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Abstract

Walking is consistently recommended for individuals with knee osteoarthritis; however,
many avoid physical activity due to pain. Individuals with knee osteoarthritis may attempt
to alleviate this pain by adopting asymmetrical walking patterns, which potentially
increases the risk for osteoarthritis progression in their contralateral knee. Unfortunately,
inter-limb asymmetry in knee osteoarthritis is understudied and not well understood. The
overall aim of this thesis was to investigate inter-limb asymmetry quantified using features
of dynamic knee joint loading previously associated with knee osteoarthritis onset and
progression, and examine its clinical utility based on its relationships with clinical and
structural characteristics of knee osteoarthritis and responsiveness to physical activity.

A comparison between individuals with self-reported versus clinically diagnosed knee
osteoarthritis revealed that individuals with self-reported knee osteoarthritis walked with
gait patterns associated with more severe knee osteoarthritis compared to individuals who
are clinically diagnosed (Chapter 4). Regardless of recruitment method, approximately
50% of individuals with knee osteoarthritis walked with asymmetrical knee loading
(Chapter 4). Dichotomizing individuals with knee osteoarthritis with either symmetrical or
asymmetrical knee loading revealed that individuals with symmetrical knee loading had
worse patient-reported function (Chapter 5). Individuals with symmetrical knee loading
walked with contralateral knee biomechanics consistent with knee osteoarthritis and in
individuals with asymmetrical knee their contralateral knee biomechanics were consistent
with asymptomatic individuals (Chapter 5). Walking 30-minutes was not found to
negatively influence objective function in individuals with symmetrical or asymmetrical
knee loading (Chapter 6). However, pain increased two-fold in individuals with
symmetrical versus asymmetrical knee loading after walking 30-minutes (Chapter 6).
Inter-limb symmetry-asymmetry status was consistent following 30-minutes of walking
regardless of baseline status (Chapter 6).

These studies suggest that approximately half of individuals with knee osteoarthritis walk
with asymmetrical knee loading. Contrary to previous thoughts, symmetrical knee loading
may be an indicator for bilateral gait patterns resembling knee osteoarthritis in this
population. Despite increases in pain, inter-limb symmetry-asymmetry status was
consistent following 30-minutes of walking. Clinically, a symmetry-asymmetry index may
hold utility as a screening tool to assess potential knee osteoarthritis severity or monitor
responsiveness to interventions; however, further research assessing more clinically
applicable tools are warranted.
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Chapter 1: Introduction

1.1 Motivation

In 2017, osteoarthritis (OA) ranked 13 globally in years of life lost due to disability
(YLDs) and was ranked the 4" fastest growing condition behind diabetes, Alzheimer’s and
“other” musculoskeletal conditions!. From 2010 to 2017, OA had the highest increase in
disability adjusted life years (DALY s) among non-communicable diseases?, and accounted
for 10% of DALY ’s for all musculoskeletal health conditions?. Diarthrodial joints are most
affected, with the knee accounting for the majority of cases®. Approximately 30% of the
Canadian workforce reports some form of difficulty during work due to OA related
symptoms*, such as chronic pain and decreased functional ability, increasing the risk for
early retirement in individuals with knee OA>8. The high prevalence and impact of knee
OA on the population is taking its toll on the Canadian healthcare system.

Knee OA, is a multifactorial disease with multiple variables contributing to its
development, including lack of muscle strength, joint injury, obesity, older age, genetics,
and female sex’. Despite the known multifactorial nature of knee OA, and the wide range
of individuals affected, only 5% of Canadian health studies used nationally representative
data to study health outcomes!?, leaving a large gap in our ability to generalize findings to
the greater population. Previous research has suggested that a limitation to properly
representative data in musculoskeletal health research was limited access to healthcare or
a specialist'!. Le and colleagues (2023)'! suggested a potential solution to this issue:
encouraging researchers to actively engage in community-based recruitment efforts!!. This

proposed method to recruit a more diverse group of individuals aligns well with current



shifts in diagnostic practice moving away from radiographic dependency when diagnosing
knee OA. This creates the opportunity of utilizing more self-report-based diagnoses,
minimizing the need for individuals to have access to healthcare to participate in knee OA
research. This diagnostic shift is well-utilized in the scientific community, with a growing
number of studies incorporating recruitment criteria based on self-reported knee OA'>717,
However, it is not known whether individuals recruited through community based self-
reported methodologies present with similar patient-reported outcomes or biomechanical
adaptations during walking compared to individuals diagnosed based on the American
College of Rheumatology guidelines'® (clinical diagnosis).

Few functional activities are more ingrained in our daily lives then walking, and it
is a consistently recommended as a first line treatment option for knee OA to reduce
symptoms and maintain functional independence!®-2?; however, most best practice physical
activity guidelines are poorly tailored to individuals with knee OA. Many individuals with
knee OA report difficulty with walking, either due to fear of flaring symptoms during
physical activity, knee pain during physical activity, or a lack of understanding physical
activity guidelines?*?*. As knee OA progresses, altered joint motions and loading lead to

25-28

limitations in the knee’s functional ability=~=°. Gait analyses have been utilized to assess

movement compensations such as reduced range of motion (ROM) and increased joint

loading?>-28

, which collectively can contribute to force redistribution within the joint and
increased load on the underlying tissues?®. The knee adduction moment (KAM) is a
surrogate measure of the load distribution between the medial and lateral compartments of

the knee’*32. The first peak KAM and KAM impulse have been associated with cartilage

thickness loss**=¢, bone marrow lesions’”8, radiographic severity®’, and appear to



accelerate disease progression?®. This elevated KAM, combined with a “stiff-knee” gait
pattern highlighted by reduced sagittal plane ROM and less dynamic flexion-extension
moments, has previously been used to predict individuals at a higher risk of undergoing
total knee arthroplasty (TKA)*, a marker of clinical knee OA progression.

While the current understanding of unilateral gait adaptions in knee OA suggests
consistent and well accepted patterns®337:4042_ the relationship between limbs and how the
affected knee may influence contralateral limb mechanics is less clear. Symmetrical
walking patterns are often described as a sign of physiologically healthy movement*3,
Symmetry analyses can be used to assess the effectiveness of surgical procedures such as
anterior cruciate ligament (ACL) reconstruction®, or as a gait assessment technique in
various pathological populations*#7; however, there is little evidence that implements
well-accepted gait mechanics to inform inter-limb asymmetry and its clinical relevance in
knee OA. Recent evidence has suggested that upwards of 25% of individuals who undergo
TKA are diagnosed with OA in their contralateral knee within 5 years*® and up to 62%
show knee OA progression after 9 years*. Currently, there is a lack of understanding
surrounding inter-limb asymmetries in individuals with knee OA, and if the contralateral
limb undergoes altered biomechanics that increase its risk for knee OA development.
Previous research has produced mixed reports as to whether higher prevalence of
asymmetry exists in individuals with bilateral symptomatic disease>® or unilateral knee
pain®!. Further evidence is required to understand the impact of gait asymmetry on knee
OA, and whether assessing symmetry has clinical utility in this population.

Current physical activity guidelines recommend 150-minutes per week or 30-

minutes per day of moderate-to-vigorous physical activity’?; however, research has



reported that only 13% of men and 8% of women with knee OA achieve these guidelines®?,
often due to pain, or fear of accelerating/worsening the disease>*. Individuals with knee
pain have observable walking patterns associated with increased knee stiffness’, decreased
knee motion*’ and compensatory movement patterns to redistribute knee load®, with the
cumulative intent of reducing knee pain*'. Results support that individuals who experience
a pain flare (1.5-point increase on an 11-point numeric pain rating scale) during prolonged
walking adapt their gait to decrease first and second peak KAM compared to those who do
not experience pain>>. Given the potential link between gait asymmetry and pain, exploring
the immediate impacts of extended walking on pain and gait mechanics in individuals with
both symmetrical and asymmetrical knee loading requires further examination. This
direction of research may help to clarify whether individuals with self-reported knee OA
report similar patient reported outcomes, and walk with similar gait biomechanics
compared to individuals clinically diagnosed, determine the clinical utility of symmetry
analyses, highlight its potential role in disease progression, and inform clinicians on
tailored rehabilitation and physical activity prescription for individuals with knee OA,

potentially enhancing adherence to guidelines and fostering better health outcomes overall.

1.2 Thesis Aim and Objectives

The overall aim of this thesis was to investigate inter-limb asymmetry quantified
using features of dynamic knee joint loading previously associated with knee OA onset and
progression, and examine its clinical utility based on its relationships with clinical and

biomechanical characteristics of knee OA and responsiveness to a 30-minute continuous



walk. This overall aim was addressed by three specific objectives. The motivation, and

approach for each objective are described below.

1.2.1 Thesis Objective 1

1.2.1.1 Rationale

Limited healthcare or provider access emerges as a major factor hindering more
representative musculoskeletal health research endeavors'!. The lack of properly
representative health research leads to a large gap in our ability to generalize the
effectiveness of diagnostic strategies and treatment interventions to the greater population.
Community-based recruitment efforts are one proposed solution to address this issue!!.
This proposed community-based recruitment method aligns well with current shifts in
diagnostic practice moving away from radiographic dependency when diagnosing knee
OA>%38  This diagnostic shift is reflected among the growing number of studies
incorporating recruitment criteria based on self-reported knee OA!>'7. However, it is not
known whether individuals recruited through community based self-reported
methodologies present with similar patient-reported outcomes or biomechanical
adaptations during walking compared to individuals clinically diagnosed. This information
will help inform whether community based self-reported recruitment methodologies yield
individuals who present with clinical symptoms and gait biomechanics consistent with

those recruited using a clinical diagnosis, informing Thesis Objective 1.

1.2.1.2 Specific Objectives:
Thesis Objective 1 aims to investigate differences in patient-reported outcomes and

gait biomechanics between individuals with knee OA who are recruited to participate using



either self-reported knee OA criteria or a conventional definition for clinically diagnosed

knee OA.

Objective 1 was achieved through three sub-objectives:

1. Determine whether patient-reported outcomes reflecting pain, function and
quality of life differ between individuals with self-reported and clinically
diagnosed knee OA.

ii.  Evaluate differences in sagittal and frontal plane biomechanics during walking
between individuals with self-reported and clinically diagnosed knee OA.

iii.  Explore the prevalence and magnitude of inter-limb asymmetry within

individuals with self-reported and clinically diagnosed knee OA.

