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Abstract

Background: Agility involves moving efficiently without losing balance, requiring muscular
strength and neuromuscular capacity. Maintaining agility promotes aging with vitality, living
without frailty, and reduced fear of falling. Factors that influence age-related differences in

agility are unknown.

Methods: Participants were recruited to determine whether quadriceps strength or integrity of
the corticospinal tract (CST) influenced age-related differences in agility. Participants underwent
Transcranial Magnetic Stimulation to measure CST integrity and completed a lower limb agility
hopping task. CST excitability was calculated as active motor threshold intensity, the lowest
stimulator output that produced a motor evoked potential. We used regression modelling to
predict the contribution of quadriceps strength and CST integrity to lower limb agility, when

controlling for sex.

Results: Greater quadriceps strength correlated with longer hop length (» = .581,p <.001) and
reduced hop length variability (r=-.384,p=.039). Lower active motor threshold correlated with
longer hop length (=-.364,p=.048) and reduced hop length variability (r=.478,p=.007).
Decreased quadriceps strength significantly predicted shorter hop length (R°=.393,p=.002) while

higher active motor threshold predicted greater hop variability (R’=.182,p=.036).

Conclusions: Agility involves a combination of muscle power and coordination, which can be
tested with a hopping agility task. CST integrity predicted coordination on the task, but not

strength, even when controlling for sex.
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Lay Summary

Agility involves performing complex movements smoothly and effortlessly. During
aging, agility, including strength, speed, balance, and coordination, decline. Such age-related
changes lead to increased risk of falls, reduced independence, and lower quality of life. Lower
agility involves changes at the muscle and brain levels (i.e., corticospinal tract (CST) — the main
motor connection from the brain to the muscles). However, which system is primarily
responsible for worsening agility is unknown. Existing agility measures preclude quality of
movement, focusing on temporal measures and used in athletics. Propulsive bipedal hopping is a
new spatial measure of agility that distinguishes younger and older adults. We used propulsive
bipedal hopping to identify age-related changes in agility and predictors like quadricep strength
and the CST measured using Transcranial Magnetic Stimulation. We report quadricep strength
predicts the hopping strength (distance) while reduced brain-muscle connection quality predicts

poorer coordination on the agility task.

il



Acknowledgements

First and foremost, I would like to express my deep gratitude to my supervisor, Dr.
Michelle Ploughman, for her invaluable guidance, insightful feedback, and unwavering support
during my degree. Dr. Ploughman is an inspiration, and I am truly honored that she provided me
with this incredible experience. I am grateful to my committee members, Drs. Diana De
Carvalho and Ben Zendel, for reviewing my thesis and providing beneficial and valuable

feedback.

I also want to send out huge thanks to all the staff and students at the Recovery and
Performance Lab. I am incredibly lucky to have spent these past few years working with
incredibly smart and kind individuals daily and learning so much from everyone. A sincere thank
you to all the participants who volunteered their time to contribute to this project. This research
would not have been possible without your support and dedication. Additionally, I would like to
thank Memorial University of Newfoundland and CIHR for providing me with funding during

the first year of my degree.

Lastly, I would like to thank my family and friends for their unconditional love and
patience throughout my academic journey. Specifically, I would like to thank my parents, Jackie
and Neil MacKenzie, who continuously supported me throughout my academic journey ever
since my first day of my undergraduate degree. Finally, to my partner, Erica McShane, without
your love and encouragement, I would not have been able to balance my master’s degree and

medical school at the same time, and I am forever grateful to have you by my side.

v



Table of Contents
Abstract ii

Lay Summary iii

Acknowledgements iv
Table of Contents v
List of Tables vii
List of Figures viii
List of Abbreviations ix
Chapter 1: Introduction and Literature Review 1
1.1 General Introduction 1
1.2 Overview of the Aging Population 2
1.2.1 Epidemiology 2

1.2.2 Frailty 3

1.2.3 Fall Risk 4

1.3 Neuromuscular System 5
1.3.1 Overview of the Neuromuscular System 5

1.3.2 Physiological Changes with Aging 6

1.3.3 Alterations in Balance and Coordination 8

1.4 Agility in Older Adults 9
1.4.1 Overview of Agility 9

1.4.2 Types of Agility Tests 11

1.5 Bipedal Hopping 12
1.5.1 Neuromuscular Components of Bipedal Hopping 12

1.5.2 Biomechanical Hopping Stages 12

1.5.3 How to Measure Bipedal Hopping 14

1.5.4 Hopping as a Measure of Agility 16

1.5.5 Effect of Age on Hopping 17

1.6 Transcranial Magnetic Stimulation (TMS) 18
1.6.1 Neurophysiology of TMS 18

1.6.2 TMS Variables 21
1.6.2.1 Motor Thresholds 21

1.6.2.2 Excitatory and Inhibitory Recruitment Curves 23

1.7 Thesis Objective 24
Chapter 2: Manuscript 25
2.1 Co-Authorship Statement 25
2.2 Introduction 25



2.2 Materials and Methods
2.2.1 Participants
2.2.2 Sample Size
2.2.3 Demographics
2.2.4 Quadriceps Strength

2.2.5 Measuring Corticospinal Tract Integrity Using Transcranial Magnetic Stimulation

2.2.6 Propulsive Bipedal Hopping Agility Test
2.2.7 Statistical Analysis

2.3 Results

2.3.1 Quadriceps Strength Predicts Hop Length while Active Motor Threshold Predicts Hop Variability

2.4 Discussion

2.4.1 Measuring age-related changes in agility using a propulsive bipedal hopping test

28
28
29
29
29
30
32
35

36
40

43
43

2.4.2 Quadricep strength is an indicator of hop length while the corticospinal tract is linked to hop variability44

2.4.3 Study Limitations
2.5 Conclusions
2.6 Grants
2.7 Disclosures

2.8 Disclaimers

Chapter 3: Discussion
3.1 Overview of Key Findings
3.2 Limitations and Challenges

3.3 Future Directions
References

Appendices

vi

46
46
46
47
47

48
48
48
49

51

63



List of Tables

Table 2.1 Participant characteristics
Table 2.2 Quadriceps strength but not active motor threshold predicts hop length

Table 2.3 Active motor threshold but not quadriceps strength predicts hop length variability

vii



Figure 1.1 Biomechanical Hopping Stages
Figure 1.2 Bipedal Hopping Variables

List of Figures

Figure 1.3 Neurophysiology of Transcranial Magnetic Stimulation
Figure 2.1 Propulsive Bipedal Hopping Protocol and Analysis
Figure 2.2 Scatterplots of propulsive bipedal hopping variables and age
Figure 2.3 Scatterplots of propulsive bipedal hopping variables, quadriceps strength, and Active Motor

Threshold

viii

13
15
20
34
38

39



CSp

CST

EMG

MEP

REC

TMS

List of Abbreviations

Cortical Silent Period

Corticospinal Tract

Electromyography

Motor Evoked Potential

Recruitment Curve

Transcranial Magnetic Stimulation

X



Chapter 1: Introduction and Literature Review

1.1 General Introduction

The central nervous system (brain and spinal cord), the peripheral nervous system (nerves
that connect the central nervous system to muscles, organs, and sensory receptors), and the
musculoskeletal system (muscles, tendons, joints, and bones) work together as the
neuromuscular complex. These neuromuscular components work harmoniously to initiate,
control, and execute various body movements. Why is the neuromuscular system so crucial to
one's overall functioning? It is constantly activated without awareness and is necessary to move
and navigate the external environment to fulfill basic survival needs. Accidental falls would be
frequent without proper functioning of the neuromuscular system. The individual's quality of life
would be significantly diminished, and their ability to perform activities of daily living would be
decreased, leading to a reduced level of independence. Like all body systems, age-related
changes of the neuromuscular system are normal. However, whether components age in the same

way and the impacts of those changes on everyday movement is an area of intense scrutiny.

Understanding the connection between the nervous system and the muscles they innervate
is crucial for determining the level of neuromuscular functioning. The corticospinal tract, the
main pathway that influences our ability to move in our environment, deteriorates with age. With
that, an individual's level of agility is negatively affected, leading to a more sedentary lifestyle.
The degree of impact the corticospinal tract, which is measured using transcranial magnetic
stimulation to assess the integrity of the neuromuscular system, and its effect on one's agility

level is poorly understood.



This thesis is prepared in manuscript format with three chapters. Chapter One provides an
overview of aging and its effect on the neuromuscular system, followed by an explanation of
agility using bipedal hopping and its previous use in other diseases. Transcranial magnetic
stimulation is explained as a tool for detecting age-related changes in the corticospinal tract.
Chapter Two is a manuscript assessing age-related changes in agility by measuring the
contributions of quadriceps strength and the integrity of the corticospinal tract. This manuscript
is written in the format for publication in the Journal of Applied Physiology, which was
submitted on December 2™, 2024. Finally, Chapter Three concludes with an expanded
discussion on the implications of hopping in everyday life and the contributions of various
neuromuscular system components. Study limitations will be discussed followed by suggestions

for future directions in hopping as an agility measure for healthy older adults.

1.2 Overview of the Aging Population

1.2.1 Epidemiology

The average age of the world's population is increasing. Approximately 13% (962
million) of the total population is over 60; by 2050, the rate is expected to quadruple due to
increased life expectancy (United Nations, 2015). In Canada, 25% (10.4 million) of Canadians
will be over 65, and 1 in 10 Canadians will be over 80 years of age (Sheets & Gallagher, 2013).
The shift in increased aging rates will profoundly impact individuals, housing, employment,
retirement, and healthcare, and it will be accompanied by increased burden and severity of
disease (Zhang et al., 2024). The impact of an aging society directly leads to increased

prevalence of frailty and all-cause morbidity, profoundly affecting an individuals' quality of life.



