16.92steps/min, and 2.22%. These differences were statistically significant
(p<0.001).

In conclusion, typical walking speed is reduced in people with Parkinson's disease, which
impacts on independence and quality of gait. PwP also exhibit spatiotemporal parameter
differences during speed variations, particularly during slow walking speeds. Interventions
such as exercise programs may help to improve walking speed and reduce falls risk in
people with PwP (Tomlinson et al., 2012; Rochester et al., 2005). Further research is
needed to investigate the effectiveness of these interventions and their long-term effects on
gait in people with PwP.

Svehlik et al. (2009) compared spatiotemporal, kinematic, and kinetic gait parameters
between 20 PD patients off dopaminergic therapy and 20 healthy controls.. They found that
the PwP group had decreased walking velocity (101.9+20.8 cm/s) and stride length
(102.18+18.5cm) compared to control (121.7£16.5cm/s) and (127.1+13.2cm), and the
double-limb support PwP (28.73+4.8%) and the stance phase ( 64.13+£2.6%) of gait were
prolonged, in comparison to control (24.77+2.2%, and 61.71+1.4%, respectively) (P<0.001).

The range of joint motion (RoM) during the gait cycle among PwP was reduced at all lower-
extremity joints ( 21.84+5.1, 49.07+6.2, 37.31+6.6 degrees, in the ankle angle, knee angle,
and hip angle respectively) compared to control group (25.13+5.2, 55.6+5.0, and 45.5+8.6
degrees (P<0.001), and they walked with an increased pelvic tilt ( 12.87+4.1) compared to
control 8.7+6.2. The maximum hip flexion was comparable between the groups (mean
33.5945.1 in PwP, and 32.89 £6.9 control group), but the maximum hip extension showed
higher values in the control group (-12.70+8.3) as compared to PwP (-3.71+7.3). The PwP
group walked with an increased knee flexion during the single-support phase (7.68+4.6)
degrees compared to control 3.42+4.4 degrees. Differences were most pronounced at the
ankle joint, where the mean plantar flexion during the start movement was reduced in the
PwP group, resulting in decreased ankle ROM during push-off ( 19.63£5.1) as compared to
control ( 23.70£5.7).

This study also looked at kinetic gait parameters and found abnormal patterns of motion in
the PwP group. The maximum hip flexor moment was reduced (-0.83+0.32Nm/kg, and
power generation was reduced (1.13+0.45W/kg) in the PwP group for the first double
support and for the pre-swing phase compared to control group (-1.22+0.3Nm/kg and
1.44+0.46W/kg). Also, maximum hip power absorption during the stance phase was reduced
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in the PwP group (-0.73+0.5W/kg compared to control (-1.2+0.47W/kg). This differences

could be due to the slowness in movement among PwP compared to control group.

At the knee, the maximum extensor moment during stance was higher in the control group
(0.29+£0.22Nm/kg, and the PwP group generated less power during a single
stance(0.26x0.18W/kg). At the ankle, the moment at loading response and the maximal
extensor moment during stance was reduced in the PwP group, and the power generation in

the PwP group deteriorated in the late stance(p<0.001).

The study concluded that altered kinetic parameters play an important role in the
characterisation of gait in PwP patients off therapy, in addition to previously described
dysfunctional kinematics. The study suggests that these parameters could be used to
document the treatment effects of Parkinsonian gait disorders.

Svehlik et al. (2009) added that joint movement is reduced with severe PwP, which affects
the spatiotemporal and muscle action. The reduction in hip extension in the late stance and

knee flexion during the mid-swing creates a forward trunk posture while walking.

Albani et al. (2003) and Warabi et al. (2017) investigated the activation of lower limb
muscles during changes in walking speed with group of PwP and healthy control. Albani et
al. (2003) recruited 10 participants diagnosed with PwP (five with freezing of gait and five
without) and seven healthy controls age matched. The methods included measurement of
gastrocnemius and tibialis anterior (GAS and TA) activity (present as AUC) while treadmill
walking at slow (0.30m/s) and fast (1.5 m/s) speeds. At the slow speed, GAS showed reduced
activation in both PwP groups compared with the control group (p<0.0001), during the
stance phase. By contrast, during the swing phase, TA showed greater activation in of muscle
activation as measured by the AUC (area under the curve) of the electromyography (EMG)
signal in PwP compared to the control (p<0.0001). When the speed was increased to 1.5 m/s,
the PwP showed reduction in GAS muscle than the controls (p<0.0001), with overactivation
from TA in the PwP compared with the control group (p<0.0001). This finding may
represent a basic distinction between control subjects and PwP, irrespective of the presence
of a gait disorder. This reduction on activation at planter flexors muscles with the increased
activation of dorsiflexors may explain the typical flexed posture of the parkinsonian patient.
Warabi and his colleagues (2018) measured activity of TA and SOL muscles during the
change speed for PwP. Their findings suggest that the decreased gait speed is linked to
prolonged activity of soleus caused, they speculate, by an inability to switch this muscle off
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at the correct time, which slows down the forward rotation of the tibia during stance, this
was particularly so for people with more advanced disease. The authors suggested that
difficulty terminating the competing motor programs linked to postural control (soleus being
a major contributor), particularly during transitions, is one of the major reasons for the gait
disorders noted in Parkinson’s disease i.e. bradykinesia and freezing. Community walking
involves adapting speed when encountering obstacles or changing direction. Research
emphasizes the central nervous system's role in smooth obstacle avoidance and the
complexity of turning, influenced by age and cognitive function. Turning challenges are
heightened in individuals with neurological conditions like Parkinson's disease, especially
those experiencing Freezing of Gait (FoG). Adaptive interventions are essential for
addressing specific mobility issues in this population.

Table 2.2 provides a summary of research that investigating change in walking speed in
people with Parkinson's disease and healthy participants while walking on the treadmill and

overground.



Table 2-2 summaries of research investigating change in speed in people with Parkinson's disease and healthy participants while walking on a treadmill or ground
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e participants walked on a
treadmill ~ with  different
speeds for 30 seconds after
every 5 trials

during the transition

0.58+0.01 to 0.47+0.01(M/s2)
with more decrease at end of
movement to 0.43+0.02 m/s2
P<0.01

e Step frequency: increase
1.90+0.2 to 2.41+0.3Hz p<0.01

o Step length: decrease (1.09+0.07
to 0.87£0.12 m p<0.01)

Decrease speed

e Duty factor(df): increased from
0.46+0.02 to 0.55+0.03m/s2
p<0.01

e Step frequency: decreased from
1.98+0.10 to 1.96+0.2 Hz p<0.01

e Step length decreased from
1.12+0.07 to 1.08+0.09m p<0.01

e in both situations, adapting to tasks

(transition from one mode to

another) takes place in the walking

steps

A

Outcome
Authors Method Measures Findings Comments and Limitation
Segers et al., | ® 20 women healthy 24.5£2.76 | e spatiotemporal parameters | Increase speed e The study recruited young healthy women
years old when speed change (increase e Duty factor (df): decreases which could not generalise results to another
2006 speed) and (decrease speed)

gender.

o The presence of a transition step with specific
spatiotemporal characteristics during increase
speed was the most striking difference,
whereas this was not observed with decrease
speed.

Orendurff et
al., 2008

o 12 healthy adults 26.67+7.34

years old

e Position of Centre of mass
(CoM)

e Velocities

e CoM velocity increased to 1.475
m/s with fast speed and decrease
with slow speed to 1.065 m/s
(P<0.001).

o Small sample size

e Recruited only young healthy and could be
different with older with a neurological
condition
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o Participants walked on a | e the kinetic data were | e Ankle momentat30% of gaitcycle | e Walking with different surfaces may produce
walkway with two force collected decreased with fast speed to a change in results mainly with CoM and
plates at different speeds. 0.47+0.19 Nm/KG compared to CoP may change to produce more stability

slow speed 0.50+0.23 Nm/KG mainly with the treadmill
P<0.001
e These plantarflexes muscle
activations affect shifting the CoP
forward relative to the CoM
Li & Hamill, | 20 healthy aged 24+ 5 years | They analysed the vertical | Increase speed e The study recruited young participants which
2002 old ground reaction forces during the | ¢ increase in GRF from 12.5.5 to 13.5 may have a different result than the elderly

o Participants were asked to
walk on the treadmill with a
force plate at 0.89m/s for 30
s then gradually increase
speed.

Then they need to run for 30 s

at a speed of 2.7 m/s, followed

by decreasing the speed.

speed transition

N/kg and more increase until the last
step of the transition to 14.3 to 14.4
N/ kg

Decrease speed

e decreased in GRF on the stance
phase from 20.8 to 19.7 % especially
in the last step before transition, with
the difference

most  dramatic

observed in the last two steps of the

transition.
e The speed transition speed
produced different reactions in

with or without the neurological condition
who may be afraid of walking on the
treadmill

The study observed the two types of gait
transition produced different reactions to the
acceleration magnitude. First, parameters
related increase speed were more sensitive to
the magnitude of acceleration, whereas
parameters related to decrease speed were not

as sensitive to the magnitude of deceleration.
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GRF which was more sensitive
with increased speed compared to

decrease speed

e 10 healthy aged 24.6+ 2.3
years old

o Participants were asked to
walk on a walkway above a
force plate

e They were asked to walk at
25% slower and 25% faster

than their self-selected speed

Spatiotemporal parameters
GRF

During speed change

Stride time increases by 0.20 £0.02s
with slow speed and decreases by
0.20£0.02s with the fast opposite to
stride length which decreases
0.06+0.01m with slow speed and
increases 0.06x0.02 m with fast
speed. P<0.05

Cadence decrease 17.9+0.1 s/m with
slow and increase 27.2+2 s/m with
fast P<0.05

Vertical GRF peak increase with
increased speed from 1.42+0.04 BW
to 1.71+0.5 BW p<0.001.

Vertical GRF peak decrease with
decrease speed from 1.71+0.5 BW to
1.36+0.07 BW p<0.001

A small healthy young sample size may have
a different result with an older adults or
neurological condition

The study asks the participants to walk
barefoot which is not normal in real life. And
may produce change with parameters during
change speed.

The slow speed was 1.0 m/s which is faster
for older participants or with a neurological

condition

Sun et al,
2018
Riley et al.,
2001

e 24 healthy aged 23.9+4.4

years old

Kinematic and kinetic data of
joint movement at the hip,

knee, and ankle

Decreased at the hip, knee, and ankle
plantar flexion joints by 3 degrees

with slow speed but increased by

The study showed the kinetic and kinematic

results for healthy young which could be
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o Participants were asked to
walk on the walkway at
different speeds after self-

selected speed

Data were analysed from
three trials at each speed for
each subject's left and right

lower limbs.

more than four degrees with fast
speed.

The ankle dorsiflexion joint showed
a decrease by two degrees with slow
speed and increased by two degrees
with fast speed

Positive ankle power peaks at the
late swing and early stance increased
from from1.93+0.54 W/kg m to
2.93£0.67 W/kg m with speed
increase while decreasing slightly to
1.26+0.42 W/kg m with decrease
speed p<0.00

Ankle plantar flexor power provides
potential energy to the leg to help in
the propulsive effect in a late swing
because it is limited in a late stance.

different for the elderly or people with a
neurological condition

The contribution of the ankle is significant,
but relatively constant, across the range of

walking speeds, especially at slow speeds.

Den Ottar et
al 2004

e 9 Healthy age =22.4 £ 2,35
e The participants walked on

the treadmill after the
familiarised  period  at

different walking speeds.

EMG of lower limb muscles
(GAS, SOL,ans TA) with speed

change

the percentage of muscle activation
decreased with decreased speed to

(39.9%,24.4% for GAS and

SOL.

The study recruited healthy young which
could show different results with the elderly
or participants with foot conditions mainly

the dorsi. and planers flexors muscles.
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e TA muscle was sensitive to change
speed, especially at early stance and

late swing with 31.8%

e The study showed TA activation during slow
movement while the fast movement needs to

be recognised.

Peterson et

o 67 PP aged (69.06+7.5

spatiotemporal parameters

¢ Both group showed significant differences

(p<0.001) between two speeds during over

e The study tested PwP during off medication

al. 2020 years old) during changing speed which may produce fatigue, and feezing gait
e 40 control aged (69.7+5.03 ground 0.23m/s foe PwP and 0.31 m/sfor |yt effect on results
control grou .
years old) grotp e The study conducted won over grond which
. . e Both group were generated larger .
e With other neurological may generate difrenrt result when conducted
. stride length, cadence, and swing .
condition on treadmill
o ) time, compared to a comfortable
e participants walk for two min at
their preferred speed and two speed p<0.001.
min with a faster walk e PwP were exhibited small stride length
0.11m, cadence 12.02steps/min, and
swing timel.71%) compared to control
group 0.12m,16.92steps/min,and 2.22%
p<0.001.
e Control group showed double swing time
2.22% compared to PwP 1.71%
Svehlik et al., | » 20 PwP aged 50-80years e Spatiotemporal parameters Spatiotemporal parameters e The study tested PwP during off medication
2009 old, 20 healthy matched e Kinetics o PwP walk with slow, short stride which may produce fatigue,
aged e kinematics length, and cadence, long double | e It could be useful if tested during OFF and

limb support time with longer Stance

ON to observe differences
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o Participants walked on
Walkway at a self-selected

speed

time compared to control group
P<0.001

Kinematic

PwP walk with reduced all joint

movement during walking compared
to control P<0.001

Kinetics

ankle

PwP walk with reduced push-off

power and lift-off hip

extension compared to control,0.001
Reduced joint power at the hip, knee,
and ankle during double support in
PWP compared to control P<0.001

Albani et al.,
2003

e 10 PWP (5 FOG 72.8
+5.9years old, 5 PWw Non-
FOG 54.8+11.02 years old,
7 seven control aged match
63

e participants walk on a

treadmill  with  different
speeds of 0.3 m/sec and 1.5

m/sec.

EMG for TA and GAS during

change speed

At speed 0.3m/s

At stance: Reduce the activation of
GAS PwP compared to control
group P<0.0001

At swing: greater activation in TA
for PwP compared to control
P<0.0001

At a speed of 1.5 m/s

Small sample size
The study did not

familiarisation period for the treadmill

mention  any

before starting the test to train participants
and to have real activation muscles as

walking on the treadmill, not walking
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Reduces activation of GAS in PwP
FOG> Non-FOG compared to
control group P<0.0001

In the swing phase, TA showed
overactivity in PwP compared to
control p<0.0001

Loss of muscle activty adaptation to
new speed observed with severe
progression of Parkinson’s disease.

Warabi
al., 2018

et

e 35 PwP (73.6 + 9.6 years
old)

9 control aged (71.5+9.5

years old)

o Participants walked on the
walkway following light

cued with different speed

EMG activities for Sol and TA

PwP showed a delay in the onset
of soleus muscle activity

An increase in the time to initiate
the gait cycle

Suggesting an inability to switch

between the two muscles’

activation during movement.

Small sample size in each group

The study recruited during ON medication
which could be different in result if they
recruited with OFF medication to observe
the differences in the muscle of (Sol and
TA)

PWP :Parkinson people, TA: tibialis anterior, GAS: gastrocnemius, SOL: soleus, FoG: freezing of gait, CoM: center of mass, CoP:

reaction force, GRF(Fx) horizontal ground.

Centre of pressure, GRF(Fz): vertical ground
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In Table 2.2, it can be seen that the studies generally found that individuals with PwP have
slower walking speeds and shorter stride lengths compared to healthy controls. However,
the extent of these findings varies depending on the severity of the disease and the task
demands. Some studies also found that PwP participants had increased variability in stride
length and step length, which is independent of gait speed. These findings suggest that gait
bradykinesia in PwP is caused by disease-related pathology, and that controlling for gait
speed is important when investigating gait variability.

However, the studies have several limitations. Most studies investigated only gait speed
and stride length, while other important gait parameters such as foot clearance, joint angles
and kinetics, muscle activity and power were not investigated but could add insight on the
underlying mechanism. Additionally, the studies used small sample sizes and lacked
control over confounding factors, such as disease severity and comorbidities. Moreover,
some studies only investigated either treadmill or overground walking, which limits the
generalizability of the findings.

In conclusion, the review suggests that individuals with PwP generally have slower
walking speeds and shorter stride lengths compared to healthy controls. However, more
studies with larger sample sizes and better control over confounding factors are needed to
provide a more comprehensive understanding of gait changes in PwP patients during speed
changes. Moreover, future research should investigate other important gait parameters and
consider using a combination of overground walking and treadmill walking to increase the

generalizability of the findings.

The following section of the thesis will address motor control theories, this was considered
important to include in the thesis to put the research findings in the context of the current
theories of how the motor output is modified in health and Parkinson's, therefore providing

the theoretical underpinning for potential rehabilitation interventions.
2.4 Motor control theory

The Medical Dictionary for the Health Professions and Nursing (2012) defines motor
control as the process of initiating, directing, and grading purposeful voluntary movement.
It is also defined as “the nervous system’s ability to regulate the mechanism of movement
by directing the joints and muscles according to the surrounding environment and needs”
(Shumway-Cook and Woollacott, 2007).

Movement results from three interacting factors.

1) The environments,
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2) The task,
3) The individual
Latash et al., 2010

Motor control theory is a field of study aimed at understanding how the brain system
coordinate and control movement. It encompasses various approaches, such as
neurophysiology, biomechanics, and psychology, to improve the quality and quantity of
posture and movement, with the ultimate goal of optimising movement and enhancing
therapeutic interventions (Shumway-Cook et al., 2007). For example, motor control theory
has been used in rehabilitation settings to help individuals recovering from stroke regain
their ability to walk. Therapists may use techniques such as task-specific training, where
patients practice functional tasks, such as stepping over obstacles or reaching for objects,
to improve their motor control and functional movement (Winstein et al., 2016). In
addition, a systematic review of randomised controlled trials found that motor control
exercises were effective in reducing pain and improving function in patients with chronic

low back pain (Saragiotto et al., 1996).

Motor control theories include the reflex theory (Sherrington, 1906), hierarchical theory
(Adams, 1971), motor program theory (Schmidt, 1975), systems control theory (Shumway-
Cook, 2007) dynamic action theory (Turvey and Fonseca, 2009), and ecological theories
(Gibson and Pick, 2000). Although the different theories reflect the evolution of ideas
explaining how the CNS controls movement, with each theory emphasising specific neural
components of movement, this review will focus on the equilibrium-point theory (Cano-de-
la-Cuerda et al., 2015). One reason why the equilibrium-point theory is considered a more
comprehensive model of motor control compared to other theories is that it can explain the
rich variability of human movements (Sainburg et al., 2015). Unlike other theories that
assume the nervous system uses predetermined motor programs or commands to execute
movements, the equilibrium-point theory proposes that movements arise from the interaction
between the neural control system and the mechanical properties of the musculoskeletal
system. This interaction allows for flexible and adaptable movements that can be adjusted
in real-time to account for changes in the environment or task demands (Feldman et al.,
2009;(Latash et al., 2010). For example, experiments that manipulate the mechanical
properties of the musculoskeletal system have shown that the nervous system adjusts the
equilibrium point to maintain stability and optimise task performance (Feldman et al.,
2009;Latash et al., 2010).
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In contrast, other motor control theories, such as the motor program theory or the
hierarchical control theory, have limitations in explaining the complexity and variability of
human movements. The motor program theory assumes that movements are pre-
programmed sequences of muscle activations that are retrieved from memory and executed
without modification (Mussa-lvaldi, 1992). This theory cannot account for the adaptability
of movements to changing task demands. The hierarchical control theory proposes that
movements are generated by a hierarchy of neural structures that send commands to lower-
level structures for execution (Profeta et al., 2018). This theory is unable to explain how
the nervous system coordinates the many degrees of freedom of the musculoskeletal
system to produce smooth and efficient movements. Therefore, the equilibrium-point
theory is a more comprehensive model of motor control that can account for the
complexity and variability of human movements and is supported by empirical evidence
(Latash et al., 2010; Latash et al., 2007; Profeta et al., 2018). The equilibrium-point theory
is a model that explores the complexity of motor control and its variability— it specifies the
physiological variables that are used by the CNS to achieve control and can be used to
explain how the impairment in the ability (for example in PwP) to manipulate or shift
reflexes within normal range leads to movement disorders (Cano-de-la-Cuerda et al.,
2011).

In summary, motor control involves initiating purposeful movements, regulated by the
nervous system based on environmental, task, and individual factors. The equilibrium-point
theory stands out among motor control theories, explaining human movement variability by
emphasizing the interaction between the neural control system and musculoskeletal
mechanical properties. Its adaptability surpasses other theories, making it a comprehensive

model for understanding and improving movement coordination.
2.4.1 The Equilibrium-Point Theory

The equilibrium-point hypothesis, first proposed by Feldman (1986), states that the CNS
controls the equilibrium position through the balance of forces in the muscle. Latash and
his colleagues (2010) further elaborated on the theory, by describing the activation of
voluntary and involuntary movement alongside the work of synergies in controlling motor
movement. According to the equilibrium-point hypothesis, muscle activation increases
through stretch reflex pathways. Posture-stabilising mechanisms ensure that the
equilibrium point (a combination of muscle length and forces) is stable as external forces

are changing (Latash et al., 2010). Furthermore, aside from the central signals, signals from
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the sensory receptors of other muscles and the activation history all contribute to the
stretch reflex (Feldman & Latash et al., 2005). According to Latash et al., (2010), the
fundamental to the EP theory is the notion that threshold position control underlies
intentional motor actions. To carry out these actions, motor neurons receive
electrochemical signals from the brain in response to sensory
(proprioceptive/visual/audio/vestibular) feedback, which are then converted into changes
in the threshold muscle lengths or joint angles at which these motor neurons start to be
recruited. This describes the spatial activation range concerning the body's geometry,
allowing the CNS's control levels to specify where, in spatial coordinates, muscles are
activated without being concerned about the precise aspects of when and how they are
triggered.

In summary, the equilibrium-point theory examine how the nervous system interacts with
other body parts and the environment to produce purposeful, coordinated movements by
the present perception and controlling from synergies (Ricotta & latish, 2021). However,
people with neurological conditions such as Parkinson’s find it challenging to modify
movement in response to environmental changes. The next section explains how PWP can

compensate for this challenge in the environment.
2.4.2Principle of Motor Abundance:

The approach to the control of movement can be used to suggest how the CNS can take
advantage of its muscle and kinematic redundancy (Bernstein, 1967) and find multiple
motor-equivalent solutions to movement problems (Lashley, 1951). The concept of
kinematic redundancy was originally described by Bernstein (Bernstein, 1967) who
observed that movement does not repeat itself. It was later reformulated by Latash (Latash,
2012) as “abundance”, to remove the negative connotation of the original term. The
principle of abundance states that all the elements (i.e., degrees of freedom, DoFs) may
participate in all tasks, assuring both the stability and flexibility of the performance.
Indeed, kinematic abundance refers to the many ways in which different kinematic degrees
of freedom can be combined to accomplish a particular task (Bernstein, 1967; Latash,
2012). The CNS can use the somatosensory signals depending on the reliability and
availability of those signals (Mauer et al., 2006). They concluded that motor abundance

allows an individual to perform a task effectively while varying movement parameters.
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Thus, motor control consists of the CNS finding a set of potential solutions using available
degrees of freedom, rather than instructing the system on one specific movement pattern to
produce a given movement task. An understanding of this basic principle of the control of
movement should be used to shape therapeutic interventions to improve or recover normal

movement in patients with motor deficits.
2.4.3Motor control theory in the context of Parkinson’s disease

According to Ricotta & Latish (2021), the impaired neural control of stability in PwP
suggests direct effects on the perception across modalities or on planning to produce quick
action. Moreover, the basic assumption that the basal ganglia are essential for ensuring
correct synergic regulation during a variety of tasks, including motor, perceptual, and
possibly cognitive, is also supported by clinical observations in other groups with basal
ganglia damage (Ricotta et al., 2021). Thus, people with basal ganglia disorders are unable
to produce motor function efficiently and they face difficulties maintaining stability and
change in movement (Andres and Darbin, 2018). Along with the difficulty in initiating
movement, PwP usually find it difficult to transfer from one movement pattern to another,
adapt to changing conditions or monitor multiple tasks, all of which are required for
stability during gait. All the relevant elements of the synergy control are compromised as a
result of the loss of dynamic stability. Thus, this could explain the equilibrium point theory
of the importance of muscle springs in the regulation of movement and maintaining

postural stability.

A safe and successful transition from sitting to walking and from walking to sitting
requires muscle strength, balance, and motor control (Goetz et al., 2008). According to
Mazzoni et al (Mazzoni et al., 2012), the slowness of movement in Parkinson’s disease
explained the disruption in the control processes during the normal speed of movement
peed. Two long-term benefits of understanding the motor control basis of motor symptoms
(movement variables, such as a limb’s position and speed, are controlled and coordinated)
include the future design of neural prostheses to replace the function of damaged basal
ganglia circuits and the rational design of rehabilitation strategies. This type of
understanding, however, remains limited, partly because of limited knowledge available
regarding the normal motor control. In the current study, the concept of motor control
abnormalities were reviewed, to identify how the disease disrupts normal control processes

in Parkinson disease.
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2.5 Summary

This comprehensive literature review has provided a detailed examination of the
spatiotemporal, kinematic, and kinetic characteristics of gait, along with the associated
motor control aspects, in both Parkinson's disease (PwP) patients and healthy controls. The
exploration has shed light on the nuanced differences in gait performance between these
two groups, contributing to a deeper understanding of the neuro-biomechanics and motor
control involved in the initiation of gait. Gait initiation (GI) involves the complex process
of transitioning from a stationary stance to walking, requiring coordinated muscle
interactions in the lower limbs for forward propulsion while maintaining stability. In
healthy individuals, Gl includes anticipatory postural adjustments, while age-related
changes and impairments can impact gait variability. In people with Parkinson's disease
(PwP), Gl is affected by freezing of gait and altered muscle activation patterns, leading to
impaired motor programming. Studies show differences in spatiotemporal parameters, such
as step lengths, and adaptations during treadmill walking. Understanding these
biomechanical aspects is crucial for developing interventions to improve gait and prevent
falls in both healthy individuals and those with neurological conditions like PwP. In the
context of PwP, a notable finding is the decrease in ankle power around pre-swing, as
reported by Svehlik et al. (2009). Additionally, consistent alterations in spatiotemporal
parameters—such as decreased walking speed, step length, stride length, cadence,
increased double support time, and variability in gait parameters—highlight these as
reliable markers of gait impairment in PwP. Kinematic analysis has further revealed
decreased joint range of motion, particularly at the ankle and knee joints, and altered joint
timing and sequencing during gait. Moreover, kinetic gait characteristics indicate
decreased ground reaction forces and moments, indicative of lower limb muscle weakness
and reduced power in PwP patients. Motor control emerges as a critical factor in
understanding gait impairment in PwP, involving impaired sensory and motor integration.
This impairment affects their adaptability to environmental changes and task demands
during gait. PwP patients also exhibit challenges in automaticity of gait, leading to
increased falls and freezing episodes. The integration of vestibular, proprioceptive, and
visual inputs for equilibrium control during curved walking becomes a complex task for
individuals with Parkinson's disease. Despite the wealth of information presented, a
notable gap exists in research focusing on muscle activity during the transition as GI from
standing to walking or changes in speed during walking. This gap hinders a comprehensive

understanding of the biomechanical parameters involved in these transitions, an essential
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aspect in formulating effective rehabilitation strategies for PwP. Highlighting the
neurodegenerative nature of Parkinson's disease, this literature review emphasizes the
importance of addressing impairments in gait initiation and forward propulsion. The
identified gaps in the literature, especially the need for direct comparisons between
overground walking and treadmill walking in PwP and older adults, underscore the
necessity for future research initiatives. A deeper understanding of these differences could
significantly impact the design of tailored interventions to improve gait function in these
populations. In conclusion, this review consolidates evidence of various gait impairments
in PwP, encompassing spatiotemporal, kinematic, and kinetic characteristics, as well as
motor control deficits. The identified gaps underscore the urgency for further
investigations, particularly during gait transitions, to unravel the underlying mechanisms of
these impairments and facilitate the development of targeted interventions for enhancing

gait function in PwP
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Chapter 3 Methods of study

3.1 Design of study

This study used a two-cohort comparison study. It aimed to compare changes in
biomechanical (kinematic and kinetic) and physiological (EMG) variables in response to a
requested change (increase) in gait speed (from both standing at rest and from a
comfortable speed) while walking on both a treadmill (study 1) and on level ground (study
2).

This was designed to understand the differences in the mechanism of change speed
between the two groups whether walking on this differed surfaces treadmill and normal
overground walking. There were two participant groups included: 1) a group of people
with Parkinson’s disease (PwP) and 2) a reference group (Ref) of physically fit adults.
Each group-initiated walking and changed their walking speed on both a self-paced
treadmill and on the ground. These two very different groups were selected to allow
comparisons to be made and thereby gain more insight on the specific gait problems that

exist in PwP.
3.1.1 Justification of study design

A two-cohort comparison study is sometimes referred to as a comparative study because it
compares two groups of people based on their exposure to a particular intervention (Mann
., 2003). A two cohort comparison study could be the best way to determine if there is an
association between the exposure and an outcome of interest (Boyko., 2013).

A two-cohort comparison study includes several advantages to use for example ,
randomisation might be a big issue, challenging some kinds of experimental designs, such
as randomised controlled trails (RCT). Unlike other experimental methods, a A two-cohort
comparison study does not rely on random group allocation, with participants assigned
using a nonrandomised procedure (Mann., 2003). The reason for not randomising
participants is that in healthcare it is difficult to have a true control group due to ethical
reasons. Thus, a A two-cohort comparison study is a useful research method when strictly
applied research is inapplicable due to practical or ethical issues.

In rehabilitation research, it is typical to apply a two-cohort comparison study, as it
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Help to compares between groups of according to a particular intervention to identify the
differences between the treatment modalities used in the rehabilitation process and the
outcomes observed in the participants (Nielsen et al 2020). Participants prefer to join
studies that yield results that are directly applicable to daily activities in the real world
(Bastiaens et al 2013; Duncan et al.,2020). This justifies the choice in this instance, as two-
cohort comparison study design could be the best way to facilitate the research process, in
the real world, and still answer the research question.

The current chapter will present the study’s methods in detail and will introduce and
explain the equipment and data collection protocol utilised.

3.2Aim and objectives.

The current study aims to obtain a clear understanding of community walking problems in
PwP while changing their walking speed by analysing the changes in the biomechanics and
muscle activity characteristics and comparing them with a physically fit reference group.
There is a lack of research focused on evaluating the biomechanical characteristics of the
gait pattern (kinetics and kinematics) among PwP and determining the lower limb muscle
activity, especially the plantar flexors, which are largely responsible for controlling
movement about the ankle during the initiation process or when there is a need to change
walking speed, which is considered one of the main problems involved in community

walking. Accordingly, the study focused on the following objectives:
3.2.1 Objectives

1. Recruit representative samples of people with Parkinson’s disease (PwP group) and
a reference group of physically fit adults (Ref)

2. Collect biomechanical (three-dimensional joint rotation angles), power and
simultaneous percentage of muscle excitation data (EMG) during the key stages of
changes in gait speed on a treadmill and overground.

3. To extract and process the data, including removing noise and separating the data
into 1) gait initiation (GI) period and 2) three distinct gait cycles (Before, During
and After) for the change in gait speed.