1.2.2 Thesis Objective 2
1.2.2.1 Rationale

Individuals with unilateral knee OA are at increased risk for developing knee OA
in their contralateral limb within 10-years*. Currently, walking and physical activity are
recommended among clinical practice guidelines for individuals with knee OAZ2!->%60;
however, increased pain during walking may be associated with asymmetrical lower limb
movement patterns as a strategy to reduce joint symptoms in the affected knee3%61:62,
Previous research examining whether individuals with unilateral or bilateral disease walk
with inter-limb asymmetries have produced conflicting results3%°16>, Symmetrical walking
patterns are hypothesized to reflect a physiologically healthy and pain-free gait**; however,

there is minimal-to-no evidence supporting this for individuals with knee OA3031.63,



Examining individuals with knee OA dichotomized as having either symmetrical or
asymmetrical knee loading may help better explain what factors are driving these

asymmetries, informing Thesis Objective 2.

1.2.2.2 Specific Objectives
Thesis Objective 2 looks to assess the association between inter-limb asymmetry
using features of dynamic knee joint loading previously associated with knee OA onset and

progression, with patient-reported outcomes and gait biomechanics in individuals with

knee OA.

Objective 2 was achieved through two sub-objectives:

1. Determine whether patient-reported outcomes reflecting pain, function and quality
of life, differ between individuals with knee OA who were dichotomized as having
either symmetrical or asymmetrical knee loading.

ii.  Examine sagittal and frontal plane biomechanical differences in the affected and
contralateral knees between individuals with knee OA who were dichotomized as

having either symmetrical or asymmetrical knee loading.

1.2.3 Thesis Objective 3
1.2.3.1 Rationale

Walking and physical activity are highlighted management strategies across
clinical practice guidelines for individuals with knee OA?'3%¢0, Current physical activity

guidelines recommend 150-minutes per week or 30-minutes per day of moderate-to-



vigorous physical activity®?; however, these guideline recommendations were not
developed for clinical populations such as individuals with knee OA and their effects on
disease specific characteristics (e.g., joint loading) remain unclear®. Evidence strongly
supports that individuals with knee OA who engage in more physical activity have better
self-reported pain and performance-based measures of function, and disability compared

65-67_However, individuals with knee OA often

to individuals who are not physically active
limit their engagement in physical activity due to pain®*, and the pain experience may lead
to asymmetrical lower-limb loading patterns potentially putting their contralateral limb at
risk for knee OA development. Currently, how inter-limb asymmetry responds to
prolonged submaximal walking intervention (i.e., becoming more or less symmetric) isn’t
well understood. This information may help understand the static and dynamic nature of

inter-limb asymmetry during prolonged, submaximal physical activity, informing Thesis

Objective 3.

1.2.3.2 Specific Objectives

Thesis Objective 3 focuses on evaluating the responsiveness of inter-limb
asymmetry over a 30-minute walking intervention, assessing patient-reported and
biomechanical responses to 30-minutes of continuous walking in individuals with knee OA

who are dichotomized as having either symmetrical or asymmetrical knee loading.



Objective 3 was achieved through three sub-objectives:

i.  Examine how knee pain changes during 30-minutes of continuous walking in
individuals with knee OA who were dichotomized as having either symmetrical or
asymmetrical knee loading.

ii.  Determine whether affected and contralateral knee biomechanics respond
differently to 30-minutes of continuous walking in individuals with knee OA who
were dichotomized as having either symmetrical or asymmetrical knee loading.

iii.  Assess the responsiveness of inter-limb asymmetry to 30-minutes of continuous
walking between individuals with knee OA who are dichotomized as having either

symmetrical or asymmetrical knee loading.

1.3 Thesis Overview

Chapter 1 introduced this thesis by outlining the primary motivation for investigating gait
inter-limb asymmetries in knee osteoarthritis. The focus is on examining patient-reported
outcomes and gait biomechanical characteristics. The chapter outlined the overarching aim
of the thesis along with the three specific objectives, each supported by rationale, sub-
objectives, and their respective contributions to the overall thesis.

Chapter 2 provides a review of the relevant literature informing this thesis. The literature
review identifies gaps in current research regarding recruitment/diagnostic methodologies
in knee osteoarthritis research, and inter-limb asymmetries in individuals with knee
osteoarthritis. The literature review provides a summary of the economic and physical

burden of knee osteoarthritis, factors contributing to its incidence and progression,



strategies to capture the individuals’ experience, and walking as a form of physical activity
for individuals with knee osteoarthritis.

Chapter 3 outlines the general methodology employed to achieve the objectives of this
thesis. Details are described related to the criteria for selecting participants, their
preparation, and the procedures for processing and analyzing data related to the specified
outcome variables. Detailed descriptions for overground and treadmill walking protocols
are provided, along with justification for the chosen sample size. Furthermore, the chapter
offers a broad overview of the statistical analyses conducted, with specific statistical details
further outlined in each study chapter.

Chapter 4 is a manuscript-style study chapter addressing Thesis Objective 1. The study is
a cross-sectional laboratory-based study titled “Comparing Participant Recruitment
Methods in Knee Osteoarthritis: Implications for Community Recruitment and its Effects
on Clinical and Biomechanical Outcomes”.

Chapter 5 is a manuscript-style study chapter addressing Thesis Objective 2. The study is
a cross-sectional laboratory-based study titled “The Association of Inter-Limb Asymmetry
with Patient-Reported Outcomes and Gait Biomechanics in Individuals with Knee
Osteoarthritis”.

Chapter 6 is a manuscript-style study chapter addressing Thesis Objective 3. The study is
a cross-sectional laboratory-based study titled “A Response To 30-Minutes of Continuous
Walking: Does Inter-Limb Asymmetry Alter Knee Pain and Gait Biomechanics in

Individuals with Knee Osteoarthritis?”’.
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Chapter 7 concludes the thesis and presents a summary of study findings, a discussion of
the implications and clinical significance of the findings and identifies limitations and
future research directions.

Appendix A presents research ethics board approval for the studies presented in Chapters
4-6.

Appendix B provides heatmaps of all individual responses for all non-significant Knee
Injury and Osteoarthritis Score and Intermittent and Constant Osteoarthritis Pain subscales.
Appendix C presents the Knee Osteoarthritis Knowledge Scale (OAKS) as a potential
patient-reported outcome when engaging in community based self-reported recruitment

methodologies.
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Chapter 2: Review of Relevant Literature

2.1 What is Osteoarthritis?

Osteoarthritis (OA) is one of the most common progressive musculoskeletal
diseases, and leading cause of functional disability around the world!®8, primarily
manifesting in diarthrodial joints such as the knee and hip in the lower extremities?>7-72,
Previously, OA has been defined as a “wear and tear” disease, where excessive mechanical
stress, either acute or chronic, begins to wear down the cartilage of the joint>>7*74, The
perceived pathogenesis of OA has evolved over decades and is now known that all aspects
of the joint are affected by the disease, including subchondral bone, joint capsule, menisci,
synovium, articular cartilage, ligaments, and surrounding musculature?>’*. A more all-
encompassing definition of OA was made by the Osteoarthritis Research Society
International, that defined OA as:

“A disorder involving movable joints characterized by cell stress and extracellular

matrix degradation initiated by micro- and macro-injury that activates maladaptive

repair responses including pro-inflammatory pathways of innate immunity. The
disease manifests first as a molecular derangement (abnormal joint tissue
metabolism) followed by anatomic, and/or physiologic derangements

(characterized by cartilage degradation, bone remodeling, osteophyte formation,

joint inflammation and loss of normal joint function), that can culminate in

illness.””
The complicated pathogenesis of OA includes the interplay of mechanical,

inflammatory and metabolic factors, which ultimately leads to the decoupling of the

equilibrium between the repair and destruction of joint tissues?>. The break in this dynamic
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equilibrium of joint metabolism and catabolism leads to loss of cartilage integrity leaving
it more susceptible to damage from mechanical forces?>. As this happens, elevated
inflammatory responses inhibit chondrocyte function and bone turnover is increased,
leading to bone marrow lesions, and osteophyte development?. There are several factors
that can increase an individual’s risk of OA development such as low muscle strength,
previous joint injury, obesity, older age and female sex’. These factors can be categorized

as modifiable or non-modifiable, and local or systemic (Figure 2-1).

Modifiable Local Risk Factors Modifiable Systemic Non-Modifiable
1. Muscle strength Risk Factors Systemic Risk Factors
2. Physical activity / Occupation 1. Obesity 1. Age
3. Joint injury 2. Diet 2. Sex
4. Joint alignment 3. Bone metabolism 3. Genetics
5. Leg length inequality 4. Ethnicity
v
Susceptible Joint Predisposed Individual

Increased risk of
incident OA

Figure 2-1: Potential risk factors for susceptibility to OA incidence (adapted from Johnson &
Hunter 2014)°.
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The impact of OA on an individual can be differentiated as “disease” and “illness”
components’>”>. The disease portion of OA can be thought of as the various molecular,
anatomical or physiologic abnormalities occurring at the organ system level, that are
common and reoccurring in their presentation’>’>, Several quantitative measures can be
used to assess disease, such as the Kellgren-Lawrence classification’®, joint space
narrowing, osteophyte formation, or other imaging biomarkers associated with knee
OA37778, The illness portion of OA can be thought of as the patient response to the disease
or, any experiences felt by the patient because of the disease’’>. As such, disease is defined
to an organ, while illness is defined to an individual’®7>. Although the disease and illness
components of OA can occur simultaneously, there is often a discordance between them
that is particularly notable in the earliest stages of the disease’3. For example, individuals
may present with radiographic OA features but lack clinical symptoms>®7°. Joint pain is
the traditional driving force for individuals with OA to seek health care®, yet structural
changes may present themselves years prior to an individual developing any symptoms
(Figure 2-2). Understanding the interplay between OA the disease and OA the illness, can
help explain why some individuals reported increased symptoms with low levels of
radiographic evidence, while other individuals report low symptoms with high levels of

radiographic evidence.
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Figure 2-2: Proposed taxonomy of OA based on the standardized nomenclature of disease (made
up of molecular, anatomic or physiologic components, domains of disease elements) and illness
(adapted from Kraus et al., 2015).