1.2.2 Frailty

Frailty is a complex process to define, although clinicians report it as observable upon
admission (Keevil et al., 2020). Frailty is considered a clinical state associated with an increased
risk of poor health outcomes (e.g., hospitalizations, postoperative complications, disability,
mortality, and risk of falls) (Keevil & Romero-Ortuno, 2015; Xue, 2011) and increased
healthcare costs (Kojima, 2019). It is a progressive syndrome, characterized first by a latent
(undetectable) phase and continues through three stages: pre-frail, frail, and health complications
resulting from a loss of physical and cognitive performance (Buch et al., 2016). The
advancement of frailty leads to several hallmarks of physical decline such as decreased muscle
strength, power, and mass (e.g., sarcopenia, dynapenia), leading to reduced gait, balance, and
increased fall risk (Cadore et al., 2019). Clinical frailty screening tools vary between countries
(Deng & Sato, 2024). In Canada, common tools include the Fried Frailty Phenotype, the FRAIL
scale, General Medical Services, Short Physical Performance Battery, Clinical Frailty Scale,
PRISMA-7, and the Frailty Index (Deng & Sato, 2024). The effects of frailty can be observed at
the neuromuscular level. For instance, using electromyography (EMG), smaller muscle action
potentials are associated with a higher likelihood of frailty based on the Frailty Phenotype and
Frailty Index measures (Swiecicka et al., 2019). With the average living age increasing, frailty
rates continue to rise globally with a greater incidence of prefrail community-dwelling older
adults (Ofori-Asenso et al., 2019). In 2013-2014, Canadian frailty rates are estimated to be 22%
(1.1 million), while 32% (1.6 million) are considered pre-frail (Gilmour & Ramage-Morin,

2021). The prevalence is likely increased in institutional settings (e.g., long-term care homes).



Consequently, increased frailty rates lead to poor health outcomes, but steps are being taken to

address frailty earlier to reduce its impact on individuals and communities.

1.2.3 Fall Risk

Falls in older adults are emerging as an epidemic. Due to multi-factorial (extrinsic, intrinsic,
situational) causes, falls are leading to severe head and fracture injuries (Vaishya & Vaish,
2020). Approximately one in every five older adults over 65 report declining balance (Lin &
Bhattacharyya, 2012). In 2017, the global prevalence of falls was reported as 5,186 per 100,000
people, while the mortality rate was 9.2 per 100,000 (James et al., 2020). Half of Canadian older
adults living in long-term care have a fall each year, leading to reduced independence and quality
of life (Kuhnow et al., 2022). Several independent risk factors can increase the probability of
falls. In order of evidence strength, factors include previous history of falls, balance
impairments, decreased muscle strength, visual deficits, polypharmacy (four or more
medications), gait impairment, dizziness, cognitive impairment, and arthritis (Tinetti & Kumar,
2010). Common indoor environmental objects such as furniture, flooring, and other objects that
pose a tripping hazard in the living room, kitchen, and bathroom can increase fall risk (Lee,
2021). Outdoor hazards include uneven surfaces, deteriorated steps, and clutter on sidewalks and
streets (Lee, 2021). Interestingly, women exposed to indoor environmental hazards had a higher
risk of falls, while men were more likely to fall due to outdoor environmental hazards (Lee,
2021). With an increased proportion of falls in older adults, it is critical to identify regions within
the human body responsible for deteriorated movement, most notably the neuromuscular system
(Ward et al., 2019). Additionally, interventions should be targeted at all elements of fall risk (i.e.,

intrinsic, extrinsic).



1.3 Neuromuscular System
1.3.1 Overview of the Neuromuscular System

The neuromuscular system is one of the most critical pathways responsible for navigating
our environment daily. The brain regions important for movement are in the frontal and parietal
cortexes, cerebellum, and striatum (Grézes & Decety, 2001; Laforce & Doyon, 2001). Sensory
information from the eyes, ears, vestibular organs, and skin provides critical input to the parietal
and temporal lobes to direct and fine-tune motor responses (Hupfeld et al., 2022). The premotor
cortex and supplemental motor area control movement planning and initiation (Haslband et al.,
1993). In contrast, movement production involves the primary motor cortex, which receives
input from the brain's various parts (typically from sensory systems) and sends information via
motor neurons to the spinal cord (Teka et al., 2017). The cortical homunculus in the primary
motor cortex extending caudal to the precentral gyrus contains somatotopic areas responsible for
movement from the feet to the face (Gordon et al., 2023). Activation of this region is the starting
point for producing simple and complex movements. The cerebellum also plays a critical role in
coordination and movement timing. It acts as an error detection and correction system that
initially receives information from the motor cortex and then sends it back with updates on the
requirements to complete the movement (Narayanan & Thirumalai, 2019). Subcortical
structures, like the basal ganglia and red nucleus, and parts of the brainstem support more
automatic movements, such as movement initiation and basic reflexes (Lanciego et al., 2012).

Once the movement has been processed in the brain, neural signals move through a
descending tract called the pyramidal/corticospinal tract (CST), originating primarily from the
primary motor cortex and other nearby cortical regions (Jang & Seo, 2015). This tract travels

down through the brainstem, assisting with motor control, and decussates at the medulla



oblongata, crossing from one side of the spinal cord to the other. The main descending pathway
is the lateral CST, which is the lateral column of white matter inside the spinal cord, producing
voluntary movement of the extremities (Jang & Seo, 2015). The foundation of the neuromuscular
system is built on motor units, skeletal muscle fibers, and the nerves that innervate them (Hunter
et al., 2016). Peripheral nerves exit the spinal cord and innervate skeletal muscle at the
neuromuscular junction, the synapse site between the nerve terminal and skeletal muscle. The
electrical signal (action potential) transfers to the nerve terminal, which releases a chemical
signal via the neurotransmitter acetylcholine that crosses the synaptic cleft and binds to receptors
on the muscle fibers. This stimulates an action potential along the T-tubule inside the
sarcolemma (cell membrane surrounding a skeletal muscle fiber), releasing calcium from the
sarcoplasmic reticulum and activating the cross-bridge cycle to create muscle contraction and
movement (Hernandez-Ochoa & Schneider, 2018). Myosin and actin filaments attach to form
cross-bridges, allowing the myosin filament to slide past actin to create a muscle contraction
(Herzog et al., 2015). The filamentous protein titin binds with calcium prior to actin to provide

stability, stiffness, and regulate force production during muscle contraction (Herzog et al., 2015).

1.3.2 Physiological Changes with Aging

Physiological alterations to the central nervous system, specifically those in the
neuromuscular system, occur throughout life. Aging negatively affects the body, particularly the
musculoskeletal system. For instance, age-related reduction in muscle fiber mass (i.e.,
sarcopenia) (McNeil & Rice, 2018; Nilwik et al., 2013; Power et al., 2013), decreased
mitochondrial functioning (Rygiel et al., 2016), and neuromuscular junction efficiency

(Dobrowolny et al., 2021; Hunter et al., 2016) suppress optimal neuromuscular system



effectiveness. There are two types of muscle fibers: slow twitch (Type la) and fast twitch (Type
ITa and IIb). Slow twitch fibers are essential for endurance activities and are highly resistant to
fatigue, producing slower contractions (Plotkin et al., 2021). Fast twitch fibers generate fast
contractions are more prone to fatigue and predominately used during forceful movements
(Plotkin et al., 2021). Type Ila has slightly less endurance capabilities than Type I but more than
Type 1Ib (Plotkin et al., 2021). With age, the CST degenerates, resulting in reduced neural
muscle drive and changing muscle fiber characteristics, leading to muscle atrophy and weakness
(Jang & Seo, 2015; Salat et al., 2005). Importantly, reduced number of motor neurons, motor
unit discharge and recruitment rates, and voluntary activation are present in older adults (Hunter
et al., 2016). Motor units include motorneurons and the skeletal muscle fibres they innervate,
which is the central nervous systems final output and responsible for motor control (Monti et al.,
2001). Neuromuscular junction changes include decreases in pre-synaptic vesicles including
their strength and maintaining active synapses. (Dobrowolny et al., 2021; Hunter et al., 2016).
Type I and II muscle fibers experience age-related decreases in fiber numbers and size, calcium
content and sensitivity, contractile velocity, maximum peak force/power, rate of force
development, and increased muscle fatigability (Straight et al., 2018). Sarcopenia reduces
maximal strength and power and decreases motor neurons, leading to motor unit loss and
reduced cross-bridges (Hunter et al., 2016). Compared to younger people, older adults have
decreased agonist and increased antagonist muscle activation and neural drive patterns (Hoffren-
Mikkola et al., 2015). This results in muscle co-activation, when the agonist and antagonist are
activated simultaneously and stabilize nearby joints (McNeil & Rice, 2018). Measuring changes
in neuromuscular functioning requires advanced and expensive equipment that may only be

affordable for some laboratories and clinics to acquire. Furthermore, research that measures all



elements of the neuromuscular complex (brain, spinal cord, nerve, and muscle) and its
relationships to lower limb movement and control is sparse. Even less is known about how aging

of the neuromuscular system impacts lower limb control.