4. Compare the change in key variables across the three cycles in people with and

without Parkinson’s during overground and treadmill walking.
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Discuss the findings of study and how they compare with published research.
Make recommendations for future work, including design, recruitment, protocol
and analysis changes.

Understand the clinical implication for the rehabilitation of people with
Parkinson’s’ disease.

3.3Ethics and participant recruitment

This study received ethical approval to recruit the reference group from the Department of

Biomedical Engineering ethics committee, University of Strathclyde (DEC18/248) and

(UEC18/78) See Appendix (1) for the ethics application and information sheet.

3.3.1

The reference group (Ref)

Recruitment targeted independently ambulant participants who were adults aged 18 and

over. The remaining criteria for recruiting participants are given below.

Inclusion criteria:

Uul

LUy

Currently healthy

Able to walk for more than 60 minutes unaided.

Weigh less than 136 kg and have a height of 195 cm (limits of the falls arrest
harness system)

Able to follow simple instructions and communicate, orally, in English.

Have good vision (with or without corrective aids)

Able to provide informed consent.

Able to come to the University of Strathclyde during working hours (9-5) Monday
to Friday for a single two-hour appointment between the 25" of September and the
15" of March (2018)

Exclusion criteria:

Uy

Lud i ud

Known to be pregnant.

Known musculoskeletal, neurological, or sensory deficits impairing their ability to
walk.

Currently on medication that could affect balance.

Known motion sickness.

History of vestibular or balance problems

Unable to give written consent.

An active skin condition that could be irritated by contact with sticky tape.

Subsequently, the department administrative staff emailed invitations on behalf of the

researchers to the students and staff in the Department of Biomedical Engineering.

Volunteers indicating an interest in participating were sent an information sheet (see
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appendix B) before arrangements were made to sign a consent form and attend the data

collection session.
3.3.2 The Parkinson’s group (PwP)

The participants in this group were adults diagnosed by their neurologist with Parkinson’s
disease who were stable on anti-Parkinson’s drugs and able to walk independently without

a frame or walking stick.
Inclusion criteria:

= Independent in activities of daily living

= Able to follow simple instructions and communicate in English.

= Able to provide informed consent.

= Able to come to the University of Strathclyde during working hours (9-5) Monday
to Friday for a single two-hour appointment.

Exclusion criteria:

Known pregnancy.

Known cardiac problems exacerbated by exercise.

Currently complaining of joint or muscle problems that affect walking ability.
Known neurological conditions that affect walking ability.

Uncorrected hearing or vision problems

History of severe motion sickness

L I Y

History of vestibular or balance problems

An active skin condition that could be irritated by contact with sticky tape.

U

This group was recruited through the West of Scotland Parkinson’s Disease Research
Group. The recruitment process for the PwP included joining members of the research
group at one of their meetings and explaining the study. When individuals expressed
interest in joining the study, a participant information sheet (PIS) and a consent form were
sent out to them by email. This was done for potential participants from both groups (PwP
and Ref).

The information sheet provided further details on the research process. The potential
participants were given at least 48 hours to read it and ask questions before an arrangement
was made to attend the movement laboratory for testing. Once both groups had consented
to participate in the study, an appointment was arranged at a mutually convenient time. The



79

testing process was conducted at the Motek Laboratory in the National Centre of

Prosthetics and Orthotics (Curran Building) at the University of Strathclyde.

3.4 Measurement equipment

3.4.1 Motion capture system set up

The data were collected in the Motek gait laboratory at the University of Strathclyde, using
the extended Computer Assisted Rehabilitation Environment (CAREN, Motek Medical,
Amsterdam). Due to renovation work to the Wolfson Centre (Biomedical Engineering)
during the data collection period, a temporary re-location of the CAREN system was used
which meant some of the functions were not available at the time of data collection,
including a 180 degree immersive environment (this was replaced with a single flat screen
in front of a treadmill), as shown in Figure 3-1. The CAREN system is utilised by
clinicians and researchers as a rehabilitation requirement for physically fit people (Plotnik
et al., 2015) or people with pathological gait problems (Banas et al., 2013; Kilic et al.,
2018). The motion capture hardware and software systems used in this project are
manufactured by Vicon (Vicon Motion Systems, Oxford, UK) and will be discussed later
in this chapter.

Figure 3-1 The modified CAREN Motek laboratory at the University of Strathclyde. A self-paced
treadmill system. Arrows indicated cameras, screen, treadmill, and safety harness). The picture shows
a Vicon Bonita infrared camera hold by frames. The green arrow shows the direction of the treadmill
belt. The blue arrow shows the direction of participants' walk.
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Three-dimensional motion analysis systems provide accurate and objective measurements
within three planes (Schurr et al., 2017). The Vicon system is widely recognised as the
“gold standard” for evaluating human gait and kinematic movement for clinical and
research purposes (Schurr et al., 2017). Motion analysis systems include different types of
hardware and software, such as optical systems and inertial-based systems, and they
provide good reliability (r > 0.8) in the sagittal plane except for pelvic tilt for kinetic and
kinematic measurements during movement with good to excellent agreement (ICC > 0.7)
and consistency (r>0.7) (McGinley et al., 2009; Wilken et al., 2011). System setup
procedures vary from being simple to being set up to having a more complicated
configuration (Springer et al., 2016).

34.1.1 Treadmill configuration set up.

The CAREN system includes a treadmill (N-Mill, Netherlands) with a dual 1 x 2-metre
split belt and two oversized force plates (Motekforce Link, Amsterdam, Netherlands)
located underneath the treadmill’s right and left belts. The force plates’ pressure sensitivity
centre is stated by the manufacturer to be less than 2 mm for loads under 1,000 N (Sinitski
& Lemaire, 2015). The treadmill can be used in self-pacing mode, which means that the
treadmill alters the belt speed according to the participant’s position and speed to produce
variations in belt speed while walking (Plotnik et al., 2015). The gait laboratory coordinate

system used in the current study is shown in Figure 3-2,

Figure 3-2 The calibration wand on the treadmill showing the global reference frame axes X, Y and Z.
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Utilising the treadmill helps both researchers and clinicians to control walking speed,
measuring several gait cycles within a short time and a limited area, especially compared
to over-ground walking, which takes place over longer distances (Papegaaij and
Steenbrink, 2017). Walking on the treadmill or on the ground at different speeds shows
similar results in gait parameters after a brief 2—6-minute familiarisation period
(Parvataneni et al., 2009; Holman et al., 2016). The CAREN system incorporates a virtual
reality (VR) environment created through D-flow software (Motek Medical), which will be
discussed in more detail later in this chapter. The treadmill and VR are synchronised to
provide a realistic optical flow, as when one would walk outdoors. In this regard it is

considered a reasonable analogue of normal overground walking.
34.12 Camera configuration

The current study involved 12 Bonita (B-10) cameras (Vicon Motion Systems, Oxford,
UK). The cameras’ resolution was approximately one megapixel, with a frame capture rate
of 250 frames per second (fps) and an accuracy reported to be <10 mm (Summan et al,.
2015).

The cameras were attached to poles surrounding the treadmill in fixed positions, see Figure
3.1, to track the motion of retroreflective markers attached to participants walking on the
treadmill. A calibration process was performed using an active wand that consisted of a
metal T-shaped instrument with five LED markers embedded at fixed locations. By
moving this active wand within the camera capture volume where the individual intends to
move, the cameras capture the position of each LED. The difference between the locations
captured by the cameras and the known distance between the markers was then calculated
by the manufacturer’s software (Nexus, Vicon Motion Systems, Oxford, UK) to provide a

calibration matrix.

To correctly orient the camera system, the wand was then placed at a specific position in
the middle of the lab space to identify the origin and ground plane of the treadmill and to
determine the axes of the global reference frame, as shown in figure 3-2.

Each B-10 camera captures the 2D location of a marker’s position in the capture volume.
The Vicon system can convert the active markers’ 2D images into 3D position information
from each marker during movement. Each camera emits infrared radiation that is reflected
off the retroreflective markers placed on the body. Consequently, the markers should be
positioned so that the infrared radiation intersects from two or three cameras to localise the
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markers in 3D. Interestingly, it is not necessary that all of the cameras’ radiation intersect
to find the 3D marker position if the system includes more than three cameras. So, the
markers should be seen through all the capture volume, and if they are missed, that means
fewer than three cameras see the markers (Tormanen, 2019).

The Vicon system capture software VICON Nexus (Oxford, UK ) applies the “least-squares”
method to calculate the 3D location of the markers in space Figure 3-3. The least-squares
technique should be used to calculate the location of a point in space such that the sum of
the squares of the shortest distances from that point to each ray is a minimum. This
calculated point then represents the best estimate of the observed point’s centre. The
individual residual components are the shortest distances (perpendiculars) from the
calculated point to each ray. The smaller the distance the system calculates, the more
accurate the detected marker position. The motion capture system’s manufacturer has
advised that the system can detect accurate positions if the mean of the residual value is
less than 0.5 mm.

c3

c2

Centre of
_y the markers

D1
D2

C1

D3

Figure 3-3 An example of applying the “least squares” method to measure the marker's centre
residual with three cameras’ radiation, where C1, C2 and C3 are the cameras’ positions and D1, D2
and D3 are the markers on individual bodies (Motion Lab Systems, 2016).
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3.4.1.3 Marker locations

The biomechanical model used in this study was the Plug-In Gait (PIG) system (discussed
in more detail in (section 3.4.3.1 )which requires retro-reflective markers to be attached to
specific anatomical points on the body to determine the 3D orientation of the tracked
segments. The system requires that each participant’s anthropometric measurements,
including height, weight, leg length, knee width, ankle width and pelvis width allow the
system to create a computer model tailored to each participant, including the location of
the joint centres and joint angles during movement. The current study used 16 reflective
markers attached to body segments see Figure 3-4 (A). The accuracy of the limb
measurements recorded by clinicians and researchers depends on the variability of the
marker placement (Nair et al., 2010). Vicon® (2002) explained the process of calculating a
joint’s movement by estimating the nearest joints above and below the one that needs to be
measured and by applying markers around the three joints to detect the centre of the
middle joint’s movement. Therefore, the static calibration trial utilises the global
coordinates (X, Y and Z) of anatomical landmarks to identify the anatomical references of
segments that help to calculate the position of the joints and the axes.

Reflective
sphere
/'
Lower Limb (Right) %
RTHI - Right Thigh .
RKNE - Right Knee : Polvis 1 .
RTIB - Right Tibia ~a Plastic
Eot v s LASI - Left Anterior Superior lliac

g g * RASI - Right Anterior Superior lliac base
RTOE - Right Toe v’ 2

Figure 3-4 (A) The placement of the retro-reflective markers adapted from Vicon® 2010. (B) The
reflective marker

sphere (14mm in diameter), as illustrated in Figure 3-4 (B). The markers are attached to the
surface of the tight-fitting of the participants clothing, typically lycra or the participants'
skin according to the anatomical landmarks, as shown in Figure 3-4 and Table 1. Cappozzo
et al. (1991) advised that each segment during dynamic trials should include two to three
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markers with an adequate distance between them to decrease the number of errors that the

system might produce and to provide full information about the segment’s 3D movement

Table 3-3 Markers used in the lower limb version of the PIG model that show their label, location and

anatomical position.
Markers

LASI

RASI

LPSI

RPSI

LKNE

RKNE

LTHI

RTHI

LANK

RANK

LTIB

RTIB

Location

Left ASIS

Right ASIS

Left PSIS

Right PSIS

Left Knee

Right Knee

Left Thigh

Right Thigh

Left Ankle

Right Ankle

Left Tibia

Right Tibia

Anatomical position

Placed directly over the left anterior superior
iliac spine.
Placed directly over the right anterior superior
iliac spine.
Placed directly over the left posterior superior
iliac spine
Placed directly over the right posterior superior
iliac spine.

Placed on the lateral epicondyle of the left knee.

Placed on the lateral epicondyle of the right
knee.

The greater trochanter of the left femur is
located here, and the marker is placed 1/3 of the
way on the superior part of an imaginary line
between this location and the LKNE marker
The greater trochanter of the right femur is
located here, and the marker is placed 1/3 of the
way on the inferior part of an imaginary line
between this location and the RKNE marker

Placed on the lateral malleolus of the left ankle

Placed on the lateral malleolus of the right ankle

Placed on the inferior 1/3 of an imaginary line
between the LKNE and the LANK markers
Placed on the superior 1/3 of an imaginary line
between the RKNE and the RANK markers



LTOE

RTOE

LHEE

RHEE

Left Toe

Right Toe

Left Heel

Right Heel
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Placed over the left second metatarsal head, on
the mid-foot side of the equinus break between
the forefoot and mid-foot

Placed over the right second metatarsal head, on
the mid-foot side of the equinus break between
the forefoot and mid-foot.

Placed on the calcaneus at the same height as the
LTOE marker

Placed on the calcaneus at the same height as the
RTOE marker

Figure 3-5 (A) A static trail of the markers (B) The markers after labelling

Finally, an algorithm included in the Vicon Nexus software then filled in any gaps in the

marker trajectory which was digitised and labelled as shown in the figure 3-5 (typically

using a cubic spline function with gaps of less than ten frames, if needed ) to improve the

quality of the resulting data.
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The Vicon Nexus system stores the raw data from the EMG and IMU as analogue data and
then transfers the dynamic trial information as C3D files or to a Microsoft Excel
worksheet, this will be discussed later as EMG processing data in section 3.4.2, depending
on the program that is required for analysis. In this thesis, both C3D files and Microsoft
Excel worksheet programmes were used to transfer the data for analysis. The data were
then processed offline using MATLAB software (Matlab Version R2018b, MathWorks,
Inc. USA).

3.4.2 Electromyography (EMG)

EMG is a measurement tool that has been used widely since 1920 in human movement
studies to identify patterns of electrical activity in muscles (Amrutha & Arul, 2017,
Kleissen et al., 1998; Roeder et al., 2020; Tikkanen et al., 2013). In this study, EMG was
used to quantify specific parameters of the electrical activity (numbers of active periods
during the gait cycle, total percentage of muscle activation and total magnitude of
activation using area under the curve) of target lower limb muscles while walking at a
comfortable speed and when the walking speed change while walking on a treadmill and

over ground.

During motor tasks, EMG recording systems measure the number of motor units firing,
which change with the increase or decrease in the intensity of the movement task
(Asmussen and Tscharner, 2018). EMG is mostly utilised during gait analysis studies to
determine the onset and offset of muscles (Hiraoka et al., 2006; Warabiet et al., 2018).

The Delsys Trigno EMG system (Delsys Trigno, Boston, USA) was used in this study. It is
composed of a base station that wirelessly receives (via WiFi) the data from the EMG
electrodes (removing a potential source of noise from movement of the wires) and includes
the potential for 8-channels of data EMG. Each sensor can send the pre-amplified data by

WiFi to the PC-connected base station across a maximum distance of 20 metres see
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EMG Electrodes

Figure 2. Trigno Base Station

1 Wireloss Sensor 5 Analog Output Connectors |
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A

Figure 3-6 (A)The EMG base station (B) EMG sensors with the arrow showing the direction (C) The
position of the electrodes on the muscle fibers (copied from Trigno Wireless, 2013 User Guid)

The electrode sensors include a concave feature that helps to reduce the noise produced by
skin movement and allows for closer skin contact for better quality in detecting signals
from the muscles (Young et al., 2011). EMG surface electrodes have shown moderate to
very high-reliability 1CC=0.832-0.937 with good to excellent validity compared with BTS-
FREEEMG1000 R =0.943 (Jang et al.,2018). Each electrode includes two strips of
silver/silver chloride placed 10mm apart to record maximum EMG signals with fewer
artefacts (Amrutha & Arul, 2017).

34.2.1 EMG processing data

EMG signals are collected using surface or indwelling needle electrodes; the signals are
amplified and transmitted by wires or a wireless system for further processing. The raw
data from the EMG signal are mainly produced with low voltage (microvolts, typically
ranging between 1 and 10 mV) and can be affected by background electrical noise from
electrical equipment and magnetic radiation as well as movement artefacts (e.g., the
movement of cables or skin) (Amrutha & Arul, 2017). Locating a muscle’s EMG signal
can be challenging due to the potential for interference from adjacent muscles (cross-talk
interference) (Levine & Richards, 2012). Consequently, EMG signals require amplification

before being filtered to remove the noise. EMG signals include positive and negative
values to represent the action potential process during muscle contraction, the rectification
process is therefore a simple step that enables the analysis of EMG by calculating the root
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mean square (RMS), which powers the signal to identify the accurate measurement of
muscle activation; this is necessary because the raw data are inadequate to show the
muscles’ activity (Reaz et al., 2006; De Luca et al., 2010).

Additionally, due to the low voltage of the EMG signal, which might be affected by biases
from other signal resources, the raw data needs to be normalised to assist in comparing the

muscles’ performance during the motor task (Levine & Richards, 2012; Kamen & David,

2010). In the current study, the gait cycle time will be time normalised to 100% using
sequential foot contact events so the EMG data of muscle activation during each cycle will
be identical to the percentage gait cycle and be placed in context of the kinematics and gait

phases/events.

Band-pass filters were used to minimise the noise included in the analysis and remove
artefacts that emerge from muscle movements to prevent improper interpretation (De Luca
et al., 2010). The cut-off frequencies were 20 and 400 Hz, and a 6" order Butterworth filter
was used to control the high- and low-frequency EMG signals that might produce noise
while recording the signal (Staudemann et al., 2007; Khanmohammadi et al., 2016) as in
Figure 3-7. The EMG data depends on the time and frequency domains, which are used in
muscle studies to determine muscle activities (Xi et al., 2018).

In the current study, EMG data were reduced to a percentage of gait cycle time, the number
of discrete contractions per muscle per cycle, and the total magnitude of muscle activation,
by integrating the signal to obtain the area under the curve (AUC) of the six muscles —the
tibialis anterior, gastrocnemius and soleus on both sides—during speed modulation (gait
initiation and full gait cycle during speed change) while walking on the treadmill and on
the ground.

The AUC was used to represent the magnitude of the muscle’s overall activation.
Arabadzhiev et al. (2010) advised that the AUC is the best mathematical measurement to
describe the neural effect’s intensity and magnitude during maintained activity because the
muscle’s magnitude increases with the EMG signal’s activation.

Rissanen et al. (2007) recognised that the histogram and cross vector values of PwP’s
EMGs were characterised by a bursting and spiky pattern that was different than other
neurological conditions. Accordingly, the height of the histogram, sharpness of the peak
and side differences was visualised by applying the high pass filtered to smooth and
remove the low frequency signal to recognise the Parkinson’s disease signal from other
condition (Ruonala et al., 2013; Oung et al., 2014). Also, freezing of gait among
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Parkinson’s people during change speed was able to be determined using EMG signals
(Oung et al., 2014; Cole et al., 2011).

Baryan et al (2011) informed that FoG among PwP can only analysed during gait initiation
or with change speed to continue walking so they placed the sensors at lower leg however
EMG is so sensitive to dynamic movement and may influence by any medication that
effect the nervous system (Network, B.N ,2009). Figure 3-7 showed the process of EMG

to have clear data.

x10™ Raw Data

Rectified Data
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Figure 3-7 The processing of EMG: (A) The raw EMG data (B) The rectified signal

3.4.3 Biomechanical model
3431 Plug-In Gait Biomechanical Model (PI1G)

Different biomechanical models are used to represent the movement of body parts in
relation to each other. Kains et al. (2016) asserted that only one model should be used

within a study to ensure the consistency of measurements of musculoskeletal joint
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movement. The current study applied the Plug-In Gait (P1G) kinematic model for the lower

limbs only to collect kinematic measurements during movement.

The lower limb (PIG) tracks seven segments (the pelvis, two thighs, two lower legs and
two feet), which are connected by simplified joints. Kainz et al. (2017) tested the
reliability of the PIG model by assessing the intra- and inter-tester standard deviations
(SD) and standard error of measurement (SEM) to evaluate the kinematic PIG and the six
degrees of freedom model using Vicon system software. The study showed that the PIG
model had an SD lower than five degrees in all joint movements in the sagittal and frontal
planes, with high reliability, r>0.9 (Nair et al., 2010) in the sagittal plane. The model
showed a high SD with a mean of 7.2-degree intra-tester knee internal-external rotation
angles, a high SD a mean of 3.2 regarding all other joints. Lohrer et al. (2009) asserted that
by adding a few more markers can improve the reliability of knee angles in the frontal
plane. Stief et al. (2013) reported that the PIG model produces less accurate and reliable
measurements in the frontal plane for knee angle movements, with 4.7 degrees more
flexion or extension and 6.5 degrees less varus and valgus than the custom-made lower
body protocol. Ferrari et al. (2008) accepted that improper marker placement leads to
incorrect alignment of the knee axis of rotation, which produces measurement errors in the

P1G model in some studies.

Khamis et al. (2017) tested the validity of the PIG model by comparing the outputs of the
model with values taken by X-ray of leg length discrepancy (LLD) in the femur and tibia
segments of 15 participants (10 children and 5 adults) with neurological conditions, such as
cerebral palsy and stroke. The PIG model was found to be a valid model for finding LLD
during gait to calculate the differences in joint angle . There were no differences between
the tibias (p = 0.45) and femurs (p = 0.3) of the two models, while a high correlation
appeared between the models, with R = 0.808-0.962 and P < 0.0001.

During a static calibration process, the Vicon system requires specific algorithms to be
processed from the cameras and the reflective markers via specialised software (Nexus,
Vicon, Oxford, etc.) to measure the relationship between the data from each camera and
the calibrated volume. Using the static capture positional data of reflective markers located
on the body, the PIG model is constructed for each individual using anthropometric data—
body mass (Kg), height (mm), leg lengths (mm), knee widths (mm) and ankle widths

(mm).
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Following this calibration process and the construction of the biomechanical model, the
movements of the individuals will be tracked and processed after data capture. This post-
processing includes filling any gaps in the marker trajectories (cubic spline function) and
filtering (6th order Butterworth) to remove soft tissue artefacts (Leardini et al., 2005).

3.4.3.2 The synchronised virtual reality system

When people are walking on the treadmill, Motek’s D-Flow software (Motekforce Link,
Amsterdam, the Netherlands) is able to create a virtual reality (VR) environment that is
displayed on a flat screen, see figure 3-1. The Motek CAREN (Computer assisted
Rehabilitation Environment) can generate an immersive setting that gives the impression
of walking through a community environment, such as a forest, a path or an urban street.
The data from the Vicon system, treadmill and force plates (as well as other digital or
analogue signals) are streamed into the D-flow software to create a synchronised virtual
environment and visualisation of specific movement parameters, as shown in figure 3-8.
The system optimises the control of visualisation and the treadmill, including self-pacing
(Collins et al., 2015). In the system, the participants are considered to be the main parts of
the input devices of a real-time feedback loop that conveys motor-sensory, visual and
auditory feedback to the subject via the output devices (Geijtenbeek et al., 2011). The
picture appears on a flat screen in a problem-solving way as they walk; this includes
avoiding virtual obstacles, moving through virtual doorways, reaching for targets and
changing speed. It also completes cognitive tasks, such as recalling the properties (e.g. the
shape, colour or words) of passing objects. Notably, the system is controlled by the
researcher to manipulate the speed and stopping and starting points Figure 3-8.

In this study, the participants observed a walking path in the forest on a screen. The word
‘FAST’ appeared on the screen after approximately 10 seconds of walking at a self-
selected comfortable speed, requiring the participants to increase their walking speed. This
word disappeared after 10 seconds, and participants returned to their normal speed. It
should be noted that the examiner controlled the appearance of the word ‘FAST’, as well
as the start and stop points. See 3.5.3.1 for more details.
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Figure 3-8 The D-flow proceeding system: (A) The application system and (B) The runtime
console of the participant (copied from Geijtenbeek et al., 2011).

3.4.4 Determination of gait cycle events

3.4.4.1 The Gait events.

It is important to identify gait events to allow individual cycles to be defined; this is
particularly important when studying a change in walking behaviour, for example, a
change in speed. Researchers have long sought accurate devices and methods to detect gait
events for both physically fit people (Chambers et al., 2002; Chang et al., 2016) and those
characterised by abnormal gait cycle patterns—for example, with neurological patients or
older adults (Demonceau et al., 2015; Sofuwa et al., 2005; Danielli Souza Speciali et al.,
2014). Determining the time of each event as a percentage allows researchers to detect

differences across the entire cycle (Ewins & David, 2014).

In the current study, all gait events were identified using the gyroscope signal from a small
(2 x 1 x 1 cm) inertial measurement unit (IMU) (Trigno™ Wireless System, Delsys Inc.,
Boston, MA, USA), as in the study by Li et al., (2016). The gyroscope measures the
angular velocity of a rigid body to which it is attached. In this way, it can help characterise
movement patterns during indoor and outdoor activities with low energy expenditure by
attaching them directly to the user’s body without the requirement of cameras or markers
(Lau et al., 2009; Levine et al., 2012). However, the detection of foot contact time (initial
contact and foot off) extracted from the gyroscope seems to be 0.01 seconds later than real-
time gait analysis (Aminian et al., 2001).
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3.4.4.2 Detection algorithm from the single-axis gyroscope

A gyroscope (component of the Delsys Trigno sensor) was positioned, laterally, at the
distal end of the lower leg (shank) on the skin overlying the distal fibula. It was hoped this
boney location would produce a clearer signal by reducing movement artefact due to soft
tissue “wobble” (Catalfamo et al., 2010). McGrath et al. (2012) attached gyroscopes to the
lower legs of healthy participants to record gait events during walking and running by
detecting each foot contact. This will be discussed in more details later in this chapter,
demonstrating that the gyroscope has high accuracy and presents fewer errors (by 1.6%)
than other devices, such as foot switches that foot contact events outside of laboratories.

) / . -
IC/' _
. 5

/
=

A

Figure 3-9 (A)The position of gyroscope on participant. (B)The three direction axes on the
gyroscope

The direction of the axis is represented in Figure 3-9, showing that the X-axis is positive,
and the Z-axis indicates the movement on the sagittal plane.

McGrath et al. (2012) demonstrated the IMU gyroscope signals as positive and negative
peaks to help identify the gait events (i.e., initial contact, mid-swing, and toe-off) of the
lower limbs. The positive peaks in Figure 3-10 indicate the mid-swing, while the negative
peaks on the left and right of the positive peaks represent the foot’s initial contact and the
events when the toes have begun to lift from the ground, respectively (Aminian et al.,
2002).
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Figure 3-10 Number of gait cycles during walking. (B) Calculation of the stance, swing and stride time
(adapted from McGrath et al. (2012).

The stride time is calculated from the time interval between the two red points (initial
contacts), which determines the time between the two sequential foot contacts. The stance
time is calculated from the time interval between the red and green points Figure 3-10. The
amplitude of the peaks varies among subjects due to velocity or body weight (Aminian et
al., 2002).

3.5 Data collection

3.5.1 Preparation of the gait laboratory

The capture system was calibrated as explained in section 3.4. The motion capture (Vicon
Nexus) and treadmill operating (D-flow system) software were checked to ensure that the
measurement systems (EMG sensors, the 3D-markers’ trajectories and the treadmill) were
synchronised as in section 3.4.

3.5.2 Participant preparation

Prior to data capture the protocol was again explained to the participants and they were
given a further opportunity to ask questions. The PwP group were also asked to complete
the Parkinson’s Disease Questionnaire (PDQ-39), which will be explained later in this
chapter. The participants were then asked to change into a T-shirt and shorts to allow
attachment of the reflective markers to positions on the skin (and tight-fitting clothes)
using double-sided adhesive tape according to the PIG model guidelines (VICON, Oxford,
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UK), see Figure 3-4. Each participant’s anthropometric measurements (height, weight, leg
length and width of the pelvis, knees and ankles) were taken to allow the model (PIG) to be

adjusted to each individual.

3.5.2.1 EMG and IMU preparation

The skin was prepared for the placement of the six EMG electrodes, as in Figure 3-11, and
two IMU were placed on the distal lateral shank of each side of the lower limb. The
process includes light rubbing to remove dead skin cells, wiping with alcohol and shaving
an area of approximately 2cm2 if required to reduce noise, reduce impedance and receive
an accurate EMG signal from the muscle (Amrutha & Arul, 2017). The six EMG
electrodes were then placed over the bellies of the tibialis anterior, gastrocnemius and
soleus muscles with double-sided adhesive tape according to the Surface EMG for Non-
Invasive Assessment of Muscles (SENIAM) system (Hermens et al., 1999). The IMU were
also attached with double-sided adhesive tape to the lateral shank of the lower third of the
leg on both lower limbs. The IMU were wirelessly paired with the Trigno base station,
which was linked to the Vicon nexus software to ensure synchronisation with the force
plate, treadmill and motion capture systems. The IMU and EMG data were combined in a

similar Delsys Trigno system base station.

Gastrocne /
mius
muscle Tibialis
anterior
Soleus
muscle
muscle

IMU

Figure 3-11 Delsys EMG. (A) Position of electrodes on lower limbs for Gastrocnemius, soleus, and
tibialis anterior. IMU are positioned on the lateral shank of both lower limbs. B) Position of the
electrode on the muscle fibres (adapted from Hermens et al., 1999).
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3.5.2.2 The Parkinson’s Disease Questionnaire (PDQ-39)

PDQ-39 is widely used to assess the functional status of PwP since it reflects the severity
of the disease (Horrison et al., 2000). It is also used to monitor the effects of interventions
on PwP (Hagell and Nilsson, 2009). The scale includes eight items that assess the impact
of disease severity on mobility, emotional health, wellbeing, cognitive ability, stigma and
social support, and how much it affects the quality of life on a score range of 0-4, where
“0” represents no effect and “4” represents that it always has high impact. The higher the

score the lower the participant’s functional ability and quality of life (Grosset et al., 2009).

Numerous versions of the PDQ-39 have been translated and abbreviated to reduce the
duration of the instructions, which takes approximately 10-20 minutes (Keus et al., 2007;
Schenkman et al., 2012). The English version of PDQ-39 has a reported internal
consistency alpha of 0.59-0.94 and test-retest reliability (ICC) of 0.67 - 0.87 in a study
with PwP, n=68 (Tan et al., 2004), demonstrating its high sensitivity to functional and
psychological changes in PwP group (Horrison et al., 2000) (see Appendix C) for the
English version).

After completing the PDQ-39 questionnaire, the PwP group was divided into severity
categories according to their sum of score: participants with higher scores > 40 have a
more severe impact on the PD disease, those with lower scores < 20 had low impact on PD
and the middle score between 20 to 40 correlated with moderate impact on PD. The PwP
group was consequently divided into the following two subgroups: ‘mild/moderate’ and
‘severe’. One participant had a lower score than the rest of the group but was included in
the “‘mild/moderate’ group since a group cannot be formed by a single participant.

3.5.3 Movement task

The current study includes two testing protocols:
1) Walking on a treadmill-study 1

2) Over ground walking -study 2

3.5.3.1 Study (1) walking on a treadmill

The treadmill study included two parts: (1) GI from a standing position to walking and (2)

an increase in walking speed from a comfortable baseline.

Once all the reflective markers, EMG sensors and IMUs were in place, each participant
stood on the treadmill. As participants may need a little time to get used to a treadmill, a
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familiarisation period (approximately 10 minutes) of treadmill walking was performed at
the participant’s comfortable speed.