2.1.1 Economic Burden of Osteoarthritis

The economic burden of OA can be broken down into direct costs to the healthcare
system and indirect costs to the individual living with OA. Predicted estimates suggest
that 10-million Canadians will be diagnosed with OA within the next decade. Due to the
extremely high prevalence of OA across Canada*’’, the associated costs for treating the
condition are high, with individuals in the earliest stages of the disease consuming
healthcare resources at rates that are approximately two-fold the rate of individuals without
OA3!. As Canada’s population continues to age, and rates of obesity continue to escalate,
these costs are expected to grow exponentially®>®* and by 2031, the direct cost of OA is
estimated to be approximately 8-billion/year, with the majority of costs resulting from
hospitalization and outpatient services®?. The global COVID-19 pandemic has made a
lasting impact on Canada’s current health management system, with the percentage of knee
replacement surgeries completed within the national 6-month benchmark falling from 72%

before the pandemic to 50% across Canada and 38% in Nova Scotia in 202334,
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Due to the high level of sedentary behaviour seen within OA populations®>%6, it is
estimated that up to 87% of individuals with OA have at least one other comorbidity”%#3
such as cardiovascular disease, dementia, and rheumatic disease, leading to an increase in
non-OA hospitalizations and further utilization of healthcare resources’®*. When
examining the economic impact of the individual, there are several factors that need to be
considered, including presenteeism (loss of productivity at the workplace) and absenteeism
(days off work)’%8¢, Current estimates state that nearly 30% of Canada’s labour-force
reports some form of difficulty with working due to OA*. These difficulties have led to
indirect cost estimates for individuals with OA approaching 13.2-billon/year’®’. The
chronic pain and reduced functional capacity in these individuals likely play a substantial
role in the high level of absenteeism. A recent study indicated that knee OA specifically
was associated with 2.2x increased likelihood of an early exit from work>3.

In 2004, The Arthritis Foundation proposed 14-quality indicators for the
management of OA8® which primarily focused on conservative managements such as
physical examinations, education, exercise and weight loss for an individual recently
diagnosed with OA®. These quality indicators align well with current management
strategies, focusing on physical activity education, weight loss and non-steroidal anti-
inflammatory drugs (NSAIDs) as first line options for individuals with knee OA!°,
Economic evaluations in the literature also support these treatment options. A recent
systematic review found that incorporating a regular physical activity program with OA
education and diet was found to be cost-effective, beyond that of traditional physician-
delivered usual care®®. Unfortunately, the current quality of nonpharmacological care for

OA is quite poor, with only a 22.4% pass rate for quality indicators including advice for
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physical activity, advice for weight loss, assessment of ambulatory function, and
assessment of non-ambulatory function®®. Understanding physical activity in individuals
with OA could support reductions of both OA and non-OA hospitalizations, and
substantially reduce costs associated with the disease.

No cure exists for OA; therefore, the progressive nature of the disease most often
leads to debilitating illness, loss of functional capacity, increased pain, and reduced quality
of 1ife’’. These changes result in loss of work and early retirement for individuals with
OA"!. Reducing OA related pain and disability has the potential to improve quality of life,

overall health, and reduce both direct and indirect costs associated with the disease.

2.1.2 Burden of Osteoarthritis on Health

The World Health Organization’s (WHO) definition of health is “a state of
complete physical, mental and social well-being and not merely the absence of disease or
infirmity”. Individuals diagnosed with knee OA are often afflicted by the multifaceted
nature of the disease as evidenced by decreased physical function®', elevated rates of
depressive symptoms and deteriorated mental health®?, and increased rates of social
isolation”>. The WHO’s International Classification of Functioning Disability and Health
(ICF) provides a standardized health status framework that describes the functional,
disability and health status at both the individual and population levels®*, allowing for a

more holistic picture of the individual’s disease and illness experiences (Figure 2-3).
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Figure 2-3: International Classification of Functioning model demonstrating impacts of knee
osteoarthritis (Adapted from Ackerman et al., 2017)%.

Globally, OA is ranked 13" in YLDs and ranked the 4" fastest growing condition
behind diabetes, Alzheimer’s and “other” musculoskeletal conditions!. In 2010; OA alone
accounted for 10% of DALY s for all musculoskeletal health conditions? and showed the
highest increase in DALY s from 2010-2017 among non-communicable disease?, and knee
OA makes up approximately 80% of OA diagnoses®®. The drastic rise in disability observed
in individuals with knee OA parallels the increasing population age, obesity, and increases
in sedentary behaviours®®”’. When examining the activity limitations experienced by
individuals with knee OA, notable difficulties are observed with walking and stair
ambulation®®. In a cohort study of over 18,000 adults aged 55 and over, 25% reported

walking difficulty, and knee OA was the highest predictor of walking difficulty within the
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cohort”. Gait speed is a highly utilized tool to determine mortality and functional ability,
with reports that gait speed of at least 1.2m/s is required for safe community
ambulation'?%1%and a gait speed of less than 1.0m/s is highly correlated with an increase

in mortality!?

. A systematic review demonstrated that 100% of studies assessing gait speed
in individuals with knee OA showed a mean gait speed of <1.2m/s, and 60% demonstrated
gait speed <1.0m/s'®, Examining gait difficulties in individuals with knee OA, and how
they respond to continuous submaximal physical activity is an important factor to
understand to keep individuals living independently and maintain their overall health.
Walking and physical activity is a highlighted clinical practice guideline
recommendation for individuals with knee OA?'-%%, Federal best practice physical
activity guidelines recommend 150-minutes per week or 30-minutes per day of moderate-
to-vigorous physical activity!?4. Currently, these guidelines are not specific to knee OA;
however, the evidence consistently suggests the importance of physical activity for
maintaining functional ability!%-1%8, Despite the widespread recommendation of physical
activity for knee OA, <13% of men and <8% of women with knee OA meet current
physical activity guidelines>, often due to patient reported barriers including psychological
factors (e.g., fear of pain, lack of motivation), physical factors (e.g., knee pain, asthenia),
and mental factors (e.g., depression)?>**, Patients also report a lack of understanding
surrounding physical activity guidelines, how to differentiate between light and moderate
intensities, and the overall benefits of physical activity for knee OA!'?. Further, the impact
of differing prescriptions, including duration and intensity, along with type (i.e., walking,
cycling, aquatic or strength) on knee OA outcomes is unclear?!. Currently, our

understanding of whether extended bouts of submaximal physical activity (30-minutes of
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walking) protect or compromise the joint and prevents OA progression is unclear. Evidence
suggests that specific features related to joint loading during walking, can be used to predict
individuals whose symptoms and joint damage may progress at an accelerated rate3-37-110-
12

. Biomechanical analyses can be used to assess how extended walking affects these

metrics and begin to develop knee OA specific physical activity guidelines.

2.1.3 Diagnosis of Osteoarthritis the Disease
2.1.3.1 Radiography

Radiographic assessment remains one of the most commonly utilized tools for the
diagnosis of knee OA, including the Kellgren-Lawrence classification system (KL)76:!13-
115 This classification system ranges from 0-4, with 0 representing no OA presence, and 4
representing severe OA (Figure 2-4)76. The scoring system utilizes a combination of
osteophyte formation, narrowing of the joint space associated with sclerosis of subchondral
bone, sclerosis, and altered shape of the bone ends’®!'3, The KL classification system has
shown good to very-good interrater reliability with intraclass correlation coefficients
ranging from 0.68-0.85!16:117,

Currently there is inconsistent evidence suggesting a positive correlation between
KL grade and the probability of an individual presenting with OA symptoms, more severe

118

pain, depressive symptoms, and worse performance on functional tests''®. These findings;

however, are in stark contrast to studies showing no association between depressive

118 Recent evidence

symptoms, pain, or functional performance and radiographic severity
suggests no correlation when all KL grades are treated separately; however, when treated

as a group (grades 2-4) were associated with poorer scores in the Western Ontario and
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McMaster Universities Osteoarthritis Index (WOMAC), and balance scores'!®. Changes in
clinical guidelines have occurred due to discrepancies between symptoms and radiographic

definitions of osteoarthritis, leading to a shift away from the traditional reliance on

56-58

radiographs for diagnosis

Figure 2-4: (A) Representative knee radiograph of KL classification Grade 1, which demonstrates
doubtful narrowing of the joint space with possible osteophyte formation. (B) Representative knee
radiograph of KL classification Grade 2, which demonstrates possible narrowing of the joint space
with definite osteophyte formation. (C) Representative knee radiograph of KL classification Grade
3, which demonstrates definite narrowing of joint space, moderate osteophyte formation, some
sclerosis, and possible deformity of bony ends. (D) Representative knee radiograph of KL
classification Grade 4, which demonstrates large osteophyte formation, severe narrowing of the
joint space with marked sclerosis, and definite deformity of bone ends (Adapted from Kellgren &
Lawrence 1957)7°.
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One of the hallmark measures to assess knee OA progression is tracking the joint
space width, defined as the minimal distance between the femoral condyle and tibial
plateau'?’. Joint space narrowing is a surrogate measure of cartilage thickness, and due to
the low cost, and ease of access, this measure is a primary outcome for assessing disease
progression'?!. The measure of joint space width is recommended by the Osteoarthritis
Research Society International (OARSI) as a radiographic outcome for use in clinical trials
tracking structural disease progression!?!. Severe joint space narrowing (bone on bone) is
typical in knee replacement surgery!??. The substantial drawback of joint space width is
that it doesn’t account for other changes that may be happening within the joint leading to
a reduced joint space'?>!?*. A common limitation of interpreting joint space narrowing as
a measure of cartilage thickness, is that it is affected by meniscal changes'?>!?4, Although
cartilage and meniscal integrity can degrade together throughout the disease process,

radiographs are not able to differentiate between the two when monitoring progression.

2.1.3.2 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is the current gold standard for imaging knee
OA and assessing structural progression of the disease!?"'>3. Due to the limitations of
radiography, MRI has been stated as the most appropriate imaging modality to assess joint
status in OA research studies by the Outcome Measures in Rheumatology Clinical Trials
(OMERACT) and OARSI'?!125, The advantage of MRI is its ability to visualize all tissues
in the joint simultaneously in three dimensions. With the growing knowledge that knee OA
is a whole joint disease’, MRI allows for the assessment of the subchondral bone, joint

capsule, menisci, synovium, articular cartilage, ligaments, and surrounding
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2574 While MRI is not the go to imaging modality in clinical settings, it is

musculature
preferred in research for its higher sensitivity and ability to better assess longitudinal
changes to the joint'?1!25. Tt also lacks the radiation exposure experienced during
radiography.