1.3.3 Alterations in Balance and Coordination

As people age, they often have difficulty with balance and coordination, affecting their
independence and ability to carry out activities of daily living. Three sensory systems control
balance: visual, vestibular, and somatosensory (Hupfeld et al., 2022). The visual system provides
the environmental input necessary for obstacle avoidance and navigation (Redfern et al., 2001).
The vestibular system is controlled by structures within the inner ear, which sense alterations in
angular/linear velocity due to gravity and modify eye and head movements to provide spatial
orientation (Allen et al., 2016). Finally, the somatosensory system detects the location of the
body in space based on environmental cues to control human movement and force production
(Steindl et al., 2006). While it is difficult to pinpoint which specific sensory system is
responsible for balance and coordination impairments, it typically varies depending on the
individual and their clinical history (e.g., medication use, dizziness), and can sometimes be a
combination of issues in two or more sensory systems (Hupfeld et al., 2022). Balance
impairments and falls arise in older adults when one or multiple sensory systems are
discoordinated. For example, visual deficits affecting gaze in older adults lead to delayed
reactions, slow movements, and postural sway (Paquette & Fung, 2011). Balance impairments
and overall motor decline have been linked with the aging of the cerebellum, likely contributing

to an increased risk of falls in this population (Bernard & Seidler, 2014).



Coordination is critical for many forms of movement and is essential for carrying out
activities of daily movement. The foundation of coordination involves communication between
the brain hemispheres to synchronize both sides of the body effectively. This communication
between hemispheres usually happens through the corpus callosum. However, other brain
regions also coordinate bimanual movements, such as the cerebellum, supplementary motor area,
cingulate motor cortex, and premotor cortex (Seidler et al., 2010). As people age, atrophy of the
corpus callosum and other cortical regions may lead to, or directly cause, reduced coordination
and other motor impairments such as gait and balance (Seidler et al., 2010). Walking is a
bilateral coordinated movement, but it is difficult to pinpoint if the corpus callosum is primarily
responsible as other cortical and spinal regions are responsible for declines in coordination
(Zandvoort et al., 2022). Thus, a more demanding and less automated bilateral motor
coordination activity involving the lower limbs, like hopping, could reveal early signs of corpus

callosum tract damage in older adults.

1.4 Agility in Older Adults

1.4.1 Overview of Agility

Agility is a term with various definitions (Sheppard & Young, 2006) but can be broadly
defined as controlled whole-body movement involving speed, strength, power, balance,
coordination, and both acceleration and deceleration (Young et al., 2021). Several tools exist to
map functional declines in lower limb mobility and balance. Most involve asking people to rise
from a chair, walk quickly, or balance on one foot. Notably, such tasks have ceiling effects in
that older people can easily complete them, so subtle age-related changes are not measurable

(Balasubramanian, 2015). For instance, the timed-up-and-go test is a simple measure that



assesses how long it takes an individual to sit up from a chair, walk 10 feet, turn around, and sit
back in the original chair (Barry et al., 2014; Coelho-Junior et al., 2018). Although it is
commonly used to assess lower limb function in community-dwelling older adults, it is not a
significant measure of fall risk (Barry et al., 2014). Agility outcome measures are predominately
reported as time using a stopwatch, which does not account for spatial measures of agility, and
interrater reliability is reduced due to error (Chen et al., 2021). For walking, the safe ambulatory
speed for community-dwelling older adults is between 80 cm/s and 120 cm/s (Middleton et al.,
2015). However, simple walking and balance measures cannot detect subtle underlying age-
related neuromuscular deficits that occur well before visible walking impairments
(Balasubramanian, 2015; Barry et al., 2014). In multiple sclerosis, a disease of advanced
neurodegeneration, the timed-25-foot-walk test was not a predictor of falls in people with no

observable gait abnormalities (Abasiyanik et al., 2020).

Similarly, in community-dwelling older adults, the timed up and go was not a valuable
predictor of falls and was not recommended as a primary clinical outcome measure (Barry et al.,
2014). There is a need for more robust measures of functioning to uncover subtle changes in
physical performance affected by aging. An agility test (propulsive bipedal hopping) has recently
emerged as a promising assessment of lower limb functioning in multiple sclerosis, revealing
hidden neuromuscular decline (Kirkland et al., 2017). Agile older adults have reported improved
balance confidence and reduced fall risk (Donath et al., 2016; Liu-Ambrose et al., 2004;
Rodrigues et al., 2023; Tollar et al., 2019), providing evidence of the importance of maintaining
and enhancing agility with age (Donath et al., 2016). Older adults who complete agility exercise
programs report overall increased strength (Castillo de Lima et al., 2023; Lichtenstein et al.,

2020; Rodrigues et al., 2023), balance (Castillo de Lima et al., 2023), mobility (Reed-Jones et
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al., 2012; Tollar et al., 2019), short-term memory and cognitive functioning (Castillo de Lima et
al., 2023; Morat et al., 2020), and may also experience improved cardiovascular function (Morat
et al., 2020). However, which agility test is best for identifying these beneficial effects and is

useable as a clinical measure is yet to be determined.

1.4.2 Types of Agility Tests

Several agility tests exist to challenge humans with complex movements requiring the use
of muscles, joints, and ligaments. While these measures of agility provide a higher degree of
difficulty compared to simple walking tasks, most of these outcome measures are only temporal
and recorded with a stopwatch, disregarding variables that correspond to strength and
coordination that require more sophisticated methods of measurement (Balasubramanian, 2015).
For instance, the ten-step test assesses the time it takes to alternately step on a raised block with
each foot for ten rounds (Miyamoto et al., 2008). Another test, the 8-foot up-and-go test,
measures the time to stand from a chair, walk to a target 8 feet away, turn around, walk back to
the starting chair, and sit down (Rolenz & Reneker, 2016). Similarly, the agility challenge for the
elderly is a more demanding test involving participants walking as fast as possible with
acceleration, deceleration, changing directions, and stop-and-go movement in linear and diagonal
directions (Lichtenstein et al., 2019). While the previously mentioned agility tests have strengths
and weaknesses, it is essential to identify subtle lower limb deficits through challenging tests
incorporating spatial measures. A new agility test (bipedal hopping) is capable of measuring
performance based on spatial variables such as hop length distance and variability, and has

exhibited potential as a clinical outcome measure of reduced agility in older adults and people

11



with multiple sclerosis (Kirkland et al., 2017). To date, there has yet to be a clear consensus on

which agility test is best to use for assessing subtle lower limb deficits in older adults.

1.5 Bipedal Hopping

1.5.1 Neuromuscular Components of Bipedal Hopping

Bipedal hopping is a demanding task involving neuromuscular contributions of strength
and neural control of balance and coordination through activation and inhibition of various lower
limb muscles (Kirkland et al., 2017). At the muscular level, skeletal muscles undergo the stretch-
shortening cycle quickly and intensely at various stages to propel the body forward during the
hop (Kirkland et al., 2018; Kirkland et al., 2017; Kirkland et al., 2020). Secondly, balance
symmetry is necessary to maintain the center of pressure within the base of support during the
landing phase (Kirkland et al., 2020). Coordination of hopping requires the accurate firing of
appropriate agonist and antagonist muscles in an efficient manner to counteract the task

demands.

1.5.2 Biomechanical Hopping Stages

Bipedal hopping is a complex movement involving forward propulsion as both feet leave
the ground during takeoff, followed by a return during the landing phase. There are five stages of
movement during hopping, as depicted in Figure 1.1: isometric, concentric, airborne, eccentric,
and landing phases (Kirkland et al., 2017; Smith, 2014). The isometric phase (shortest phase)
transitions from eccentric to concentric contraction with no change in muscle fiber length. When
the muscle fibers are stretched, afferent signals are sent to the spinal cord, which sends efferent
signals to relieve the stretch, producing a muscle contraction. The concentric phase involves

muscle fiber shortening, leading to the initiation of forward propulsion (airborne phase) during

12



hopping. This involves extension at the hips, knees, and ankles until the body reaches its highest
point during the hop, acting as an indicator of lower limb muscle strength (Kirkland et al., 2018;
Kirkland et al., 2017; Kirkland et al., 2020). The airborne phase occurs when both feet leave the
ground before forward movement and ends when they return to the ground. The eccentric phase
involves muscle fiber lengthening, leading to hip, knee, and ankle flexion through tonic muscle
contraction of the gluteal, quadriceps, and calf (gastrocnemius and soleus) muscles, decelerating
the lowering of center of gravity (absorption of energy) as the body returns towards the ground.
The landing phase concludes the hop with both feet landing on the ground and transitioning back

to the isometric phase to repeat the hopping cycle.
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Phase Phase
Isometric Airborne Landing
Phase Phase Phase

Figure 1.1 Biomechanical Hopping Stages

Representation of the biomechanical phases of hopping. The five hopping phases (isometric,
concentric, airborne, eccentric, and landing) are completed for all hops along the instrumented
walkway. Once participants hop off the walkway at one end, they turn around and hop back on
the walkway to the end they started on. Original figure © Evan G MacKenzie.
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1.5.3 How to Measure Bipedal Hopping