A Gait initiation

Gl, participants were asked to walk forward on the treadmill from a standing position and
then return to the starting position. The forward movement of the participant triggers the
treadmill to commence; this is achieved through a control mechanism that uses the mean
horizontal position (and velocity) of the four pelvic markers (tracked by the Vicon system
and streamed to D-Flow). The full movement was recorded from three seconds before the
signal to walk was given, until the movement had been fully completed (i.e. after three

steps). The GI period was calculated from standing to the second heel contact to having
clear sequences of gait events in both situations.

B change in waking speed (increase speed)

the second part (speed increase), participants walked on the same treadmill at a
comfortable speed (determined during the familiarisation period). They responded to the
word ‘FAST’, which appeared on the screen in front of the treadmill while walking after

10 seconds; the word disappeared after 10 seconds.

Figure 3-12 the word FAST appeared on screen during increasing speed.

As in Figure 3-12. The collected data included three distinct gait cycles: 1) immediately
before changing the speed (Bef), during the change in speed (Dur) and immediately after
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changing the speed (Aft). These cycles were detected through the change in the signals
from the IMU attached to the lateral shank (IMUshak),

3.5.3.2 Study (2) walking over ground

Participants for this study were the same as in the first study. The size of the movement lab
(housing just the Motek treadmill system) meant that an overground trial could not be
carried out in the same laboratory space. The ground walking data were therefore collected
using a temporary path (10 metres in length) marked on the ground in the corridor outside
the laboratory. This setup meant that the motion could not be tracked by the motion capture
system. Instead, signals from the wearable IMU sensors were used to identify the time of
gait events, i.e. foot contact and loss of contact with the ground. These IMU signals were
used to separate the EMG signals into two parts of the study as in treadmill Gl and for an

increase in walking speed.

A Gait initiation

RAAAR

SwWoO1 SWcC1 S SWO2 sSwcCz2

Figure 3-13 A diagram of GI walking during on-ground movement. The participants started the
movement from standing and walked on the 10-meter path. SWO1= the first foot off on the swing
side, SWC1 = the first foot contact of the swing side, STO= the toe-off of the stance side, STC =
the first foot contact of the stance side, SWO2= the second foot off of the swing side, SWC2 = the
second foot contact of the swing side. The diagram was adapted from Jhapate & Singh (2011).

During overground walking the gait initiation data was collected from standing until the
second foot contact as in Figure 3-13. The gait initiation events were similar in both
studies, see table 3-3 for more explanation.
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B Change in walking speed during over-ground.

In speed change, the participants walk on ground for four steps with a comfortable walking
speed and change speed with the fifth step. See Figure 3-14.

Figure 3-14 Diagram of walking on-ground. The participants started the movement from standing and
walked for four steps from [1] to [4]. At the fifth step [5], the participant was instructed to increase
their walking speed. The blue arrows indicate (A) gait cycle ‘before’ a change of speed, (B) gait cycle
‘during’ a change of speed, (C) gait cycle ‘after’ a change in speed. The diagram is adapted from
Jhapate and Singh (2011).

As shown in Figure 3-14, the participants performed the first four steps at a comfortable
speed and on the fifth step, they were asked to increase their walking speed. The variables
were calculated as the time spent between two sequential foot contacts for the three distinct
cycles as in the treadmill test see section 3.5.2.1 into: 1) Bef was calculated from step (3 to
step 5), 2) Dur was calculated from step 5 to step 7 and 3) Aft was calculated from step 7

to step 9.

The next section will present the data processing and of analyses for both studies during
two types of walking.

3.6 Data processing and analysis

The raw data (both treadmill and overground studies) were trimmed to either a period of
two gait cycles to calculate the biomechanical data and muscle activation during the Gl
section or to three gait cycles to calculate similar parameters when increasing walking

speed from a comfortable pace.
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3.6.1 Separation into gait cycles during study (1) treadmill walking

The gait events were detected from the gyroscope signal attached to the lateral lower leg to
identify the time of toe-off and foot contact events using a bespoke MATLAB code.

3.6.1.1 Gait initiation

The full movement was recorded from three seconds before the signal to walk until after
the movement had been fully completed. The Gl period was calculated from a change in
the standing position that was detected by the gyroscope when the shank (lower leg) is
rotating clockwise direction to measure the start of GI until the end of the Gl period which
is defined as the point when the second-foot contact occurred, see Figure 3-15. The
starting side is called the swing side while the opposite side is called the stance side.

200 T T T T T T
Stancel

150 | Stall't GI

Swing side
Stance side

100

50

-50

-100

Angular velocity deg/s

-150

Swingl i >

|~ Swing2 -
| Swing3

-200

-250

Stance2
-300 1

Figure 3-15 Key of the gait events calculated from the gyroscope signals. @ Indicated the foot off event
and ¥ indicated the foot contact

The key event of that represented in Figure 3-15 is related to:

o Gl Start = The first time a negative change (lasting more than 0.5 s) occurred about
the Z axis (sagittal plane) of the gyroscope located on the lower leg.

o A =the first negative peak related to the foot-off event (SWO).

o B =The second negative peak of the swing side related to the first swing contact
(SWcC1)
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o C =the first positive peak of the stance side; indicated the first foot off on the stance

side (STO).

o D =the second positive peak of the stance side; indicating the first foot contact of
the stance side (STC).
o E=the third negative peak second foot off the swing side(SWO2).

o F=the second foot contact of the swing side; indicated the endpoint of the Gl

(SWC2).

As explained in section 3.4.4.2, and in Figure 3-15, The blue line of the first negative

movement of the gyroscope was related to the swing side (the side that started first). Thus,

the stance side (opposite side) represents the opposite direction as the red line.

Table 3-2 The events and phases of the GI events according to IMU recording time (events and phases
are adapted from Lee and Park (2011)).

Events Definition
SwWo1 The first foot off on the swing side. Which calculated from the
start GI movement of the lower limb tell foot off
SWC1 The first foot contact on the swing side.
STO The foot off of the stance side.
STC The first foot contact of the stance side.
SWQO2 The second foot off the swing side.
SWC2 The second foot contact of the swing side, which indicates the
end of the Gl period.
Phases
Swing (1) The time from the starting time to the first foot contact of the
swing side point [C].
Swing (2) The time from the starting point to the first foot contact of the
stance side point [F].
Swing (3) The time when the swing side leaves the ground a second time
[G] to contact again for the second foot contact point [I]
Stance (1) The time from the starting point until the stance side leaves the
ground point [D].
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Stance (2) The time from the first contact of the swing side point [C] until

the time that the same foot leave the ground point [G].

A. Spatiotemporal parameters.

The start time (start GI) was calculated from the change (lasting more than 0.5 s) that
occurred at (the sagittal plane) of the lower leg. All the timings then began from the baseline
start event (Gl start).

Gait speed (m/s) was calculated as follows from the change in forward position of the
averaged location of the four pelvic markers divided by time using the following equation:

. . Distance of the change position of the pelvic markers
Equation 1 = Gait speed = ! ge position of the p =m/s
Total GI period time

B. Joint rotation
The mean maximum (flexion) and minimum (extension) movement of the hips, knees and
ankles in the sagittal plane during Gl movement events were recorded using the PIG model
at a frequency of 100 Hz for both the Ref and PwP groups to identify the flexion and
extension range of motion (ROM) of the three joint movements of interest.

C. Joint power

During the first half of the stance phase, the hip extensor generates positive power to produce
more stability for the trunk and maintain the flexion posture with the help of the knee
extensor that prevents the knee from collapsing, generating forward propulsion (Winter,
2009). The second half of the stance phase, which is controlled by the hip flexors, prevents
the trunk posture from backward flexion and prepares the transference of the thigh from the
pre-swing phase to the swing phase. This process requires power to transfer the segment of
the hip, knee or ankle with a smooth movement and without restriction (Winter, 2009). The
concentric muscle contraction generates power (positive), while the eccentric muscle
contraction absorbs power (negative) (Butler et al., 2016).

Accordingly, the maximum peak of the power, which is calculated as the angular velocity
multiplied by the joint moment normalised to the body weight to yield W/kg, was
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calculated for the hip and ankle at each Gl event for the Ref and PwP groups , the knee was

not considered to be a major contributor to forward propulsion (Riley et al 2001).

Equation 2 = Power = angular velocity (W) X Moment (M) =W/Kg

D. Muscle activity parameters extracted from the EMG signal.

The EMG data were sampled at 2000 Hz using the Trigno™ Wireless System (Delsys Inc.,
Boston, MA, USA) to record the electrical activity of three muscles of the lower leg

(tibialis anterior, gastrocnemius and soleus) of both limbs.

The GI period data were calculated for the interval between standing until the second foot
contact of the swing side using the following process: (1) rectifying and smoothing the data
with a notch filter at 50 Hz (2) filtering with a 6™-order Butterworth filter using a bandpass

of 20-400 Hz to produce an EMG envelope that was interpreted and analysed.
To characterise the muscle behaviours, the following metrics were extracted from each
envelope:

1. The percentage of the six muscles activation of both limbs activity during the Gl
period was calculated from the time of functioning of the muscles during the
walking period (the Gl period) divided by the total time of the walking period and
multiplied by 100.

ON period
total time of GI period

Equation 3 = X 100 =%

2. Calculated how many times that the muscle was on ON period (ie active) during Gl

period

3. The magnitude of the muscle activation was calculated as the AUC of the muscles
for the GI period for both walking events, i.e., on the treadmill or the ground.
AUC-= calculate the integral area of the rectified EMG signal.
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3.6.1.2 Change in walking speed.

Three cycles were calculated for both the right and left limbs Before, During, and After the
change speed. See Figure 3-16.
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Figure 3-16 The three cycles calculated from the gyroscope. .indicated the foot-off events,
indicating the foot contact. The dash lined indicated the three cycles (before , during ,and after
change speed.

A Spatiotemporal parameters
The stride time was calculated as the period between the two black stars as in Figure
3-16.The change in speed from Bef to Dur (B-D) and from Dur to Aft were identified and
analysed for differences between the Ref and PwP groups.

The variables used for the analysis were as follows:

= Step length (mm) = the distance between the foot contact on one side and the foot
contact on the other side. For both the right and left sides, extracted by the from
marker that position on heel. The three cycles were Before (Buf), During (Dur)
and after(Aft).

= Stride time (s) = the time spent between two sequential foot contacts. This is
similar to gait cycle time. Both the right and left sides had the same three cycles
Buf, Dur, and Aft.
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= The cadence (s/m) = always related to walking speed; it helps to calculate the
number of steps taken in minutes for the three cycles (Buf , Dur, and Aft). The
cadence in the current study was calculated from the stance time divided by 60
because the participants didn’t not complete one complete minute.

This leads us to

stance time

Equation 4= Cadence = Step /M

= The percentage of the swing and stance time (%) = the percentage of stance and
swing as a percentage of the total gait cycle for both the right and left sides and the
three gait cycles.

Swing time in Seconds

x 100 %

Equation 5 =Swing time in percentage =

total time of cycle

Stance time in Seconds

Equation 6= Stance time in percentage = x 100 %

total time of cycle

B Joint rotation parameters
Joint rotation parameters calculate as in section C in Gl however measurement will be for
the three gait cycle Buf, Dur and Aft cycles to explore the differences in the ways the two
groups increased the treadmill speed.

C Joint power

Joint power as explained in the Gl section while during increasing speed the power was
calculated as the peak of the power during the early stance phase (H1) and the hip and
ankle during the pre-swing phase (H2 and A1) for the REF and PwP groups during the
change in speed while walking on the treadmill.

D Muscle activity extracted from EMG data

The EMG data for speed change was calculated during the gait cycle time for the Buf, Dur
and Aft cycles of both the Ref and PwP groups, with a further stratified analysis for the

two PwP subgroups (i.e., mild/moderate and severe groups).

The EMG data (sampling rate, filtered, smoothed and rectified data) were analysed

similar to the process during the GI movement. The muscles’ behaviours were
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characterised according to the metrics extracted from each envelope as described for the Gl
movement, documenting differences in the time of the three gait cycles among the Ref
group and the two PwP subgroups during the two walking events, i.e., on the treadmill and
the ground. The EMG data were calculated for differences of each gait cycle Buf, Dur and
Aft cycles of both the Ref and PwP groups

3.6.2 Separation into gait cycles during study (2 ) overground walking

The test protocol and analysis of the EMG and STP variables were similar to those of the
Gl and speed change tests conducted on the treadmill. However, it was not possible to
include joint motion and the force with the motion capture system since the task was
carried out in a corridor outside the laboratory. Thus, the kinematics and kinetics data were
not available. Instead, wearable IMU sensors were used to identify the gait events (foot
contact and loss of contact with the ground) to allow the calculation of STP (step time, and
phases duration) and the separation of the EMG signals according to the three gait cycles
of increase speed as used for the GI movements.

3.6.2.1 Gait initiation

A Spatiotemporal parameter
As previously explained, the overground walking events are similar to the Gl events of
treadmill walking Table 3-3. Timing began at the baseline start events in Figure 3-15. Gait
speed was calculated as the total distance (m) using a measuring tape covered during the
Gl period for IMU (s).

B Muscle activation

The EMG data analysis was also calculated as in the treadmill study for

1) the activity of muscle (normalised as a percentage of the whole GI movement) for the
three sets of muscles (tibialis anterior, gastrocnemius and soleus on both sides)

2) the number of discrete activity periods for each muscle

3) magnitude of muscle activation, calculated from area under the curve (AUC) during the
Gl period, for the previous muscles.

3.6.2.2 Change in walking speed during over-ground walking.

In this section, the overground walking related to the increase in walking speed is
presented. The variables to be compared between groups include spatiotemporal (stride
time and percentage of the swing and stance phases’ time) and EMG signals separated

according to the three gait cycles of increased speed as used in treadmill study.
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As explained in section 3.5.3.2, the participants were asked to change their walking speed
on the fifth steps after four comfortable walking speeds. The differences between gait
cycles were measured for the B-D (i.e. difference between the during and before cycles)
and the D-A (i.e. difference between the during and after cycles) to identify the variations
between the Ref and PwP groups, as well as the PwP subgroups, during overground

walking.

Due to the lack of measurements of each gait cycle’s distance, the change in speed was
expressed as the change in the stride time. As in the previous section 3.6.2

3.7 Statistical analysis

During walking on treadmill (study 1), the spatiotemporal data was calculating the timings
of the key events were recorded with reference to the whole Gl period, and gait speed was

calculated over the distance covered using the change in the position of the pelvic markers.

The kinematic data was analysing the sagittal plane motion of the hip, knee and ankle
joints during GI and the kinetic data was analysing the power for the hip and ankle at each
key of Gl event on the treadmill for the Ref and PwP groups. Finally, A wireless EMG
system (Trigno, Delsys, USA) recorded the electrical activity of three sets of muscles in
the lower leg (tibialis anterior, gastrocnemius and soleus) on both sides.

During change in the walking speed from normal to faster walk, As in gait initiation (Gl),
the comparison between both groups the biomechanical data (kinematics, kinetics and the
physiological (EMG) variables categorised into three distinct gait cycles: 1) immediately
before the change in speed (Bef), 2) during the change in speed (Dur) and 3) immediately
after the change in speed (Aft).

While walking on over ground, the data of the spatiotemporal and the EMG with IMU
were just analysed for both group due to the absence of the cameras in corridor for both Gl

and change in walking speed.

The Shapiro-Wilk test of normality was employed to assess whether the data were
normally distributed to determine which statistical test was appropriate.

Unfortunately, although the data were normally distributed, because of the very small
sample size (n=17) the use of statistical tests was not advisable due to risk of type 1 and 2
errors. Instead, the patterns in the data will be examined exclusively by using descriptive
statistics as the mean and SD and graphs and tables. By adopting this approach, it was felt
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that conclusions could be expressed more confidently and clear recommendations for

larger, statistically powered, studies could be provided.
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Chapter 4 Study 1: speed modulation during walking on
self pace treadmill

This chapter presents the results of the first study, which looks at modulation of speed
during treadmill walking. This study aims to understand the differences between a group
(n=6) of people with Parkinson’s (PwP) and a reference group (Ref) (n=11) during a
requested change in gait speed. It included both the initiation of gait (GI) from a standing
position and an increase in speed while walking on a self-paced treadmill. The comparison
includes biomechanical (kinematic and kinetic) and physiological (EMG) variables to

uncover differences between the two groups.
4.1Gait initiation

In this study, the Gl period was extended to include the second heel contact so that the
swing and stance phases of both sides are included. It is worth noting that three members
of the PwP group stepped with their right side first, while the other three started with their
left first. In the (Ref) group, seven participants stepped with their right and four with their
left.

4.1.1 Participants

4.1.1.1 People with Parkinson’s group (PwP)

The PwP group (n=6) was successfully recruited from the West of Scotland Parkinson’s
Disease Research Group following an informed consent process. The PwP participants
Using the PDQ_39, the PwP group was divided into two categories: mild/moderate
(participants 2, 3, 5 and 6) i.e. those below 70 on the PDQ_39 score and severe
(participants 1 and 4) i.e. those that scored above 70 and up to 104 see Table 4-1for more
detail.

4.1.1.2 The Reference group (Ref)

The reference group (n=11) was recruited from the staff and student community of the
University of Strathclyde’s Biomedical Engineering (BME) Department. No adverse
events (from the study) were reported. It is worth noting from Table 4-1, that the groups
were not matched for age; the implications of this will be discussed later in the thesis.



Table 4-1 presents the characteristics of the participants from both groups and

subcategories of the PwP group.
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Table 4-1 Demographic characteristics of the Ref and PwP groups, including the subgroups; values
are shown as mean and SD as appropriate

All PWP PwP groups Reference (Ref)
Mean (SD) Mild/Moderate Severe Mean (+SD)
(xn=6) Mean (+SD) Mean (+SD) (n=11)
(n=4) (n=2)
Age (years) 70.30 70.33 73.0 29.90
+13.80 +8.07 +11.32 +16.50
Gender M/F M M/F M/F
5/1 4 1/1 3/8
Height (cm) 168.00 168.0 167.0 168.0
+6.15 +0.08 +1.41 +6.90
Weight (Kg) 74.20 71.12 80.25 71.10
+7.20 +6.66 +3.18 +13.60
Years since 135 125 205 NA
. . +18.38 +6.45 +13.43
diagnosis
PDQ-39 73 62 945 NA
+185 +6.22 +13.4
4.1.2 Results

4.1.2.1 Spatiotemporal parameters (STP)

The timings of the key events were recorded with reference to the whole GI period, all the

timings began from the baseline start event (Gl start), and gait speed was calculated over

the distance covered using the change in the position of the pelvic markers.
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Table 4-2 Timing in seconds of events during gait initiation for the Reference group (Ref) and PwP
groups. the time measured by second and speed m/s.

Parameter All PwP PwP groups Reference group

- Ref

M Mild/Moderate Severe (ReM

ean
(sD) Mean Mean Mean
o) (SD) (SD) (SD)
n= -

n=11

(n=4) (n=2) (n=t1)
SWOL () 0.35 0.33 0.39 0.37
+0.06 +0.06 +0.06 +0.17
SWCL (s) 0.70 0.67 0.76 0.84
+0.16 +0.19 +0.15 +0.22
STO (s) 0.95 0.87 111 1.03
+0.32 +0.28 +0.47 +0.22
STC (5) 1.37 131 15 1.62
+0.31 +0.25 +0.50 +0.33
SWO2 (s) 1.67 1.60 1.83 1.67
+0.45 +0.32 +0.80 +0.44
SWC2 (s) 2.06 2.03 2.12 2.25
+0.39 +0.24 +0.76 +0.42
Swing 1 (s) 0.35 0.34 0.37 0.48
+0.12 +0.15 +0.09 +0.08
Swing2 (s) 0.42 0.44 0.39 0.58
+0.06 +0.08 +0.03 +0.14
Swing3 (s) 0.39 0.35 0.46 0.57
+0.14 +0.04 +0.26 +0.26
Stancel (s) 1.37 0.86 1.14 1.03
+0.31 +0.29 +0.43 +0.22
Stance 2 (s) 0.97 0.93 1.05 0.83
+0.36 +0.25 +0.65 +0.35
Speed m/s 0.29 0.30 0.17 0.35
+0.04 +0.04 +0.11 +0.11

This table definitions: SWO1= the first foot off on the swing side, SWCL1 = the first foot contact of the swing
side, STO= the toe-off of the stance side, STC = the first foot contact of the stance side, SWO2= the second
foot off of the swing side, SWC2 = the second foot contact of the swing side, Swing 1= the time from the
starting time to the first foot contact of the swing side, Swing 2= The time from the starting point to the first
foot contact of the stance side, Swing 3= the time when the swing side leaves the ground a second time to
contact again for the second foot contact, Stance 1= the time from the starting point until the stance side
leaves the ground, Stance 2= the time from the first contact of the swing side point until the time that the

same foot leaves the ground

Table 4-2 shows the mean and standard deviation of the Gl event times for all participants.
The Ref spent a mean of 2.25 s (x 0.42) in the Gl period, while the PwP took a shorter
time, 2.06 s (= 0.39s). The Ref had longer swing phases on average; Swingl (0.48s +
0.08s), Swing2 (0.58s + 0.14s) and Swing3 (0.57 £ 0.26s), compared with the PwP group
(0.35+0.125,0.42 £ 0.06 s and 0.39 + 0.14 s). On the other hand, the PwP spent more
time in the stance phases (Stancel and Stance2) (1.37 £ 0.31 s and 0.97 £ 0.36 s) than the
Ref (1.03 £ 0.22 s and 0.83 + 0.35 s. Finally, the Ref reached a faster walking speed during
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the Gl period (0.35 m/s = 0.11) compared with the PWP group (0.29 m/s + 0.04).1t is
notable that the severe group took more time than mild/moderate group to complete each
Gl event, with the exception of the swing2.

In summary, differences were observed in the Gl phase times and events between both
groups when starting to walk on a self-paced treadmill. The Ref took a longer time to
complete the whole Gl period than the PwP group. The longest times from the PwP were
recorded by the more severely affected PwP individuals. Finally, the duration of the swing
phase was longer in the Ref than PWP group. In the PwP group, the time taken to complete
the swing and stance phases were longer in the severe category. The next section will
present the differences in joint rotations (hip, knee and ankle) between the groups.

4.1.2.2 Lower limb joint rotations

Figure 4.1 shows the sagittal plane motion of the hip, knee and ankle joints during GI on
the treadmill for the Ref and PwP groups. The Ref group reached maximum hip flexion at
SWC1 (24.10 degrees + 09.6) and maximum extension at STC (-5.38 degrees + 05.6). This
represented a total range of hip movement of around 30 degrees in the Ref group compared
with the PwP group, who achieved, less hip motion, on average (17.846.2 degrees) with
maximum hip flexion (21.03 degrees + 11.6) occurring at SWC2 and without achieving
any hip extension, at any point, minimum hip flexion of 03.17 degrees + 05.4 recorded at
STC. This means there was around sex degrees more hip flexion in the Ref group than the
PwP, and, importantly, the PwP failed to extend their hips at any point during GI, while the
Ref group achieved around five degrees of extension at STC. Knee motion generally
differed between the swing and stance sides. Both groups started and ended the Gl period
with a similar range of knee motion on the swing side, however, the PwP group increased
knee flexion by around five degrees more than the Ref group between the SWC and the
STC. On the stance side, the PwP generated more knee flexion (between 6 and 10 degrees)
than the Ref group, except for the SWO2 event, which was similar in both groups.

The Ref group reached a maximum dorsiflexion angle, on the swing side, of 16.51 degrees,
(= 04.8) at STC and maximum plantarflexion at STO of 2.02 degrees, (+ 08.1) while, on
the stance side the maximum dorsiflexion (14.40 degrees, + 04.8) at SWC and maximum
plantarflexion (- 4.20 degrees + 08.1) at STC. The PwP group, generated maximum
dorsiflexion (13.29 degrees, = 04.1) at STC and maximum plantarflexion (04.84 degrees +
06.1) at SWC on the swing side while on stance side generated maximum dorsiflexion
(13.80 degrees, £ 07.3) at SWC and maximum plantarflexion (4.84 degrees + 06.1) at STC.
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This meant the ankle moved, on average, 14.9 degrees on the swing side, while there were
18.9 degrees of movement on the stance side among Ref and PwP group respectively.

As noted in the previous section, the Reference group (Ref) performed Gl on the treadmill
with more ROM at their hip, and ankle joints than the PwP (with 15% more at the hip, 10%
more for ankle difference. The PwP completed the GI movement with more flexion at the
knees (10%) than the Ref group. The Reference group had 16 degrees of ankle dorsiflexion
during GI, while overall, the PwP group showed less movement the dorsiflexion (13
degrees), however, both groups showed only a small amount of ankle plantarflexion
(around 10 degrees) during the movement.

Lastly, as disease severity increased among the PwP, there was generally less ROM in the
hip, knees and ankle joints.
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Figure 4-1 The mean of the sagittal plane rotations of the hip, knee, and ankle joints at key events during Gl initiation separated into movement phases for Ref and PwP
group . Positive values represent flexion (dorsiflexion for ankle), and negative values represent extension (plantarflexion for ankle)
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4.1.2.3 Joint power

Power (normalised to body weight, W/kg) was calculated for the hip and ankle at key Gl
events using equation in section 3.6.1.1. The knee was omitted as it is known to minimally

contribute to forward propulsion (Riley et al 2001).

As presented in Table 4-3, the Ref group produced considerably more power from the hip
during foot contact event on the swing side (23.24 W/kg, + 10.6) than the PwP group
(14.27 W/kg, + 8.9).

The PwP group produced less power from the ankle than the Ref group at all events,
especially on the swing side, as in SWO (5.03 W/kg + 3.40), SWO?2 (5.8 W/kg + 4.7). The
lower ankle value appeared in the stance foot STC during the swing side, with 4.3 W/kg +

6.5. This is further explained in figure 4-2.

The ankle power during the foot-off for the swing side was higher in the more severe group
(8.80 £ 3.7 WI/kg), than the Mild/Moderate group (4.69 + 5.9 W/KQ), see table 4-4



Table 4-3 The mean and standard deviation of the power calculated at the hip and ankle joints during Gl events for the Reference (Ref) and PWP groups (W/kg).

Parameter Reference Group (Ref) PwP group

Mean Mean

(SD) (SD)

(n=11) (n=6)

Swing Stance Swing Stance
HIP ANKLE HIP ANKLE HIP ANKLE HIP ANKLE

SWO1 18.44 75 1.06 8.7 13.85 5.03 4.0 12.7
(W/kg) +07.5 +3.8 +07.5 +4.3 +54 +3.40 +8.99 +10.12
SWC1 23.24 1.23 4.12 16.03 8.59 9.19 14.7 9.20
(W/kg) +10.6 7.7 +10.19 +6.73 +6.3 +7.09 +15.6 +9.2
STO 19.12 0.99 0.42 13.11 14.27 5.6 4.79 13.93
(W/kg) +08.4 +5.7 +7.40 +7.02 +8.9 +3.89 +7.5 +4.61
STC 0.70 22.7 235 0.78 13.3 12.5 12.9
(W/kg) +09.7 +5.7 +7.30 +6.40 +12.0 +6.5 +7.50 +8.5
SWO2 5.80 7.87 11.8 5.25 113 5.8 8.9 10.04
(W/kg) +14.3 +7.08 +10.23 +4.70 +11.7 4.7 17.7) +6.73
SWC2 21.8 1.29 1.01 10.7 115 6.07 15.9 8.40
(W/kg) +10.89 411 +8.55 +08.4 17.6 185 +11.6 5.4
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Table 4-4 The mean and standard deviation of the power calculated at the hip and ankle joints during G1 events for the PwP subgroups (W/ kg)

Parameter Mild/Moderate PwP group Severe PwP group

Mean Mean

(SD) (SD)

(n=4) (n=2)

Swing Stance Swing Stance
HIP ANKLE HIP ANKLE HIP ANKLE HIP ANKLE

SWO1 15.07 4.55 5.01 10.72 11.4 5.97 2.23 16.7
(W/kg) +6.2 +2.8 +10.9 +12.4 +4.2 +55 +12.16 +0.8
SWC1 7.78 8.89 16.62 10.22 9.78 11.01 11.6
(W/kg) +6.3 +9.2 +24.1 +9.5 +8.3 +0.20 +4.4 +12.8
STO 17.20 6.37 4.25 13.7 8.43 4.11 5.85 14.4
(W/kg) 7.1 +3.9 +10.3 +5.2 +12.33 +4.78 +3.01 +4.9
STC 12.90 13.9 12.61 14.22 2.9 9.6 13.6
(W/kg) +15.5 +5.9 18.7 +10.9 +1.48 +10.13 +17.5 +1.16
SWO?2 12.62 4.41 10.53 8.5 8.57 8.80 5,82 12.9
(W/kg) +14.7 +4.9 2.1 18.7 +4.62 3.7 +14.16 +1.9
SWC?2 11.9 475 18.16 7.62 10.86 8.70 11.6 9.93
(W/kg) 8.4 +10.7 +16.9 +3.2 19.17 +1.44 135 +10.5
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Figure 4-2 The Gl event during treadmill walking. (A) The Gl events with colored the swing (green) and
stance side(red). The arrows indicated (B) the maximum joint power at hip and ankle for the Ref (C) the
maximum joint power at hip and ankle for the PwP group.
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The power produced at the hip and ankle joint by the Ref was higher than the PwP group,
power generation also appeared to decrease with disease severity.

The next section will present the differences in muscle activity percentages and magnitude

of muscle activation ‘during’ Gl events while walking on the treadmill.

4.1.2.4 Muscle activity during the GI period while walking on the
treadmill

Electromyographic (EMG) signals recorded and processed during Gl period allowed for
the calculation of three variables:
e The percentage of muscle activity (normalised as a percentage of the whole Gl

movement) for the three sets of recorded muscles (tibialis anterior, gastrocnemius
and soleus on both sides)

e The number of discrete activity periods for each muscle

e The magnitude of muscle activation, calculated from area under the curve (AUC)
during Gl period, for the previous muscles.

A) Percentage of muscle activity of total Gl period.
Table 4-5 presents the percentage of activation for each of the six muscles active period
during Gl on the treadmill. It shows that all three pairs of muscles were active for longer
periods in the PwP compared with the Ref, however, there was no clear pattern of
difference between the two PwP groups. A longer percentage of muscle activation time of
the gastrocnemius (on the swing side) in the mild/moderate group and tibialis anterior
(swing and stance) in the severe group are notable.



Table 4-5 The percentage of muscle activity of a total GI period for the Reference group (Ref) and

PwP groups.
Parameter All PWP PwP groups Ref Group
Mean Mild/Moderate Severe Mean
(SD) Mean Mean (SD)
(n=6) (SD) (SD) (n=11)
(n=4) (n=2)
SWTA 49.97% 44.0% 61.8% 40.22%
+17.8 +9.0 +30.4 +22.6
STTA 53.05% 50.8% 57.8% 38.51%
+16.8 +20.7 +8.1 +25.2
SWGAS 41.12% 56.2% 10.1% 25.53%
+30.1 +23.5 +1.8 +14.9
STGAS 34.94% 35.2% 34.2% 24.10%
+20.1 +8.2 +42.5 +17.2
SWSOL 33.43% 35.2% 29.8% 27.10%
+13.9 8§17.6 1.0 +11.1
STSOL 37.80% 43.4% 26.5% 20.41%
+12.7 +11.9 +1.0 +14.5
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SWTA: swing-side tibialis anterior. STTA: stance-side tibialis anterior. SWGAS: swing-side gastrocnemius.
STGAS: stance-side gastrocnemius. SWSOL.: swing-side soleus. STSOL.: stance-side

The percentage of tibialis anterior activity (on the swing and stance sides) for the PwP
group (49.97% and 53.05% respectively) was longer than the Ref’s activity period
(40.22% and 38.51% respectively). The swing side gastrocnemius (SWGAS) was activated
for the third-longest period during the GI within the PwP group (41.12%), compared with
the Ref (25.52%.) However, the less active SWGAS for the Severe PwP participants
(10.1%) is notable. The soleus muscles on both sides (SWSOL, STSOL) were active for
longer (33.43% and 37.80%, respectively) in the PwP compared with the Ref group
(27.10% and 20.41% respectively). The possible reasons for these observed differences

will be discussed in Chapter 6.