The ability of MRI to directly visualize the articular cartilage allows for parametric
mapping techniques to exploit the sensitivity of MRI to the biophysical properties of
cartilage'?6. These techniques give the ability to identify cartilage matrix degradation

127

preceding visible cartilage damage'~’. Cartilage T2 mapping reflects interactions among

water molecules, and between water molecules and surrounding macromolecules'?%12%,
making this technique sensitive to cartilage matrix adaptations'?%!2%, Increased interactions
between water and collagen result in decreased T2 times, making it highly sensitive to
changes in hydration and collagen concentration!?13°, T2 mapping uses water to assess the
structural integrity of the extracellular matrix by a combination of water content and
collagen fibre arrangement!2%139,

Evidence suggests that T2 mapping can identify sites of early cartilage
degeneration, measured as a disruption of the cartilage matrix!?%!3°, Increased T2 values
are most commonly associated with cartilage damage; however, can be due to excess water
content in the cartilage!'?®!3°. Research has shown that individuals with knee OA present
with increased T2 relaxation times compared to healthy controls due to higher water
content and worse cartilage integrity!*!. Longitudinal data has linked increased T2
relaxation times to morphologic cartilage abnormalities, with a recent systematic review

noting that elevated T2 relaxation times at baseline predicted degeneration of articular

cartilage, meniscus and bone marrow lesions over three-years'*2,
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Additionally, Tlrho relaxation time is described as the duration of spin-lattice
relaxation in the rotating frame and is similar to T2 relaxation time; however, requires an
additional radiofrequency pulse'?®. The interactions between water molecules and their
environment can be assessed using T1rho, and is a promising technique for assessing the
composition of articular cartilage'?®. Changes in T1rho may be caused by adaptations in
the extracellular matrix such as proteoglycan depletion; however, may also be due to

collagen fibre orientation and concentration!?*133,

These changes in the cartilage
composition lead to elevated T1rho times in diseased vs healthy cartilage, even in mild
radiographic knee OA (KL 1-2)'3*, Results suggest that T1rho may be more sensitive than
T2 imaging for differentiation between healthy and early-stage diseased cartilage'3*. The
main downfall of Tlrho is the requirement of special pulse sequences typically restricted
to research institutions, and multiple datasets making its use less clinically appealing!'%.
Semi-quantitative scoring methods using MRI enable the comprehensive
evaluation of multiple aspects of knee OA'3°. These approaches assess various features
crucial for understanding the knee's functional health, including articular cartilage
morphology, subchondral bone marrow lesions, osteophytes, the menisci, the anterior and
posterior cruciate ligaments, collateral ligaments, synovitis and joint effusion, and bone
attrition!3. The first semi-quantitative measure published was the Whole-Organ MRI
Score (WORMS)'3¢, The WORMS looks to split the knee joint into subregions and assesses
aspects of cartilage, subchondral bone and lesions around the knee. The WORMS splits
each tibial plateau into three subregions anterior-posteriorly, and each femoral condyle into

two subregions (central and posterior), with the patella-femoral joint is split into four

subregions'?’. Other commonly utilized semi-quantitative MRI outcome measures used in
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clinical trials include the Boston-Leeds OA Knee Scoring (BLOKS)!*® and the MRI

Osteoarthritis Knee Score (MOAKS)!33.

2.1.4 Diagnosis of Osteoarthritis the Illness

While the American College of Rheumatology diagnostic guidelines!'® are likely
the most commonly utilized diagnostic tool, the Arthritis Society of Canada and Health
Quality Ontario have recently stated that radiographic imaging is not needed for a knee OA
diagnosis if the patient satisfies a typical presentation of knee OA>%-38, This statement also
demonstrated a level of agreement of 8.7/10 (0 representing no agreement, 10 representing
perfect agreement) between the literature evidence and expert opinion'?®. In patient cases
where the presentation is atypical, an x-ray may be recommended to rule out a potential
alternative diagnoses'?®. Guidelines now state that an individual has knee OA if “they are
>40 and have symptoms typical of knee OA, including persistent atraumatic movement
related joint pain, aching, stiffness and/or swelling, and morning stiffness lasting less than
30-minutes may or may not be present”>¢%13° This diagnostic shift has been well-
supported as the prevalence of OA increases in younger age groups, the association
between x-ray findings and symptoms is poor, and radiographic features of OA do not

require treatment if the person does not have symptoms>6-8

. The newer diagnostic method
is also being well-utilized in the scientific community, with a growing number of studies
incorporating recruitment criteria based on self-reported knee OA'>'7. Across these
studies, the most common recruitment criteria for a self-reported diagnosis of knee OA

included 1) >40 years of age, 2) activity related knee pain on most days in the past month,

3) pain experienced for at least the past three months, 4) pain ranging between 40 to 90 on
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a 100-point numeric rating scale, and 5) morning stiffness lasting <30-minutes!>!7. By
adopting this new diagnostic and eligibility criteria, researchers may be better able to target
a wider and more inclusive sample of individuals with knee OA from the community and

improve generalizability of the findings.

2.2 Patient-Reported Outcomes in Knee Osteoarthritis

Patient-reported outcomes are a key component of understanding the impact of
knee OA from the perspective of the individual!#®!4! and give consideration to the
biopsychosocial model when describing the illness state of knee OA!4!. Patient-reported
outcomes serve an important role in knee OA research by aiding in treatment decision
making and measuring the effectiveness of interventions. These quantitative evaluations
are essential for: 1) delineating the present clinical condition, encompassing pain and
functional limitations, as well as the ramifications of knee OA on various aspects of daily
life such as fatigue, mood, sleep quality, and the presence or absence of pain sensitization;
2) identifying alterations in clinical status over time, whether indicative of improvement or
deterioration; and 3) measuring the effectiveness of interventions and the achievement of
desired symptom states!#!. Several different patient-reported outcomes exist including the
WOMAC!*?, Knee Outcome Survey (KOS)!*3 and Oxford Knee Scale (OKS)'*, the Knee
Injury and Osteoarthritis Outcome Score (KOOS)'* and Intermittent and Constant
Osteoarthritis Pain (ICOAP)!#® score. In this thesis, the KOOS and ICOAP were chosen
for inclusion and will be elaborated upon further. The selection of KOOS over WOMAC,
KOS, and OKS was based on its ability to offer a more comprehensive assessment of the

patient experience. Unlike the WOMAC and KOS, the KOOS provides insights into knee
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related QoL, which is valuable for understanding potential differences in perceptions
between individuals with self-reported and clinically diagnosed knee. The OKS, primarily
intended for those undergoing TKA, was not chosen as it is uncertain whether individuals
with self-reported knee OA had previously sought medical treatment. The ICOAP was

selected to better understand different pain experiences that the groups may be reporting.

2.2.1 Knee Injury and Osteoarthritis Outcome Score

The KOOS is a 42-item, self-report questionnaire developed to evaluate individual
perceptions about the knee-related problems they experience'*’. The KOOS was developed
based on the WOMAC and includes five subscales: symptoms (7 items), pain (9 items),
function of daily living (ADL) (17-items), function in sport and recreation (5-items) and
knee related quality of life (QoL) (4-items)'#. The symptoms subscale focuses on the
frequency and severity of symptoms such as swelling and stiffness!**. The pain subscale
evaluates the intensity and frequency of knee pain during various activities'4’. The ADL
subscale assesses the difficulty experienced when performing daily activities like walking
or climbing stairs!'%>. The sport subscale gauges limitations in sports and recreational
activities due to knee issues'®. Lastly, the QoL subscale measures the impact of knee
problems on overall QoL, including social and emotional aspects'®>. Each subscale
contains specific questions tailored to comprehensively evaluate different aspects of knee
function and its influence on various aspects of life. Responses to all items are on a 5-point
Likert scale ranging from 0-4 and is typically converted to a 0—100-point scale (0 = “worse
symptoms”, 100 = “better symptoms”). The KOOS is regularly used to assess effectiveness

of treatments such as total knee arthroplasty (TKA)!%’, and physical activity
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interventions!4®

. All subscales of the KOOS have shown excellent tests-retest reliability
(ICC = 0.83-0.90), and good to excellent internal consistency (Cronbach’s alpha = 0.74-
0.92)'%. The KOOS subscales have minimal clinically important difference (MCID) values
of 9 for symptoms, 12 for pain, 10 for ADL, 9 for sports and 16 for QoL 6-months post

TKA!,

2.2.2 Intermittent and Constant Osteoarthritis Pain Score

The ICOAP score is an 11-item self-report questionnaire evaluating the experience
of pain over the past week including pain intensity, frequency and impact on sleep, mood,
and QoL'#!. The questionnaire is broken down into two subscales: constant pain (5-items)
and intermittent pain (6-items)!*®. Responses to all items are on a 5-point Likert scale
ranging from 0-4 and is typically converted to a (0—100-point scale 0 = “worse symptoms”,
100 = “better symptoms™)'#6, The constant pain sub-scale focuses on persistent pain
throughout the day, while the intermittent pain sub-scale focuses on pain that comes and
goes, evaluating its overall impact on QoL, including effects on sleep, mood, and daily
function'¥. The ICOAP has shown moderate-to-high test-retest reliability across its
subscales (ICC = 0.57-0.64)'3!. Researchers have observed various pain patterns associated
with the frequency of pain experienced by individuals with knee OA 46152, According to
previous research, pain typically starts as sporadic pain related to activity'#®!52 then as the
disease progresses, this pain transitions into persistent discomfort, with late-stage disease

152 These collective

characterized by constant and often unpredictable intermittent pain
findings indicate that assessing pain patterns, particularly using ICOAP, may offer a more

effective means of distinguishing between different levels of knee OA severity.
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2.3 Knee Osteoarthritis Biomechanics During Walking

The progression of knee OA is a complex combination of an altered loading
environment, structural changes and disruption of biological pathways?>72. As knee OA
progresses, joint function is impaired accompanied by altered movement patterns and
neuromuscular control*> 28, The anatomical adaptations of the knee and the corresponding
abnormal joint loading associated with knee OA, have driven human movement research
to identify potential biomechanical adaptations that may accompany or precede the
pathology. Gait analyses are considered the gold standard for assessing outcomes of lower
extremity joint function. Four main reasons to perform clinical gait analysis have been
proposed and these include: 1) diagnosis between disease entities, 2) assessment of the
severity of disease or injury, 3) monitoring the progression of the disease in the presence
or absence of intervention, and 4) prediction of the outcome of intervention!3*!34, The

following section will review joint kinetics, and kinematics in the context of knee OA.