An efficient and accurate method of measuring hopping can be conducted on an
instrumented walkway [i.e., ProtoKinetics Walkway (ProtoKinetics, Havertown, USA)]. A
walkway contains load cells along the mat, forming a grid where increased activation and
pressure of load cells from the feet during a hopping task transmit information to a computer.
Depending on which cells become activated, footfalls are produced, and various hopping
variables can be recorded and interpreted. Components of bipedal hopping that can be observed
and measured on an instrumented pressure-sensitive walkway include hop length (cm), width
(cm), time (s), symmetry/asymmetry index, consistency, and center of pressure (Kirkland et al.,
2017; Kirkland et al., 2020). The hop length, a measure of lower limb strength, is the average
distance from the heel strike of one hop (whichever heel lands first) to the location of the
subsequent heel strike. Hop length coefficient of variation measures hopping consistency and
coordination, taking the hop lengths performed during a trial and dividing them by the standard

deviation of all hops. Both variables are depicted in Figure 1.2.
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Figure 1.2 Bipedal Hopping Variables

Representative hopping footfalls derived from an instrumented walkway [i.e., ProtoKinetics
Walkway (ProtoKinetics, Havertown, USA)]. The green and pink footprints represent the left
and right feet, respectively. Panel A displays footfalls visually representing hop length (strength).
This is a measure of distance (cm) from the heel of the first hop to the heel of the subsequent
hop. All hop lengths are averaged to give a value of all hop lengths completed during the trial.
Panel B provides a visual representation of hop length percent coefficient of variation. This is a
measure of consistency and coordination of hopping, which calculates the variation of all hop
length distances completed during the trial. Both Panel A and Panel B are the same scale and are
from two different research participants to give a representation of each hopping variable. The
thin lines within each foot and in between represent centre of pressure variables. Original figure
© Evan G MacKenzie.
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1.5.4 Hopping as a Measure of Agility

Hopping is a complex task that requires significant recruitment of neuromuscular
resources instantaneously. Possessing the ability to hop is crucial as it is not always needed, but
when it is, it prevents falls and other severe injuries. For instance, avoiding getting splashed by a
car while walking on the sidewalk. As a result, it is critical that children learn and develop gross
motor functional skills like hopping early in life. However, children with motor impairment
demonstrate difficulty in hopping, so bilateral and unilateral hopping tests are typically
performed as outcome measures (e.g., Movement Assessment Battery for Children) (Hands et
al., 2015). Another example of hopping used as a measure is the Gross Motor Function Measure
for children with physical impairments caused by cerebral palsy (Russell et al., 1989).

Additionally, hopping is used for various rehabilitation outcome measures. Children and
adults in athletics recovering from anterior cruciate ligament injury or surgery frequently use
jumping tasks to determine their capacity for return to sports (Davies et al., 2017; Myer et al.,
2011). Patients recovering post-stroke perform the Chedoke-McMaster Stroke Assessment and
complete one-legged hopping on the more affected side to assess the severity of impairment
(Gowland et al., 1993). Similarly, the Community Balance and Mobility Scale involves hopping
on one foot multiple times, which is validated as an outcome measure for those with a traumatic
brain injury (Howe et al., 2006). As a result, hopping has been utilized to assess optimal lower
limb functioning and possess the ability to assist in rehabilitation and improve outcomes. The
previously mentioned tests that involve hopping are for conditions with evident lower limb
impairments. Still, there is a need to identify subtle deficits in community-dwelling older adults

at risk for eventual sharp decline in mobility and fall risk.
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1.5.5 Effect of Age on Hopping

Age-related changes in neuromuscular functioning predominantly affect physically
demanding gross motor tasks, such as hopping. Unsurprisingly, older adults demonstrate lower
vertical jumping heights than younger people (Hoffren-Mikkola et al., 2015; Kirkland et al.,
2022). Previously, work showed that horizontal hop length and hopping speed during a bipedal
hop test are lower in people over 70 than in participants in their 40s (Kirkland et al., 2020). A
recent study assessed the differences in bipedal hopping between young and older adults and
people with low-severity multiple sclerosis (disease of advanced nervous system aging).
Interestingly, they found that hop length decreased from younger adults to people with multiple
sclerosis and older adults, while hop length variability (hop consistency and coordination)
increased (worsened) (Kirkland et al., 2017). Similarly, when the same groups as the previous
study hopped while using a metronome at 40 or 60 beats per minute, older adults still had shorter
hop lengths and increased hop length variability (Kirkland et al., 2018). Additionally, hopping
velocity was significantly increased, meaning older adults took longer and shorter hops when

compared to younger adults and people with multiple sclerosis (Kirkland et al., 2018).

The underlying mechanisms relating to poorer hopping performance with age might be
explained by the decreased muscle fiber cross-sectional area that cannot maintain explosive force
production, leading to a shorter hop (Hoffren-Mikkola et al., 2015). Additionally, muscle
stretching and shortening reduction are present in older adults, resulting in deficits during the
concentric and eccentric phases of hopping (Elam et al., 2021). The knee extensors, necessary for
the eccentric phase of hopping, experience increased fatigability and reduced strength in older
adults due to disruptions in excitation-contraction coupling and cross-bridge formation

(Greenberger & Paterno, 1995; Sundberg et al., 2018). With age, the connection and activation
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of agonist and antagonist muscles are negatively affected. Older adults display inadequate
agonist muscle activation during forceful and explosive movements, with increased antagonist
activity (Narici & Maganaris, 2006). The dysfunction of muscle activation is prevalent during
the landing phase of hopping as older adults have inadequate agonist muscle activity, resulting in

reduced muscle force capacity to maintain optimal hopping (Hoffren et al., 2011).

Interestingly, physically active older adults performed similarly to non-active younger
adults, demonstrating the effect of training on reducing the adverse effects of aging on hopping
and lower limb functioning (Sanchez-Trigo et al., 2022). Those who complete hopping training
reported improved gastrocnemius medialis muscle and Achilles tendon functioning. As a result,
older adults demonstrate greater rapid force production capacity and better hopping ability
(Hoffren-Mikkola et al., 2015; Hoffrén et al., 2012; Hoffren et al., 2011). Whether or not
hopping as an agility test helps measure subtle changes in lower limb power, coordination, and

balance as one ages is unknown.

1.6 Transcranial Magnetic Stimulation (TMS)
1.6.1 Neurophysiology of TMS

Transcranial magnetic stimulation (TMS) has developed into a promising tool capable of
probing the integrity of the neuromuscular system, specifically the CST, to assess human
performance (Matamala et al., 2013). TMS is a non-invasive neurophysiological technique used
to stimulate the human brain and measure corticospinal excitability and the integrity of the CST
within the spinal cord (Chaves et al., 2021; Rossini et al., 2015). This technique involves the
application of a single, paired, or repetitive stimulus through a magnetic coil on certain parts of

the brain, such as the primary motor cortex (Bashir et al., 2014; Opie et al., 2020). Electrical
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currents flow through the coil, generating a perpendicular magnetic field that passes through the
scalp and stimulates the corticospinal neurons in the primary motor area (Chaves et al., 2021).
The descending CST is triggered, directly activating pyramidal tract neurons or indirectly
through interneurons. Finally, a signal elicits a motor-evoked potential (MEP) in a targeted
muscle. TMS is often paired with electromyography (EMG) to record the resulting muscle(s)

activity. The neurophysiology of TMS is shown in Figure 1.3.
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Figure 1.3 Neurophysiology of Transcranial Magnetic Stimulation

A visual representation of the physiological mechanisms behind the delivery of TMS. First, the
TMS coil is placed along the motor cortex in the location that delivers the most reliable and
efficient signal to the first dorsal interosseous (target muscle). Stimulation of the motor cortex
elicits a signal that travels down the CST and delivers efferent signals through peripheral nerves
to the first dorsal interosseous muscle, which produces a muscle contraction recorded through
EMG by the active electrode. The reference electrode is placed on the interphalangeal joint of the
first digit and acts as a reference to the values recorded by the active electrode. The ground
electrode is placed on the ulnar styloid process, which improves the signal to noise ratio.

Original figure © Evan G MacKenzie.
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Practitioners can measure the speed at which neural signals are transmitted from the
targeted motor cortex area, down through the spinal cord using the descending CST, and finally,
to the muscle (Rossini et al., 2015). Through brain mapping, TMS facilitates the exploration of
motor regions to determine areas responsible for sending signals and creating movement
(McGregor et al., 2012). As the TMS coil moves across the primary motor cortex, specific
muscles, such as those in the hand, arm, shoulder, and legs, become activated (Chaves et al.,
2021). Trial-to-trial variability can occur if proper coil positioning and orientation are not
maintained for each stimulated location (Rossini et al., 2015). TMS can measure differences
between age groups, sexes, and those with neuromuscular disorders (e.g., multiple sclerosis,
Parkinson’s disease) (Brown et al., 2014; Chaves et al., 2021). However, age is only one of
several factors that influence the trajectory of cortical plasticity, along with genetic, biological,
and environmental factors (Pascual-Leone et al., 2011). The extent and severity of specific
neurophysiological changes in CST functioning in older adults, measured using TMS, is

unknown.