B) Mean number of activity periods
Table 4-6, it can be seen that there were two to three periods of activity for all muscles in
the Ref during gait initiation on the treadmill. The PwP appears to generate an additional
period of activity for most muscles: for example, four periods of TA activity on the swing
side compared to three in the Ref during GI movement. Regarding the PwP subgroups, the
number of activations was different among the three sets of muscles. The SWTA had fewer
active period in the Severe PwP participants unlike the gastrocnemius (swing and stance

sides) which was activated on more occasions in the Severe PwP participants. The soleus
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muscles were largely similar across the PwP participants, except for one more period of
activity on the swing side among the mild/moderate PwP subgroup.

Table 4-6 The average number of muscle activity periods during the GI for the Ref and PwP groups
while walking on the treadmill.

Parameter All PwP PwP groups Ref group
Mean Moderate Severe Mean
(n=6) Mean Mean (n=11)
(n=3) (n=2)
SWTA 3 3 2 3
STTA 4 3 3 3
SWGAS 3 3 4 2
STGAS 3 3 4 3
SWSOL 3 4 3 2
STSOL 3 3 3 2

SWTA: Swing tibialis anterior. STTA: stance tibialis anterior. SWGAS: Swing gastrocnemius. STGAS:
stance gastrocnemius. SWSOL.: Swing soleus. STSOL.: stance soleus.

Figure 4-3 shows an example number of the activation periods for one participant (P1)
from the Ref and another participant (PwP3) from the Mild/Moderate PwP subgroup
during Gl events. The PwP participants’ muscles (in general) activated more frequently
and for longer, proportionally, than the Reference participants, especially the SWSOL,
which was active much earlier in the GI sequence (after 10% of the movement). The stance
side soleus (STSOL) was also active for longer periods in the PwP participants compared
to the two brief periods of activity from the Reference participants.
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Figure 4-3 Example of the activity periods of the lower limb muscle for(A) a participant from the Ref
group (P1) and (B) the Moderate group (PwP3) during GI movement while walking on the treadmill.
the orange line indicated the GI events during treadmill walking.

C) Magnitude of Muscle activation (AUC)
This section presents the calculations for the magnitude of the muscle activation during the
treadmill gait initiation movement. The area under the curve (AUC), as detailed in Section
3.6.1.1, provides a unit less measure of the magnitude of muscle activation. This was
calculated for the whole GI period for the six muscles of the lower limb for both the Ref

and PwP groups.
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Table 4-7 The AUC for the six muscles during the Gl period for the Ref and PwP groups.
Parameter All PwP PwP group Reference group

Mean Moderate Severe Mean

(SD) Mean Mean (SD)
(n=6) (SD) (SD) (n=11)

(n=4) (n=2)

SWTA 0.06 0.08 0.05 0.04

+0.03 +0.05 +0.08 +0.04

STTA 0.06 0.07 0.05 0.19

+0.03 +0.04 +0.06 +0.42

SWGAS 0.04 0.05 0.03 0.02
+0.01 +0.02 +0.02 +0.01

STGAS 0.03 0.04 0.03 0.04
+0.01 +0.02 +0.02 +0.04

SWSOL 0.33 0.06 0.69 0.04
+0.47 +0.03 +0.90 +0.01

STSOL 0.06 0.06 0.07 0.11
+0.04 +0.04 +0.08 +0.11

SWTA: Swing tibialis anterior. STTA: stance tibialis anterior. SWGAS: Swing gastrocnemius. STGAS:

stance gastrocnemius. SWSOL.: Swing soleus. STSOL.: stance soleus. Values have been uniformly

multiplied by 1000 for ease of interpretation.

Table 4.7 shows the magnitude of muscle activation for the Ref and overall PwP group

while walking on the treadmill. From the results, some differences were observed between
the two main groups; both STTA and STSOL were higher in the (Ref) (0.19 +/- 0.42 and
0.11 +/- 0.11, respectively) than in the PwP group (0.06 +/- 0.03 and 0.06 +/- 0.04,
respectively). In the other two muscle sets SWTA, SWGAS, STGAS and SWSOL
magnitudes were lower for the (Ref) when compared with the PwP group. The PwP group

showed an increase in the magnitude of the muscle activation for the SWSOL

(approximately 0.33 = 0.47), which was significantly higher than that of the (Ref) (0.04 +

0.01). Among the PwP, muscle activation was higher (0.69 £ 0.90) in the severe PwP
subgroup than (0.04 + 0.01) in the Mild/Moderate group. On other hand, the
Mild/Moderate group showed a higher magnitude of muscle activity in the STTA and
STSOL (0.07 £ 0.05 and 0.07 = 0.05, respectively) than in the other muscles.

Arguably the most interesting difference in muscle activity between the groups was

observed in the Soleus muscle on the swing side as illustrated in Figure 4-4. It can be seen
that the GI period started with a relatively high amplitude of SWSOL activity (~0.8mV),

possibly to help control the upright posture, before decreasing rapidly around SWOL.
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In the PwP, however, a different pattern was observed. Starting with a lower amplitude of
activity <(~0.2mV) there was no drop-in Soleus activity in the first 20% (as the Ref did)
rather there was a clear increase in activity which appeared to be more pronounced in the
severe participant (PwP4) compared with the Mild/Moderate (PwP5).

The Mild/Moderate PwP participants showed an increase in magnitude of the SWTA
before the STC event, but the SWGAS was lower inactivation than the tibialis and the

soleus.
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Figure 4-4 An example of the processed EMG signals of the three muscles on the swing side for one
participant from each PwP group and the Ref group during the GI period of treadmill walking. The red
line represents the tibialis anterior (TA) muscle, the green line represents the gastrocnemius (GAS) and
the black line represents the soleus muscle (SOL). The vertical lines show GI events.



125

4.1.3 Summary of the findings for the GI period while walking on the

treadmill

This study was conducted to investigate the differences in the way walking is initiated on a
treadmill between a group of unimpaired individuals (Ref) and a group of independently

mobile individuals with Parkinson’s disease (PwP).

It was evident that the PwP group spent short time carrying out Gl on a treadmill walk than
the (Ref) (2.06 s + 0.39 compared with 2.25 s + 0.42). The severity of Parkinson’s was
reflected in a directly proportional increase in the time taken to complete the Gl sequence:
the moderate PwP subgroup spent 2.02 s (£ 0.24) while the severe PwP group spent 2.12 s
(= 0.76). Consistent with this, was the finding that the Ref had a greater range of lower
limb joint movement than the PwP group during GI. In particular the Ref showed greater
ROM in the hip joint by almost 5 degrees compared with the PwP group. The ankle
movements was however largely similar in both the Ref and the overall PwP group with
the exception of the more severe PwP subgroup which showed a general reduction in
movement at all three joints. and finally, the knee movements was more flex in overall
PWP than Ref with more increase with severe group. The power produced at the hip and
ankle joint by the Ref was (23.24+10.6W/Kg,22.7+5.7W/Kg)much higher than the PwP
group(14.27+£8.9W/kg,9.19+7.09W/kg), with even lower values in the severe group. The
PwP had generally longer muscle activation periods; in particular, the tibialis anterior
(stance and swing) was active for 53.05% and 49.97% respectively as opposed to 38.51%
and 40.22% in the Ref. Overall, the period of muscle activity was affected by the severity
of the disease, for example, the plantar flexors were activated for shorter periods as the

disease increased in severity.

In general, the magnitude of muscle activation during Gl period (calculated as AUC)
showed less activation with the PwP group than the Ref. Also, the severity of the disease
affected the magnitude of the muscle activation; among the PwP, the SWSOL in the severe
PwP subgroup had the highest intensities of excitation (0.69 £ 0.09) followed by the
moderate PwP subgroups (0.04 + 0.01).

In conclusion, there are clear differences between people with Parkinson’s and unimpaired
individuals Ref group during the gait initiation process on a treadmill. PwP being slower,

with reduced joint movement and longer periods of muscle activity, including activity in
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the dorsiflexion and plantar flexors. These differences were more evident in the more

severe cases of Parkinson’s disease.

4.2 Changes in walking speed (increasing walking speed) during

walking on self pace treadmill

The second part of the treadmill walking study includes increase speed after walking has
been initiated. This section will present the methods and results for those walking on a
treadmill at self-selected speeds in response to an instruction to walk faster, which was
projected onto a screen.

As in gait initiation (Gl), the comparison between both groups includes the biomechanical
data (kinematics) and the physiological (EMG) variables categorised into three distinct gait
cycles: 1) immediately before the change in speed (B), 2) during the change in speed (D)
and 3) immediately after the change in speed (A).

4.2.1 Results
4.2.1.1 Spatiotemporal parameters (STP)

Table 4-7 shows the differences in STP parameters of the Ref and PwP group from Bef to
Dur (B-D cycle) and from the Dur to Aft (cycle D-A).

Table 4-8, it can be seen that the Ref group was able to increase walking speed by 0.12 +
0.06 m/s. The difference in standard deviation is notable for the Ref group, as it more than
doubled, from 0.06 and 0.15. This 0.12 m/s increase in speed was achieved by a moderate
increase in step length during the change speed cycle (B-D) of 15% (R side increase =
6.30cm, L side increase = 8.80cm) while cadence actually decreased. The step length
decreased by around 10% (R side decrease = 5.1 cm, and L side decrease = 6.3 cm) in the
following cycle (i.e. D-A). Most of the Ref group (70%) were on their R side stance phase
when the change occurred, which may explain the greater increase on the left (8.80
compared with 6.30).
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Table 4-8 The change in STP parameters of the right and left sides during walking on the treadmill for
Reference (Ref) and PwP groups.

Parameter Ref group PWP

Mean Mean

+SD SD=+

N=11 N=6

Change Change Change Change

B-D D-A B-D D-A
Speed (M/s) 0.12 0.00 0.06 -0.03
+0.06 +0.15 +0.08 +0.08
L Step Length (cm) 8.80 -6.29 1.00 1.80
+1.92 +0.58 +2.20 +0.60
R Step Length (cm) 6.30 -05.1 1.70 2.30
+0.30 +0.07 +3.50 +1.50
L Stride Time () -0.06 -0.06 -0.03 -0.01
+0.03 +0.07 +0.06 +0.06)
R Stride Time (s) -0.06 -0.04 -0.02 -0.01
+0.07 +0.10 +0.09 +0.03)
Cadence (steps per -4.42 12.31 2.40 -3.21
minute) +1.15 +1.68 +7.65 +1.03
L Stance -4.50 -5.60 -3.17 -1.83
Time (%) (8) +2.84 +8.02 +5.27 +5.56)
R Stance -5.90 -2.00 -3.17 -1.00
Time (%) (8) +6.21 +9.21 +8.86 +3.58)
L Swing 4.50 5.60 3.17 1.83
Time (%)(s) +2.84 +8.02 +5.27 +5.56
R Swing 5.90 2.00 3.17 1.00
Time (%)(s) +6.21 +9.21 8.86 +3.58)

(B-D) the change from Before to during cycle. (D-A) the change from During to After cycle.
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In contrast, the PwP group showed a more modest increase in gait speed of 0.06 = 0.08 m/s
during the change in speed (B -D), followed by a mild decrease of 0.03 + 0.08 m/s change
in the after cycle (D-A). Like the Ref group the increase in speed was associated with an
increase in step length, however, this was much smaller than the Ref (R side increase = 1.7
cm, L side increase = 1.0 cm). Yet, in contrast with the Ref, the (D-A) cycle showed a
further increase in step length from the initial speed change (R side increase = 2.3 cm, L
side increase = 1.80 cm), suggesting a greater number of cycles was required to create the
desired change in step length. Cadence also changed in the PwP, but in a different manner
from the Ref, rather than a decrease there was instead an increase of around 2.40 + 10.19
s/m, suggesting a different mechanism was being used to increase speed. Most of the PwP
group (90%) were on their L stance phase when the change occurred, which may explain
the slightly greater change in the R step length. Figure 4-5 shows the differences in the

speed m/s, the step length cm and, cadence in step/min between the two groups.
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Table 4-9 The change in STP parameters of the right and left sides during walking on the treadmill for PwP subgroups (Moderate and Severe).
(B-D) the change from Before to during cycle. (D-A) the change from During to After cycle

Parameter Moderate Severe
Mean Mean
(SD (SD)
(n=4) (n=2)
Change Change Change Change
B-D D-A B-D D-A
Speed (M/s) 0.07 0.04 0.04 -0.01
+0.09 +0.09 +0.04 +0.08
L Step Length (cm) 1.0 -2.45 0.48 -1.2
+5.41 +6.34 +7.61 +8.01
R Step Length (cm) 6.81 -20.42 2.32 -2.37
+7.40 +3.80 +0.84 +1.00
L Stride Time () -0.02 0.02 -0.07 -0.07
+0.06 +0.05 +0.04 +0.04
R Stride Time (s) 0.02 -0.01 -0.09 0.00
+0.08 +0.04 +0.06 +0.01
Cadence (steps per minute) 0.05 2.12 1.90 1.03
+0.24 +2.18 +2.85 +0.50
L Stance -1.5 1.25 -6.5 -8.00
Time (%) +5.19 +3.60 +4.9 +1.40
R Stance -0.25 -1.25 -9.00 -0.05
Time (%) +8.53 +4.57 +8.50 +0.71
L Swing 15 -1.25 6.50 8.00
Time (%) +5.19 +3.60 +4.90 +1.41
R Swing 0.25 1.25 9.00 0.50
Time (%) +8.50 +4.57 +8.50 +0.70
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Table 4-9, shows the change from Before to During cycle and from the During to After
cycle for the Mild/Moderate and the Severe groups. The PwP subgroups showed different
degrees of change in speed from B to D and from D to A. The Mild/Moderate subgroup
showed a modest increase with 0.07 and 0.04 m/s in the ‘B-D’ and the ‘D-A’ cycle
respectively, however, as disease severity increased, the speed in the ‘B-D’ cycle
decreased with 0.04 and -0.01 for the “‘B-D’ and the ‘D-A’ changes respectively.

Both the Mild/Moderate and Severe PwP subgroups increased their step length with the
change in speed but then subsequently reduced their step length in the After cycle. The

swing time increased more in the Severe (9.0%) than Moderate (0.25%) group.

In summary, both the Ref and PwP groups were able to increase their gait speed, in
response to an instruction, while walking on the treadmill. The Ref generating a greater
change in speed than the PwP group. The speed change was more strongly associated with
an immediate and relatively large increase in step length (and concurrent decrease in
cadence) in the Ref group whereas there was only a small increase in step length, produced
over two cycles, (and concurrent increase in cadence) in the PwP group. The next section
will present the differences in joint kinematics for both groups before, during and after the

increase in treadmill walking speed.
4.2.1.2 Kinematic parameters

In this part, the sagittal plane movements (flexion and extension) at the hip, knee and ankle
joints, on both sides, are presented for the three cycles; ‘B, D, and A, to explore further
differences between the way these two groups increased their treadmill speed.

Table 4-10 shows the kinematic change during the change in gait speed across the main
lower limb joints between Ref and PWP group. There was no clear change in movement at
any of the joints, the greatest change, for both groups, was a small increase in hip and knee
flexion of around 3 degrees in both groups. The ankle joint only showed a small (one to
two degrees) change, for both groups. Both groups showed a negative change (one to two
degrees) between them during and after cycles indicating a decrease in joint range of

motion in the Aft cycle.

Table 4-11 presents the kinematic change during the change in gait speed across the three
cycles for the two PwP subgroups. This showed an increase in joint movement of around 3
degrees at the hip and the knee in both groups between the B and D cycles. Although the
Mild/Moderate subgroup generally maintained this increase in movement, the Severe
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subgroup had a mild decrease in ROM. At the ankle joint, no more than one-degree
changes were observed in both subgroups.

Evidently, the Ref group has more ROM at the hips, knees, and ankles when walking on
the treadmill compared with the PwP group, see Figure 4-8. During the increase in speed,
both groups showed small to modest increases in hip and knee flexion with the more
severe sub-group showing slightly greater hip flexion, this may relate to the more flexed
posture observed in this group compared with the Ref group. These observations will be
discussed in chapter 6.

To illustrate potential differences Figure 4-6 shows the sagittal plane kinematics (hip, knee
and ankle) for one participant from Ref group (P9) and one from the PwP group (PwP1). A
general observation is the much greater ROM at the three joints in the Ref group compared
with the PwP. The three cycles (B, D and A) are also very similar for the individual
participants, both in amplitude and pattern, with the exception of a small increase in left
knee flexing in the D cycle for PwP1. It is worth noting the lack of change at the ankle in
PwP1, which is held in a dorsiflexed posture throughout, compared with Ref 9 who
demonstrates a typical ankle pattern including periods of dorsiflexion and plantarflexion
(Pistacchi et al. (2017); Svehlik et al,.2009).

The next section will explore changes and group differences in joint power during the
increase in speed on the treadmill.
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Figure 4-6 The ROM in degree for the Hip, Knee, and Ankle on both sides for the Ref P9 and wP1 during the three gait cycles B, D and A of changing speed while walking on
a treadmill.
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Table 4-10 The change in the peak of the sagittal plane movement in degree for the hip, knee and ankle joints on both sides during the change in speed for the Ref and PwP

groups. Change is shown between ‘Before’ to ‘During’ cycle (B-D), and from ‘During’ to ‘After’ cycle (D-A) while walking on the treadmill.

Parameter Ref group PwP group

Mean Mean

(SD) (SD)

N=11 N=6

Change Change Change Change

D-B A-D D-B A-D
L Hip Flexion (degrees) 2.68 -2.89 3.08 -1.06
+2.00 +2..27 +1.37 +2.22
L Hip Extension (degrees) 1.75 -1.08 1.97 -1.05
+1.77 +2.65 +1.29 +1.56
R Hip Flexion (degrees) 2.82 -1.51 3.00 -1.87
+2.14 +2.21 +0.95 +1.13
R Hip Extension (degrees) 1.91 -2.08 0.88 -1.65
+2.16 +2.15 +0.97 +1.06
L Knee Flexion (degrees) 2.77 -0.65 1.45 -0.57
+1.13 +1.08 +2.32 +1.88
L Knee Extension (degrees) 1.97 -1.09 0.76 0.31
+0.94 +2.08 +0.51 +1.24
R Knee Flexion (degrees) 2.63 1.34 3.45 1.46
+1.17 +2.07 +3.18 +1.35
R Knee Extension (degrees) 1.49 -2.14 0.68 0.14
+1.25 +2.15 +2.67 +1.87
L Ankle dorsi flexion (degrees) 1.91 -2.30 1.03 0.50
+1.68 +2.80 +0.87 +1.48
L Ankle planter flexion (degrees) 1.98 -1.23 1.58 -1.38
+1.57 +1.98 +2.49 +2.63
R Ankle dorsi Flexion (degrees) 1.97 -1.23 1.27 0.43
+1.94 +1.98 +0.97 +1.66
R Ankle planter flexion (degrees) 1.03 -2.33 1.14 -0.73
+1.89 +2.79 +2.16 +0.94
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Table 4-11 The change in the peak of the sagittal plane movement in degree for the hip, knee and ankle joints on both sides during the change in speed of the PwP subgroups

(Mild/ Moderate and Severe) group from the *Before’ cycle to ‘During’ cycle (B-D), and from ‘During’ to ‘After’ cycle (D-A) while walking on the treadmill.

Parameter Mild/Moderate Severe

Mean Mean

(SD (SD)

(n=4) (n=2)

Change Change Change Change

B-D D-A B-D D-A
L Hip Flexion (degrees) 3.07 -1.79 3.10 0.39
+1.19 +1.97 +1.95 +1.61
L Hip Extension (degrees) 0.24 -0.66 0.37 -0.15
+1.22 +1.30 +0.80 +1.05
R Hip Flexion (degrees) 3.15 -2.08 3.19 -1.44
+0.88 +1.17 81.06 +0.63
R Hip Extension (degrees) 0.91 -1.60 0.81 -1.75
+0.98 +1.21 +0.91 +1.21
L Knee Flexion (degrees) 2.98 -0.21 2.24 -2.15
+1.97 +1.59 +2.95 +0.19
L Knee Extension (degrees) 0.72 -0.07 0.86 1.09
+0.17 +1.20 +1.07 +0.13
R Knee Flexion (degrees) 2.18 1.59 3.05 1.21
+2.45 +1.34 +2.07 +1.31
R Knee Extension (degrees) 0.38 0.55 0.78 -0.67
+1.77 +1.39 +3.17 +2.80
L Ankle dorsi flexion (degrees) 1.21 -0.67 0.69 1.12
+0.83 +0.65 +0.80 +2.23
L Ankle planter flexion (degrees) 1.94 -1.58 0.86 -0.57
+2.67 +3.04 +0.99 +0.57
R Ankle dorsi Flexion (degrees) 0.98 0.01 1.36 0.26
+0.41 +1.08 +1.09 +1.26
R Ankle planter flexion (degrees) 1.52 -1.17 0.41 0.15
+2.24 +0.59 +2.24 +0.79
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4.2.1.3 Joint power

As explained in Chapter 3 (section 3.6.1.2.), power, calculated as the product of joint
angular velocity and joint moment, was normalised to body weight (W/kg) and calculated
for the hip and ankle, the knee was not considered to be a major contributor to forward
propulsion (Riley et al 2001). The key points of interest were the hip during early stance
(H1) and the hip and ankle during the pre-swing phase (H2 and A1), this was based on
previous work indicating these were the joints and gait phases most involved in generating
forward propulsion (Svehlik et al,.2009; Sloot et al 2021)

Table 4-12presents the peak power at the hip and ankle for the Ref and PwP groups during
the change in treadmill walking speed. It can be seen that the Ref group produce a greater
change in hip power at early stance (H1) (0.26 W/kg) during the change in speed (B-D
cycle), compared with the PwP group who only generated a change of 0.06 W/kg. On the
other hand, the sum of hip power during pre-swing (H2) was greater in the PwP (0.24
W/kg) compared with the Ref (0.17 W/kg). The sum of ankle power during pre-swing (Al)
showed a small increase in power among the Ref group (0.04 W/kg) while no power
change was shown in the sum of ankle movement among the PwP (0.01 W/kg). These
observations point to differences in the way gait speed is increased in these groups with a
much greater change in power at the hip during early stance in the Ref compared with pre-
swing in the PwP. The ankle showed a modest increase at pre-swing in the Ref which was

even smaller in the PwP.

As observed in table 4-13, hip joint power appears to be affected by disease severity, the
severe PwP subgroup had a greater increase at H2 compared with the Mild/ Moderate
group (0.29 W/kg and 0.19 W/kg) who seemed to favour an increase in power at H1 (0.00
W/kg compared with 0.09 W/kg ). Similar to hip power, ankle power was generally lower

in the more severe participants.

Overall, there were greater increases observed in joint power in the Ref group compared
with the PwP group which is consistent with the longer steps achieved by the Ref group.
The pattern of power generation in the PwP group, particularly the two more severely
affected participants, suggests these individuals increased their walking speed through
greater input from the hip during pre-swing (H2) rather than the hip during early stance
(H1). Power generation at the ankle (i.e. in a plantarflexing direction), is known to be a
major contributor to gait propulsion (Sloot et al, 2021) but did not really alter in the PwP to
change speed and only modestly changed in the Ref group. The preference for a hip



138

strategy to change gait speed, in the PwP, may relate to the underlying pathology but may

also be a manifestation of ageing (Sloot et al 2021).

Table 4-12 The change in the power at the hip (H1), (H2) and ankle (A1) joints (W/kg) during the

three-walking cycle (B, D, and A) for the Ref and PwP groups during walking on a treadmill.

Parameter Ref

Mean

(SD)

N=11

Change Change Change Change
B-D D-A B-D D-A
L Hip power (H1) 0.14 0.03 0.04 0.01
W/kg +0.27 +0.05 +0.06 +0.02
R Hip power (H1) 0.12 -0.05 0.02 0.01
W/kg +0.19 +0.09 +0.01 +0.04
L Hip power (H2) 0.07 -0.04 0.13 -0.07
W/kg +0.16 +0.17 +0.11 +0.02
R Hip power (H2) 0.10 0.12 0.11 -0.12
W/kg +0.04 +0.01 +0.18 +0.21
L ankle power (A1) -0.01 -0.02 0.00 -0.02
W/kg +0.05 +0.01 +0.10 +0.08
R ankle power (Al) 0.05 -0.04 0.01 -0.01
W/kg +0.05 +0.06 +0.02 +0.01
Sum of Hip power (H1) 0.26 0.18 0.06 0.02
W/kg
Sum of Hip power (H2) 0.17 0.05 0.24 -0.19
W/kg
Sum of ankle power 0.04 -0.06 0.01 0.01
(A1) W/kg

(B-D) the change from Before to During cycle. (D-A) the change from During to After cycle. Ankle and hip
power were summed between the two sides to simplify the metric, as no difference was measured between

the sides.
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Table 4-13 The change in the power at the hip (H1), (H2) and ankle (A1) joints (W/kg) during the three
walking cycles (B, D, and A) for the PwP subgroups (Mild/ Moderate, Severe) during walking on a
treadmill.

Parameter Mild/Moderate Severe
Mean Mean
(SD (SD)
(n=4) (n=2)
Change Change Change Change
B-D D-A B-D D-A
L Hip power (H1) 0.06 0.02 -0.01 -0.01
W/kg +0.06 +0.06 +0.01 +0.01
R Hip power (H1) 0.03 0.01 0.01 0.01
W/kg +0.04 +0.09 +0.03 +0.03
L Hip power (H2) 0.13 -0.13 0.10 0.03
W/kg +0.15 +0.33 +0.04 +0.02
R Hip power (H2) 0.06 -0.15 0.19 -0.06
W/kg +0.22 +0.27 +0.02 +0.04
L ankle power (A1) -0.01 -0.02 -0.01 0.00
W/kg +0.09 +0.10 +0.04 +0.01
R ankle power (Al) -0.01 0.01 -0.02 0.01
W/kg +0.02 +0.01 +0.01 +0.01
Sum of Hip power 0.09 0.03 0.00 0.00
(H1) Wikg
Sum of Hip power 0.19 -0.28 0.29 -0.03
(H2) Wikg
Sum of ankle power -0.02 0.01 -0.3 0.01
(A1) W/kg

(B-D) the change from Before to during cycle. (D-A) the change from During to After cycle. Ankle and hip
power were summed between the two sides to simplify the metric, as no difference was measured between

the sides.
Muscle activity during the speed variation while walking on the treadmill

The electromyography (EMG) signals of three muscles (tibialis anterior, gastrocnemius
and soleus on both sides) on both sides were processed and expressed as a percentage of
the gait cycles: (B, D, and A). The percentage of activation of muscle contraction, a

number of discrete contractions and area under the curve were calculated to characterise

the muscle activity during each of the three cycles around the time of a change in speed.
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4.2.1.4 Muscle activity during the speed variation while walking over

ground.

A) The percentage of muscle activity for each gait cycle

Table 4-14shows the activity periods for each of the three cycles during the speed increase
and the differences in the muscle activity from the B-D cycle phase and from the D-A for
each of the three muscles on both sides. The Ref group showed generally longer activity
periods in the B cycle compared with the PwP, which give a negative result (that mean the
D cycle is smaller than B in activation time during changing speed than the PwP which
showed a positive result which mean the D cycle in longer than B cycle in activation time,
except for the left soleus (LSOL), which showed less activity in Ref (33.89% compared
with 51.16%) in PwP. On the other hand, the PwP activated the muscles for longer with
greater differences compared with the Ref in the D cycle than B which showed positive
result from (B-D) more than the D-A cycle. The only exception was the LSOL, which
showed a decrease in the B-D cycle and maintained that decrease in the D-A in the PwP.

Table 4-15 shows the differences in muscle activation among the PwP group. Generally, in
PwP subgroup participants there was longer activity in the B cycle than D which showed
negative result as in table; this was seen in most of the muscles, except RTA in the
Mild/Moderate subgroup and LTA and LGAS in the Severe subgroup. A notable change
was seen in the RSOL and LGAS (26% and 36% respectively), which had longer
activation periods in B cycle than D in the Severe subgroup. The muscle activation in the
D-A cycle showed opposite activation, either by reducing activity after the increase or
increasing activity after reduction across all groups.
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Table 4-14 The percentage of muscle activation during the change in speed between the Ref and PwP groups for the Bef, Dur, and Aft cycles. (B-D) the change from Before to
During cycle and(D-A) the change from During to After cycle.

Parameters Ref PWP
Mean Mean
+SD +SD
N=11 N=6
Bef Dur Aft Change Change Bef Dur Aft Change Change
B-D D-A B-D D-A
RTA 51.87% 48.75% 43.5% -3.12% -5.25% 44.1% 59.17% 56.33% 15.07% -2.84%
+20.70 +16.50 +21.71 +4.20 +5.21 +19.18 +25.71 +18.45 +6.53 +7.26
LTA 49.62% 43.25% 47.37% -6.37% 4.12% 45.5% 46.5% 48.67% 1.00% 2.17%
+21.32 +24.67 +19.76 +3.35 +4.91 +25.75 +20.56 +13.58 +5.19 +6.98
RGAS 52.12% 50.37% 36.87% -1.75% -13.5% 45.2% 49.2% 16.8% 4.00% -32.4%
+21.81 +27.06 +27.14 +5.25 +7.22 +25.60 +32.37 +9.54 +6.77 +22.83
LGAS 46.0% 43.25% 50.75% -2.75% 7.5% 44.33% 50.83% 43.83% 6.50% -7.00%
+17.92 +19.83 +12.61 +191 +7.22 +22.44 +29.90 +20.08 +7.46 +9.82
RSOL 51.83% 47.16% 41.0% -4.67% -6.16% 30.0% 55.67% 32.33% 25.67% -23.34%
+25.17 +11.63 +21.89 +13.54 +10.26 +13.70 +36.25 +28.39 +22.55 +7.86
LSOL 33.89% 50.0% 43.25% 16.11% -6.75% 51.16% 50.33% 50.17% -0.83% -0.16%
+17.95 +10.75 +14.79 +7.20 +4.04 +24.70 +23.95 +26.32 +0.75 +2.37
RTA: Right tibialis anterior. LTA: Left tibialis anterior. RGAS: Right gastrocnemius. LGAS: Left gastrocnemius. RSOL: Right soleus. LSOL: Left soleus.
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Table 4-15 The percentage of muscle activation during the change in speed between the PwP subgroups (Mild/Moderate and severe) group for the Bef, Dur, and Aft cycles.
(B-D) the change from Before to During cycle and (D-A) the change from During to After cycle.