2.3.1 Kinematics

Kinematic analysis is the branch of biomechanics concerned with the description
of motion in three-dimensional space without regard for the forces that cause the motion!>?.
Kinematic analysis has been used as a tool by clinicians and researchers to quantify
movement adaptations observed in individuals with knee OA, with a particular focus on
sagittal and frontal plane ROM. The most commonly reported kinematic variables analyzed
in knee OA research are in the sagittal plane, including knee flexion at initial contact, early
stance ROM, and late stance ROM23404L.156-158 Tndividuals with knee OA typically display

increased knee flexion at initial contact, and this value increases with knee OA
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ALISTIS9-161 Thjg alteration in sagittal plane knee flexion angle at initial contact can

severity
have deleterious effects on cartilage health due to the high magnitude and rapid
accumulation of forces incurred during initial contact and loading response'®2. The
increased knee flexion at initial contact may lead to altered loads on the joint, and overload
portions of the cartilage not accustomed to the magnitude of forces experienced*'. Findings
reported by Favre and colleagues*' demonstrated that a greater knee flexion angle at initial
contact was positively associated with accelerated cartilage loss in individuals with knee
OA*. The high amount of quadricep and hamstring activation required during initial
contact to stabilize the knee joint may also compound this damaging effect by further
increasing compressive forces in the knee''2.

Individuals with knee OA also typically walk with reduced early stance ROM (i.e.,
initial contact to peak stance knee flexion) and late stance ROM (i.e., peak stance knee
flexion to minimum flexion during terminal stance)?3-40-41.156-158 (Figure 2-5). Similar to the
findings observed for elevated knee flexion at initial contact, the reduced sagittal plane
knee ROM during stance reduces the overall surface area used to distribute loads
throughout the joint. This reduced surface area may increase cartilage stress and may not
be able to withstand these loads?®!63, It has been thought that individuals with knee OA
may be hesitant to move into positions of greater knee extension due to pain, and as such,
limit movement into this position?®. This finding is supported by the use of NSAIDS
leading to an increase in sagittal plane knee ROM %, Additionally the lack of sagittal plane
knee ROM may cause joint damage and eventually lead to elevated pain?. This notion may

be supported by Panjabi’s model, which suggests that as the passive system of the joint

(i.e., cartilage, ligaments, bone) begins to fail, the active system (i.e., muscles and tendons)
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must work harder to maintain the stabilizing structure of the joint!%. Multiple gait studies
support that individuals with knee OA walk with elevated and prolonged activation of the
major knee extensors and flexors, thought to act as a natural brace for the joint?3:40.166,167,
Sagittal plane knee ROM, like the KFM, appears to adapt with increased knee pain, and
reduced ROM is likely a compensatory strategy to increase joint stability and reduce knee

pain during walking.
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Figure 2-5: Ensemble average waveforms for sagittal plane knee flexion angles during level
walking. Each waveform is time normalized to a percentage of the gait cycle. Data are presented
for asymptomatic individuals (blue line) and participants with self-reported knee osteoarthritis
(Knee OA, dashed line). Waveforms represent preliminary data from Chapter 4 of this thesis.
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Although the majority of knee motion occurs in the sagittal plane, the medial
compartment prevalence of OA, which is greater than lateral compartment prevalence, has
been shown to influence movements of the knee in the frontal plane!%®-172, Individuals with
knee OA walk with increased knee adduction during the stance phase of gait'®®-172, This
abnormal motion in the frontal plane may be influenced by static joint alignment, most
commonly observed in individuals with varus malalignment. A static varus angle may
cause individuals with knee OA to walk with an offset toward knee adduction regardless
of dynamic frontal plane ROM!'73, This is important due to the high association between
varus alignment and elevated KAM values, as well as increased loads in the medial
compartment of the joint!"*,

Additionally, dynamic varus knee motion throughout stance is also a risk factor for
increased load on the medial compartment and knee OA development!7>176, This dynamic
movement toward a varus knee position during initial contact and throughout stance, before
returning to neutral alignment during terminal stance, is known as varus thrust!7>!76, The
presence of varus thrust may result from dynamic instability in the frontal plane, potentially
arising from impaired muscle function and peri-articular stabilization'””. The presence of
varus thrust during gait has been highly correlated with an elevated KAM compared to
individuals without varus thrust!’>!7817° "and is associated with up to a four-fold increase
in the risk of radiographic medial knee OA progression®*!7®, This altered frontal plane knee
motion is also significantly correlated with knee joint symptoms and increased pain'®’, The
cumulative results suggest that altered frontal plane motions of the knee, specifically that
of dynamic varus thrust during walking, may play a role in the elevated loads experienced

in the medial compartment of the knee and contribute to accelerated knee OA progression.
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2.3.2 Kinetics

Kinetics is the branch of biomechanics examining the forces that cause motion, and
in terms of gait analysis, the internal (i.e., muscles) and external (i.e., ground reaction
forces) moments that facilitate locomotion'>>. Movement results from the activation of
multiple muscles acting across joints, in combination with the bodies interaction with the
environment to cause the movement we are measuring'>>. How these forces interact and
transmit across the tibiofemoral compartments have a strong influence on the pathogenesis
of knee OA®%?>72, Typically, these forces are measured via the frontal plane adduction, and
sagittal plane flexion-extension moments and calculated using inverse dynamics. Inverse
dynamics is a biomechanical technique used to estimate the forces and moments acting
within a system, such as the human body, based on observed motion data. In the context of
the knee joint, inverse dynamics involves a multi-step process. Firstly, kinematic data,
including joint angles, velocities, and accelerations, are collected. Next, employing
principles of Newtonian mechanics, inverse dynamics integrate this kinematic data with
inertial properties, segmental accelerations, and external forces (e.g., ground reaction
forces) to estimate the forces and moments at the joint. The KAM has been proposed as a
proxy for the distribution of load between the medial and lateral compartments of the
knee'®!, and the knee flexion-extension moment has been proposed as a surrogate measure
of net muscle contributions to joint load'®?. This subsection will assess the literature of the
most common kinetic variables measured in knee OA, and their implications toward knee
OA development, progression, and symptoms.

Undoubtedly the KAM has been the most well-studied variable throughout the knee

OA literature, which is a surrogate measure of the load distribution between the medial and
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lateral compartments of the knee3%3183, As the net external KAM increases, the evidence
suggests that there is increased loading on the medial compartment of the joint, and
partially justifies the higher prevalence of medial versus lateral compartment knee
OA30-33:183 The peak KAM has been linked to knee OA development and progression, and
is significantly associated with cartilage thickness loss*—3¢, bone marrow lesions’”-*%, and
radiographic severity3>!'!!, Not only is the KAM associated with knee OA development, it

also appears to accelerate disease progression!!®:184

, which may be augmented by certain
patient characteristics such as obesity (i.e., increased load magnitude) and varus lower limb
alignment (i.e., increased aberrant load distribution)'®>.

Typical presentation of the KAM in individuals with mild-to-moderate knee OA
demonstrates an elevated peak value?*343637.185 while individuals with severe disease are
more characterized by a reduction in mid-stance unloading, resulting in a more unimodal
waveform*>!86, This unimodal pattern demonstrates a reduced unloading of the joint, which
can be captured by quantifying the KAM impulse and is calculated as the area under the
KAM waveform. The KAM impulse accounts for loading over the entire stance phase
rather than investigating a single peak value and therefore may be a more informative
metric over peak KAM. Due to the cyclical nature of gait, the prolonged and repetitive
loading in the medial compartment associated with a slower walking speed could lead to
chronic damage in the joint®3. Therefore, KAM impulse may be a better measure of overall
knee loading, which has utility when examining cumulative joint loading in individuals
with knee OA'37188 In an attempt to understand the impact of these repetitive loads on

knee OA development, authors have begun to use accelerometry data to estimate total daily

loads experienced by the joint'37-138, Results demonstrate that individuals with knee OA
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walk with both elevated KAM and cumulative knee joint loading compared to healthy
matched controls'®’. These findings may be particularly useful when examining the effects
of extended periods of walking on the loading environment of the knee and needs further
investigation.

In the sagittal plane, the knee flexion moment (KFM) is also readily studied in knee
OA research and referred to as a surrogate measure of overall muscle contributions to load
transferred thorough the knee during walking!'®?; however, results on its correlation with
knee OA development and progression are less consistent than the KAM?*3. Evidence has
suggested that individuals with knee OA walk with a reduced overall sagittal plane knee
moment range (i.e., the difference between the peak knee flexion moment in early stance
and the peak knee extension moment (KEM) in late stance), which has been referenced as
a “stiff knee gait pattern” and an adaptive measure to increase stability in the joint®®-110-18,
Along with the KFM range, peak values such as the peak KFM have shown associations
with cartilage loss over five years''%; however, this association was not observed at earlier
timepoints (i.e., over two years)*’. Researchers have noted that individuals without knee
OA that had experimentally influenced pain demonstrated similar reductions in the KFM
that have typically been observed in individuals with knee OA!*°. This finding may help to
understand why the changes in the KFM appear to be more patient specific and less
correlated with knee OA progression?®!'3°, The findings indicate that while KAM values
are better associated with knee OA development and progression, the KFM may be an
adaptive response to pain and should be used in conjunction with the KAM to develop a

more comprehensive understanding of joint mechanics during walking.
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Although the KAM and KFM have been heavily investigated in individuals with
knee OA, the total joint moment (TJM) has been proposed as an alternative, multiplanar
outcome that captures the total contribution of the KAM, KFM and knee rotation moment
(KRM) into a single metric!®. Investigating the effectiveness of conservative treatments
to reduce medial compartment loading in individuals with knee OA has been achieved by

primarily targeting the KAM. Treatment options such as valgus knee bracing'®!