1.6.2 TMS Variables
1.6.2.1 Motor Thresholds

Motor thresholds are commonly measured TMS variables in older adults (Cabral et al.,
2022; Hassanlouei et al., 2017; Houde et al., 2018; Rozand et al., 2019). They are considered the
lowest TMS intensity (i.e., maximum stimulator output) through a magnetic field that can elicit a
MEP (Chaves et al., 2021). There are two types of motor thresholds: resting motor threshold and
active motor threshold. Resting motor threshold is completed during relaxation, whereas the

active motor threshold is measured with light tonic activation of the targeted muscle (e.g., first
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dorsal interosseous or vastus lateralis muscle) (Hassanlouei et al., 2017). To determine the
resting motor threshold, we calculated the % maximum stimulator output, which is the lowest
intensity that causes a peak-to-peak MEP amplitude of 50 uV or greater in at least 5/10
stimulation trials (Chaves et al., 2019; Chaves et al., 2021; Rossini et al., 2015). Active motor
threshold requires a peak-to-peak MEP amplitude of 200 puV or greater as it involves a tonic
muscle contraction that induces fast-conducting neurons in the CST (Chaves et al., 2021; Rossini
et al., 2015). Individuals with a high resting motor threshold or active motor threshold have
lower cortical excitability as it requires more intensity to elicit the MEP (Chaves et al., 2021).
However, thresholds often differ between individuals and are affected by age, gender, coil
placement, motor deficits, pharmacologic drug intake, hair thickness/colour, and scalp-to-cortex
distance. (Alawi et al., 2023; Archer et al., 2024; Sollmann et al., 2017; Van Hoornweder et al.,

2024).

Other variables derived from resting motor threshold and active motor threshold include
latency (ms), a brief period of minimal activity (motor-evoked potential latency) before the
motor-evoked potential can be observed from the EMG. After a motor-evoked potential, there is
a cortical silent period (CSP) where the voluntary muscle contraction is interrupted, creating a
long pause in EMG activity after a stimulation from TMS. This results from spinal cord and
cortical (GABAR receptors) inhibition (Chaves et al., 2021). Compared to younger adults, older
adults typically show a greater % maximum stimulator output to elicit a sufficient MEP
response, lower MEP amplitudes, and longer latency and CSP (Bernard & Seidler, 2012;
Fujiyama et al., 2012; Matamala et al., 2013; Tang et al., 2019). The usefulness of specific motor
threshold variables as clinical biomarkers in older adults to examine reduced CST integrity and

how that relates to agility performance are yet to be determined.
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1.6.2.2 Excitatory and Inhibitory Recruitment Curves

Recruitment curves (REC), also referred to as “stimulus-response curves” or “input-
output curves,” measure the relationship between TMS stimulation intensity and either MEP
amplitudes or CSP (Chaves et al., 2021; Rossini et al., 2015). RECs follow a sigmoidal shape,
with an initial flat portion followed by a substantial rise in MEP or CSP gain and conclude with a
plateau region (Chaves et al., 2021). Generally, increasing the intensity of TMS stimulation
results in gradual increases in MEP amplitude and CSP (Rossini et al., 2015). RECs for hand
muscles in healthy older adults exhibit strong reliability across subjects (Osnabruegge et al.,
2023). Variables extracted from the RECs include slope, R?, and area under the curve. Slope and
R? measure corticospinal neurons’ recruitment accuracy and gain, respectively (Chaves et al.,
2021; Rossini et al., 2015) and are derived from the Boltzmann sigmoidal equation (TMS
stimulus intensity X MEP amplitude). Area under the curve measures total excitation and
inhibition of the corticospinal pathway, calculated using the trapezoidal rule (AX X (Y1 + Y2)/2)
where X-values represent TMS intensity and Y-values represent either MEP amplitude or CSP
time (Chaves et al., 2021). Area under the curve considers the total MEP amplitudes or CSP over
a range of TMS intensities. Larger areas under the curve from MEPs indicate greater
corticomotor output (Iyer & Madhavan, 2019). For CSP, research suggests that increased area
under the curve represents a reduced capacity for long-term potentiation of the CST (Chaves et
al., 2021). Generally, older adults have lower corticospinal excitability and increased inhibition
(Levin et al., 2014; Opie et al., 2020; Rozand et al., 2019). However, active older adults
demonstrate increased corticospinal excitability compared to age-matched inactive individuals,

suggesting physical activity is a protective factor (Houde et al., 2018). Increased GABAergic
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inhibition is prominent in older adults, especially those weaker and frail (Clark et al., 2015), and
female subjects (Shibuya et al., 2016). Similarly, with motor thresholds, the exact excitatory and
inhibitory mechanisms and testing procedures revealed through TMS and their clinical

implications for agility in older adults are unknown.

1.7 Thesis Objective
The objective of this thesis was to explore the age-related changes in agility through the
measurement of quadriceps strength and analyzing CST integrity. We aimed to answer the

following research questions:

(1) What are the age-predicted differences in agility?
(2) Does quadriceps strength or CST integrity contribute to age-related differences in

agility?

We hypothesize that increased participant age will result in decreased performance on our agility
hopping task, including variables relating to power and coordination. Additionally, we expect
reduced quadriceps strength and CST integrity to correlate with poorer performance on our

agility hopping task caused by decreased neuromuscular capacity.
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Chapter 2: Manuscript
2.1 Co-Authorship Statement

I would like to acknowledge the collaborative contributions of my fellow Recovery and
Performance Laboratory members in preparation for this manuscript. Dr. Michelle Ploughman,
my primary supervisor, designed and identified the research topic and proposal, and
edited/revised and approved the final version of the manuscript. Dr. Nick Bray also edited and
revised the manuscript and assisted with the data analysis. Syed Raza, Caitlin Newell, and
Hannah Murphy assisted with participant recruitment, data collection, and data extraction. Syed
Raza also assisted with analyzing the data. I conceived and designed the research topic,
performed all experiments, analyzed data, interpreted results of experiments, prepared figures

and tables, and prepared the manuscript.

2.2 Introduction

Agility helps us navigate complex and unpredictable environments; it reflects one’s
ability to quickly change their body position, relying on a combination of strength, endurance,
balance, coordination, and reflexes (Morat et al., 2020). Even “normal” or typical aging induces
complex neurophysiological changes that alter the neuromuscular system, including the central
nervous system and skeletal muscle structures integral to agility (Hunter et al., 2016; McNeil &
Rice, 2018; Wu et al., 2016). Age-related neuromuscular decline is associated with worse health
outcomes (Buch et al., 2016; Cadore et al., 2019; Swiecicka et al., 2019). However, such decline
may be delayed given that exercise programs incorporating agility training have improved
balance (Lichtenstein et al., 2020; Liu-Ambrose et al., 2004; Tollar et al., 2019), reduced the risk

of falls (Donath et al., 2016; Reed-Jones et al., 2012; Rodrigues et al., 2023), and enhanced
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quality of life (Galan-Arroyo et al., 2022; Liu-Ambrose et al., 2005; Tollar et al., 2019), vitality
(Bray et al., 2020; Labott & Donath, 2023), and brain health (Bray et al., 2023; Montero-Odasso
et al., 2023). Measuring agility throughout the lifespan is challenging; typical sport-related

agility field tests are inappropriate and preclude assessment of movement quality given that they
focus on completion time (Coelho-Junior et al., 2018; Miyamoto et al., 2008; Pauole et al., 2000;

Young et al., 2021). Currently, there is no gold standard agility measure suitable for aging adults.

Bipedal hopping, defined as an explosive, repetitive, horizontal jumping motion, is a
measure of agility given that it comprises the necessary components (i.e., strength, endurance,
balance, coordination, and reflexes). Several tools incorporate hopping or hopping elements to
detect impairment, such as the Berg Balance Scale (Blum, 2008), Gross Motor Function
Classification System (Palisano, 1997), and the Community Balance and Mobility Scale (Knorr
et al., 2010). However, the tests are technically reserved for unique (clinical) populations, and
each calculates hopping differently, making between-test comparisons challenging. Additionally,
the tests primarily measure whether individuals can initiate and complete the hopping task
independently. Exploring hopping spatiotemporal variables could provide further insight,

potentially uncovering covert changes indicative of future impairment.

Several gait studies have demonstrated that analyzing spatiotemporal values via an
electronic instrumented walkway provides additional insight over and above speed or completion
time, especially for those experiencing subtle or prodromal neuromuscular changes. For
example, among older adults at-risk of a dementia syndrome, Pieruccini-Faria et al. found stride
time variability was positively associated with the risk of injurious falls (Pieruccini-Faria et al.,
2020), and Montero-Odasso et al. demonstrated that dual-tasking altered gait variability more

than speed (Montero-Odasso et al., 2020). Further, stride length, time, and variability uncover
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gait abnormalities for multiple sclerosis patients despite low disability scores (Chen et al., 2020).
Initial work from our group indicates that propulsive bipedal hopping completed on an electronic
walkway detects subtle lower limb agility impairments in individuals living with multiple
sclerosis (Kirkland et al., 2018; Kirkland et al., 2017; Kirkland et al., 2022). More specifically,
people with multiple sclerosis showing “normal” neurological exams and unimpaired walking
demonstrate covert agility declines uncovered through propulsive bipedal hopping (Kirkland et
al., 2018; Kirkland et al., 2017). No previous work has explored if propulsive bipedal hopping on
an instrumented walkway is useful in detecting subtle age-related agility deficits, nor the

underlying neuromuscular changes that may be responsible for such deterioration.

Transcranial Magnetic Stimulation (TMS), a non-invasive brain stimulation technique,
probes the functional integrity of the corticospinal tract (CST); the main motor pathway that
controls trunk and limb movement (Chaves et al., 2021). TMS generates electrical currents over
the motor cortex to induce motor-evoked potentials (MEPs) in targeted muscles measured via
electromyography (Rossini et al., 2015). TMS is a useful tool for probing the integrity of human
motor pathways as several age-related neuromuscular function studies have identified CST
changes, such as decreased CST excitability, lower MEPs, and reduced voluntary muscle
activation (Hassanlouei et al., 2017; Rozand et al., 2019; Swanson & Fling, 2020). Similarly,
age-related decline at the muscular level is well documented. For example, altered muscle
architecture via changes in fiber characteristics results in reduced muscle strength (Wu et al.,
2016), and decreased neuromuscular junction efficiency disrupts the neuron-muscle connection
to affect motor performance (Dobrowolny et al., 2021; Hunter et al., 2016). More broadly,
muscle atrophy is a global health concern for all older adults (Keevil & Romero-Ortuno, 2015).