Parameters Mild/Moderate severe
Mean Mean
(SD) (SD)
N=11 N=6
Bef Dur Aft Change Change Bef Dur Aft Change Change
B-D D-A B-D D-A
RTA 35.0% 58.55 45.5% 23.5% -13.0% 62.0% 60.5% 78.0% -1.5% 17.5%
+13.9 +25.82 +5.56 +11.9 +20.2 +16.97 +36.06 +14.14 +19.0 +21.9
LTA 39.7% 35.3% 47.0% -4.5% 11.7% 57.0% 69.0% 52.0% 12.0% -17.0%
+17.05 +10.04 +10.19 7.0 +0.1 +45.25 +16.97 +24.04 +28.2 +7.07
RGAS 42.0% 54.75% 14.25% -12.7% -40.5% 62.0% 46.5% 49.5% -15.5% 3.0%
+28.39 +34.52 +8.8 6.1 +25.6 +5.65 +27.57 +31.81 +21.9 +4.24
LGAS 52.25% 44.0% 38.25% -8.2% -5.7% 28.5% 64.5% 55.0% 36.0% -9.5%
+24.24 +26.15 +22.69 +1.9 +3.46 +2.12 +43.13 +9.89 +41.0 +33.2
RSOL 25.25% 50.75% 35.75% -25.5% -15.0% 39.5% 65.5% 25.5% 26.0% -40.0%
+12.73 +39.8 +35.95 +27.1 +3.91 +13.43 +38.89 +3.53 +25.5 +35.5
LSOL 46.75% 44.5% 43.25% -2.25% -87.7% 60.0% 62.0% 64.0% 2.0% 2.0%
+25.40 +13.40 +20.07 +12.0 6.6 +29.69 +43.84 +41.01 +14.1 +2.8

RTA: Right tibialis anterior. LTA: Left tibialis anterior. RGAS: Right gastrocnemius. LGAS:

Left gastrocnemius. RSOL: Right soleus. LSOL: Left soleus.
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B) Mean number of separate activity periods for each muscle

Number of activation periods

Number of muscle activations

Ref PWP

mRTA ©LTA wmRGAS =mLGAS mRSOL =mLSOL

Figure 4-7 The average number of activity periods of the six muscles during change speed for the Ref
and PwP groups during the three cycles of walking on a treadmill: (B) ‘Before’, (D) ‘During’ and (A)
‘After’. RTA: Right tibialis anterior. LTA: Left tibialis anterior. RGAS: Right gastrocnemius.

LGAS: Left gastrocnemius. RSOL: Right soleus. LSOL: Left soleus

Figure 4-7 presents the mean number of activity periods for the three muscles for the Ref
and the PwP groups on both sides. All muscles were active between one and three times in
each cycle for the Ref, while the PwP showed generally a greater number of muscle
activations, at around three to 10 times in the Dur cycle and more than 10 in the A cycle.
The increase in the number of activity periods in the LSOL and RSOL amongst the PwP
was greater than in the Ref, as well as the activity in the LTA and RGAS, which both show
more activation periods in the PwP than in the Ref group. The two PwP subgroups showed
different activation patterns during the three cycles; the increase in a number of activity
periods seemed to be associated with an increase in disease severity, especially in the
activation for the RSOL.

C) Magnitude of Muscle activation, (AUC)
The magnitude of muscle activation will be presented to illustrate the differences amongst
the Ref and PwP groups. The AUC, as mentioned in Section 3.6.1.2 is a unitless parameter
indicating the magnitude of muscle activation of each gait cycle B, D, and A the change in
speed—for the three muscles of the lower limbs on both sides for both the Ref and PwP

groups.



Table 4-16 AUC for the six muscles during the three cycles (Bef, Dur, and Aft) of changing speed for the Ref and PwP groups while walking on the treadmill. (B-D) the

change from Before to During cycle and(D-A) the change from During to After cycle.

Parameters Ref PwP

Mean Mean

(SD) (SD)

N=11 N=6

Bef Dur Aft Change Change Bef Dur Aft Change Change

B-D D-A B-D D-A
RTA 1.28 1.42 1.57 0.13 0.15 1.66 1.66 1.73 0.00 0.07
+0.75 +0.63 +1.04 +0.28 +0.71 +0.28 +0.76 +0.55 +0.61 +0.59
LTA 1.74 1.98 2.26 0.22 0.24 1.62 1.69 1.72 0.07 0.03
+0.92 +1.02 +1.89 +0.34 +0.85 +0.32 +0.40 +0.25 +0.19 +0.20
RGAS 5.29 5.62 5.77 0.33 0.15 1.69 1.79 1.93 0.10 0.14
+2.67 +13.52 +13.51 +0.87 +0.33 +1.02 +1.10 +1.21 +0.35 +0.12
LGAS 8.02 9.20 9.01 1.18 -1.19 1.19 1.25 131 0.05 0.07
+11.62 +12.69 +12.08 +1.92 +3.27 +0.64 +0.49 +0.67 +0.32 +0.25
RSOL 16.63 15.83 15.74 -0.80 -0.10 12.22 15.13 16.79 2.90 1.66
+34.40 +1.70 +29.89 +2.79 +2.39 +23.40 +29.28 +33.33 +6.05 +4.33
LSOL 14.18 17.35 18.02 2.48 0.55 2.48 2.57 3.09 0.09 0.52
+21.74 +26.51 +26.75 +2.45 +2.42 +2.45 +2.42 +3.12 +0.38 +0.90

RTA: Right tibialis anterior. LTA: Left tibialis anterior. RGAS: Right gastrocnemius. LGAS: Left gastrocnemius. RSOL: Right soleus. LSOL.: Left soleus.
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Most of the participants in the Ref (7/10) changed speed during the L side, which may
explain the larger increases in the soleus and gastrocnemius activity on the L side (2.48 +
2.45 and 1.18 + 1.92), while the R side showed a decrease (soleus 0.80 + 2.79) or modest
increase (Gastrocnemius 0.33 = 0.87). During the change (B-D) the PwP showed very little
change in magnitude of muscle activation in the RTA, LTA, RGAS, LGAS and LSOL
(ranging between 0.01 and 0.1). RSOL, however, showed a clear change in the AUC, with
an increase of 2.90 £ 6.05 wuth change speed from B-D. Five of six PwP were on the
right-sided when the change occurred which may explain the observed increase on the R
more than L among the PwP. The EMG pattern in Figure 4-8 shows that there were clear
differences in the change in the magnitude muscle activation among two subgroups

The difrencess in AUC PWP subgroup

mRTA
mLTA
m RGAS
LGAS
mRSOL
o m - o o LSOL
B-D D-A

B-D D-A -

B O P N W A U1 OO N ©

Moderate Severe

Figure 4-8 The differences in muscle work (AUC) of the six muscles for the PwP subgroups (Moderate,
and Severe) during the change in speed from the Bef cycle to Dur cycle (B-D), and from ‘Dur to ‘Aft
cycle (D-A). SWTA: Right tibialis anterior. STTA: Left tibialis anterior. SWGAS: Right gastrocnemius.
STGAS: Left gastrocnemius. SWSOL: Right soleus. STSOL: Left soleus.
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Figure 4-9 The activation of the soleus muscle during the three cycles of walking on the treadmill for
one participant each from the Ref, Mild/Moderate and Severe PwP subgroups. The red line indicates
the cycle Bef, the green line in indicates the cycle Dur and the blue line indicates the cycle immediately

Aft the change in speed.

Figure 4-9 gives a graphical overview of the soleus activation for one participant from each
group. The soleus muscle of the Ref participant (Refl) increased incrementally with the
change in speed from before to after the speed change, particularly at the start and end of
the gait cycles. This biphasic pattern was less apparent in the PwP participants. The
Mild/Moderate participant (PwP3) showed a clear change in activity from before to during
the speed change but this was focussed on the later stages of the cycle (~75%) during the
swing phases. While the severe participant (PWP5) shows a bi-phasic pattern there was no

obvious change in amplitude during the change the speed.
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4.2.2 Summary of overall findings (increase in gait speed)

From these results, it can be seen that both groups were able to increase their gait speed on
a self-paced treadmill when requested. Expectedly, the Ref was able to produce a greater,
and more immediate, speed change than the PwP groups. Consistent with these findings
was the increase in step length, which was greater in the Ref than in the PwP group.
Cadence, however, decreased in the Ref, but increased for the PwP group. The sagittal
plane hip, knee and ankle joint movements increased in both groups, combined with an
increase in hip (H1) power in the Ref and PwP groups except the Severe PwP subgroup,
which showed a greater increase in (H2) than (H1) during the change in speed. A little
unexpectedly ankle power showed only modest increases in power for the Ref group and

barely changed in the PwP.

Finally, it was observed that the muscle activation characteristics varied between the
groups. The Ref showed a decrease in the percentage of all muscle activation, except in the
LSOL, which increased with 16% in the Dur cycle. The PwP showed more increase in the
percentage of muscle activation, which increase with disease severity. The Ref showed an
increase in the magnitude of muscle activation (AUC) in the L soleus and the LGAS of
during the cycle from before cycle , while PwP showed an increase in the RSOL during the

change in speed.

The previous section presented the methods and results for the first study (speed
modulation , including gait initiation and an increase in gait speed, during treadmill
walking), which aimed to explore the differences in motor control between the PwP and
the Ref. The comparison was made across biomechanical (kinematic and kinetic) and
physiological (EMG) variables during variations in speed while walking on the treadmill.
The study included (1) GI from a standing position and an increase in speed while walking

on a self-paced treadmill and (2) changing speed after walking at a regular speed.

The second part of the study will be presented in the next chapter, this seeks to understand
whether these differences observed during treadmill walking are apparent during

overground walking.
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Chapter 5 Study 2: speed modulation during overground
walking

This chapter will present the findings of the second study as well as briefly describe the
methods in order to provide context. This section aimed to build on the findings of the
treadmill study by comparing speed modulation (gait initiation from quiet standing to
increase speed and when the speed change) during overground walking between people
with Parkinson’s (PwP) and an unimpaired Reference group (Ref). This is an important
step because in real-life situations, most gait, and perhaps most gait training, will take
place overground rather than on a treadmill.

To gain some insights into the potential use of treadmills in rehabilitation, comparisons
were drawn between speed modulation on a treadmill and overground. The variables used
for comparison included both spatiotemporal (stride time, swing and stance time, and
speed) and physiological (EMG) parameters. These were selected to explore the motor
control differences between the two groups during the variations in walking speed.
Kinematics and kinetics data were not available for recording since testing had to occur
away from the movement analysis laboratory. The chapter is organised into two main
sections: one considering gait initiation from quiet standing and the other focusing on an
increase in gait speed from a comfortable self-selected speed.

Figure 5-1 The walking path in the corridor outside the laboratory. The participants were asked to begin the
test at the start line (horizontal arrow) and continue walking in the direction indicated by the vertical arrow —
when were they instructed to stop



149

5.1Gait initiation during overground walking

The testing protocol and analysis of the EMG and STP variables were similar to the Gl
tests conducted on the treadmill, which defined the time of Gl as the period from the
standing position until the second ground contact of the foot on the swing side (see chapter
4, section 4.2). This definition ensured a swing and stance phase were available for

analysis from both sides.
5.1.1 Participants

The participants were the same as in the first study (see section 4.1.1). There were 11
individuals in the Ref, (aged 29.90 SD 16.50 years). There were six individuals in the PwP
group, (aged 70.30 SD 13.80 years), see chapter 3, section 3.3, Table 3.2 for further

information on group characteristics.

Briefly, the side with which participants started their movement was identified as the swing
side, the other side being the stance side. It is worth noting that all participants started to
walk with the same side as in the treadmill tests (three members of the PwP group stepped
with their right side first, while the other three started with their left first). In the reference

group, seven participants stepped with their right and four with their left.

5.1.2 Results

5.1.2.1 Spatiotemporal parameters (STP)

Table 5-1 present the timings of the key events. All times have been normalised to the start
event (GI start, see section 3.6.1.1 for definition). These included the foot contact times on
the swing side, the stance side and the swing phase time. The gait speed was calculated by
the distance covered using a measuring tape over the total time of GI measured by IMU.
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Table 5-2 Timing of events in seconds during gait initiation for the Reference group (Ref) and PwP
group (including subgroups), the speed of the GI period was measured in m/s

All PwP PwP groups Ref group

Mean Moderate Severe Mean

(SD) Mean Mean (SD)

n=6 n=11

(n=4) (n=2)

SWOL () 0.26 0.25 0.28 0.20
+0.13 +0.11 +0.20 +0.12

SWCL (s) 0.76 0.77 0.76 0.55
+0.15 +0.12 +0.26 +0.25

STO (s) 0.91 0.87 0.97 0.71
+0.21 +0.16 +0.331 +0.26

STC (5) 1.35 1.30 1.45 1.09
+0.24 +0.18 +0.39 +0.42

SWO2 (s) 1.49 1.44 1.61 1.25
+0.24 +0.14 +0.43 +0.47

SWC2 (s) 1.95 1.89 2.06 1.49
+0.25 +0.14 +0.47 +0.56

Swing 1 (s) 0.51 0.52 0.49 0.56
+0.04 +0.03 +0.05 +0.25

Swing2 (s) 0.44 0.43 0.46 1.09
+0.04 +0.02 +0.05 +0.42

Swing3 (s) 0.45 0.45 0.46 0.94
+0.05 +0.06 +0.04 +0.35

Stancel (s) 0.91 0.87 0.84 0.71
+0.21 +0.16 +0.17 +0.26

Stance 2 (s) 0.72 0.67 0.84 0.69
+0.12 +0.02 +0.17 +0.26

Speed m/s 0.52 0.53 0.49 0.97
+0.06 +0.03 +0.11 +0.29

This table definitions: SWO1= the first foot off on the swing side, SWCL1 = the first foot contact of the swing
side, STO= the toe-off of the stance side, STC = the first foot contact of the stance side, SWO2= the second
foot off of the swing side, SWC2 = the second foot contact of the swing side, Swing 1= the time from the
starting time to the first foot contact of the swing side, Swing 2= The time from the starting point to the first
foot contact of the stance side, Swing 3= the time when the swing side leaves the ground a second time to
contact again for the second foot contact, Stance 1= the time from the starting point until the stance side
leaves the ground, Stance 2= the time from the first contact of the swing side point until the time that the

same foot leaves the ground
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To get a clear representation of the gait event times Table 5-1 shows the mean and standard
deviation of the Gl event times for all participants. The Ref group spent a mean of 1.49s +
0.56 in the GI period, while the PwP took longer, at 1.95s + 0.25). The Ref spent longer in
the swing phases; Swing1(0.56s * 0.25), Swing2 (1.09s + 0.42) and Swing3 (0.94 £ 0.35s),
compared with all the PwP groups Swing 1 (0.51 £ 0.04 s, swing 2 0.44 = 0.04 s and swing
3 0.45 £ 0.05 s). On the other hand, the PwP spent more time in the stance phases (Stancel
and Stance2) (0.91 £ 0.21 sand 0.72 + 0.12 s) than the Ref group (0.71 £ 0.26 s and 0.69
0.26 s). Finally, the PwP group was substantially slower in walking speed during the Gl
period (0.52 £ 0.04 m/s) than the Ref group (0.97+ 0.11 m/s).

Longer times were recorded for total Gl time (2.06 £0.47s) in the Severe PwP subgroup
than in the Mild/Moderate group (1.89 + 0.14s). From these data, it can be suggested that
the severity of the disease had an effect on the time needed to complete the task.

Overall, it was observed that the Ref group was able to complete the GI movement within
a shorter time than the PwP (this was reflected by the speed of movement during
overground walking). On the other hand, the swing phases times were longer with Ref
group than PWP while the stance phases were shorter with in Ref group than PwP. Finally,

longer time was observed as disease severity increased.

The next section will describe the broad differences in muscle activation during the Gl
period across the groups while walking over ground.

5.1.2.2 Muscle activity during the GI period while walking over ground

Using electromyographic (EMG) signals, this section will describe the muscle activity
during GI movement while walking on the ground. The EMG signals recorded and
processed during Gl period allowed for the calculation of the same three variables used in

the treadmill study:

e The percentage of muscle activity (normalised as a percentage of the whole Gl
movement) for the three targeted muscles (tibialis anterior, gastrocnemius and
soleus on both sides).

e The number of discrete activity periods for each muscle.

e The magnitude of muscle activation, calculated from area under the curve (AUC),
during Gl period, for the previous muscles.
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A) The percentage of muscle activity of the total GI period.

Table 5-3 The percentage of muscle activity of total GI period for the Reference group (Ref) and PwP

groups.
All PwP PwP groups Ref group
Mean (SD) Mild/Moderate Severe Mean
(n=6) Mean Mean (SD)
(SD) (SD) n=11
(n=4) (n=2) (n=11)
SWTA 47.61% 52.31% 36.84% 43.17%
+18.85 1+22.01 +2.48 +25.88
STTA 74.61% 93.90% 35.83% 33.57%
+30.46 16.50 +1.36 +27.90
SWGAS 58.74% 64.77% 46.67% 21.21%
+15.41 +14.60 +10.54 +10.46
STGAS 36.80% 41.22% 27.97% 25.70%
+11.82 +11.85 +6.59 +10.13
SWSOL 56.19% 57.40% 53.77% 24.64%
+1701 +17.21 +23.24 +13.28
STSOL 43.67% 46.10% 38.80% 35.34%
+15.67 +17.82 +14.34 1+22.46

SWTA: swing-side tibialis anterior. STTA: stance-side tibialis anterior. SWGAS: swing-side gastrocnemius.
STGAS: stance-side gastrocnemius. SWSOL.: swing-side soleus. STSOL.: stance-side

Table 5-2 shows the percentage of muscle activation for each of the six muscles during the
Gl period overground. In general, all muscles were active for longer in the PwP group
(particularly in the Mild/Moderate subgroup) compared to the Ref group; in some cases,
this was more than double: SWSOL (56.19% compared with 24.64%), SWGAS (58.74%
compared with 21.21%) and STTA (74.61% compared with 33.57%).

The PwP sub-groups again showed variations in the activation periods with consistently
shorter activation period in the Severe PwP subgroup compared with the Mild/Moderate
PwP subgroup. Notably the STTA activation period in the Mild/Moderate group lasted
virtually the whole GI period (93.90%), compared with the Severe group (35.85%) which
was closer to the Ref values. The SWGAS was the second-longest activated muscle within
the Mild/Moderate PwP subgroup (59.51%), but, interestingly, this activation of the
SWGAS decreased in the Severe PwP subgroup. The possible reasons for these

observations will be discussed in chapter 6.
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B) Number of muscle activation periods
Table 5-3 shows the number of times each muscle was activated during the Gl period for
all groups. All the muscles in the Ref group activated two or three times, while the PwP’s
muscles activated more frequently, three or four times. The number of activity periods was

generally the same between the PwP subgroups.

Table 5-4 The average number of muscle activation periods during the GI period while walking on the
ground for the Ref and PwP groups.

All PwP PwP groups Ref group
(n=6) | Mild/Moderate | Severe | (n=11)
(n=3) | (n=2)
SWTA 3 3 3 3
STTA 3 4 3 2
SWGAS 4 2 4 3
STGAS 3 4 3 2
SWSOL 4 3 3 2
STSOL 3 3 3 2

Figure 5-3 an example of the activation periods for one participant (P1) from the Ref group
and a participant (PwP 4) from the Severe PwP subgroup. The PwP participants’ muscles
were generally observed to activate more frequently and proportionally longer, than the
Ref group. The SWGAS in the PwP became active later in the Gl sequence (after 50% of
the movement), contrary to the Ref group, in which activation was early in the Gl sequence
(before 50% of the movement). Likewise, the stance side soleus (STSOL) was also active
early in Ref (P1) compared to the PwP participants, which activated later.
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Figure 5-2 Example of the activity periods of the lower limb muscle for(A) a participant from the
Ref (P1) and (B) the Severe group (PwP4) during GI movement while over ground walking. the
orange line indicated the GI events during walking over ground.

C) Magnitude of muscle activation (AUC)

This section presents the results for the magnitude of the muscle activation during Gl
movement. The AUC, as mentioned previously, provides a unitless measure of muscle

activity.
AUC during GI movemnt in the Ref and PwP groups

0.6
0.5
0.4
0.3
0.2

0.1
0 - l -
SWTA STTA SWGAS STGAS SWSOL STSOL

Ref Moderate mSevere

Figure 5-3 AUC for the six muscles during the GI period for the Ref and PwP groups while walking on
the ground. SWTA: right tibialis anterior. STTA: left tibialis anterior. SWGAS: right gastrocnemius
STGAS: left gastrocnemius. SWSOL : right soleus. STSOL : left soleus. Values have been uniformly
multiplied by 1000 for ease of interpretation
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Figure 5-3 presents the magnitude of muscle activation (AUC) during the GI period for the
PwP groups and Ref group. The results show that the magnitude of muscle activation for
the Ref group was generally higher than for the PwP group, except for the soleus on the
swing side (SWSOL). There were differences in muscle activation across the PwP sub-
groups; the severity of the disease had effect on muscle activation, for example the
SWSOL had the longest activation (0.48 + 0.07) during the GI period in the Severe PwP
subgroup.

The magnitude of muscle activation of the three muscles (TA, GAS and SOL) on the swing
side which was the start side was analysed, the most interesting difference in the muscle
activity between the groups was observed in the Soleus muscle on the swing side
(SWSOL) as illustrated in figure 5-4.

In the Ref it can be seen that the Gl period started with a relatively high amplitude of
SWSOL activity (~03.0 mV), possibly to help control the upright posture, before
decreasing rapidly before SWC1 and return to increase to reach above (~03.5mV) after
STC to lower again when end of movement. In the PwP, on the other hand, showed a
different pattern of muscle activity. The soleus activity started with low amplitude of
activity <(~0.2mV) then a clear increase in activity which appeared to be more pronounced
in the severe participant (PwP1) compared with the MIL/moderate. Noteworthily, The
Mild/Moderate PwP participants showed an increase in magnitude of the SWTA before the
STC event and lowered before the SWC2 event, but the SWGAS was lower inactivation

than the tibialis and the soleus.
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Figure 5-4 An example of the processed EMG signals of the three muscles on the swing side for one

participant from each PwP group and the Ref during the GI period of overground walking. The red

line represents the tibialis anterior (TA) muscle, the green line represents the gastrocnemius (GAS)

and the black line represents the soleus muscle (SOL). The vertical lines show the SWC and STC Gl

events.
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5.1.3 Summary findings for the Gl period Overground

This study was designed to gather information about the differences in Gait initiation
overground, (defined as occurring during the change in speed from zero movement to
walking) between a group of unimpaired individuals (Ref) and a group of independently
mobile individuals with Parkinson’s disease (PwP).

It was evident that the Reference group (Ref) took considerably less time to complete the
Gl period than the PwP groups, with faster speed (0.97+ 0.11 m/s) m/s for the Reference
group and 0.52 + 0.04 m/s for the PwP. The disease severity was reflected in the increased
Gl time (2.06 £ 0.47s) for the Severe PwP subgroup compared with the other groups at
1.89 £ 0.14s and 1.49 + 0.56 for the Mild/Moderate PwP subgroup and Ref group
respectively. The swing phases were longer in Ref than PWP group who increases the time
with severity of disease. This observation may confirm the difficulty in initiating

movement in severe disease.

The percentage of muscle activation of all the muscles in the PwP was essentially double
of those of the Ref group. On the other hand, the magnitude of muscle activation (AUC)
during GI period was the opposite, showing a higher value for the muscle activation in the
Ref group than in the PwP group in all muscles except for the SWSOL, which showed a
high value of activation. This suggests weaker but longer muscle activity in the PwP group
compared with the Ref group.

The next section will consider what happened when the speed was increased from a regular
walking speed to a fast pace.

5.2Change in walking speed speed during over ground walking

This section will present the results for increasing speed during overground walking.
Variables are compared between groups, including spatiotemporal (stride time, and swing
and stance phases time) and the EMG parameters, which, as before, were selected to
explore the motor control differences between the two groups. The variables were
separated into three distinct cycles: 1) before changing speed (B), during the change in
speed (D) and immediately after changing speed (A).
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5.2.1 Results

5.2.1.1 Temporal parameters (TP)

This section will present the temporal differences between the Ref and PwP groups during
an increase in overground walking speed. Due to the limitations of the instrumentation, the
change in speed across the cycles was identified by the differences in the gait cycle time.

This is considered to be a limitation of this study.

Table 5-4 shows the differences in the temporal parameters (TP) between the Ref and PwP
group from Buf cycle to Dur (D-B) cycle and from the Dur to Aft (A-D) cycle.

Table 5-5 the change in the (TP) of the Ref and PwP groups on the right and left sides. B-D is the
change from ‘Before’ to ‘During’ cycle, D-A is the change from ‘During’ to ‘After’ cycle

Parameter Ref PwP

Mean Mean

+SD SD+

N=11 N=6

Change Change Change Change
B-D D-A B-D D-A

Left Stride -0.15 0.00 -0.09 -0.03
Time (s) +0.09 +0.07 +0.16 +0.34
Right Stride -0.12 -0.03 -0.11 0.05
Time (s) +0.14 +0.08 +0.12 +0.14
Cadence (steps per 15.97 -9.34 13.16 -2.5.22
minute) +5.61 +17.5 +6.66 +4.10
Left Stance -2.64 1.75 -3.93 3.02
Time (%) +5.88 +4.35 +6.85 +7.94
Right Stance -3.09 -1.98 -0.90 0.90
Time (%) +5.83 +3.34 +8.33 +3.50
Left Swing 2.64 -1.75 3.93 -3.02
Time (%) +5.88 +4.35 +6.85 +7.94
Right Swing 3.09 1.98 0.90 -0.90
Time (%) +5.83 +3.34 +8.33 +3.50

As seen in Table 5-4, the Ref participants were able to change their walk (reducing stride
time) from B to D, the cycle, R (-0.12s, £ 0.14) and L (-0.15s, = 0.09). In the PwP group, a
reduction in stride time was also observed on both the right and left sides but this was
much less than the Ref by (L: -0.09s, + 0.16 and R: -0.11s, + 0.12). Both groups showed

mild or no change from D to A cycle.The stance time was reduced in both groups with a
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relative increase in swing time during change speed. while the opposite results were shown

in the following cycle for both groups

In summary, all participants decreased their stride time around the point of the requested
change in speed, this reduction averaged 0.09 s from the B cycle to the D cycle but was
substantially greater in the Ref group. Both groups showed increase in cadence with
change speed in Ref group 15.97+5.61 s/m compared 13.16+6.6 s/m PwP while decrease
in following cycle. Generally, there were few differences observed among the PwP
subgroups see Table 5-5.

Table 5-6 the change in temporal parameters of the PwP subgroups (Mild/moderate and Severe) of the
right and left sides. B-D is the change from ‘Before’ to ‘During’ cycle, D-A is the change from *During’
to ‘After’ cycle.

Parameter Mild/moderate Severe

Mean Mean

+SD +SD

N=3 N=2

Change Change Change Change
B-D D-A B-D D-A

Left Stride -0.09 0.03 -0.09 0.03
Time (s) +0.08 +0.01 +0.01 +0.01
Right Stride -0.08 0.01 -0.06 0.00
Time (s) +0.2 +0.08 +0.04 +0.03
Cadence (steps per 14.72 -2.6 9.51 3.90
minute) +7.44 9+4.9 +1.89 +12.97
Left Stance -1.84 -4.10 -4.08 0.22
Time (%) +0.96 +3.91 +2.90 +1.24
Right Stance -0.59 1.10 -2.72 1.40
Time (%) +0.40 +0.24 +0.49 +1.21
Left Swing 1.85 4.09 4.03 -0.21
Time (%) +0.98 +3.91 +2.9 +1.24
Right Swing 0.59 -1.10 2.72 -1.41
Time (%) +0.41 +0.26 +0.48 +1.21

The next section will present the change in muscle activation during the overground

change in speed.

5.2.1.2 Muscle activity during the speed variation while walking over

ground.

A) The percentage of muscle activity for each gait cycle .

As explained previously, the electromyography (EMG) signals were processed to present
the percentage of muscle activity of the eacg gait cycle, number of discrete contractions
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per cycle, and magnitude of muscle activation of each cycle (by integrating the signal to
obtain the area under the curve (AUC)) of the six muscles—the tibialis anterior, the
gastrocnemius and the soleus on both sides—of the three gait cycles— B, D, and A, of
changing speed while walking over the ground. All recorded muscles were activated

during the increase in speed.

Table 5-6 shows the differences in the percentage of muscle activity from the B to D cycles
and from the D to A cycles for each of the three muscles on both sides. The Ref group
showed generally longer activation period in all muscles with a change in speed from B to
Dcycle except in LTA and LSOL (-14.13 + 3.62 and -4.13 + -3.45 respectively. In contrast,
the PwP had generally shorter activation time as percentage for RTA, RGAS, and RSOL (-
7.83£2.17, -13.17+16.9, 19.16£1.51) and longer activation time on the left side (2.5+6.62,
8.84%1.00, 8.84+0.58). It is worth noting the RSOL which showed a much larger decrease
in the activity period (-19.16 % + -1.51).

In the following (A) cycle both groups decreased the activation time for all muscles
(except the soleus muscle on both sides for both groups) which continued to increase (R
3.52+2.00 and L29.5+11.9) for the Ref and (R7.16+0.97 and 7.66+3.07) for the PwP

group.

Table 5-7, the activity period was compared between the B cycle and D cycle for the two
PwP subgroups. The activity period for the plantar flexors in B cycle showed longer
activation periods than D cycle on the right side compared with the left, which increases
with disease severity. While in A cycle the percentage of muscle activation are reduced
with all muscles in both groups except the soleus muscle which showed the opposite
activation.

The activation of the soleus muscle on both sides showed increased activation with more
disease severity.

It is noteworthy that the two sub-groups were different in percentage of muscle activation,

with the more severe showing decreased activity periods.
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5-6 The percentage of muscle activation during the change in speed between the Ref and PwP groups for the B’ ,‘D’, and ‘A’ cycles. B-D is the change from before to during

cycle and D-A is the change from during to after cycle.

Parameters Ref PWP
Mean Mean
+SD +SD
N=11 N=6
B D A Change Change B D A Change Change
B-D D-A B-D D-A
RTA 55.50% 57.63% 52.63% 2.13% 75.0% 55.50% 4767% | 3817% | -7.83% | -9.50%
+20.48 +15.64 +19.70 +4.84 +4.06 +20.48 +18.31 +14.23 £2.17 +4.08
LTA 65.13% 51.00% 50.25% | -14.13% 20.75% 54.83% 57.33% | 44.33% 25% 13.0%
+9.44 +13.06 +16.99 *3.62 *3.93 +24.45 +17.83 +11.31 +6.62 +6.52
RGAS 38.37% 41.25% 38.25% 2.88% 73.00% 52.17% 30.00% | 3317% | -13.17% | -5.83%
+17.22 +7.13 +15.07 +10.09 *1.94 +6.85 +23.75 12336 | 1690 *0.39
LGAS 37.87% 48.50% 38.75% 10.63% 29.75% 37.33% 46.17% | 39.33% | 884% | -6.84%
+14.45 +25.01 +19.51 +10.56 %5.50 +24.28 +25.28 +19.34 *1.00 %5.94
RSOL 32.35% 44.71% 48.23% 12.36% 3.52% 66.16% 47.00% | 5417% | -19.16% | 7.16%
+18.21 +18.75 +20.75 *0.54 *2.00 +14.17 +12.66 +11.69 151 *0.97
LSOL 29.00% 24.87% 54.37% 4.13% 29.5% 36.33% 4517% | 52.83% | 884% | 7.66%
+13.34 +9.89 +21.79 £3.45 119 +12.04 +12.62 +9.55 +0.58 £3.07

RTA: Right tibialis anterior. LTA: Left tibial anterior. RGAS: Right gastrocnemius.