, and gait
retaining!®? have shown promise at reducing peak KAM; however, there is little evidence
to confirm whether these reductions in KAM are associated with subsequent increases in
KFM and KRM. Therefore, reducing peak KAM may not yield decreases in total joint
loading. Asay and colleagues (2018)' performed a natural progression study to assess
how the TJM and its relative external knee moment contributions changed over five-
years'??, At baseline in individuals with mild-to-moderate knee OA, the KAM accounted
for ~45%, the KFM accounted for ~54% and the KRM accounting for ~1% of the first peak
TIM'C. Over five-years, the participants progressed to moderate-to-severe knee OA with
KAM accounting for ~72%, the KFM accounting for ~27% and the KRM accounting for
~1% of the first peak TIM!. Therefore, as the disease progresses the KAM may acquire
a more dominant role in the TJM, and the distribution of the KAM, KFM and KRM
contributions could potentially be used as an indicator of disease progression. The TIM

may also serve as a more broad measure assessing total loading exposure to the joint

compared to the KAM or KFM alone!*°,
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2.4 Walking for Physical Activity in Knee Osteoarthritis

Both physical activity and clinical practice guidelines recommend walking to
reduce knee OA pain and improve physical function and QoL!*%*. Individuals with knee
OA who engage in physical activity consistently have better self-reported and
performance-based measures of pain, function, and disability compared to individuals with
knee OA who are not physically active®>~¢7; however, the majority of individuals with knee
OA are physically inactive, which may be driven by increases in knee symptoms and/or
heightened fears that more frequent walking will worsen joint damage®***. Currently,
walking guidelines are lacking for individuals with knee OA and minimal evidence is
available to tailor walking interventions for this clinical population. The American College
of Rheumatology has published recommendations encouraging researchers to establish a
knowledge-base for physical activity prescription for individuals with knee OA?Z!.
Recommendations called for research to examine differences in activity duration,
frequency and intensity, while taking disease severity into consideration®!. To address these
knowledge gaps and target the strong association between physical inactivity and knee OA

65-67 " further research is needed to assess the biomechanical

symptoms and function
implications of prolonged walking on joint health to better inform tailored physical activity

recommendations by healthcare providers.

2.4.1 Response to Prolonged Walking in Knee Osteoarthritis
Pain is a key patient-reported barrier to physical activity?*>4; therefore, examining
acute changes in knee pain for individuals with knee OA during physical activity is a

necessary research focus. Acute changes in knee pain following walking bouts are typically
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assessed using an 11-point numeric pain rating scale (NPRS) ranging from 0 (no pain) to
10 (worst pain imaginable)!®3. Evidence consistently suggests that individuals with knee
OA do not report a clinically meaningful worsening in pain following walking bouts of 20-
30-minutes'®+1%, However, these studies may be subject to selection bias, where
individuals who experience pain or discomfort during walking may not participate in this
research for fear of aggravating symptoms'®’. When examining pain responses on an
individual level, two subgroups have been shown to emerge. Boyer and colleagues (2019)°
found that approximately half of individuals with knee OA engaging in a 20-minute walk
reported a pain flare (1.5-2-point increase on an 11-point NPRS)*, while the other half
experienced no change or improved pain following 20-minutes of walking®. Further,
individuals who experienced a pain flare showed decreased peak KAM and KFM
compared to individuals who did not experience a pain flare>®. These results demonstrate
that pain responses to continuous walking may be individualized and related to factors such
as gait mechanics, which supports additional investigations for evaluating individualized
knee pain responses in relation to physical activity.

Biomechanical responses to prolonged walking®>!1°41% further suggest that
individuals with knee OA with no increase in pain walked with increased knee flexion
angles, first peak KAM, KFM, and peak knee flexion to knee extension moment
difference!®>1%. Individuals with knee OA who had a pain flare following prolonged
walking demonstrated reductions in first and second peak KAM compared to individuals
with no pain flare, and reduced peak KFM compared to asymptomatic individuals®>. These
results highlight that changes in gait mechanics following continuous walking may be more

closely linked with pain responses when evaluated at a subgroup level. Individuals with
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knee OA who do not report an increase in pain walk with more dynamic gait patterns, and
increased joint loading following prolonged walking, signifying a potential functional
benefit after the activity!®>!%, while individuals who experience a pain flare walk with
reduced loading magnitudes, potentially in an attempt to alleviate pain®>. Whether these
gait changes in the affected knee are consistent in the contralateral knee is unclear. Knee
pain is proposed to stimulate asymmetric walking patterns in individuals with knee
OA319 Therefore, how individuals with knee OA and symmetrical versus asymmetrical
gait characteristics respond to prolonged walking tasks are warranted and may help identify

patient specific walking protocols.

2.5 Gait Asymmetry

During movements such as gait humans are assumed to be relatively symmetrical
beings, and symmetrical patterns are often described as a sign of physiologically healthy
movement*. The possibility exists that individuals with knee OA walk with abnormal and
asymmetrical movement patterns to compensate for the affected joint, which may expose
the contralateral limb to increased risk for disease onset®. This relationship may explain
why 25% of individuals who have unilateral TKA undergo surgery on their contralateral
knee within five years*®, and 62% had OA progression in their contralateral knee after nine
years*. Symmetry analyses have been utilized for several decades to assess the efficacy of

surgical interventions, or risk of injury**’

. Although the concept of inter-limb symmetry
analysis has good potential for identifying altered movement compensations in

pathological gait, there are several different symmetry calculation methods. Currently,

there is a lack of knowledge on which method may provide the best assessment of
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4344200202 This section will

symmetry with the least amount of measurement variability
compare three of the most utilized symmetry calculations to assess which method may be

most appropriate for use during gait analysis walking protocols.

2.5.1 Asymmetry Calculations

One of the earliest and most commonly reported symmetry index (SI) metrics was
published in 1987%%%, and slightly modified in 1989%%!. The calculation itself is simplistic
and lends itself to clinical utility, proving to be sensitive to discrete spatial-temporal
variables during gait?**. The equation itself can be altered to assess symmetry between the
affected and contralateral limbs for individuals with knee OA: ((X, — X¢)/(0.5(X, +
X)) * 100), where Xa represents the value from the affected limb, and Xc represents the
value from the contralateral limb. A value of zero indicates there is no difference between
limbs, a positive value indicates that the magnitude is greater in the affected limb, and a
negative value indicates that the magnitude is greater in the contralateral limb?°!. The main
limitation of this equation is the artificial inflation of SI values when the variables are near
zero*2%1 An example from Herzog and colleagues®’! used the anterior posterior impulse
calculation to determine 1.1Ns for the right limb and -1.0Ns for the left limb. Although
these differences may appear minimal, they yield a SI of 4200%. This artificial inflation of
values near zero also prevents the calculation from being used over the entire gait cycle
and only lends itself to discrete metrics with values above zero. For this reason, a more
recent adjustment of the above equation was made in 2012.

The Slhorm was proposed by Gouwanda in 2012 to develop a symmetry calculation

that was less prone to artificial inflation, and in practice, could be used to calculate
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symmetry at every instance of the gait cycle?*?. The equation is only slightly different,

(Xnorm(s) _Xnorm(c)
(0.5 (Xnorm(s) +Xnorm(c))) *100)

utilizing minimum-maximum normalized values: Sl,orm =

Xn—Xmin

where Xpormm) = + 1202, This calculation constrains the symmetry value to a

Xmax—Xmin
maximum of 100%, limiting the artificial inflation seen in the original SI calculation. The

most recently proposed SI calculation was presented by Queen and colleagues®

utilizing
a similar normalization technique; however, this calculation used data from multiple trials.

In the equation:

XR(trial) ~XL(tri
NSI = (trial) L.(trlal) : * 100%
maXtrial:1:n(maX(OIXR(trial)rXL(trial)))_mmtrial=1:n(mm(OrXR(trial)»XL(trial)))

the numerator represents the difference between the affected and contralateral limbs for a
single trial, and the denominator represents the maximum and minimum values for the
metric across three trials (n). If all values are positive, zero will be used as minimum and
if all values are negative, zero will be used as maximum.

Recently, Siebers and colleagues® compared these three SI calculations for knee
ROM during overground walking, stair ascent and stair descent in healthy asymptomatic
individuals®. The SI?°! yielded mean scores of 6.71%, 6.66% and 8.0% for knee ROM
during walking, stair ascent and descent, respectively. The SInorm?%? yielded mean scores of
8.67%, 6.76% and 10.4% for knee range of motion during walking, stair ascent and
descent, respectively. Lastly, the NSI?* yielded mean scores of 13.4%, 11.2%, and 14.8%
for knee ROM during walking, stair ascent and descent respectfully*’. Analysis between
calculations showed good agreement between measures as all limits of agreement between
symmetry values were within the authors predefined limit of 5%; however, a significant
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bias was found between most comparisons®™. The highest asymmetry values were
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calculated by the NSI followed by the Slhorm and SI; and highest variance was found in the
NSI followed by the SI and Slhom®. The lowest symmetry and variance values found by
the SI calculation, combined with its ease of calculation, may be the optimal symmetry

calculation for implementation in knee OA research aimed at establishing clinical utility.

2.5.2 Asymmetries During Gait in Knee Osteoarthritis

Knee OA is associated with altered walking patterns either as a result of disease
progression, or in an attempt to alleviate joint symptoms?°. Most knee OA research focuses
on the affected knee, with little evidence evaluating the potential compensations that may
be occurring in the contralateral knee. Gait asymmetry has been noted in pathological
conditions such as lower limb amputations®®, stroke*, and anterior cruciate ligament

206 "and have been used to assess gait asymmetry in healthy individuals**»2°0:292 pre-

injury
post surgeries or rehabilitative interventions??’, and disease*>*6. The use of symmetry
calculations may advance the knee OA research field on human movement patterns and
functional mechanics observed early in the disease process. Innovative strategies to detect,
assess and track early biomechanical deterioration and reduced function between the
affected and contralateral knees are imperative for investigating treatments to prevent,
delay or potentially reverse disease.

By combining Andriacchi?® and Felson’s??® theories on the role of mechanics in
knee OA onset and progression with Shakoor and colleague’s?? theory for the non-random
evolution of end-stage OA, a mechanistic theory for the role of symmetry in knee OA onset

and progression emerges. Shakoor and colleagues?”’ note that individuals with unilateral

knee or hip replacements are significantly more likely to show progression of OA in the
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contralateral limb, and most commonly, the susceptible contralateral joint is consistent with
the original affected knee or hip (i.e., knee to knee)**. Further, if the susceptible
contralateral joint is not consistent, a joint on the contralateral limb was still 2x more likely
to experience OA progression than that of the ipsilateral limb (i.e., knee to hip or hip to
knee)??’. Movement and loading asymmetries appear to be present after TKA, where the
non-operated limb demonstrates increased KAM, KAM impulse and dynamic adduction

angle210—212

. All of these outcomes have been linked to knee OA progression in a recent
meta-analysis®}, and may begin to explain why there is such a high proportion of
contralateral knee OA development post TKA*4° Therefore, there appears to be a link
between unilateral knee OA progression and contralateral knee OA development.
Symmetry analysis offers a unique opportunity to identify individuals who may experience
altered loading between knees and potentially identify individuals more likely to progress
to bilateral knee OA.