Whether CST integrity or muscle strength predicts age-related differences in agility has not been
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examined; however, exploring the underlying physiology of the covert clinical manifestations
detected by propulsive bipedal hopping on an instrumented walkway could enhance our

understanding and subsequently help create more effective intervention strategies.

To this end, we recruited a healthy group of non-athletic middle to older-aged (30+ years
of age) adults to determine whether CST integrity (i.e., upstream nervous system) or muscle
strength (i.e., downstream muscle) more strongly predicts propulsive bipedal hopping
spatiotemporal properties. We hypothesized that both muscle strength and CST integrity would

significantly contribute to agility.

2.2 Materials and Methods

2.2.1 Participants

After receiving Health Research Ethics Board approval (#2021.210), participants
provided informed written consent to attend a 2-hour visit, where we collected demographics,
strength, CST integrity, and propulsive bipedal hopping (more details below). Participants met
the following inclusion criteria: (1) > 30 years of age; (2) able to jump forward two times
consecutively; (3) no pain, inflammation, or sprains in any region of the lower body; (4) able to
walk indoors without an assistive gait device (e.g., cane, walker, etc.); (5) no prior surgeries on
their back or lower body; (6) not a competitive athlete in a high-performance sport (e.g.,
marathon runner, triathlon athlete, etc.); (7) met all TMS safety requirements (Rossini et al.,
2015); and (8) walking speed >120 cm/s, a safe minimum speed for community ambulation

(Salbach et al., 2014).
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2.2.2 Sample Size

We calculated the sample size using G*Power software, Version 3.1.9.4 (Aichach,
Germany). According to a regression analysis with alpha set at 0.05, power at 0.80, a large effect
size (f2 = .35), and three predictors, we required a minimum of 20 participants. However, we

increased this value (n=32) allowing for incomplete data and outliers.

2.2.3 Demographics

We collected participants' chronological age (years) and biological sex (i.e., sex assigned
at birth). We measured height (centimeters; cm) and weight (kilograms; kg) and, by extension,
body mass index (kg/m?) using a Health-O-Meter Professional scale (McCook, IL, USA). Using
a tape measure, we calculated leg length (cm) from the anterior superior iliac spine to the medial

malleolus of the right leg (Bolz & Davies, 1984).

2.2.4 Quadriceps Strength

We quantified muscle strength using the quadriceps given its role in hopping. We
measured quadriceps strength using a Manual Muscle Tester (Unit 01165, Lafayette Instrument,
Lafayette, IN, USA). Participants sat on an elevated table with their arms placed across their
chest and legs hanging over the table. The examiner positioned the Muscle Tester across the
anterior tibia, ~5 cm superior to the lateral malleolus, using a strap looped through the
dynamometer and secured to the table leg. As such, the participant’s knee was flexed to ~90°.
Participants performed a maximum voluntary contraction after being instructed to “extend at the
knee as hard as possible for five seconds.” Force outputs during contractions were measured in
kg. The testing order was randomized, and the participant completed the protocol twice on each

leg, with all four (i.e., two on the left side and two on the right side) scores averaged into a single
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leg strength score. Previous work has demonstrated that this leg strength protocol possesses

strong validity (Lesnak et al., 2019).

2.2.5 Measuring Corticospinal Tract Integrity Using Transcranial Magnetic Stimulation

Pinch strength (kg) was required to determine the participant’s weaker hand for our TMS
protocol. We used a pinch gauge (B&L Engineering, Santa Ana, CA, USA) and participants
placed the gauge between their thumb and index finger (i.e., thumb on top and the index finger
below) while sitting in an upright position with no back support, feet firmly on the ground, and
elbow flexed to 90°. Participants performed a maximum voluntary contraction after being
instructed to “pinch as hard as possible for five seconds.” Participants completed the task twice

on each side, with the average force (kg) calculated for each hand separately.

We started by cleaning and debriding the skin surface before attaching surface
electromyography electrodes (Kendall 200 Covidien, Mansfield, MA) over the first dorsal
interosseus muscle (active electrode), the proximal interphalangeal joint of the index finger
(reference electrode), and the ulnar styloid process (ground electrode). The first dorsal
interosseous muscle is prominently used to measure active motor threshold in healthy individuals
(Houde et al., 2018; Rozand et al., 2019) and previous works indicate TMS variables derived
from the upper limb are representative of overall CST integrity (Singh et al., 2014; Walsh et al.,
2019). A built-in electromyography system used 2500V/V amplification and collected at a 3kHz
sampling rate with a gain of 600V/V and a bandwidth of 16-550Hz. Electromyography data were
analyzed using Signal Software, version 6.06 (Cambridge Electronic Design Ltd, Cambridge

UK).

As per previous recommendations, we targeted the hemisphere corresponding to the

weaker hand (i.e., lower pinch strength) as it provides stronger and more consistent predictors of
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clinical outcomes (Chaves et al., 2021). With the participant in a seated position, we used
Neuronavigation (Brainsight, Rogue Research Inc, Montreal, QC, Canada) to guide head and coil
positioning. Using monophasic magnetic posterior-anterior pulses from a BiStim 2002 stimulator
(Magstim Co. Whitland, UK), we administered single-pulse TMS with the coil placed
tangentially to the scalp and held at a 45° angle from the midline perpendicular to the central
sulcus. We stimulated positions along the primary motor area at a supra-threshold intensity to
determine the motor "hotspot” or the location with the greatest response as per MEP peak-to-

peak amplitude measured in microvolts (LV) (Chaves et al., 2021).

After identifying the hotspot, we performed two TMS protocols. First, the active motor
threshold protocol required the participant to hold 10% of their maximum voluntary contraction
pinch, as determined via the pinch gauge test, during TMS stimulation. Active motor threshold
represents the maximum stimulator output obtained in 5 out of 10 MEP responses >200uV. A
higher active motor threshold indicates lower excitability and, therefore, reduced CST integrity.
Second, we executed a recruitment curve (REC) protocol by stimulating participants six times
each at six supra-threshold intensities (36 separate stimulations): 105%, 115%, 125%, 135%,
145%, and 155% of the active motor threshold. For each pulse, 1-second-long sweeps collected
electromyography activity from 100 ms before the TMS pulse to 900 ms afterwards. We
calculated the excitatory REC using the average MEP amplitudes during the 6 supra-threshold
intensities (Chaves et al., 2019; Chaves et al., 2021). Similarly, we calculated the inhibitory REC
by taking the average CSP at each supra-threshold intensity (Chaves et al., 2019; Chaves et al.,
2021). The CSP represents the time (ms) between MEP onset (time of MEP exceeding + 2SD
from background electromyography activity) and returning electromyography activity (Rossini et

al., 2015). We determined the area under the excitatory and inhibitory MEP RECs using the
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trapezoid integration technique (Potter-Baker et al., 2016; Talelli et al., 2008). The excitatory
MEP REC reflects voltage-gated ion channel and glutamatergic activity (Rossini et al., 2015;
Ziemann et al., 2015), while the inhibitory MEP REC indexes the excitability of GABAergic
corticospinal neurons (Rossini et al., 2015; Ziemann et al., 2015). In summary, our TMS
variables of interest include the: 1) (excitatory) active motor threshold; 2) area under the curve

for the excitatory REC; and 3) area under the curve for the inhibitory REC.

2.2.6 Propulsive Bipedal Hopping Agility Test

Before proceeding to the propulsive bipedal hopping agility test, we measured
participants “comfortable” gait speed (cm/s) via an 18ft (length) by 3ft (width) ProtoKinetics
Zeno Walkway (ProtoKinetics LLC, Havertown, PA) and ProtoKinetics Movement Analysis
Software (PKMAS; ProtoKinetics LLC, Havertown, PA). Before executing a gait trial,
participants received a demonstration from the assessor and the following instructions: "When I
say ‘GO,’ please walk to the X at the other end of the mat at a comfortable pace. Once you reach
the X, immediately turn around and walk back down the mat to the X at this end. You will do
two lengths of the mat.” As such, participants completed two lengths (i.e., up — back) with one
turn as part of a single gait trial. All participants began and finished at the same end of the track
and started, finished, and turned ~1 meter before/after the walkway end (i.e., the marked X) to
avoid recording acceleration/deceleration phases. Two trials of walking were completed with
approximately one minute of rest in between trials (Chen et al., 2020). Participants with gait
speed <120 cm/s did not proceed to the agility test, however there were no participants excluded
based on this criteria. This protocol was to ensure participants could safely progress to the agility
test. Using the same walkway, participants performed propulsive bipedal hopping agility test via

multiple forward displacement jumps with both feet synchronously (i.e., leaving and returning to
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the ground together) (Kirkland et al., 2022). Following a demonstration by the examiner,
participants were provided with instructions similar to the comfortable gait task, with the
exception being to place their hands on their hips and “hop as fast and safely as possible.” Due to
the physical demands, participants performed only one trial. However, participants could restart
if they made an error, such as landing on the sides of the walkway where only partial footfalls
are recorded or failing to complete the proper hopping technique. Hopping variables extracted
from the walkway included: 1) hop length (cm) or the distance from the heel contact of one hop
to the heel contact of the following hop; and 2) hop variability as per the coefficient of variation
for hop length or the difference of all hop lengths (Figure 2.1). To account for anthropometric
differences, we adjusted hop length for leg length (Davies, 1988; Kirkland et al., 2022). We
recorded all hopping tests with a Logitech C920 Carl Zeiss HD 1080p Webcam (Logitech, San

Jose, Ca) to qualitatively confirm hopping accuracy.
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Figure 2.1 Propulsive Bipedal Hopping Protocol and Analysis

Panel A) Participant completing the bipedal propulsive hopping protocol. The total hopping
distance is 48 feet ([18 feet [electronic mat] + 6 feet [to negate acceleration/deceleration] x 2
[turns of track]). Panel B) Example of participants with different hop lengths (top is shorter than
the bottom). Panel C) Example of participants with different hop length variability (top is less
variable or more consistent than the bottom). Original figure © Evan G MacKenzie.
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2.2.7 Statistical Analysis

All statistical analyses were conducted in IBM SPSS Statistics, version 27 (IBM Corp,
Armonk, NY), with a p-value < 0.05 indicating statistical significance. With the exception of
sex, participant characteristics (i.e., age, height, weight, body mass index, and leg length) and
outcomes (i.e., gait speed, quadriceps strength, CST integrity, and hopping variables) were

reported as mean =+ standard deviation.