LGAS: Left gastrocnemius. RSOL: Right soleus. LSOL.: Left soleus
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Table 5-7 The percentage of muscle activation during the change in speed for PwP subgroups (Mild/Moderate and severe )group in the B’ ,*D’, and *A’ cycles. B-D is the
change from before to during cycle and D-A is the change from during to after cycle.
Parameters Mild/moderate Severe
Mean Mean
+SD +SD
N=3 N=2
B D A Change Change B D A Change Change
B-D D-A B-D D-A
RTA 43.00% 41.5% 34.7% -1.50 -6.75 80.50% 60.00% 45.00% -20.5 -15.0
17.70 +16.03 +15.4 18.24 +0.64 16.40 +21.12 112.72 1+14.84 18.48
LTA 55.00% 58.00% 46.75% 3.00 -11.25 54.50% 56.00% 39.50% 15 -16.5
122.19 19.50 +13.72 +15.72 17.23 +38.89 +38.18 +2.12 10.71 13.6
RGAS 51.50% 44.75% 31.25% -6.75 -13.5 53.50% 27.50% 37.00% -26.00 9.5
18.66 125.80 122.60 +17.19 13.24 +2.12 1+20.51 133.94 +18.38 +13.43
LGAS 40.00% 53.50% 48.5% 13.5 -5.00 32.00% 31.50% 21.00% -6.00 -10.5
+16.06 126.8 +16.00 +10.75 +10.03 +4.24 +12.03 +4.24 +0.50 17.77
RSOL 64.25% 49.25% 64.25% -15.00 15.00 70.00% 42.50% 34.00% -27.50 -8.50
114.24 1+15.71 120.46 1+1.42 14.75 +19.80 10.71 19.89 +19.09 19.19
LSOL 38.00% 49.75% 56.73% 11.7 7.00 32.50% 36.00% 45.00% 35 9.00
+14.38 +13.05 16.94 +1.31 16.13 17.78 15.65 +11.32 +2.12 15.65

RTA: Right tibialis anterior. LTA: Left tibial anterior. RGAS: Right gastrocnemius. LGAS: Left gastrocnemius. RSOL: Right soleus. LSOL:

Left soleus
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B) The number of separate activity periods for each muscle
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Figure 5-5 Mean number of activity periods of the six muscles during change in speed for the Ref and
PwP groups during the three cycles of overground walking (B) Bef, (D) Dur and (A) Aft. RTA: Right
tibialis anterior. LTA: Left tibialis anterior. RGAS: Right gastrocnemius. LGAS: Left gastrocnemius.
RSOL: Right soleus. LSOL: Left soleus

Figure 5-5 illustrates the mean number of discrete periods of activity for each muscle
during the three cycles of overground walking around the speed change. It can be seen that
the frequency of muscle activity in PwP was greater than the Ref. While the Ref group
consistently produced 4 to 7 activity periods across the three cycles the PwP were much
more variable with a generally higher number of activations with 3 to 15 active periods

especially in soleus muscles. It seems that the two subgroups were different with a

greater number of activations in the severe group with change speed.

C) Magnitude of muscle activation (AUC)
The AUC is a unitless parameter indicating the intensity of magnitude of muscle activation
amongst the Ref and PwP groups during the each cycles B, D and A of the change in

speed for the six muscles of the lower limbs
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Table 5-8 AUC for the six muscles during the three cycles (‘Before’, ‘During’ and “After’) of changing speed for the Ref and PwP groups while walking over ground. (B-D)
the change from Bef to Dur cycle and(D-A) the change from During to After cycle.

Parameters Ref PwP
Mean Mean
+SD +SD
N=11 N=6
B D A Change Change B D A Change Change
B-D D-A B-D D-A
RTA 0.05 0.06 0.05 0.01 20.01 0.05 0.06 0.05 0.01 20.01
+0.04 +0.03 +0.03 .01 +0.02 +0.01 +0.02 +0.01 +0.02 .01
LTA 0.05 0.07 0.08 0.02 0.01 0.05 0.09 0.09 0.04 0.00
+0.03 +0.06 +0.07 +0.03 .01 +0.02 +0.04 +0.05 +0.04 .01
RGAS 0.12 0.18 0.18 0.06 0.00 0.05 0.10 0.09 0.04 20.01
+0.29 +0.43 +0.42 +0.14 +0.02 +0.04 +0.08 +0.07 +0.04 +0.02
LGAS 0.17 0.23 0.29 0.09 0.06 0.05 0.06 0.06 0.01 0.00
+0.24 +0.33 +0.40 0.13 +0.10 +0.03 +0.02 +0.03 .01 .01
RSOL 0.35 0.19 0.19 20.16 0.00 0.34 0.45 0.50 0.11 0.05
+0.61 +0.28 +0.31 20.57 0.06 +0.62 +0.68 +0.85 +0.08 20.17
LSOL 0.24 0.21 0.23 20.03 0.02 0.10 0.12 0.11 0.02 20.01
+0.55 +0.36 +0.34 0.19 20.12 +0.14 +0.15 +0.14 .01 .01

RTA: Right tibialis anterior. LTA: Left tibialis anterior. RGAS: Right gastrocnemius. LGAS: Left gastrocnemius. RSOL: Right soleus. LSOL: Left soleus. (NOTE: Values have been
uniformly scaled up by 1000 to improve readability)
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As can be seen in Table 5-8, both groups, in general, showed an increased magnitude of
muscle activity with the change in speed (B-D), as might be expected. There was, however,
a notable difference between the groups for the activity of soleus. In the Ref group the soleus
activity, on both sides, decreased (R-0.16 + 0.57 and L-0.03+0.19 ) during the change in
speed while the PwP increased (R (0.11+0.08 and L (0.02+0.01)

The difrencess in AUC PWP subgroup
0.2
0.15
0.1
0.05 I
0 I | | - |
D_B A_D | D_B A_D
-0.05 Moderate Severe
RTA LTA =RGAS =LGAS mRSOL mLSOL

Figure 5-6 The differences in magnitude of muscle activation (AUC) of the six muscles for the PWP
subgroups (Moderate, and Severe) during the change in speed from the *Before’ cycle to ‘During’
cycle (B-D), and from ‘During’ to ‘After’ cycle (D-A). SWTA: Right tibialis anterior. STTA: Left
tibialis anterior. SWGAS: Right gastrocnemius. STGAS: Left gastrocnemius. SWSOL : Right soleus.
STSOL: Left soleus. (Values uniformly scaled up by 1000 to facilitate reading*)

There was a clear difference in muscle activation among the PwP subgroups, as shown in
figure 5-6. The AUC shows that there was a greater increase in activation in RSOL by 0.16
from B to D cycle and decrease to 0.05 from D to A cycle.

Figure 5-7 illustrates the RSOL muscle activity within the three cycles for one participant
from each group to show the relationship in muscle activation and disease severity. In the
Ref group the soleus muscle is clearly activated twice, during early (20-30%) and mid/late
(40-60%), stance, to control the forward rotation of the tibia, this is well described in the
(Neptune et al, 2001). As the speed changes this pattern persists but the amplitude of activity
decreases. In the two examples from the PwP group (mild/moderate and severe) it can be
seen that while the early stance period of soleus can still be observed the second period is
more delayed (around 60%) and appears to increase in magnitude across the three cycles

spanning the change in speed, in contrast with the ref group.
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Figure 5-7 The activation of the soleus muscle during the three cycles of walking on the treadmill for one
participant from the Ref group (P6 ) and one each from the two PwP sub groups. The red line indicates
the cycle ‘Before’, the green line indicates the cycle ‘During’, and the blue line indicates the cycle
immediately ‘After’ the change in speed
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5.2.2 Summary: Findings from the study on the increase in overground

speed

From these results, it can be observed that there were some differences in the way the
participants increased their overground walking speed, especially during the stance phase.
The mechanism for increasing speed seemed to be based on a change in cadence; step
length was not measured due to the lack of a measurement system, however, so this may
have varied as well. It is interesting, nonetheless, that these findings differed from
treadmill walking, where an increase in speed was linked with a decrease in cadence for
the Ref group. The PwP had similar increases in cadence for both treadmill and
overground walking. The Ref group showed an increase in cadence during overground
walking, which was opposite to treadmill walking. There were also differences in the
overall pattern of muscle activity during the increase in speed. Most notably the soleus
muscle clearly decreased in the Ref group while the speed increase was being executed but

it increased in the PwP, particularly in the severe participants.
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Chapter 6 Discussion

6.1 Introduction

This chapter is divided into four sections. The first section focuses on summarising and
discussing the primary findings of the research. The purpose is to offer a clear and concise
representation of the key discoveries the study has uncovered. In the second section, the
findings are placed in the context of published literature. The third section will explain the
findings through the lens of motor control theory, addressing whether the results support
the theory's principles and augment the existing body of knowledge. These discussions will
inspire the development of new research hypotheses. The fourth section outlines the
limitations of the current study and provides recommendations for further research. The
section serves to acknowledge the potential constraints of the methodology or data
collection and to suggest improvements in areas that could enhance future studies. Before
presenting these distinct sections, it is beneficial to revisit the overarching objective of this
study.

The central aim was to investigate the biomechanical and muscle timing challenges faced
by people with Parkinson's (PwP) when they initiate movement or change their walking
speed, as might be experienced during community walking. This was achieved by
measuring the changes in biomechanical attributes and muscle activity characteristics and
comparing these changes with a reference group of physically fit individuals. Both
treadmill and overground walking conditions were evaluated to provide a comprehensive
understanding of the problem and valuable insight on the potential role of treadmill

walking in future rehabilitation research.

6.2 Summary of primary findings

6.2.1 Gait Initiation: Treadmill and Overground

When initiating gait on a self-pacing treadmill the PwP group took less time (~8%) to
complete than the Ref group (2.06 + 0.39 s compared with 2.25 + 0.42 s) and spent less
time, relatively, performing the swing (~2%) with more stance phase (~3%) compared to
the Ref group. Similarly, the PwP group had approximately 5 degrees less movement at all
the joints and less power at the hips (~16%) (PwP 12.11+0.8W/kg, Ref 14.45+0.5w/kg)
and ankles (~1%) (PwP 5.99+0.7w/kg, Ref 6.80+0.5w/kg) compared to the Ref group.
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Unsurprisingly the resulting speed was lower (17%) in the PwP group during the
subsequent gait cycle (0.2920.04m/s compared with 0.35£0.11m/s).

In terms of muscle activity, a key finding was the longer period of soleus muscle activity in
the PwP group (33.43% and 37.80%) compared with the Ref group (27.10% and 20.41%).

These findings differed somewhat when participants were asked to initiate gait in a more
natural situation, overground. Both groups took less time to complete the movement
overground, however, the Ref group took much less time (|33%,1.494+0.56s) compared
with the PwP who took more or less the same time as during the treadmill gait initiation
(15%, 1.95+0.25s). A large part of this difference was observed during the initial phase
(movement initiation to foot off) with the PwP taking almost 25% more time (0.26+0.13s

versus 0.20£0.12s) to complete this initial movement.

While kinematic and kinetic variables were not available during the overground trials there
was a similar finding of prolonged activity in the soleus and gastrocnemius muscles of the
PwP which were active for more than twice as long as the Ref group (Soleus 56.19% and
Gastrocnemius 58.74% compared with Soleus 24.64% and Gastrocnemius 21.21%).

In short, gait took around 2s to initiate and was quicker when attempted overground than
on a treadmill, particularly for the Ref group. The PwP were generally slower, with less
joint movement and joint power than the Ref group, when this could be recorded on the
instrumented treadmill. Longer activity of the plantar flexor muscles was a hallmark of gait
initiation for the PwP in both treadmill and overground conditions. These findings will be
addressed in detail later in this chapter.

6.2.2 Speed increases during walking on a treadmill and over ground

During the self-pacing treadmill exercise, the Ref group and the PwP increased their speed
by approximately 12% and 6% respectively. The Ref group increased their step length by
around 15%, (0.08+/-0.04 m) which was much greater than the PwP group, which only had
a 6% (0.02+/-0.05 m) increase. The Ref group's step length did, however, decrease during
the following cycle (0.06+0.58m) while the PwP 's increased (0.02+1.5m). There was a
small increase in hip and knee flexion of around 3 degrees in both groups, corresponding

with the slightly longer step length. The ankle joint only showed a small (one to two
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degrees) change, for both groups. Cadence altered, but in different ways, with the Ref
group briefly decreasing cadence (-4.42 +/-3.23; -4%) while the Parkinson’s group
increased (4.40+/- 10.19, +3%).

When it came to the power metrics, the Ref group had higher combined hip power during
early stance, at around 0.26 W/kg, and around 0.04 W/kg at the ankle during pre-swing
compared to PwP (0.06,0.01 W/kg). They also had a moderate increase in hip power
during pre-swing at around 17% (0.17 W/kg). On the other hand, the PwP group showed
increased hip power during pre-swing around 0.24 W/kg during moderate speed changes,
but there were no real change in ankle power. The percentage of muscle activation during
this increase in speed was largely observed in PwP with 15%, 2%, and 25% for Tibialis
anterior, Gastrocnemius, and Soleus muscles while slightly decreased 3%, 2%, and 4% on
Ref group.

When participants were asked to change their walking speed overground, both groups
reduced their stride time, with the Ref group decreasing by about |10% and the PwP
reducing by about |9%. Interestingly, when comparing muscle excitation during
overground walking versus treadmill walking, PwP showed a decrease in percentage of
muscle activation in the soleus and gastrocnemius muscles by about |19% and | 13%,
respectively, compared to the Ref group. So PwP reduced the excitation periods when
trying to increase overground speed compared to Ref group who showed increased by 12%
and 10%.

In summary, an increase in speed was executed over a shorter time when attempted
overground than on a treadmill, particularly for the Ref group. Less joint movement and
power were observed in the PwP in treadmill walking compared with overground. Finally,
the plantar flexor muscles had longer activation periods during the treadmill speed
increases compared with overground walking. These will be discussed in detail later in this
chapter.

6.3 Comparison with Literature

6.3.1 Gait Initiation

The gait initiation (GI) process during overground walking has been extensively studied, as
mentioned in Chapter 2, including works by Breniere and Do (1991), Novak et al. (2014),
and Cau et al. (2014). However, the comparison of GI parameters in this study focuses
exclusively on overground data, as there is a lack of available data for Gl on a treadmill.
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This aspect of the research contributes to the novelty of this thesis. It is important to
mention that while kinematic and power data were not available, the study focused on
electromyography (EMG) and spatiotemporal measures.

The results of the present study reveal that the group of individuals with Parkinson's
disease (PwP) required a longer time (1.95 % 0.25s) to execute the gait initiation (GI)
sequence during over ground walking, compared to the reference (Ref) group (1.49 =
0.56s). These findings align with previous studies conducted by Roemmich et al. (2012),
Rosin et al. (1997), and Deval et al. (2014), which also reported longer Gl times for PwP
compared to control groups. Specifically, Roemmich et al. (2012), Rosin et al. (1997), and
Deval et al. (2014) reported Gl times of 0.58 + 0.1s, 0.57 £ 0.1s, 1.32 £ 2.0s, 1.9 + 0.3s,
and 0.53 + 0.14s, 0.51 + 0.01s for PwP compared to control groups, respectively. Despite
variations in the definition of GI among these studies, they consistently demonstrated

longer Gl times for individuals with Parkinson's disease.

It should be noted that in the present study, Gl was measured from the onset of movement
until the second heel contact, as described in Chapter 3. In contrast, the previous studies
calculated Gl only until the first heel contact of the swing side. This accounts for the
longer time (approximately 0.5 to 1s) reported in this study. The rationale behind including
a longer period in this study was to ensure that both sides had completed a full step
sequence, allowing for a comprehensive comparison between the leg that swings first and
the one that follows.

The current study's findings, however, contradict those of Okada et al. (2011), who
reported longer GI times in healthy individuals (0.53 + 0.01s) compared to PwP (0.52 +
0.02s) using a similar methodology of calculating GI until the second heel contact. The
discrepancy in results could be attributed to differences in the method of calculation, as the
current study utilised inertial measurement units (IMUs) while Okada et al. used force
plates embedded in an instrumented walkway.

In the current study, there were slight differences in the time of the gait initiation (GI)
sequence between treadmill and over ground walking. Both groups exhibited a Gl period
that was 0.50s shorter during over ground walking compared to treadmill walking. The
disparity in time for treadmill walking may be attributed to the restricted walking space
and the use of a safety harness. However, further investigation is needed to confirm this
possible explanation.
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The longer GI sequence times observed in individuals with Parkinson's disease (PwP) are
likely related to a reduced joint movement at the hips, knees, and ankles within this group.
Advanced stages of the disease have been associated with less joint movement compared
to milder and moderate stages (Schrag et al., 2000).

Regarding muscle activation during overground walking, the PwP group demonstrated
longer periods of activation in all six measured muscles during GI compared to the Ref
group, with the exception of plantarflexors (Gas and Sol) on the initiating side, which
showed approximately over 58% and 56% activation time in PwP compared to 21% and
24% in the Ref group, respectively. Hiraoka et al. (2005) also reported that the soleus
muscle was active for approximately 75% of Gl in PwP, inhibiting the forward rotation of
the body and delaying the dorsiflexion of the ankle during GI. The prolonged activation of
the soleus muscle promotes anterior and medial deviation of the centre of pressure (COP),
leading to a freezing pattern that prolongs movement initiation. This delayed deviation of
COP is caused by abnormal pauses in the soleus and tibialis anterior (TA) muscles,
disrupting the sequence and increasing the overall time required to execute GlI, potentially
leading to a gait freezing event (Warabi et al., 2017). Furthermore, TA activation on the
swing side in the current study lasted for 47% of the period in PwP compared to 43% in the
Ref group. Additionally, a study by Mickelborough et al. (2004) observed that TA
activation during Gl among healthy participants reached 56% of the activation time of
muscle activation, which is the relative time observed in the current study among healthy

participants.

Moreover, our study found notable differences in gait initiation between treadmill walking
and overground walking. PwP demonstrated twice the muscle activation time compared to
the Ref group during treadmill walking, consistent with previous studies by Neptune et al.
(2001) and Hiraoka et al. (2005). The significance of this finding lies in understanding the
motor control adaptations and challenges that individuals with Parkinson's disease
experience during treadmill walking. The specific reasons for this discrepancy will be
discussed in more detail in Section 6.4 of the motor control part of this study. This finding
aligns with the observations made by Kibushi et al. (2008), Brouwer et al. (2009), and
Khademi-Kalantari et al. (2017), who suggested that healthy individuals may require
additional muscle effort and engage different muscles during walking on a treadmill
compared to those typically used for speed control, ensuring postural control and safety.
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6.3.2 Change speed (increase speed)

While the number of studies assessing speed change in both treadmill and over ground
walking for both groups is limited, several papers have explored gait speed variation on
both surfaces (Chee et al., 2009; Segers et al., 2006; Li & Hamill, 2002 ; Sun et al., 2018;
Riley et al., 2001). In our current study, we analysed three consecutive gait cycles around
the time of a speed change, namely before, during, and after. During treadmill walking, the
PwP group demonstrated a speed increase of 0.06 + 0.08 m/s when asked to walk "faster,"
while the Ref group produced double this increase: 0.12 + 0.06 m/s. This finding aligns
with Li & Hamill’s 2002 study, where they observed five steps during the transition of
speed change in 20 young healthy participants on a fixed-paced treadmill, reporting a mean
speed increase of 0.20 m/s in healthy individuals, despite variations in sample size and
calculation methods.

On the other hand, Segers et al. (2006) reported that healthy individuals were capable of
transitioning from a normal speed to a faster pace during fixed-paced treadmill walking,
showing an approximate increase of 2.16 £ 0.12 m/s, which is notably higher than the
speed increase observed in our current study (0.12+0.06 m/s). The considerable difference
in findings could be attributed to variations in methodology, as Segers et al. (2006)
calculated the speed transition by having participants perform five blocks of speed changes
(0.05, 0.07, 0.1 m/s) and observing the speed transition by giving -1, 0, or +1 for each
cycle. Additionally, Segers et al. (2006) used a larger sample size of twenty healthy female
participants, and their treadmill was fixed, while our current study utilised a self-paced
system that might have affected participant speed (Ibala et al., 2019).

There is indeed a lack of specific evidence concerning speed changes during treadmill
walking in individuals with Parkinson's disease (PwP). If available, the limited studies
have focused on the calculation of variability of speed patterns. For instance, Peterson et
al. (2020) investigated spatiotemporal parameters during speed changes from a
comfortable pace to a faster pace among PwP. In their study, they examined 67-year-old
PwP during OFF medication, and the control group consisted of individuals with other
neurological conditions (n=40) matched for age. Participants were asked to walk at their
preferred speed for two minutes and then at a faster pace for another two minutes on

walkway.

The findings of Peterson et al. (2020) revealed that both groups exhibited larger stride
length, cadence, and swing time during faster walking compared to their comfortable
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speed. However, PwP demonstrated less improvement in these parameters compared to the
control group. Specifically, PwP exhibited stride length 0.11m, cadence 12.02 steps /min,
respectively, compared to the control group with increases of 0.12 m, 16.92 step /min,
respectively. These differences were statistically significant (p<0.001). The current study
could not reach the same level of differences during over-ground walking, it showed mean
differences in swing time during change speed for PwP of 3.93% and 2.64% compared to
the control group, whlie Peterson et al. (2020) showing mean differences for swing time
around 2.22% in the control group which were double to 1.71% in PwP.

The discrepancy in the observed differences between the current study and Peterson et al.
(2020) could be influenced by the medication status of PwP. In the current study, PwP
were on ON medication, while Peterson et al. (2020) assessed PwP during OFF
medication. Medication status may affect motor performance and variability. Moreover,
variations in methodology could contribute to differences in the results. The current study
calculated speed based on walking in a 10-meter corridor with only four steps and asking
for a change on the fifth step. This methodological difference could impact the observed
differences in spatiotemporal parameters during change speed overground. Furthermore,
the current study conducted assessments in a corridor using IMU without camera tracking,
while Peterson et al. (2020) utilised an open lab environment, which might have provided
more open space to minimize environmental stimuli that could provoke freezing (Fahn,
1995).

Additionally, it should be noted that the control group in Peterson et al. (2020) was age-
matched with PwP and had other neurological conditions, while the current study had
healthy and young individuals as the control group. These differences in participant
characteristics may have contributed to variations in the measured parameters during speed
change between the two studies.

Regarding the Ref group in the current study, they exhibited an immediate change in step
length, increasing it by 8.80 = 1.9 cm, to achieve a new faster walking speed on the
treadmill. In contrast, the PwP group only generated a smaller step length change of 1.0 +
2.2 cm during treadmill walking. A similar study by Segers et al. (2006) observed that
healthy participants were able to increase their step length with speed changes during
treadmill walking, but with a twofold greater distance of 20 £ 0.05 cm. These differences
in step length adjustments between the studies could be attributed to variations in
methodology and the larger sample size of healthy individuals in the study by Segers et al.
(2006).
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As for the modulation of cadence during treadmill walking in the current study, as walking
speed increased, the Ref group exhibited a decrease in cadence (-4.42 + 3.23), while the
Parkinson's disease (PwP) group demonstrated an increase in cadence (2.40 + 10.19). It is
important to note that there is limited existing literature specifically analysing cadence
during treadmill walking. Cadence is influenced by both step length and stride time when
adjusting speed. In our study, PwP reduced their step length and cycle time to modulate
walking speed in response to visual cues on the treadmill screen, which potentially led to
an increased cadence. On the other hand, the Ref group increased their speed immediately
through a change in step length rather than cadence adjustment. These findings highlight
the different strategies employed by the two groups in response to changes in walking
speed on the treadmill.

Our study's findings are consistent with those of Riley et al. (2001), who observed
increased cadence in healthy participants (0.2 £ 0.05 steps/meter). However, a study by
Bayle et al. (2016) reported opposite results during over ground walking, noting a
correlation between increased step length (R=0.05, P<0.0001) and reduced cadence with
speed changes (R=0.11, P<0.0001) among healthy individuals. In contrast, in individuals
with Parkinson's disease (PwP), cadence increased (R=0.44, P<0.0001), which aligns with
our study's findings. The differences in cadence responses between healthy individuals and
PwP emphasize the importance of considering the specific population when studying speed
change during walking. Moreover, it should be noted that cadence differed between the
two walking surfaces (treadmill and over ground) for both the Ref group and the PwP
group. These differences in cadence could be attributed to spatial constraints imposed by
the treadmill, as suggested by Nagano et al. (2013). The treadmill's confined space may
influence the step size and, consequently, the cadence during speed changes. The presence
of spatial limitations on the treadmill may explain the variations in cadence observed
between treadmills and over ground walking. Lastly, in our study, cadence was calculated
as the stance time divided by 60, as the measurement period only included three sequential
gait cycles and not a complete minute. Therefore, the calculated cadence represented a
surrogate measure due to the limited time frame of measurement. Despite this limitation,
our study was able to provide valuable insights into the cadence patterns during speed
changes in both the Ref group and the PwP group.

There is a notable gap in research investigating the kinetics and kinematics of speed
change during walking on a self paced treadmill. Most studies have primarily focused on

analysing these variations during over ground walking (Segers et al., 2002; Riley et al.,
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2001; Bayle et al., 2016; Svehlik et al., 2009). For instance, Riley et al. (2007) specifically
explored kinetic and kinematic parameters in healthy individuals at their preferred walking
speed but did not investigate speed changes. Therefore, there is a clear need for further
investigation to understand the effects of speed modulation on a treadmill, particularly in

both individuals with Parkinson's disease (PwP) and healthy individuals.

In the current study, both groups exhibited comparable results regarding the percentage of
muscle activation during speed increase on the treadmill. Specifically, individuals with
Parkinson's disease (PwP) increased the percentage activation of all lower limb muscles
activation by more than 15%, transitioning from 40% during their self-selected speed to
over 55% with the speed increase. The percentage of the muscle activation for all six
muscles in both limbs during speed modulation was calculated by dividing the time each
muscle was active during the walking cycle by the total time of the walking period and

multiplying it by 100.

In contrast, the reference (Ref) group in our study demonstrated a decrease in muscle
activation from over 52% to 48% during speed changes, except for the LSOL muscle,
which showed an increase from 33% to 51%. These findings diverge from the results
reported by Hagio et al. (2015), Kibushi et al. (2018), and Den Ottar et al. (2004), all of
which pointed to increased muscle activation with speed changes.

Hagio et al. (2015) conducted a study on fixed-pace treadmill walking with five healthy
young participants. They asked the participants to start walking at 3.0 km/h, with the
treadmill speed continuously increasing by 0.1 km/h every 1 second. The data were
analyzed for 8 steps before and 8 steps after the speed transition, totalling 17 cycles. Hagio
et al. (2015) observed an increase of 30-40% in SOL muscle activation during speed
increases on both sides in healthy individuals, whereas our study demonstrated a reduction
of 4% in RSOL muscle activation and an increase of 16% in LSOL muscle activation
during speed changes.

Similarly, Kibushi et al. (2018) reported contrasting results to our study, showing an
increase of 75% in plantar flexors (SOL and GAS) and 80% in dorsiflexors (TA) muscle
activation during fixed pace treadmill walking in healthy participants. Den Ottar et al.
(2004) also found that muscle activation in the lower limb (GAS, SOL, and TA) decreased
as treadmill speed reduced, with percentages reaching 39.9%, 24.4%, and 31.8% among
healthy individuals. It is important to note that while our study examined muscle activation

during speed increases, Den Ottar et al. (2004) focused on muscle activation during speed
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reductions. Nonetheless, the underlying principle of the ability to modulate speed remains

consistent.

Furthermore, our study's findings contradict those of Albani et al., (2003) regarding muscle
activation of the lower limb during speed changes on the fixed pace treadmill among
individuals with Parkinson's disease (PwP). Albani et al. (2003) conducted a study with a
group of 10 participants diagnosed with Parkinson's disease (PwP), averaging 63 years of
age, along with seven healthy controls. They reported a reduction of approximately 30% in
GAS muscle activation with an over activation of the TA muscle by 70% at increased
treadmill speeds in PwP. These discrepancies between studies highlight the complex nature
of muscle activation during speed modulation and underscore the need for further research
to fully understand these variations in different populations and contexts. Additionally,
their research focused on measuring the activity of the gastrocnemius and tibialis anterior
(GAS and TA) muscles during fixed pace treadmill walking at slow (0.30 m/s) and fast
(1.5 m/s) speeds. At the slow speed, the GAS muscle demonstrated reduced activation in
both PwP groups, approximately 30%, compared to the control group, which showed 50%
activation during the stance phase (p<0.0001). Conversely, during the swing phase, the TA
muscle showed greater increase in the percentage of muscle activation in both PwP groups,
reaching 60%-70%, while the control group exhibited 30-40% activation (p<0.0001).
When the speed was increased to 1.5 m/s, the PwP group exhibited a more significant
reduction in GAS muscle activation than the control group (p<0.0001), coupled with an
over activation of the TA muscle in PwP compared to the control group (p<0.0001). This
observation suggests that the impairment in planter flexor muscles and the increased
activation of dorsiflexors may represent a fundamental distinction between normal subjects
and PwP patients, regardless of the presence of a gait disorder. The weakness in planter
flexor muscles and the resultant activation pattern of the dorsiflexors may help explain the
characteristic flexed posture often observed in individuals with Parkinson's disease.

The disparities in muscle activity observed between the studies conducted by Albani et al.
(2003), Hagio et al. (2015), and our current study may be attributed to variations in
methodology. For instance, Albani et al. (2003) specifically examined muscle activation
during slow and fast speeds on a fixed pace treadmill, focusing on PwP and healthy
controls. On the other hand, Hagio et al. (2015) explored muscle activation during
continuous speed changes on a fixed pace treadmill in healthy individuals. Similarly, our
study aimed to understand muscle activation during speed increases on a self-pace
treadmill for both PwP and the reference group. These differing methodologies, along with
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the distinct populations studied as well as the type of treadmill pace(fixed or self pace,
could account for the observed differences in muscle activation patterns. To further
understand these variations and their implications, additional research is warranted,
exploring muscle kinetics and kinematics during speed modulation in diverse populations

and contexts.

Hagio et al. (2015) utilised a different approach in their study, calculating muscle
activation over a total of 17 cycles, encompassing 8 steps before and after the speed
change. In contrast, our current study focused on three sequential gait cycles during speed
changes, as described in Chapter 3. Additionally, the mode of treadmill control differed
between the studies. While our study employed a self-paced system controlled by
participants themselves, Albani et al. (2003) and Hagio et al. (2015) utilized a fixed-speed
treadmill, which could potentially influence the time of muscle activation (Ibila et al.,
2019). These variations in methodologies, the process of calculating speed changes, and
the sample sizes used can all contribute to the nuanced interpretation of results.

During over ground walking, the Reference (Ref) group demonstrated an increase in the
percentage of muscle activation by 2% and 10% for the muscles involved in dorsiflexion
and plantar flexion on the right side, while the left side muscles exhibited a decrease in
activation by 14% and 4%. In contrast, the Parkinson's disease (PwP) group showed an
opposite pattern, with an 8% increase in activation on the left side muscles and a decrease
of 7%, with a more pronounced reduction of 19% in the right soleus (Sol) muscle.