There have been limited efforts in knee OA research involving the previously
described SI calculation, with most studies implementing an asymmetry analysis that tests
statistical differences between limbs*+47-3031.213.214 " Cyrrently, the literature investigating
kinematic and kinetic inter-limb asymmetries in knee OA is inconsistent due to the lack of
consensus on a valid and utilized symmetry calculation, and the variables to be
investigated. Results suggest that kinematic asymmetries may manifest in the earlier stages
of the disease; however, they appear to be driven by symptomatic disease rather than
radiographic severity>*>!. Mills and colleagues> reported that knee flexion asymmetries at

initial contact were greater in a group of individuals with unilateral symptomatic knee OA

compared to both bilateral symptomatic and healthy individuals®’. The notion that
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symptoms may be driving these kinematic and kinetic asymmetries is also supported by
Creaby and colleagues®'. Authors reported that inter-limb asymmetries in the frontal plane
varus angle and external flexion moment were present in individuals with unilateral
symptoms, while individuals with bilateral severity exhibited symmetrical biomechanics>!.
These findings were found regardless of unilateral or bilateral radiographic diagnosis>'.
Investigations for spatiotemporal asymmetry have previously been reported in
individuals with knee OA across three studies!*®!°%215. Results from the Multicenter
Osteoarthritis (MOST) Study demonstrated that mild-to-moderate unilateral knee pain was
not associated with temporal asymmetry, and elevated SI (i.e., longer time on the
contralateral limb) was associated with a decreased odds of contralateral knee pain over
two years'?®. Authors did note that the walking assessment used (4.9m walk, completed 4
times) may not have been challenging enough to elicit pain in the affected knee, and may
explain why no association was observed between temporal SI and knee pain during
walking!8, Additionally, individuals one week before TKA were found to have
asymmetric plantar pressures and weight transfer, which authors attributed to asymmetric
step times, where individuals walked with shorter step times on their contralateral limb?'>,
These spatial-temporal asymmetries appear to persist following TKA and may have
implications toward contralateral TKA. Spatial asymmetry following unilateral TKA has
been associated with increased odds of contralateral TKA over 8-years'”. Kim and
colleagues (2023)' found that following unilateral TKA, every lcm increase in step-
length asymmetry (i.e., longer step length on the affected knee and shorter step length on
the contralateral knee) increased the odds of contralateral TKA two-fold'”®. A longer step

length on the affected limb may lead to longer single leg stance on the contralateral limb,
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potentially increasing KAM impulse leading to greater loading on the contralateral knee!®”.
Investigating inter-limb asymmetries between the affected and contralateral knees in
individuals with unilateral knee OA is an important step for understanding early
biomechanical adaptations in knee OA populations and identifying biomechanically-driven

indices as possible risk factors for bilateral disease onset and progression.

45



Chapter 3: General Methodology

This chapter outlines the detailed methodology for three studies included in this
thesis: (1) Self-Reported Recruitment Methodologies in Knee Osteoarthritis: Community
Recruitment Implications, (2) Inter-limb Asymmetry, Patient-Reported Outcomes and Gait
Biomechanics in Knee Osteoarthritis, (3) Inter-Limb Asymmetry Responsiveness to 30-
Minutes of Walking in Knee Osteoarthritis. The specific methods implemented to address
the objectives in each study are described in Chapters 4-6. Study protocols were approved
by, and informed consent was obtained from all participants in accordance with, the
Dalhousie University Ethics Review Board (REB# 2022-6340). A copy of the ethics

approval for this work is provided in (Appendix A).

3.1 Participant Recruitment

3.1.1 Asymptomatic Individuals

Asymptomatic individuals were recruited using convenience sampling from the
local Dalhousie and Halifax communities with poster board and social media
advertisements. Interested individuals contacted the Dynamics of Human Movement
Laboratory and a standardized email outlining study procedures was sent. Interested
individuals were contacted by telephone, and a standardized script was used to determine
study eligibility. Asymptomatic individuals were recruited based on the following criteria:
(1) age >40 years, (i1) no history of lower limb pathology or symptoms within the past year,
(i11)) no lower limb injury within the past year, (iv) absence of neurological or
cardiovascular conditions that would affect their walking ability, (v) able to walk

independently without gait aids, (vi) and no lower limb surgery within the past 12-months.

46



Eligible participants were sent an informed consent form and details of the study visit by

email, and a data collection appointment was established.

3.1.2 Participants with Self-Reported Knee Osteoarthritis

Participants with self-reported knee osteoarthritis (OA) were recruited using a
sample of convenience from the local Dalhousie and Halifax communities with poster
board and social media advertisements. Interested individuals contacted the Dynamics of
Human Movement Laboratory and a standardized email outlining study procedures was
sent. Using a standardized script, interested individuals were contacted by telephone to
determine study eligibility. Individuals with self-reported knee OA were recruited from the
community based on the inclusion criteria: >40 years of age, activity-related knee pain on
most days in the past month, pain experienced for at least the past three months, pain
ranging between 40-t0-90 on a 100-point numeric pain rating scale (NPRS) (0 “no pain”,
100 “worst pain imaginable”), and morning stiffness lasting <30-minutes!>!313-17,
Participants were excluded if they had bilateral knee pain, bilateral activity related pain,
were unable to walk without the use of a gait aid, had a history of lower extremity injury
within the past year, presence of cardiovascular, neurological or respiratory impairments,
inflammatory arthritis (rheumatoid, psoriatic or gout) in either limb, were unable to jog
five meters, walk a city block or climb stairs in a reciprocal fashion. Eligible participants

were sent an informed consent form and details of the study visit by email, and a data

collection appointment was established.
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3.1.3 Participants with Clinically Diagnosed Knee Osteoarthritis

Participants with clinically diagnosed moderate knee OA were diagnosed with knee
OA by a health care professional and recruited from a single tertiary care centre
specializing in OA assessments. Symptomatic moderate knee OA diagnoses were
completed by an orthopaedic surgeon based on clinical signs and symptoms consistent with
the American College of Rheumatology Guidelines'®. The surgeon recruited potentially
eligible participants using a standardized research study introduction. Interested
participants were asked to consent to transfer contact information to the research team. The
research team contacted each participant by telephone to determine study eligibility using
a standardized script. Participants were eligible if they were >40-years of age, had
unilateral knee pain, no bilateral activity related knee pain, were able to walk without the
use of a gait aid, had no history of lower extremity injury within the past year, no presence
of cardiovascular, neurological or respiratory impairments, no inflammatory arthritis
(rtheumatoid, psoriatic or gout) in either limb, were able to jog five meters, walk a city
block and climb stairs in a reciprocal fashion?8. Eligible participants were sent an informed
consent form and details of the study visit by email, and a data collection appointment was
established. A description of participant demographic characteristics is provided in (Table

3-1).
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Table 3-1: Participant demographics and clinical characteristics for asymptomatic individuals and
individuals with self-reported or clinically diagnosed knee OA (n=64)

Sex Age (years) Mass (kg) Height (m) BMI (kg/m?) Speed (m/s)
N

F:M Mean SD Mean SD Mean SD Mean SD Mean SD

Asymptomatic 21 13:8 61 10 78.8 15.1 1.67 0.08 28.0 3.70 1.39 0.13

Self-Reported 27  16:12 57 11 855 202 1.68 0.09 297 8.1 1.24  0.17

Clinically

. 16 7:9 64 59 845 975 173 008 284 376 129 0.18
Diagnosed

3.2 Participant Preparation

Data collection procedures were conducted in the Dynamics of Human Movement
Laboratory in the Dentistry Building, Dalhousie University. At the data collection visit,
participants were oriented to the space, equipment and study procedures. Prior to obtaining
informed consent, a member of the research team gave participants the opportunity to ask
any questions, reiterated that the study was completely voluntary and that by signing the
informed consent form the participant could withdraw their inclusion to the study at any
time. After informed consent was obtained, participants completed a set of self-reported
questionnaires including the Knee Injury and Osteoarthritis Outcome Score (KOOS)'#,
and Intermittent and Constant Osteoarthritis Pain (ICOAP)!4¢ scale. Baseline knee pain
was collected using an 11-point NPRS (0 “no pain at all”, 10 “worst pain imaginable™)
prior to testing. Knee pain using the NPRS was assessed in the self-reported dominant knee
for asymptomatic individuals and the affected knee for individuals with knee OA. The
KOOS was used to determine individual perspectives about their knee and associated
symptoms within the past week. This questionnaire consists of five subscales including
symptoms, pain, function, daily living (ADL), function sports and recreational activities

(Sport), and quality of life (QoL)'*. The KOOS has demonstrated moderate-to-excellent
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test-retest reliability in individuals with knee OA across all subscales (ICC = 0.61-0.95)'6.
The ICOAP consists of two subscales and was used to quantify the type of pain experience
as either intermittent or constant. The ICOAP has shown moderate-to-high test-retest
reliability across its subscales (ICC = 0.57-0.64)">!. All subscales for the KOOS and
ICOAP were normalized to a 0—100-point scale (0 = “worse symptoms”, 100 = “better
symptoms”). The 11-point NPRS has shown excellent test-retest reliability in OA
populations (ICC = 0.95)!%3,

Participants were then asked to change into form-fitting shorts, a t-shirt and wear
their regular walking/running shoes. Anthropometric measurements were collected
including height, weight, waist, hip, thigh and shank circumferences, then participants were
outfitted with a full-body retroreflective marker set including seven rigid clusters each
containing four retroreflective markers placed over the pelvis, and bilaterally over the
lateral femurs, lateral shanks and feet, and secured using Velcro straps. Individual
retroreflective markers were placed over the seventh cervical vertebrae and bilaterally over
the acromion, lateral epicondyles, ulnar styloid processes, greater trochanters, iliac crests,
anterior superior iliac spine, medial and lateral tibial and femoral epicondyles, lateral and

medial malleoli, first, second and fifth metatarsal heads and posterior heels (Figure 3-1).
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Front View Back View

@ Calibration marker
@® Tracking marker

Figure 3-1: A schematic illustrating the whole-body passive reflective marker set. Blue squares
represent marker clusters and green spheres represent individual markers. Both marker types
remained affixed to the participant for the entirety of the walking protocol. Red spheres were
removed after the initial calibration trial.