First, we identified outliers as (raw) data points +3 times the interquartile range in our
variables of interest. We used Pearson correlations to clarify relationships between quadriceps
strength, CST integrity (i.e., active motor threshold and area under the curve for
excitatory/inhibitory REC) and bipedal hopping variables (i.e., hop length and hop length
variability). Correlations between variables were considered weak at » < 0.30, moderate at 0.30
<r <0.70, and strong at » > 0.70. Only independent variables (i.e., quadriceps strength and CST
integrity) demonstrating significant correlations with the dependent variables (i.e., hop length

and hop length variability) proceeded to multivariate regression analyses.

Model 1 of our regression controlled for a single covariate, sex. We did not control for
age as we expected it to impact the dependent variables given the age range of included
participants. Model 2 included sex and a single independent variable (i.e., muscle strength or
CST integrity); this approach was repeated for every independent variable that demonstrated a
significant correlation with our dependent variables (i.e., hop length and hop length variability).
All regressions satisfied the following assumptions: 1) Independence of observations via a
Durbin-Watson statistic ranging from 1.5-2.5 (Draper & Smith, 1998); 2) Collective linearity of
the independent variables or predictors, as well as homoscedasticity, via visual inspection of a

scatterplot containing studentized residuals and (unstandardized) predictive values; 3) Linearity
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of each independent variable or predictor via visual inspection of partial regression plots; 4)
Absence of multicollinearity via a tolerance value >0.1 and variance inflation factor value <10
(Hair et al., 2014); 5) No unusual points, including outliers via studentized deleted residuals
values >%3 and leverage points >0.2 or influential points via cook’s distance >1 (Cook &

Weisberg, 1982); and 6) Normality via visual inspection of the standardized residuals histogram

and Q-Q plot.

2.3 Results

Our 32 participants (14 male, 18 female) were 55.75 + 14.22 years of age, 168.35+9.12
cm tall, weighed 74.80 = 18.39 kg, and possessed a leg length of 87.33 + 6.71 cm (Table 2.1). As
expected, age was moderately correlated with hop length (» =-.671, p <.0001) and hop
variability (» =.423, p =.016) (Figure 2.2). Hop length and hop variability were moderately
correlated with quadriceps strength (Figure 2 Panel A: » =.581, p <.001; Figure 2 Panel B: r = -
.384, p =.039) and active motor threshold (Figure 2 Panel C: r =-.364, p =.048; Figure 2 Panel
D: r=.478, p =.007). We found no significant correlation between the excitatory or inhibitory
RECs and hop length or hop length variability (p >.644); therefore, excitatory and inhibitory

REC:s did not proceed to the regression analysis.
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Table 2.1 Participant characteristics

Characteristic Mean + SD Range
n(female) 32(18)
Age (Years) 55.75+ 14.22 31-84
Height (centimeters) 168.35+9.12 155.50-187.60
Weight (kilograms) 74.80 + 18.39 49.10-138.40
Body Mass Index 26.12 + 4.67 19.97-41.78
Leg Length (centimeters) 87.33 £6.71 74.00-102.00

Gait Speed (centimeters/second)

171.62 £20.78

132.05-216.12

Quadriceps Strength (kilograms) 3437 +9.18? 20.68-61.85
Hop length (centimeters) 85.51 +30.68 24.73-155.04
Hop Length Variability 9.56 + 5.42 1.64-23.65
Active Motor Threshold (%MSO) 33.03 + 9.35b 20-56

Excitatory REC AUC

Inhibitory REC AUC

51,724.48 £ 16,959.65°

5,243.23 £1,229.38°

24,995-87,970

2,896-7,447

Note. SD = standard deviation; % MSO = percentage of maximum stimulator output; REC =
recruitment curve; AUC = area under the curve. *n = 29; "n=30.

37



>

g
o
o

r=-671
p <.0001

= =
o w
=] o

Hop Length (Corrected for Leg Length)
wn
=]

.00
30 40 50 60 70 80

Age (Years)

90

25.00

20.00

15.00

10.00

Hop Length Variability

5.00

Uu

30 40 50 60 70 80 20
Age (Years)

Figure 2.2 Scatterplots of propulsive bipedal hopping variables and age

Age (years) is significantly correlated with hop length (Panel A) and hop length variability

(Panel B).
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Figure 2.3 Scatterplots of propulsive bipedal hopping variables, quadriceps strength, and
Active Motor Threshold

Quadriceps strength (kg = kilograms) is significantly correlated with hop length (Panel A) and
hop length variability (Panel B). Similarly, active motor threshold (%MSO = percentage of
maximum stimulator output) is significantly correlated with hop length (Panel C) and hop length
variability (Panel D). For hop length variability, higher values indicate more variability in
hopping distance.

39



2.3.1 Quadriceps Strength Predicts Hop Length while Active Motor Threshold Predicts Hop
Variability

After controlling for biological sex, quadriceps strength significantly explained 31.1% of
hop length (R?>=.345, p =.002; Table 2). Therefore, hop length increased by one centimeter for
every 0.311 kg increase in quadriceps strength. Active motor threshold did not significantly

explain hop length (R?=.143, p =.075; Table 3).

After controlling for sex, quadriceps strength did not significantly explain hop variability
(R?=.148, p =.069; Table 2). However, active motor threshold significantly explained 19.6% of
hop length variability (R?=.239, p =.014; Table 3). Therefore, hop length variability increased by

one unit for every 0.196% maximum stimulator output increase in the active motor threshold.
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Table 2.2 Quadriceps strength but not active motor threshold predicts hop length

Model Variables B R R? Adjusted R? R?Change  F Change  Sig. F Change

1 Sex .866 185 .034 -.002 .034 953 338

2 Sex and 408 587 345 294 311 12.331 .002
Quadriceps
Strength?

1 Sex .821 184 .034 -.001 .034 980 331

2 Sex and 1.281 378 .143 .080 .109 3.441 .075
Active Motor
Threshold”

Note. Linear regression model. Dependent Variable: Hop length (measured in centimeters).
Independent Variables: Sex, Quadriceps Strength (measured in kilograms), and Active Motor
Threshold (AMT) (measured in percentage of maximum stimulator output). B = Unstandardized
beta. 2n=29; *n=30.
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Table 2.3 Active motor threshold but not quadriceps strength predicts hop length

variability
Model Variables p R R? Adjusted R>  R*Change  F Change  Sig. F Change
1 Sex 11.924 173  .030 -.006 .030 .832 370
2 Sex and 16.974 384 148 .082 118 3.597 .069
Quadriceps
Strength®
1 Sex 12.643 206 .042 .008 .042 1.239 275
2 Sex and 2.157 488 239 182 196 6.956 .014
Active Motor
Threshold”

Note. Linear regression model. Dependent Variable: Hop length variability (measured as the

coefficient of variation). Independent Variables: Sex, Quadriceps Strength (measured in
kilograms), and Active Motor Threshold (measured in percentage of maximum stimulator

output). B = Unstandardized beta. *n=29; °n=30.
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2.4 Discussion

We undertook this study to determine whether performance on an agility task was
influenced by muscle strength or CST integrity. We report three main findings. First, older age
was associated with shorter hop length and greater hop length variability supporting the use of
the propulsive bipedal hopping agility test to detect age-related changes in agility. Additionally,
biological sex was not predictive of agility in the model. Secondly, quadriceps strength predicted
hop length, but CST excitability did not. Finally, lower CST excitability (higher active motor
threshold), but not quadriceps strength, predicted greater hop variability, an indicator of

incoordination and inconsistency in agility.

2.4.1 Measuring age-related changes in agility using a propulsive bipedal hopping test

The propulsive bipedal hopping agility task is a novel complex and intricate assessment
of human movement. Previous work in individuals diagnosed with multiple sclerosis (but
without sensorimotor disability) found bipedal hopping performance was similar to that of older
adults in terms of muscle strength (hop length), power (hop length and hop velocity), and inter-
limb coordination (symmetry) (Kirkland et al., 2018; Kirkland et al., 2017; Kirkland et al.,
2022). Specifically, older adults (> 70 years old) demonstrated significantly poorer muscle
strength and power (decreased hop length) and coordination (center of pressure path efficiency
percentage, integral pressure variability, hop length variability, hop time variability, and stance
percentage variability) in comparison to people with multiple sclerosis and healthy adults (18-69

years old) (Kirkland et al., 2017).