An essential consideration is that the two groups did not follow a unified approach in terms
of the specific side from which they initiated speed changes. The Ref group initiated speed
changes from the left (LT) side, whereas the PwP group did so from the right (RT) side.

Therefore, the observed differences in muscle activation between the groups are specific to

the side from which each group initiated their speed changes.

The implications of the differences in speed change findings are significant for gait control
and motor function in PwP. The ability to change speed is crucial for adapting to various
walking conditions, avoiding obstacles, and maintaining stability during locomotion, all of
which are fundamental to community mobility. The observed disparities in speed change
between PwP and the reference group offer valuable insights into the motor impairments
associated with Parkinson's disease. The reduced ability of PwP to change their walking
speed on the self-pace treadmill suggests potential difficulties in adjusting their gait
patterns to accommodate changes in task demands. These difficulties may be attributed to
underlying motor impairments, such as bradykinesia and reduced proprioception,
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commonly observed in Parkinson's disease. The findings underscore the impact of the
disease on the capacity to adapt and respond to speed variations, which can have profound
implications for functional mobility and overall quality of life. Further research in this area
is warranted to better understand the intricate motor control challenges faced by
individuals with Parkinson's disease and to explore potential interventions for enhancing
the change gait speed and community mobility in this population.

6.3.3 A possible reason for the differences between PwP and Ref group

during change speed

In general, the PwP demonstrated smaller speed changes with smaller changes in joint
rotation and reduced power compared to the Ref group during gait initiation (GI) on different
walking surfaces. Hiraoka et al. (2005) suggested that this may be due to the PwP's concerted
efforts to maintain postural stability or due to impairment in motor function.

These findings confirm the results of Capady & Stain (1986), Neptune et al. (2000),
Mickleborough et al. (2004), and Delafontaine et al. (2021) and emphasize the need for
heightened postural control in PwP to ensure stability during destabilizing movements such
as GI.

PwP produced less power from the swing side hip during push-off, which could possibly be
due to reduced temporal separation of the Center of Pressure (COP) and Center of Gravity
(COG), thereby limiting postural adjustment flexibility (Roemmich et al., 2012). This
suggests that enhancing hip power during the stance phase may contribute to improving
stability in PwP (Lu et al., 2017).

The current study also observed differences between the two walking surfaces for both
groups, which could support Nagano et al. (2013), who suggested that safety-related gait
adaptations on a treadmill require greater balance control from participants, potentially
affecting GI timing compared to over-ground walking.

Overall, during speed change, the time available to generate the new speed reduced with the
severe group more than moderate of Parkinson's disease. This is due to the increasingly
shorter step length and the challenges of maintaining posture during a change in speed on
the treadmill. Morris et al. (2005) reported that PwP has an impaired ability to alter step
length and consequently speed during an environmental change.

The current study showed differences in cadence between both groups, which may be
influenced by step length and stride time during speed changes. Bello et al. (2014) supported
the notion that changing cadence is preferred by PwP during treadmill walking to enable the

maintenance of continuous walking, without falls, during speed changes.
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During increased speed while walking on a treadmill, the percentage of muscle activation
among PwP increases and that may raise the risk of falls (Khademi-Kalantari et al., 2017).
It can be suggested that PwP compensates for this by producing shorter steps during speed
changes, thus adopting a safer strategy (Klamroth et al., 2016).

6.4 Exploring the Implications of our findings within the Context of
Motor Control Theory

Healthy Parkinson’s disease

4
i m“‘)‘

Figure 6.1 The direct and indirect pathways (A) healthy BG, (B) the Parkinson’s disease pathway. The
“no entry” sign represent the inhibition or reduction of specific process

This schematic illustration depicts the normal as healthy and the disruption of the direct and indirect pathways
in Parkinson's disease, leading to unwanted stimulation of limb muscles during movement. In the normal basal
ganglia circuitry, the direct pathway facilitates movement initiation and speed regulation. However, reduced
dopamine production in the substantia nigra pars compacta inhibits the production of gamma-aminobutyric
acid (GABA) neurons in the striatum, resulting in decreased GABAergic output from the substantia nigra
reticulata (SNr)/internal segment of the globus pallidus (GPi) to the thalamus. This increased inhibition of the
thalamus diminishes excitatory output to the motor cortex, causing characteristic motor deficits such as
bradykinesia, rigidity, and tremors. Conversely, reduced dopamine levels lead to hyperactivity in the indirect
pathway, characterized by diminished GPe (globus pallidus external) inhibition by the striatum, subsequently
increasing inhibitory signals from GPe to the subthalamic nucleus (STN). Consequently, the STN overactivity
intensifies inhibitory output from basal ganglia output nuclei (SNr, GPi) to the thalamus, further reducing
excitatory output from the thalamus to the motor cortex. This exacerbates motor impairments, contributing to
increase the unwanted movement at limbs. The red arrows depict inhibitory processes mediated by GABA
neurons, while the green arrows indicate excitatory processes by glutamate neurons. The "no entry" signs
represent inhibition or reduction of specific processes.
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As shown in figure 6.1, In a healthy brain, the direct pathway enhances dopamine production
in the substantia nigra (SN), leading to the activation of the striatum. Striatum activation
inhibits the substantia nigra reticulate neurons (SNr), stimulating the thalamus, ultimately
exciting cortical function to produce motor activity (Frohlich, 2016). Conversely, the
indirect (hypokinetic) pathway inhibits the globus pallidus (GP) and the thalamus through
the neurotransmitter GABA, resulting in inhibitory cortical activity. Dopamine receptors,
specifically D1 and D2, play crucial roles in the striatal neurons of the substantia nigra. D1
activates the direct pathway, promoting hyperkinetic movement, while the D2 dopamine
receptor system initiates the inhibitory pathway. D3 receptors, though less distinct in
function in healthy conditions, share a similar role with D2 receptors. Furthermore, in
healthy individuals, gait initiation involves an anticipatory postural adjustment (APA) phase
preceding and accompanying the stepping phase. APAs for forward stepping entail a
sequence of muscle activations and changes in ground reaction forces (GRFs) that move the
net center of pressure (CoP) beneath the feet backward and toward the initial swing limb.
This motor sequence produces forces and moments necessary to propel the body center of
mass (CoM) forward in the intended stepping direction.

During gait initiation, complex interactions among lower limb muscles generate forces
separating the center of pressure (CoP) from the center of mass (CoM), creating the forward
propulsion moment (Fiolkowski et al., 2002). Plantarflexion is resisted by dorsiflexion
moments of dorsiflexor muscles, particularly the tibialis anterior, providing controlling
eccentric contractions (Perry and Burnfield, 2010; Richards, 2018). Gastrocnemius and
soleus muscles lock the ankle, causing the heel to rise during tibial advancement. The ankle
dorsiflexes to a maximum of 10 degrees, followed by plantarflexion in response to the
gastrocnemius and soleus muscles, known as push-off (Perry and Burnfield, 2010). The body
weight is then transferred to the other limb in preparation for movement. According to the
equilibrium-point hypothesis, muscle activation increases through stretch reflex pathways,
stabilizing the equilibrium point as external forces change (Latash et al., 2010). Motor
neurons receive signals from the brain in response to sensory feedback, converting them into
changes in threshold muscle lengths or joint angles. This spatial activation range allows the
central nervous system (CNS) to specify muscle activation without precise details of when
and how they are triggered.
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In summary, the equilibrium-point theory examines how the nervous system interacts with
the body and the environment, producing purposeful, coordinated movements. Motor control
involves the CNS finding potential solutions using available degrees of freedom rather than
prescribing specific movement patterns. This principle should guide therapeutic
interventions for patients with motor deficits, shaping approaches to improve or restore
normal movement. However, individuals with neurological conditions like Parkinson's
struggle to adapt movement to environmental changes. The next section elucidates how
individuals with Parkinson's (PWP) can compensate for this challenge. This study's key
finding reveals that individuals with Parkinson's disease (PwP) exhibit prolonged muscle
activation times, especially in the soleus muscle, during gait initiation and when instructed
to increase speed on a self-paced treadmill. Nevertheless, the percentage of muscle activation
increases in PwP compared to the reference group during overground gait initiation and
speed changes. The inhibition of the soleus during standing facilitates tibial anterior rotation
and the elevation of the heel from the ground (Chapter 2). However, persistent soleus
activation hinders the forward progression of the tibia, contributing to freezing of gait
(FOG), as depicted in Figure 6.2.

Soleus _ Plantar

muscle 7/ \ flexors [ ) .
& \, \l}

|

Figure 6.2 demonstrates the crucial role of timely inhibition of the soleus muscle in facilitating the
forward rotation of the tibia (and consequently, the entire body) during gait. This rotation enables the
foot to elevate in preparation for the toe-off and swing phase (copyright, 2011 Wolters Kluwer Health,
Lippincott Williams & Wilkins).

The soleus muscle plays a pivotal role in maintaining stability during static postures such as
standing and dynamic activities like walking (Sherbondy et al., 2003). Moreover, PwP tend
to keep the plantar flexor muscles mainly (solus) contracted for longer time compared to
Ref group. This prolonged muscle activity interferes with the gravity-assisted forward
rotation of the body, which is facilitated by the separation of the Center of Pressure (CoP)
and Center of Mass (CoM). Consequently, it adversely affects the timing of subsequent
events during both gait initiation and speed increase. The coordination of muscle excitation
states is regulated by various brain centres, with the basal ganglia playing a crucial role in
this process (Monchi et al., 2006).
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Our findings indicate that PwP displays longer muscle activation periods specifically during
gait initiation and speed increase when compared to the Ref group on both surfaces of
walking. This underscores the significance of the altered muscle excitation pattern observed
in PwP and its potential impact on motor control. While the current study highlights the
association between prolonged muscle activation and alterations in basal ganglia circuitry,
it is important to acknowledge that direct evidence linking the basal ganglia to the observed
muscle activity during speed change requires further investigation. Considering these results,
itis crucial to discuss and explore the comprehensive relationship between the altered muscle
excitation pattern observed in PwP and the regulatory role of the basal ganglia in motor
control (Monchi et al., 2006).

The disrupted balance and postural control observed in individuals with Parkinson's disease
(PwP), as described in the previous paragraph, can be attributed to the degeneration of
dopaminergic neurons in the substantia nigra pars compacta, which leads to an alteration in
the fine-tuning of motor control by the basal ganglia see figure 6.1 (B) for PWP .
Dopaminergic neurons in the substantia nigra pars compacta, establish synaptic connections
and transmit their neural outputs to the striatum to regulate the motor function were
degenerated in PwP, resulting in the disruption of the balance between the direct (D1
receptor-mediated, excitatory) and indirect (D2 receptor-mediated, inhibitory) pathways of
the basal ganglia (Obeso et al., 2008). This disruption is commonly considered to be the
underlying cause of the classic motor symptoms of PwP, including rigidity, bradykinesia,
postural instability, and gait freezing. These symptoms were also investigated in the study
conducted by Smith et al. (2021) (4). The findings of their study align with the notion that
the impaired balance and postural control observed in people with Parkinson's disease (PwP)
may be attributed to the disruption in the fine-tuning of motor control by the basal ganglia.
It is worth noting that the role of the soleus muscle in postural control and stability during
standing and walking has been well-documented (5). Furthermore, the extended activation
time for the tibialis anterior during the gait initiation phase, and the reduced activity periods
in severe PwP could be associated with the impairment of the direct and indirect pathways.
Impairment of the direct pathway can have different effects on the soleus muscle during

walking.

Disruption in dopamine production from the substantia nigra (SN) impairs the inhibition of
the thalamus, resulting in excessive activation. This excessive activation affects specific
areas of the cortex, such as the motor cortex, which ultimately causes excessive movement.

On the other hand, in the case of indirect pathway dopamine depletion, the production of
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neurons in the subthalamic nuclei (STN) is inhibited. This disruption affects the normal
process of neuron transmission. It's important to know that in healthy individuals, the direct
and indirect pathways do not work in isolation and interact with each other to regulate
movement initiation (direct pathway) and the ability to inhibit unwanted movement (indirect
pathway). Therefore, impairment of either or both pathways can have complex effects on
motor control that can vary depending on the specific circumstances and individual
differences. The decreased activity period in severe Parkinson's disease patients could reflect
exhaustion or failure of compensatory mechanisms, such as the dopaminergic system, that
is typically responsible for maintaining normal movement functions as summarised in Figure
( 6-2). This imbalance can contribute to the prolonged muscle activation times and
differential speed changes observed in muscle activation patterns (Ting & McKay, 2007;
Ivanenko et al., 2004). Therefore, therapies aimed at restoring the balance between these
pathways may help improve motor control and balance in individuals with Parkinson's
disease (PwP).

6.4.1Possible Intervention may improve the imbalance between both

pathways.

One potential approach to address this imbalance is by focusing on interventions aimed at
improving central nervous system (CNS) function (Behrman et al., 2000; Bhalsing et al.,
2018). Cognitive training, for example, involves exercises and tasks that challenge cognitive
abilities such as attention, memory, and problem-solving. By engaging the brain in these
activities, cognitive training has shown promise in enhancing overall CNS function, which
could lead to improvements in lower limb function and movement quality in PwP (Fisher et
al., 2008; Jackson et al., 2016; Pompeu et al., 2012). Another avenue to explore is the use of
specific medications targeted at addressing the underlying imbalances in the CNS. These
medications work by influencing the levels of neurotransmitters in the brain that are involved
in movement regulation, such as dopamine. By restoring the balance of these
neurotransmitters, these medications can help improve muscle function and coordination,
thereby enhancing overall motor control and balance in PwP (Barone, 2010; Devos et al.,
2010).

In addition to interventions aimed at improving CNS function, targeted muscle training can
also play a crucial role in addressing muscle imbalances and enhancing overall motor

control, complementing the comprehensive approach to improving motor function in people
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with Parkinson's disease. By focusing on specific muscle groups and engaging in targeted
exercises, PwP can improve muscle strength, flexibility, and coordination. It is worth noting
that targeted muscle training not only directly improves muscle function but also has the
potential to indirectly enhance CNS function and overall coordination (Schenkman et al.,
1998; van der Kolk & King, 2013). Furthermore, rehabilitation approaches in PwP focus on
modulating muscle activation during walking by using cues or external stimuli to enhance
motor planning and coordination (Hiraoka et al., 2005), and specific exercise programs
targeting the muscles involved in gait initiation. Considering these observations, strategies
targeting the soleus muscle for purposeful deactivation, such as motor control therapy, have
been implemented. Motor control therapy involves specific interventions aimed at training

and optimising the function of the lower limb muscles.

The therapeutic landscape for functional rehabilitation encompasses various interventions,
among which cueing therapy stands out as a noteworthy example (Wegan et al., 2015;
McCandless et al., 2016; Clark et al., 2018). In a systematic exploration of cueing therapy's
impact on gait and balance in individuals with Parkinson's disease, Clark et al. (2018)
revealed its efficacy. This approach, involving external cues such as auditory or visual
prompts to enhance movement, exhibited substantial improvements in gait and balance,
especially during dual-task activities. The findings from this study highlight cueing therapy
as a promising intervention for addressing gait and balance challenges in Parkinson's disease.
Another significant approach for functional rehabilitation is the utilization of balance boards,
as underscored by Mhatre et al. (2013). Investigating the effectiveness of a Wii Fit™-based
balance board exercise program in the elderly population, Mhatre et al. demonstrated
compelling results. The exercise regimen, which provided visual feedback on balance
performance, led to substantial enhancements in balance and a reduction in the risk of falls.
The intervention group, compared to the control group, exhibited noteworthy progress in
balance performance and a decrease in fall risk. Consequently, Mhatre et al. concluded that
the Wii Fit™ balance board exercise program represents a valuable tool for augmenting
balance and mitigating fall risk among older adults.

In the context of functional rehabilitation, these interventions, particularly cueing therapy
and balance board exercises, signify promising avenues for improving motor function and
addressing challenges associated with gait and balance. Consideration of these therapeutic
approaches is crucial for devising comprehensive and effective rehabilitation strategies

tailored to the unique needs of individuals undergoing functional rehabilitation.
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In summary, the study findings indicate that alterations in kinaesthetic perceptions may arise
due to impaired basal ganglia and neural functions, as these components are recognised for
their significant involvement in motor functions. However, it is important to note that this
study does not provide direct evidence regarding the functioning of the basal ganglia in these

participants.

6.4.2The Modified Equilibrium Point Hypothesis for Parkinson's Disease:

Exploring Impaired Motor Control and Muscle Activation Patterns

The increased activation period observed in the soleus muscle in PwP can be understood by
considering the concept of the equilibrium point hypothesis (EPH), a novel hypothesis
proposed in this study. The EPH proposes that the nervous system uses sensory feedback to
establish and adjust the resting position of muscles during movement in real-time. In simpler
terms, the central nervous system (CNS) regulates limb movements by making small
adjustments to the position where the muscles are at rest. This concept, previously discussed
by Latash and Yamagata (2022), highlights the important role of the CNS in controlling limb
movements. The EPH provides a framework for explaining the impaired dynamic stability,
and the difficulties in which PwP experience maintaining a steady and controlled movement
pattern, leading to variations in the lower limb muscles activation. This instability can make
it challenging for PwP to control the trajectory of their body segments, especially when faced
with external force perturbations (Ricotta & Latash, 2021). In addition to the EPH, Latash
(2012) introduced the concept of "abundance™ to describe the inherent variability in
movement patterns. The principle of abundance suggests that the brain's capacity to learn
and perform new tasks is enhanced by motor abundance, which provides greater stability
and flexibility during movement (Bernstein, 1967; Latash, 2012). In other words, having a
certain degree of variability in movement patterns allows the brain to adapt and respond
effectively to different task demands.

Based on the current investigations and supporting evidence from different studies, the
present study proposes a Modified Equilibrium Point Hypothesis for Parkinson's Disease
(mEPH-PD). This hypothesis expands on the equilibrium point hypothesis (EPH) and
incorporates additional elements observed in Parkinson's Disease, such as prolonged muscle
activation, specific changes in gait, and the role of dopamine production in the Basal Ganglia
(BG). The mEPH-PD theory suggests that Parkinson disease affects the brain's ability to
control muscles properly. This happens because there are problems with certain pathways in
the brain called dopaminergic pathways, specifically within a region called the basal ganglia
(BG) as mentioned previously. This impairment leads to inefficient motor command and
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control from the central nervous system (CNS) and contributes to observed phenomena in
PD.

Balance between muscle in
normal condition

Balance between muscle in
PD condition

Figure 6.3 The concept of equilibrium using a seesaw analogy.

The seesaw represents the neural control system, while the equilibrium point indicates the balanced
state of muscle activity(A). In the presence of PD, the impaired dopaminergic pathways in the BG
disrupt the precise positioning of the equilibrium point, leading to an imbalance in muscle control
(B), (C) demonstrating the prolonged activity associated with PwP. By shifting the equilibrium point
to the left or right, we depict the persistently heightened or reduced muscle activity observed in PD,
respectively. This illustration serves to highlight the consequences of impaired dopaminergic
pathways on the equilibrium points and subsequent motor control in PwP.

In summary, this study introduces the novel mEPH-PD hypothesis, which offers a scientific
framework to understand the increased activation period observed in the soleus muscle of
individuals with Parkinson's disease (PwP). By investigating the variations in the percentage
of muscle activation and motor control strategies between treadmill and overground walking
in PWP, the study reveals that both walking methods engage similar muscle groups but differ
in their utilisation and coordination. The increased percentage of muscle activation on the
treadmill indicates that PwP exerts greater effort and engage muscles for extended periods
to maintain stability and control their gait. This can be attributed to the constant belt speed
of the treadmill, leading to alterations in muscle activation and coordination, as reported by
(Ibala et al., 2019). By using this novel hypothesis, researchers can explore targeted
therapeutic interventions to alleviate symptoms and enhance movement and balance control
in PwP, potentially leading to new therapeutic strategies for symptom alleviation. Moreover,
understanding the differences between treadmill and overground walking is crucial for
developing tailored rehabilitation strategies and interventions that optimize gait patterns and
improve motor control in PwP. This knowledge can also contribute to the development of
assistive devices or technology designed to inhibit muscle activity and better accommodate
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the challenges faced by PwP during treadmill walking. Ultimately, by focusing on improving
speed change capabilities, clinicians and researchers have the potential to enhance gait
control, functional mobility, and overall motor performance in individuals with Parkinson's

disease, thereby improving their quality of life and independence.

In summary, the biomechanical and muscle timing challenges investigation during gait
initiation and speed changes in individuals with Parkinson's disease (PwP) has been
successfully accomplished by this study, fulfilling its primary objectives. The research
employed representative samples and collected extensive data on biomechanical attributes
and muscle activity, comparing key variables across various gait cycles in both treadmill and
overground conditions. The findings shows distinct differences between PwP and the
reference group, providing valuable insights into the unique characteristics of gait initiation
and speed changes in Parkinson's disease. However, it is crucial to acknowledge certain
limitations in the study. Notably, the absence of kinematic and kinetic variables during
overground trials restricts a comprehensive examination of these aspects, which might have
further enhanced the scope of the study objectives. Despite these limitations, the study lays
a solid foundation for future research endeavour’s by offering essential insights and
recommendations for refining experimental protocols and analysis methods. In conclusion,
this study significantly contributes to our understanding of the biomechanical complexities
involved in gait alterations in Parkinson's disease. The identified differences between PwP
and the reference group provide a basis for further exploration in rehabilitation strategies
tailored to address these specific challenges, thereby advancing the field of Parkinson's
disease research.

6.5 The limitations and recommendations of the study

In the presented study, caution was taken to ensure the elimination of any extraneous
variables at the start of the study. However, some limitations were still identified and the

recommendations for mitigations are outlined below.

6.5.1 Limitation of study
6.5.1.1 Sample size
The study under consideration features a limited sample size, encompassing 11 participants

in the Reference group and a six (6) in the Parkinson's (PwP) group. Given that over
140,000 individuals live with Parkinson's in the UK, with 12,500 residing in Scotland, this
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modest cohort will not give more statistical differences to the results. Consequently, this
constrains the generalisability of the research outcomes. Furthermore, the study's
participants were volunteers from the West of Scotland Parkinson’s Disease Research
Group displaying an uncommon degree of enthusiasm towards research participation,

which may be indicative of a higher than typical level of activity and motivation.

6.5.1.2 The statistical analysis

The statistical analysis approach was restricted due to the exploratory nature of the study
and the small sample size. The data patterns were evaluated using descriptive statistics,
such as means and standard deviations, as well as graphical and tabular presentations.
However, the unequal distribution of participants between groups and subgroups limited
the use of statistical tests like ANOVA for hypothesis testing.

6.5.1.3 PDQ-39 questionnaire

The PDQ-39 questionnaire was not utilised as a metric for disease severity but rather to
measure functional impairment in people with Parkinson's (PwP). This choice was made
due to the questionnaire's ability to capture various aspects of daily functioning and its
established validity in assessing functional impairment in PwP, as explained in section
3.5.2.2. However, it is important to acknowledge that not using a disease severity metric
could be considered a limitation of this study. The absence of a disease severity measure
may restrict our ability to fully comprehend the relationship between functional

impairment and the overall disease progression in PwP.
6.5.1.4 Age match

A limitation of the study was the age disparity between the Ref and PwP groups. The Ref
group were predominantly composed of younger and physically fit participants, had only
one member (a 77-year-old female) within the age range of the PwP group (64-81 years).
The absence of age matching suggests that we should exercise caution when interpreting the
comparisons made between the groups.

To examine the differences between the elderly participants, we re-evaluated the walking
patterns and muscle activity of a 77-year-old individual from the reference group, comparing
them to a similar-aged group of people with Parkinson's disease (PwP). The analysis showed
that the PwP group took 0.1 seconds longer to transition between walking speeds, and they
had a 5-degree decrease in the range of motion (ROM) at the hip, knee, and ankle joints

throughout the walking cycle. These findings support previous research by Svehilik et al.
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(2009), which also observed reduced ROM mobility in the lower limb joints around (5
degrees hip, 5 degrees knee, 2 degrees ankle) with PwP compared to their age-matched
counterparts (p < 0.001). Additionally, the results revealed differences in the timing of

muscle activation between the reference and PwP groups.
6.5.1.5 Environmental factors

The study's environmental conditions also presented a limitation. While walking tests on
treadmills were conducted in a controlled lab setting, overground tests were performed
outside the lab (on the corridor), without the necessary equipment to capture kinematic and
kinetic parameters. This limitation arises because the absence of such equipment prevents
comprehensive analysis and measurement of the participants' movements and forces during
overground walking. Consequently, the study's findings may be limited in terms of
providing a complete understanding of the biomechanical aspects associated with real-

world walking scenarios.
6.5.1.6 Step length and speed

Lastly, step length and speed could not be measured during the three gait cycles (before,
during, and after) in overground walking tests. This limitation was due to the lack of
equipment outside the lab setting, although changes in speed were identified by time
changes detected by the Inertial Measurement Unit (IMU).

6.5.2 Recommendation for future studies

The observed age discrepancy between study groups instigates speculation that age-induced
walking speed decline may have contributed to the differences noted between PwP and the
Ref group. Future investigations should strive to segregate age and disease effects on PwP's
gait patterns, thereby facilitating a deeper understanding of the intrinsic mechanisms. The
noted variations in muscle activation and joint movement between PwP and healthy
individuals during overground and treadmill walking indicate the potential for devising
targeted interventions and therapies to rectify these specific gait anomalies. Interventions
that enhance postural control and balance may be particularly advantageous for PwP.
Additionally, the influence of Parkinson's disease medication on gait initiation and other

parameters should be further investigated to refine pharmacological approaches.

The study emphasises the need for additional research on the impact of the walking surface,
such as treadmill versus overground walking, on PwP's gait patterns and muscle activation.

This could contribute to more effective rehabilitation program designs for Parkinson's
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patients. For instance, treadmill walking, which appeared to necessitate increased muscle
effort for safety, might be integrated into therapy plans to augment muscle strength and
control. Recommendations for future research encompass augmenting the sample size, age-
matching between groups, and the use of motion analysis in a gait laboratory for detailed
overground walking parameters. Randomised study designs could be adopted to mitigate
biases and improve result precision. An eight-week rehabilitation study might clarify
interactive treadmill training's impacts on lower limb muscle activity, thus providing
valuable insights into the utilisation of this emerging technology in patient-centric tools with

theoretical foundations.
Chapter 7 Conclusion

In conclusion, this study provides further evidence regarding the nature of impairment in
PwP and aims to enhance our understanding of community walking problems in individuals
with PwP while adjusting their walking speed. Despite some limitations in data collection,
the study clearly demonstrates variations in biomechanics and muscle activity between the
PwP group and the reference group, particularly during speed changes.

The findings of this study can be summarised as follows:

1. Biomechanical and muscle activity characteristics, including spatiotemporal
parameters, joint angles movement, power, and the physiological change in muscle
activity, differed between the PwP group and the Ref group during speed changes,
whether it was gait initiation from standing or during regular walking. These
differences were evident in terms of both timing and magnitude.

2. The PwP group exhibited slower initiation and propulsion moving from standing to
walking compared to the physically fit reference group, with prolonged soleus
muscle activitya possible cause, which influenced lower limb power and joint
movement.

3. Clear differences were observed between the PwP and reference groups in joint
movement during speed changes while walking on a treadmill. The PwP group
exhibited slower and smaller changes in joint movement compared to the physically
fit reference group.

4. The results support the notion that increasing walking speed affects lower limb
muscle activity in individuals with PwP, leading to reduced joint movement and

power, particularly at the hip and ankle joints. This suggests a shift in speed change
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strategy from ankle to hip joint in individuals with PwP due to increase activation of
the soleus muscle with disease progression and age.

5. The study also found differences in biomechanics and muscle characteristics between
the PwP and reference groups while walking on different surfaces (treadmill and over
ground). These differences may be attributed, at least in part, to the use of harnesses
for safety purposes during treadmill walking. Furthermore, it is important to note that
over ground walking is a skill that individuals acquire, whereas treadmill walking
requires prior training.

6. The research highlights the influence of the basal ganglia on regulating and
smoothing lower limb movements during speed changes. The impairment of the
basal ganglia in individuals with PwP contributes to their difficulty in modulating
walking speed compared to the control group.

In conclusion, this study provides valuable insights into the biomechanics and muscle
activity characteristics of individuals with PwP during speed changes, shedding light on the
impact of the disease on their walking abilities. These findings contribute to our
understanding of the challenges faced by individuals with PwP in modulating their walking
speed and may inform the development of targeted interventions to improve their mobility
and quality of life.
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Appendices

Appendix (A) University Ethics UEC18/78

Ethics Application Form

Please answer all questions

1. Title of the investigation

Characterising muscle activity during gait initiation and speed variation on a
treadmill and over the ground for People with Parkinson’s Disease

Please state the title on the PIS and Consent Form, if different:

A study to understand the way the muscles in the leg work to start walking and

change walking speed in people with Parkinson’s Disease

2. Chief Investigator (must be at least a Grade 7 member of staff or
equivalent)

Name: Dr Andy Kerr

[] Professor

[ ] Reader

[_] Senior Lecturer

X Lecturer

[] Senior Teaching Fellow

[ ] Teaching Fellow

Department: Biomedical Engineering
Telephone: 0141 548 2855

E-mail: a.kerr@strath.ac.uk

3. Other Strathclyde investigator(s)

Name: Esraa Aldayil

Status (e.g. lecturer, post-/undergraduate): postgraduate researcher
Department: Biomedical Enginnering

Telephone:

E-mail: Esraa.aldayil@strath.ac.uk
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4. Non-Strathclyde collaborating investigator(s) (where applicable)
Name:

Status (e.g. lecturer, post-/undergraduate):

Department/Institution:

If student(s), name of supervisor:

Telephone:

E-mail:

Please provide details for all investigators involved in the study:

5. Overseas Supervisor(s) (where applicable)

Name(s):

Status:

Department/Institution:

Telephone:

Email:

| can confirm that the local supervisor has obtained a copy of the Code of
Practice: Yes [] No[]

Please provide details for all supervisors involved in the study:

6. Location of the investigation

At what place(s) will the investigation be conducted

The National Centre of Prosthetic and Orthotics (Curran building), Department
of Biomedical Engineering. This location has full wheelchair access including
toilet and shower facilities

The first part of project will take place in CU 242 (clinic room 3)

The second part will take place in the Motek laboratory (Curran Building).

If this is not on University of Strathclyde premises, how have you satisfied
yourself that adequate Health and Safety arrangements are in place to prevent
injury or harm?

N/A

7. Duration of the investigation

Duration(years/months): 12
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Start date (expected): 01/03/2019 Completion date
(expected): 01/03/2020

8. Sponsor

Please note that this is not the funder; refer to Section C and Annexes 1 and 3
of the Code of Practice for a definition and the key responsibilities of the
sponsor.

Will the sponsor be the University of Strathclyde: Yes X No [ ]

If not, please specify who is the sponsor:

9. Funding body or proposed funding body (if applicable)
Name of funding body: self-funded
Status of proposal — if seeking funding (please click appropriate box):

[ ] In preparation

[ ] Submitted

X Accepted

Date of submission of proposal: / / Date of start of
funding: / /

10. Ethical issues

Describe the main ethical issues and how you propose to address them:

We have conducted a number of research projects in the past five years using
the department’s (Biomedical Engineering) virtual reality treadmill system
without injury or incident. Nevertheless, we fully appreciate the need to remain
vigilant when it comes to ethical issues. With this in mind we have identified the
following potential ethical issues along with solutions for their mitigation:

1) Risk of skin being irritated from wearing sensors. This risk will be
reduced by excluding individuals with an active skin condition,
limiting the time the sensors will be on the skin to a maximum of 60
minutes, using hypoallergenic tape and asking participants to
inform us if their skin becomes irritable during the session so that
they can be removed immediately.