Commonly used agility tasks are limited for older adults as many protocols emphasize
temporal outcome measures such as speed and time, excluding quality of movement (Coelho-

Junior et al., 2018; Miyamoto et al., 2008; Pauole et al., 2000; Young et al., 2021). For example,
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the timed up and go test is hindered as an agility measure as it only records the time using a
stopwatch and does not assess the participants quality of the movement to complete the task.
Another measure, the ten step test, measures agility by participants stepping on a 10 cm step
alternating their foot each time as quickly as possible for 10 rounds (Miyamoto et al., 2008). As
with the timed up and go test, the ten-step test is measured using a stopwatch and involves
minimal coordination to place the foot on top of the step. Finally, the agility challenge for the
elderly is a more dynamic agility test involving stop-and-go, change of direction, and spatial
orientation segments (Lichtenstein et al., 2019). While this task is an improvement over prior
tests regarding task difficulty, it only uses temporal measures of agility. Although we currently
use a laboratory-based instrumented walkway and its associated software to extract hopping
spatiotemporal variables, portable applications offer promise to capture the same precise data
simply and in real-world environments (Gallardo-Fuentes et al., 2016; Whiteley et al., 2023).
Furthermore, machine learning applied to continuous pressure data from the walkway may reveal
novel variables not extracted using conventional approaches (Hu et al., 2022a, 2022b). Future
work should examine longitudinal changes in agility and whether extracted variables are
associated with more obvious changes in agility such as falls or confidence in activities of daily
living.
2.4.2 Quadricep strength is an indicator of hop length while the corticospinal tract is linked to
hop variability

Agility tasks require greater strength, power, and inter-limb coordination than walking,
balancing, obstacle negotiation, and dual-task walking, which are frequently used measures in
assessing movement (Barry et al., 2014; Conradsson et al., 2018; Miyamoto et al., 2008). In the
current study, our results show hop length and hop variability are predicted by muscle strength
and CST integrity, respectively. Hop length may represent contributions specifically from the
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muscular system while hop variability could be nervous system induced. Alterations in lower
limb muscle properties are prevalent in post-anterior cruciate ligament surgery. He et al. assessed
quadricep and hamstring muscle function during a single-leg hop test in 30 individuals after
anterior cruciate ligament reconstruction. They reported smaller hop length and height was
associated with reduced muscle strength and peak torque in both quadricep and hamstring
muscles along with delayed quadricep activation onset in the involved limb (He et al., 2022). In a
similar study from Kotsifaki et al., hop length was decreased along with a lower reactive strength
index, greater hamstring muscle contribution, but lower soleus contributions in the involved limb
(Kotsifaki et al., 2022). Research shows muscle strength reduces with age due to Type I and
Type Il muscle fiber atrophy (McNeil & Rice, 2018; Power et al., 2013), motor unit loss and
reduced motoneuron discharge rates from nervous system maladaptation (Hunter et al., 2016;
Orssatto et al., 2022), and neuromuscular junction efficiency (Dobrowolny et al., 2021).
However, age-related changes in the CST involve adaptations of the tract and cortical regions,
such as reduced interhemispheric inhibition (later onset and shorter ipsilateral silent period),
leading to deficits in interhemispheric communication and decreased muscle representation along
the motor cortex (Coppi et al., 2014). Generally, studies report that the active motor threshold
increases (decreased corticospinal excitability) with age (Bhandari et al., 2016; Rozand et al.,
2019). Although no studies have linked agility to age-related changes in the central nervous
system, other outcomes, such as gait and postural control, elucidate age-related alterations in the
way cortical brain regions communicate. For instance, among older adults, standing requires
greater activation of corticospinal pathways compared to younger adult cohort (Baudry et al.,
2014). The CST reveals age-related deficits in the neuromuscular system, providing insight to

specific mechanisms that underlie age-related reduced balance and postural control (Baudry,
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2016; Baudry et al., 2015; Baudry et al., 2014; Hassanlouei et al., 2017). For instance, one study
determined the corticospinal pathway becomes more activated and responsible for controlling leg
muscle activity compared to spinal pathways in older adults compared to younger and middle-
aged adults (Baudry, 2016). Future studies should investigate the contributions of muscle

strength and the CST for specific biomechanical phases of propulsive bipedal hopping.

2.4.3 Study Limitations

Our study has several limitations. Our data is cross-sectional and therefore cannot
account for age-related declines in muscle strength and CST integrity over time. Future research
should measure the relationship between agility and the CST across the lifespan longitudinally,
exploring early onset neuromuscular aging and risk of falls. Additionally, lifestyle factors such
as physical activity were not included in our analysis and could contribute to the relationship

between agility and the CST.

2.5 Conclusions

In the current study, we examined associations between agility and active motor
threshold in a sample of healthy non-athletes with no walking impairments. We found a strong
correlation between age and our hopping variables (hop length and hop variability). Hop length
was a strong predictor of hop length while hop variability was predicted by alterations in the
CST when accounting for sex. This study provides evidence that lower limb agility is a robust
indicator of age-related adaptations in CST in healthy non-athletic individuals and a potential

tool capable of revealing subtle age-related changes in neuromuscular functioning.
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Chapter 3: Discussion

3.1 Overview of Key Findings

The purpose of this study was to investigate whether muscular strength or CST integrity
measured using TMS were age-related contributors to agility using the propulsive bipedal
hopping test. Based on previous findings, we measured hop length (lower limb strength) and hop
variability (lower limb coordination) as our propulsive bipedal hopping variables. We analyzed
TMS-derived variables active motor threshold (maximum stimulator output), and excitatory and
inhibitory recruitment curves (area under the curve using MEP and CSP, respectively) as proxies
of CST integrity. We hypothesized that both muscular strength and CST integrity would be
predictors of agility (hop length and hop length variability). Interestingly, only active motor
threshold correlated with our hopping variables. Additionally, active motor threshold predicted
hop length variability, but not hop length. In interpreting our results, we propose that the
propulsive bipedal hopping test involves unique and specific neuromuscular contributions that
depend on the hopping variable measured. Gross motor output (i.e., hop length) was largely
determined by muscular capacity (i.e., quadriceps strength) while more complex and intricate
hopping variables that required greater amounts of coordination and balance (i.e., hop length
variability) demanded more CST involvement (active motor threshold). This study was

accompanied by limitations and challenges, which are discussed in the following section.

3.2 Limitations and Challenges

There are some limitations that could have influenced our results. Primarily, our sample
was homogenous with the majority of participants being Caucasian, English speaking Canadians,
which limits the generalizability of our results on a global scale. Our sample contained healthy,
non-athlete participants with no previous lower limb injuries. However, we could not account for
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those with underlying conditions such as arthritis or osteoporosis that may affect agility
performance on the propulsive bipedal hopping test. Additionally, our exclusion criteria may
have inadequately represented our older participant demographic as we could not include those
with an existing mobility impairment, which is prevalent in older adults (Musich et al., 2018).
Recent findings suggest that muscle power (maximal strength over a period of time) rather than
muscle strength is a stronger outcome measure of functional lower limb decline with age (Reid
& Fielding, 2012). Comparing muscle power of the quadriceps rather than strength to
performance on propulsive bipedal hopping may reveal unique neuromuscular alterations that
occur in older adults. When completing the propulsive bipedal hopping protocol, only one trial of
hopping was performed for each participant, and those who made mistakes during the trial were
allowed to repeat the test. Therefore, participants making more mistakes on the propulsive
bipedal hopping test may be suffering more decline which becomes masked from our findings.
Our hopping measure did not account for completion time, which could be an important variable
to consider for differences in agility with age. Lastly, we did not include participant involvement
in exercise in the current study, which may have been a confounding factor in hopping

performance.

3.3 Future Directions

Future studies should use propulsive bipedal hopping and TMS to measure longitudinal
changes of the CST and human movement in relation to an aging population. Additionally, other
variables measured in propulsive bipedal hopping (e.g., hop width, hop speed, asymmetry)
should be explored to determine its contribution to changes in muscle strength and CST integrity.
These variables may reveal unique contributions to CST integrity that the active motor threshold

could not identify (e.g., excitatory and inhibitory REC). Although single-pulse TMS is capable
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of probing the entire CST, including the brain and spinal cord(Chaves et al., 2020), future work
should measure the influence of the spinal cord separately and its effect on agility performance.
While quadriceps strength is a prominent muscle group involved in hopping (Kirkland et al.,
2017), it may also be important to examine the influences of other muscle groups involved in
propulsive bipedal hopping (e.g., soleus, gastrocnemius, rectus femoris, gluteus maximus).
Lifestyle factors such as physical activity should be investigated for a potential role in agility and
the CST. Advancing the clinical application of hopping as an assessment tool is needed and
could provide a new avenue for performance measurement of age-related decline in agility, thus
revealing individuals who may be more prone to neuromuscular decline later in life. While this
study was exploratory in nature, future research should aim to examine the reliability, validity,
and clinically meaningful change for propulsive bipedal hopping and TMS measures in older
adults. Identifying precise markers of decline in agility and the CST are crucial to evaluate and
implement their use as outcome measures to predict lower limb functioning across the lifespan.
Additional research is required to understand the exact mechanisms and contributions of

propulsive bipedal hopping with age-related agility and neuromuscular functioning decline.
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