E.

2) For EMG preparation, the investigators will use single-use
disposable razors for each participant in a specific area in the legs
and will dispose of the razor in a sharps box according to infection
control regulation.
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3)

4)

5)

6)

7

8)

F.

G.
The risk of a slip or trip falls during the testing. We will use a safety
harness during all the treadmill walking tests and ensure the ground
is free of obstacles and any slip risks (e.g. water spillage) during the
overground walking.

H.

As the data capture requires participants to wear close-fitting
clothing, there is arisk of embarrassment. The investigator will
need to palpate the skin to ensure the correct position of markers.
Participants will be aware of this from the information sheet. The
operator and researcher will be present during the data capture and
the room will be locked for privacy.

l.

As we are asking participants to walk repetitively, there is a small
risk of muscle/joint discomfort and fatigue during participation and
in the following 48 hours. Nevertheless, we will inform participants
that some muscle and joint discomfort may occur in the hours and
the days after the experiment. We always ask participants to have
rest time if they need.

J.

Although we are excluding individual’s with known motion sickness
there is the possibility that walking on the treadmill with the virtual
reality screen may induce feelings of nausea, should this occur we
will stop the treadmill and ask the participant to sit down until they
feel well again. We will then help these individuals to change back
into their normal clothing and thank them for their participation.

K.

To mitigate against issues around insecure data, we will comply
with departmental data management policy to ensure data safety.
L.

Regarding the possibility of an unusual event occurring when
walking (i.e. freezing of gait), the safety procedures that we will
employ for people with Parkinson’s Disease are using a safety
harness to prevent a fall while on the treadmill and the use of a
treadmill designed to automatically stop when the participant stops.
The system also includes a number of safety features such as
automatically stopping if they move close to the edges of the
treadmill and an emergency stop button which can be pressed at
any moment. Additionally, to minimise the risk of fatigue,
participants will be given regular 5-minute breaks throughout the
testing procedure where they will be seated and offered a drink.

the sessions will be supervised by an experienced UK registered (Health and

Care Professions Council) physiotherapist. Also, there is a telephone in the

laboratory to contact security should an incident arise.
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11. Objectives of investigation (including the academic rationale and
justification for the investigation) Please use plain English.

Gait disorders are considered to be the main feature of People with Parkinson’s
disease and are characterised by slow steps, a shuffling gait, difficulties in
initiating movement, which is known as the freezing of gait (FOG), and a
decrease in gait velocity (Shine et al. 2011). Walking in the community requires
frequent changes in speed, including stopping and starting. Treadmill training
has been suggested to help individuals with these conditions to recover their
walking ability, but it does not typically include variations in speed, so it might
not be specific enough to improve walking in everyday environments, indoors
and outdoors. The interactive treadmill seems to have a positive effect in
improving gait and in decreased the risk of falls in PD patients (Mirelman et al.
2011). Mehrholz et al. (2015) reported that gait training on a treadmill improves
gait impairment and educates patients to cope with the variation in gait speed
in community walking as overground walking. Plotnik et al. (2015) introduced
self -pacing treadmills which are controlled by the individual through their body
position and speed, allowing speed variation to occur.

We are currently engaged in a programme of research using treadmills linked
with virtual environments (MotekMedical, Amsterdam, the Netherlands) which
have the capacity to simulate everyday walking situations, including speed
variations. According to previous studies, the work of tibialis anterior,
gastrocnemius and soleus muscles during gait initiation over ground is to
control the movement of the lower limb and able to propel the body forward to a
new position (Mickelborough et al.,2003; Neptune et al.,2000).

This research has so far been conducted without speed variation and has not
considered gait initiation on a treadmill. To understand real life walking and the
therapeutic use of treadmills we would like to replicate these studies in the
context of gait initiation and speed variation overground and on a treadmill.
This study aims to record the muscle activity of people with Parkinson’s
Disease as they start to walk and change their walking speed both on a
treadmill and over the ground. This data will be compared with data currently
being collected from unimpaired adults (ethical approval granted from the BME
department ethics committee). This comparison will allow us to identify the key

differences and help in the planning of a future intervention study.
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12. Participants

Please detail the nature of the participants:

the participants will be recruited from West of Scotland Parkinson’s Disease
Research Group

Summarise the number and age (range) of each group of participants:

We have been recruited a participant to our study as an adult with Parkinson’s
disease, stable on anti-Parkinson’s drugs and who is able to walk
independently without a frame or walking stick. The following additional criteria
Inclusion criteria:

e Areindependent in activities of daily living. Able to follow simple
instructions and communicate in English.

e Are able to provide informed consent.

e Are able to come to the University of Strathclyde during working
hours (9-5) Monday to Friday, for a single two-hour appointment.
M.



199

Exclusion criteria:

e Pregnant
e Known cardiac problems exacerbated by exercise.
e Currently complaining of joint or muscle problems that affect
walking ability.
e Known neurological conditions affect walking ability.
e Parkinson’s disease participants with a severe ambulatory
e Uncorrected hearing or vision problems.
N. History of severe motion sickness.
e History of vestibular or balance problems,
e An active skin condition which could be irritated with sticky tape.

13. Nature of the participants

Please note that investigations governed by the Code of Practice that involve
any of the types of participants listed in B1(b) must be submitted to the
University Ethics Committee (UEC) rather than DEC/SEC for approval.

Do any of the participants fall into a category listed in Section B1(b) (participant
considerations) applicable in this investigation?: Yes [ ] No [X

If yes, please detail which category (and submit this application to the UEC):

14. Method of recruitment

Describe the method of recruitment (see section B4 of the Code of Practice),
providing information on any payments, expenses or other incentives.

The recruitment will be through the West Scotland Parkinson’s Disease
Research Group. They required ethical approval, a participant information sheet
(PIS) and the consent form to start the recruitment process. Then, we should
complete the form Which includes the summary of the project such as inclusion
and exclusion criteria, the requirement of participants and any risks involved, as
well as the investigator contact details.  After that, if she/he is willing to

participate in the project, they will be contacted to arrange an appointment time.
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Potential participants will receive the participant information sheet via email or

can request a hard copy.

15. Participant consent

Please state the groups from whom consent/assent will be sought (please refer
to the Guidance Document). The PIS and Consent Form(s) to be used should
be attached to this application form.

Individuals who contact the research team will be sent an information sheet
giving further details of the research process and given at least 48 hours to
read and ask questions before an arrangement is made to attend the
movement laboratory for testing. During this appointment, the protocol will be
explained again to the individual, and they will be given a further opportunity to
ask questions. If, after this, they are still willing to proceed, they will be invited
to sign the consent form. The researcher will remind the participant that they

are free to withdraw from the procedure any time if they wish.

16. Methodology

Investigations governed by the Code of Practice which involve any of the types
of projects listed in B1(a) must be submitted to the University Ethics Committee
rather than DEC/SEC for approval.

Are any of the categories mentioned in the Code of Practice Section B1(a)
(project considerations) applicable in this investigation? [ ] Yes X No

If ‘yes’,, please detail:

Interested participants who contact the researchers will be provided with a
participant information sheet. If, after 48 hours, they contact the researchers
expressing their interest in participating they will be offered a two hours
appointment at a mutually convenient time in the Motek laboratory in the
National Centre of Prosthetic and Orthotics (Curran building). They will be
asked to wear close-fitting attire of a T-shirt and shorts during the study or, if
they prefer, this can be provided for them on the day. Transport can be
provided if requested.

After arriving, the investigators will be happy to answer any further questions
about the project and will familiarise the participants with the layout of the
building including toilets and the changing room. If they are happy with the

procedure will ask them to sign a consent form.
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Measurement of the participant’s height, weight, leg lengths and width of pelvis,
knees, and ankles will be taken. The skin will be prepared for the placement of
the EMG electrodes; this will include light rubbing to remove dead skins cells,
wiping with an alcohol wipe and shaving an area of approximately 2cm? if
required. Six wireless EMG electrodes will then be placed over the bellies of
the following muscles and secured with double sided sticky tape.

-Tibialis Anterior (left and right).

-Medial head of Gastrocnemius (left and right).

-Soleus (left and right).

See (1) figure for more detail.

-Sixteen retroreflective markers will then be placed over the skin of the
following landmarks and secured with double sided sticky tape.
-Anterior Superior lliac Spine (left and right).

-Posterior Superior lliac Spine (left and right).

-Lateral border of thigh (left and right).

-Lateral femoral epicondyle (left and right).

-Lateral border of lower leg (left and right).

-Lateral Malleolus (left and right).

-Heel (left and right).

-Base of 15t metatarsal (left and right).

See in fig (2).

The procedure will take approximately 15 minutes.

The session consists of two parts

Part (one):

In a coridore, there will be a temporary path marked out on the ground ten
meters in length. Three meters along the path there will either be a green or a
red signboard on the right side of the gait path which will indicate an increase
or decrease in walking speed. The participants will walk along the path nine
times: The first four steps will be at their regular speed; then they need to
increase on fifth steps indicating either an increase (e.g. if they were hurrying
to a class) or decrease (e.g. walking alongside an older adult or young child) in
speed. The participants will be encouraged to take rests between walks.
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The participants will walk the short distance (approximately 20 meters) to
another room for the second part of the study

Part two

In this part, the participants will walk on a treadmill for approximately 15 minutes.
We will ask them to walk at different speeds, slow, usual and fast. The treadmill
is self-pacing, which means it will begin to move when they are moving and will
adjust automatically according to their speed, this may need a little time to get
used to, so we will include a familiarisation period of up to 15 minutes. During the
treadmill walking, we will ask them to wear a parachute style harness to prevent
any harm from a slip or trip as you walk. If they are any stumble or freeze while
they walk the treadmill will automatically stop. We will wait them commence when
you they are happy to proceed. If they are feeling uncomfortable walking on the
treadmill or find it frustrating to use, we will record their views and end the

session.

The investigators will conduct the session. Esraa Aldayil student investigator
will conduct the test and the second investigator (Kerr) will help to guide and
supervise the process. Both researchers are trained physiotherapists with
experience working in this area. Data analysis will be carried out by the student
Describe the research methodology and procedure, providing a timeline of
activities where possible. Please use plain English.

What specific techniques will be employed and what exactly is asked of the
participants? Please identify any non-validated scale or measure and include
any scale and measures charts as an Appendix to this application. Please
include questionnaires, interview schedules or any other non-standardised
method of data collection as appendices to this application.

1) Three-dimensional motion analysis using the Vicon system. Motion
capture units will track the movement of reflective markers placed on the
skin/clothing of participants. This will require participants to wear
relatively tight-fitting clothes (lycra shorts and top). This is a well used

measurement technology, which the BME Dept, has used frequently and
recently for different experiments with healthy and impaired people.
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2) Electric activity of the muscles using the wireless EMG measurement
system (DELSYS Inc, Boston, USA). The system will track the activity of
lower leg muscle groups.

Where an independent reviewer is not used, then the UEC, DEC or SEC
reserves the right to scrutinise the methodology. Has this methodology been
subject to independent scrutiny? Yes [ No[X

If yes, please provide the name and contact details of the independent

reviewer:

17. Previous experience of the investigator(s) with the procedures
involved. Experience should demonstrate an ability to carry out the proposed
research in accordance with the written methodology.

Name: Andy Kerr

Experience: 25 years have experience working with motion capture analysis
system and carry out movement analysis students with volunteers within and
without the University of Strathclyde. Dr Kerr has been trained to use the
CAREN system and the EMG and inertial sensors and is a registered
Physiotherapist (HCPC).

Name: Esraa Aldayil

Experience: PH.D student completed training sessions and online course for
(clinical gait analysis, Vicon and D-flow training program) prior to the
commencement study and is a qualified physiotherapist (BSc & MSc
Physiotherapy) with more than ten years’ experience.

18. Data collection, storage and security

How and where are data handled? Please specify whether it will be fully
anonymous (i.e. the identity unknown even to the researchers) or pseudo-
anonymised (i.e. the raw data is anonymised and given a code name, with the
key for code names being stored in a separate location from the raw data) - if
neither please justify.

The data and the consent form will be treated confidentially, in a locked cabinet
in a locked room in the Department of Biomedical Engineering. This information
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will be available for those named in this application and will be kept indefinitely.
The Pseudo-anonymous data will transfer from laboratory computers using an
encrypted memory stick and to strathcloud with access only to the investigators
only. All pseudo-anonymised experimental data will be coded with an ID-
number. Upon completion of the study, the ID key will be destroyed, making
data anonymous. Anonymous data will be kept indefinitely. The information will
be needed for production of related documents (publication and conferences)
on the University responsibility.

Explain how and where it will be stored, who has access to it, how long it will be
stored and whether it will be securely destroyed after use:

All data will be kept on Strathcloud with secure code which is available for the
named researchers. Its access and destructed according to the University of
Strathclyde Data Protection Policy and GDPR. As well as, the consent form
and anonymous data will be kept indefinitely

Will anyone other than the named investigators have access to the data? Yes
X No[]

If ‘yes’, please explain:

The data will be used in case of related researches (publication and
conferences) on the University responsibility

19. Potential risks or hazards

Briefly describe the potential Occupational Health and Safety (OHS) hazards
and risks associated with the investigation:

No more risks or hazards are concerned in this project unless minimal risk such
as tripping, falling or slipping. Careful setup of experimental space will treat
these. Furthermore, the use of a parachute style harness to prevent any harm
from a slip or trip during walking. If the participants stumble or freeze while
walking the treadmill will automatically stop. Also, we will provide breaks upon
required to decrease the fatigue. We will exclude any skin irritation condition
from markers or EMG electrodes. Finally, all the equipment will be cleaned with
alcohol-based wipes (the harness, treadmill, and the electrodes) to prevent
any infection

Please attach a completed OHS Risk Assessment (S20) for the research.
Further Guidance on Risk Assessment and Form can be obtained on

Occupational Health, Safety and Wellbeing's webpages
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20. What method will you use to communicate the outcomes and any
additional relevant details of the study to the participants?

The result of this project will not be available for participants unless they ask. If
a request is received, we will provide a summary report of the collated

anonymised findings

21. How will the outcomes of the study be disseminated (e.g. will you
seek to publish the results and, if relevant, how will you protect the
identities of your participants in said dissemination)?

This project will be published as part of a PhD thesis and the data could be
used in a scientific publication in journals, clinical peer review, a poster, or

conferences.

Checklist Enclosed N/A

Participant Information Sheet(s)
Consent Form(s)

Sample questionnaire(s)
Sample interview format(s)
Sample advertisement(s)

OHS Risk Assessment (S20)

XOODOXKX
Ooddn
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Any other documents (please specify
below)

00O O

00O O
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22. Chief Investigator and Head of Department Declaration

Please note that unsigned applications will not be accepted and both signatures are required

I have read the University’s Code of Practice on Investigations involving Human Beings and
have completed this application accordingly. By signing below, | acknowledge that | am aware of
and accept my responsibilities as Chief Investigator under Clauses 3.11 — 3.13 of the Research

Governance Framework and that this investigation cannot proceed before all approvals required

have been obtained.

Signature of Chief Investigator A’VC{ T }Ze;‘f'

Please also type name here: Dr. Andy Kerr

I confirm | have read this application, | am happy that the study is consistent with departmental
strategy, that the staff and/or students involved have the appropriate expertise to undertake the
study and that adequate arrangements are in place to supervise any students that might be
acting as investigators, that the study has access to the resources needed to conduct the
proposed research successfully, and that there are no other departmental-specific issues

relating to the study of which | am aware.

Signature of Head of Department

Please also type name here

Date: / /

23. Only for University sponsored projects under the remit of the DEC/SEC, with no
external funding and no NHS involvement

Head of Department statement on Sponsorship

This application requires the University to sponsor the investigation. This is done by the Head of
Department for all DEC applications with exception of those that are externally funded and those
which are connected to the NHS (those exceptions should be submitted to R&KES). | am aware
of the implications of University sponsorship of the investigation and have assessed this
investigation with respect to sponsorship and management risk. As this particular investigation
is within the remit of the DEC and has no external funding and no NHS involvement, | agree on
behalf of the University that the University is the appropriate sponsor of the investigation and

there are no management risks posed by the investigation.
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If not applicable, tick here []

Signature of Head of Department

Please also type name here

Date: / /

For applications to the University Ethics Committee, the completed form should be sent to

ethics@strath.ac.uk with the relevant electronic signatures.
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24. Insurance

The questionnaire below must be completed and included in your submission

to the UEC/DEC/SEC:

Is the proposed research an investigation or series of Yes / No
investigations conducted on any person for a Medicinal Purpose?
Medicinal Purpose means:
= treating or preventing disease or diagnosing disease or
= ascertaining the existence degree of or extent of a
physiological condition or
= assisting with or altering in any way the process of
conception or
» investigating or participating in methods of
contraception or
» inducing anaesthesia or
= otherwise preventing or interfering with the normal
operation of a physiological function or
= altering the administration of prescribed medication.
O.
If “Yes” please go to Section A (Clinical Trials) — all questions must be completed
If “No” please go to Section B (Public Liability) — all questions must be completed
Section A (Clinical Trials)
Does the proposed research involve subjects who are either: Yes / No
i. under the age of 5 years at the time of the trial;
ii.  known to be pregnant at the time of the trial
P.
If “Yes” the UEC should refer to Finance
Is the proposed research limited to: Yes / No
iii.  Questionnaires, interviews, psychological activity
including CBT,;
iv. Venepuncture (withdrawal of blood);
v. Muscle biopsy;
vi. Measurements or monitoring of physiological processes
including scanning;
vii.  Collections of body secretions by non-invasive methods;
viii.  Intake of foods or nutrients or variation of diet (excluding
administration of drugs).
Q.
If "No” the UEC should refer to Finance
Will the proposed research take place within the UK? Yes / No

If “No” the UEC should refer to Finance
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Title of Research
Chief Investigator
Sponsoring Organisation
Does the proposed research involve:
a) investigating or participating in methods of Yes / No
contraception?
b) assisting with or altering the process of conception? Yes / No
c) the use of drugs? Yes / No
d) the use of surgery (other than biopsy)? Yes/ No
e) genetic engineering? Yes/ No
f) participants under 5 years of age(other than activities Yes / No
i-vi above)?
g) participants known to be pregnant (other than Yes/ No
activities i-vi above)?
h) pharmaceutical product/appliance designed or Yes / No
manufactured by the institution?
i) work outside the United Kingdom? Yes / No

If “YES” to any of the questions a-i please also complete the Employee Activity Form (attached).

If “YES” to any of the questions a-i, and this is a follow-on phase, please provide details of

SUSARSs on a separate sheet.

If “Yes” to any of the questions a-i then the UEC/DEC/SEC should refer to Finance (insurance-

services@strath.ac.uk).

Section B (Public Liability)

Does the proposed research involve :
a) aircraft or any aerial device Yes / No
b) hovercraft or any water borne craft Yes / No
c) ionising radiation Yes / No
d) asbestos Yes / No
e) participants under 5 years of age Yes / No
f) participants known to be pregnant Yes / No
g) pharmaceutical product/appliance designed or Yes / No
manufactured by the institution?
h) work outside the United Kingdom? Yes / No

If “YES” to any of the questions the UEC/DEC/SEC should refer to Finance (insurance-

services@strath.ac.uk)
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For NHS applications only - Employee Activity Form

Has NHS Indemnity been provided? Yes / No
Are Medical Practitioners involved in the project? Yes / No
If YES, will Medical Practitioners be covered by the MDU or Yes / No
other body?

This section aims to identify the staff involved, their employment contract and the extent of their

involvement in the research (in some cases it may be more appropriate to refer to a group of

persons rather than individuals).

Chief Investigator

Name Employer

NHS Honorary
Contract?

Yes / No

Others

Name Employer

NHS Honorary
Contract?

Yes / No

Yes / No

Yes / No

Yes / No

Please provide any further relevant information here:
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Appendix (B) Participants and consent
sheet

ICI I niversityof N
Participant Information Sheet for uStratm:lyde

Engineering

[People with Parkinson’s Disease]

[FOR USE WITH STANDARD PRIVACY NOTICE FOR RESEARCH
PARTICIPANTS]

Name of department: Department of Biomedical Engineering

Title of the study: A study to understand the way the muscles in the leg work to start
walking and change walking speed in people with Parkinson’s Disease

Introduction

Walking in the community requires frequent changes to speed, including stopping and starting. This
can be challenging for people with neurological conditions such as Parkinson’s Disease. People with
Parkinson’s often complain of slowness in movement and difficulty with starting movements. Training
on a treadmill has been suggested to help people with Parkinson’s disease recover their walking
ability but this does not typically include variations in speed so may not be specific enough to improve
walking in everyday environments, indoor and outdoor. We are currently engaged in a programme
of research using treadmills linked to virtual environments which can simulate everyday walking

conditions, including changing speed.

The main researchers in this study will be a PhD student: Esraa Aldayil from the biomedical
engineering department of Strathclyde university and experienced physiotherapist. The Chief
Investigator of the study: Andrew Kerr is a lecturer in the same department and also a physiotherapist
in (HCPC).

What is the purpose of this research?

In this project, we would like to understand how muscles of the lower limbs of people with
Parkinson’s Disease are working when starting walking and while changing speed, also we would
like to observe how they are able to control their walking during changes in speed on a treadmill as
well as over ground. This information will help us plan a trial using these treadmills with people with
Parkinson’s disease.

Do you have to take part?

It is up to you whether you take apart in the investigation or not. You can refuse to be a participant
in the study, and you can withdraw at any time you feel, without having a reason. If you wish to
withdraw from the study after you have already taken part, all non-anonymous and pseudo-
anonymised data relating to you will be deleted at your request before the data are anonymised.

Once the data have been anonymised and analysed your data can no longer be removed
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What will you do in the project?

Interested individuals will be invited to attend a 2-hour appointment at the Biomechanics Laboratory
in the National Centre for Prosthetics and Orthotics at the University of Strathclyde which will be
arranged via email correspondence or by telephone. We can provide transportation if required.

you will need to wear close-fitting attire of T-shirt and shorts. (we can provide that for you, or you
can bring your own). Also, you will need to wear the shoes that you usually wear to walk in. If you
need help, we can assist you. If you prefer to attend the study with someone else, such as a friend
or family member, we absolutely accept that.

In the first appointment, the protocol will be explained again to the individual, and they will be given
a further opportunity to ask questions, and we will familiarise you with the place and changing room
if required as well as the protocol. If you are happy, we will ask you to sign a consent form.

We will take measurements of your weight, height, leg lengths and width of your pelvis, knees, and
ankles. This is needed for the computer to make the calculations as you walk. We will also ask
you to complete a short questionnaire about your experience with freezing gait.

The study will be recruited in the gait laboraory (Wolfson centre) that includes 12 infra-red
cameras which are not a video camera, so you will not be identifiable from recording. The
researcher will then place 16 small markers over the skin of specific parts of your body (e.g. knee,
ankle and heel) as in figure (1) below. Six special sensors will then be attached to the skin

overlying your calf and shin muscles using hypoallergenic tape. As in figure (2), these will record
the activity of your muscles. This may require a small area (10 pence piece) to be shaved.

After these preparations, which will take approximately 15 minutes, we will proceed with the
experiment which has two parts:

Part one

The researcher will show you a path on the ground ten meters in length. Two meters along the path
there will either be a green or a red signboard on the right side of the gait path which will indicate
an increase or decrease in walking speed. You will walk along this path nine times: the four steps
with your regular speed then you nees to change peed on the fifth step either an increase (as if
you were hurrying to reach a bus or rushing to the toilet) or decrease (as if you were in a crowded
street) in speed. In between these walks, you will be invited to rest as often as you need.

You will then be asked to walk a short distance (approximately 20 meters) to another room for the
second part of the study

Part two

In this part, you will walk on a treadmill for approximately 15 minutes. We will ask you to walk at
different speeds, slow, usual and fast. The treadmill is self-pacing, which means it will begin to move
when you move and will adjust automatically to your speed, this may need a little time to get used
to, so we will include a familiarisation period of up to 15 minutes. During the treadmill walking, we
will ask you to wear a parachute style harness to prevent any harm from a slip or trip as you walk. If
you stumble or freeze while you walk the treadmill will automatically stop, and only commence when
you are happy to proceed. If you feel uncomfortable walking on the treadmill or find it frustrating to

use, we will record your views and end the session.
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When all the walks have been completed, all the markers will be removed, and you will be free to
change back into your normal clothes.

Note that: the harness and any other equipment will be cleaned with alcohol-based wipes before
being used for participants

Why have you been invited to take part?

You have been invited to take part in our study as an adult with Parkinson’s disease, stable on anti-
Parkinson’s drugs and who is able to walk independently without a frame or walking stick. The
following additional criteria

inclusion criteria:

e Areindependentin activities of daily living. Able to follow simple instructions and
communicate in English.
Are able to provide informed consent.
Are able to come to the University of Strathclyde during working hours (9-5)
Monday to Friday, for a single two-hour appointment.
R.
Exclusion criteria:

Pregnant
Known cardiac problems exacerbated by exercise.
Currently complaining of joint or muscle problems that affect walking ability.
Known neurological conditions affect walking ability.
Parkinson’s disease participants with a severe ambulatory
Uncorrected hearing or vision problems.
S. History of severe motion sickness.
History of vestibular or balance problems,
e An active skin condition which could be irritated with sticky tape.

What are the potential risks to you in taking part?

There should be a minimal risk from participating in our study. Slipping and tripping on the treadmill
will be minimised by wearing a safety harness when walking. There is a possibility that you will
experience motion sickness from walking on the treadmill. The treadmill will be in self-paced mode
and will, therefore, stop automatically. In the unlikely circumstances of this mechanism not
functioning correctly the emergency stop button will be depressed to stop the treadmill immediately.
You may also feel some joint or muscle discomfort from all the walking we will ask you to do,
although this is a small risk it is worth bearing in mind. We will keep checking on how you feel so

that if you feel tired, sore or unwell, we will stop the experiment immediately.

What information is being collected in the project?

At the beginning of the study, we will ask you some questions regarding your age and gender as
well as we will take your height and weight from our scale. Also, there are some assessments you
will go through it to measure your ability to walk and your level of balance, and daily activity. This
information will help the system to collect the measurement of your joints during the walking in both
situations on the treadmill and over the ground. The cameras system on both trails (treadmill and

overground) will record your movement during regular speed especially at the beginning of walking
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from standing position and during changing speed either by an increase or decrease. Also, the
EMG electrodes will measure the activity of your lower limb muscles during movement.

Who will have access to the information?

The anonymised results of this study may be submitted for the purpose of presentation at scientific
and clinical conferences and may be submitted for scientific and clinical peer-reviewed publication.
Furthermore, the results will be included in the research students' PhD theses. Any research
publications or presentations resulting from this work will only discuss group results and will not

report on the individual. At no time will any personal or identifiable information be released

Where will the information be stored and how long will it be kept for?
The information will be stored securely in the university and will only be accessible to the

researchers named in the information sheet. We will a copy of your consent form for five years

Thank you for reading this information — please ask any questions if you are unsure about what is
written here.

What happens next?

Please send an e-mail to Esraa.aldayil@strath.ac.uk if you would like to participate to this study.
If you do not wish to participate then please accept our thanks for taking the time to read this
information.

Also, if you are interested in receiving feedback after the research is completed, we will happy to
inform you when the results are to be published

Researcher contact details:

Researcher: Esraa Aldayil

Status: PHD student

Department: Biomedical Engineering

Contact: Esraa.aldayil@strath.ac.uk

Chief Investigator details:
Researcher: Andrew Kerr

Status: Lecturer

Department: Biomedical Engineering

Contact: a.kerr@strath.ac.uk

This research was granted ethical approval by the University of Strathclyde Ethics Committee.

If you have any questions/concerns, during or after the research, or wish to contact an independent
person to whom any questions may be directed or further information may be sought from, please
contact:

Secretary to the University Ethics Committee

Research & Knowledge Exchange Services

University of Strathclyde

Graham Hills Building
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50 George Street
Glasgow

G1 1QE

Telephone: 0141 548 3707
Email: ethics@strath.ac.uk

Figure 1: placement of the reflective markers

Figure 2: Placement of the EMG sensors
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Consent Form [People with Parkinson’s Disease]

Name of department: Department of Biomedical Engineering

Title of the study: A study to understand the way the muscles in the leg work to start

wal

For

king and change walking speed in people with Parkinson’s Disease

| confirm that | have read and understood the Participant Information Sheet for the above
project and the researcher has answered any queries to my satisfaction.
| understand that my participation is voluntary and that | am free to withdraw from the
project at any time, up to the point of completion, without having to give a reason and
without any consequences.
I understand that | can request the withdrawal from the study of some personal
information and that whenever possible researchers will comply with my request. This
includes the following personal data:

0 my personal information from transcripts.
| understand that anonymised data (i.e. data that do not identify me personally) cannot be
withdrawn once they have been included in the study.
| understand that any information recorded in the research will remain confidential and
no information that identifies me will be made publicly available.
| consent to being a participant in the project.

research where it has been decided that “no fault compensation” cover will be provided, the

following wording needs to be included: In agreeing to participate in this research, | am aware that |

may be entitled to compensation for accidental bodily injury, including death or disease, arising out

of the research without the need to prove fault. However, such compensation is subject to

acceptance of the Conditions of Compensation, a copy of which is available on request.
(PRINT NAME)

Signature of Participant: Date:
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Appendix (C) PDQ 39 questionnaires

PDQ-39 QUESTIONNAIRE

Please complete the following

Please tick one box for each gquestion

Due to having Parkinson’s disease,
how often during the last month

have you.... Never Occasionally | Sometimes Often Always
or cannot do
1 Had difficulty doing atall

the leisure activities which
you woulkl like to do?

]

]

2 Had difficulty looking after
your home, e.g. DIY,
housework, cooking?

3 Had difficulty carrying bags
of shopping?

4 Had problems walking half
a mile?

5 Had problems walking 100
yards?

6 Had problems getting

around the house as easily
as you would like?

7 Had difficulty getting
around in public?

8 Needed someone else to
accompany you when you
went out?

9 Felt frightened or worried
about falling overin
public?

10 Been confined to the
house more than you
would ike?

1 Had difliculty washing
yourself?

12 Had difficulty dressing
yourself?

N Y s Y s Y Y Y o R
N e Y s s Y Y O o A A B O
N 1 s Y s Y Y O e
N s Y Y Y AN AN
S e Y Y Y N 0 o B

13 Had problems doing up
your shoe laces?

|
]
]
]

Please check that you have ticked one box for each question before going on fo the nexi page
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Due to having Parkinson’s disease,

how often during the last month

have you....

30

AN

32

33

34

35

36

37

38

39

Unexpectedly fallen asleep
during the day?

Had problems with your
concentration, e.g. when
reading or watching TV?

Felt your memory was
bad?

Had distressing dreams or
hallucinations?

Had difficulty with your
speech?

Felt unable to
communicate with people
properly?

Felt ignored by people?

Had painful muscle
cramps or spasms?

Had aches and pains in
your joints or body?

Felt unpleasantly hot or
cold?

Never

]

Please tick one hox for each question

Occasionally Sometimes

Often

Always

oo

Please check that you have ticked one box for each question before going on to the next page

Thank you for completing the PDQ 39 questionnaire
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