3.3 Gait Analysis

3.3.1 Calibration

An initial two-second standing calibration trial was collected with the participant
standing on the force platform (Advances Medical Technologies Inc, Watertown, MA),
their feet shoulder width apart and their knees as straight as possible ensuring all 59
markers were visible. Markers located at the medial femoral and tibial epicondyles, medial
malleoli, the first and fifth metatarsal heads, lateral tibial epicondyles, iliac crests, anterior
superior iliac spine, and greater trochanters were then removed. A second two-second

standing calibration trial was collected with the remaining markers to generate the active
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model used to automatically identify the marker template within the motion analysis

software (Cortex, version 8.0, Motion Analysis Corporation, California, U.S.A).

3.3.2 Overground Walking Protocol

Participants completed a minimum of five overground walking trials at a self-
selected pace across a six-meter walkway. Participants were instructed to walk at a
comfortable pace while focusing on a point located on the opposite wall. A successful
walking trial was completed when both feet contacted the floor embedded force platforms,
which were offset to enable bilateral collection during a single trial (Figure 3-2). Three-
dimensional kinematic data were collected at 100Hz using a ten-camera passive motion
capture system (Cortex, version 8.0, Motion Analysis Corporation, California, U.S.A).
Ground reaction force (GRF) data was collected at 1200Hz synchronized with two floor
embedded force platforms (Advances Medical Technologies Inc, Watertown, MA).
Participants were not told of the location of the force platforms during the collection to
minimize potential changes in gait. Immediately after five successful overground trials
were collected, the participants rated their affected knee pain using an 11-point NPRS.
Average self-selected walking speed was calculated for each participant using the speed of
the four pelvis markers in the anterior-posterior direction of the lab (i.e., aligning with the
direction of walking), averaged across five trials. This overground walking protocol was

completed before and after a 30-minute treadmill walk.
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Figure 3-2: A posterior view of the lower extremity portion of the marker set.
Clean bilateral force platform contacts indicate a successful walking trial in
the anterior-posterior lab direction.

3.3.3 Treadmill Walking Protocol

After the overground walking trials, participants completed a bout of physical
activity implemented as a 30-minute continuous treadmill walk (Figure 3-3), with walking
speed set at = 10% of the individualized average walking speed calculated during their
overground trials. The 30-minute walk was completed on a Biodex treadmill (RTM600,
Biodex Medical Systems, Inc., New York, U.S.A). During the walk, participants were
asked not to use the handrail unless they felt uneasy or were going to lose their balance.

An emergency stop clip was attached to the participants which would stop the treadmill if
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they travelled too posteriorly. If participants were not able to complete the continuous 30-
minute walk, they were allowed a short break before beginning the protocol where they
left off. All participants successfully completed the 30-minute walk and only one required
a short 2-minute break. For this participant the 30-minute timer was stopped during their
break and resumed when they began walking again, the participant walked at the same
speed after the break and accumulated a total of 30-minutes of walking. Their data was
checked to ensure consistency with other participants. During the walk, participants were
asked to rate their knee pain using an 11-point NPRS, and their rating of perceived exertion
(RPE) using the Borg scale ranging from 6 “no exertion” to 20 “maximal exertion?!”.
Three-dimensional kinematic data, knee pain and RPE were collected at 10-minute
intervals during the treadmill walk (i.e., once treadmill reached full speed, 10-, 20-, and
30-minutes) for a duration of 20-seconds. After completing the treadmill walking protocol,
participants immediately repeated the overground walking protocol outlined in Section

3.3.2 Overground Walking Protocol.
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Figure 3-3: A sagittal view of the lower extremity portion of the marker set during the treadmill
walking protocol.
3.3.4 Maximum Voluntary Isometric Contractions

Retroreflective markers and marker clusters were removed after participants
completed the walking protocols and maximum voluntary isometric strength was then
collected bilaterally using a Biodex isokinetic dynamometer (Advantage BX Software 5.2,
Shirley, NY, U.S.A) normalized to body mass (Nm/kg). Strength was collected after the
walking protocols to minimize potential fatigue effects during walking and to ensure
participants were warmed up prior to testing maximal effort contractions. Maximum knee
flexion and extension strength were collected with the participant seated and their hips
flexed to 90°, and the knee flexed to 45° with the lever positioned on the anterior portion

of the shank just proximal to the ankle joint?!8. Velcro straps were used to stabilize the
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participant for each strength test (Figure 3-4). The dynamometer axis of rotation was
aligned with the medial-lateral axis of the knee. A gravity correction value was recorded
by weighing the participant’s limb prior to each strength trial to adjust for the effect of
gravity on limb mass. The correction value was either added (extension) or subtracted
(flexion) from the torque values for each trial’'®. A warm-up, practice contraction was
performed to familiarize the participant with the test protocol. Each muscle group
contraction was held for three-seconds and performed twice with a 60-second break
between contractions. Verbal encouragement was given to each participant to maximize

effort and contraction consistency?!°.

Figure 3-4: Illustration depicting a maximum isometric strength trial for knee flexion and
extension.
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3.4 Data Processing

3.4.1 Kinematics

All three-dimensional marker data were filtered with a 6Hz lowpass fourth-order
recursive Butterworth filter?'® in Visual 3D (v2023.04.2, C-motion Inc., Germantown, MD,
U.S.A). Local and technical anatomical bone embedded coordinate systems for the pelvis,
thigh, shank and foot were derived from virtual points, marker clusters and retroreflective
skin markers. The origin of the thigh coordinate system was set at the hip joint center
calculated based on the algorithm provided by Robertson and colleagues'>>. To develop the
thigh coordinate system, a distal-proximal unit vector was created along the axis from the
midpoint between the femoral epicondyles and the thigh origin (k). A unit vector was then
created between the medial and lateral femoral epicondyles (v). The anterior-posterior
vector (j) was created by crossing the k and v unit vectors. lastly, the medial-lateral (i) unit
vector was created by crossing the k and j vectors'>>. The shank and foot coordinate systems
were calculated with the same method using the medial and lateral tibial epicondyle and
malleoli markers for the shank, and medial and lateral malleoli, first, second and fifth
metatarsal markers for the foot!>,

Joint angles were calculated using standards from the International Society of
Biomechanics??° as the distal segment with respect to the proximal segment (i.e., shank
with respect to thigh) using a Cardan/Eular rotational sequence?’! including
flexion/extension, adduction/abduction, and internal rotation/external rotation, which is
standard for the reporting of joint angles??’. Flexion, adduction and internal rotation
represent positive angles. All kinematic data was time normalized to 100% of the gait cycle

(initial contact to ipsilateral initial contact) using a kinetic and kinematic initial contact and
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d?22, Kinetic initial contact was determined when the vertical

pre-swing detection metho
component of the GRF surpassed 20N, pre swing was determined when the vertical
component of the GRF fell below 20N?22, Kinematic initial contact was calculated as the
maximal anterior displacement between the origin of the pelvis markers and heel marker??2,
The kinetic initial contact method was used to determine the first initial contact and toe-off
events, and the kinematic method was used to calculate ipsilateral initial contact due to
lack of force platform inputs. High-to-excellent day-to-day reliability has been found for
sagittal plane knee kinematic outcomes in individuals with moderate knee OA during
overground walking (ICC = 0.74-0.77)?%3, and healthy individuals during treadmill walking

have shown excellent test-retest reliability for sagittal plane knee range of motion (ROM)

outcomes (ICC = 0.90)*'8,

3.4.2 Kinetics

Raw GRF and moment data were filtered using a 30Hz lowpass fourth-order
recursive Butterworth filter?'® in Visual 3D (v2023.04.2, C-motion Inc., Germantown, MD,
U.S.A) and three-dimensional external joint moments were calculated using inverse
dynamics'>>??4, Segment inertial characteristics (segment mass, segment center of mass
and segment moment of inertia), along with kinematic outcomes (position of the center of
mass, linear velocity, linear acceleration, angular velocity and angular acceleration) were
calculated for each segment. Using linear acceleration and mass of the foot, Newton’s
second law was applied to calculate the ankle joint reaction force (Formula 3-1: (F, =

my (af — g) — Fyr£))'>°. Assuming equal and opposite forces, a similar equation estimated

the joint reaction force at the knee (Formula 3-2: (F, = (m; — g) + F;))'>*. To compute
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joint moments, segment inertial contributions to the joint moments were calculated'>>224,
Combining the segment inertial contributions with moment data from the GRF, joint
reaction forces, and anthropometrics of the ankle, joint moments were calculated (Formula
3-3: (14 = r} — Tgrf — [(ra.grf — ra.f) * grf] + (roy * F3)))'>. Last, using Newton’s
third law the knee joint moment was calculated from the ankle moment using the same
method as Formula 3-2. All joint moments were filtered with a 10Hz lowpass fourth-order
recursive Butterworth filter and normalized to body mass (Nm/kg)*'®. All moment
waveforms were time normalized to 100% of stance (initial contact to pre swing). Kinetic
initial contact was determined when the vertical component of the GRF surpassed 20N, pre
swing was determined when the vertical component of the GRF fell below 20N?22, Discrete
metrics extracted from sagittal and frontal plane knee moments have shown moderate-to-
excellent test-retest reliability in individuals with knee OA including peak knee adduction
moment (KAM) (ICC = 0.86-0.91)!81223 peak knee flexion moment (KFM) (ICC =
0.57)?% and knee rotation moment (KRM) (ICC = 0.88)??%. During treadmill walking,
healthy asymptomatic individuals have demonstrated excellent test-retest reliability in

sagittal plane knee moment range (ICC = 0.93)?!8,

3.4.3 Knee Flexion and Extension Strength

A Biodex Isokinetic Dynamometer (Advantage BX Software 5.2, Shirley, NY,
U.S.A) was used to collect knee flexion and extension strength data bilaterally. Muscle
strength was measured as torque, and a 500ms moving average window determined the
maximum torque generated during either of the three-second maximum strength trials and

normalized to body mass (Nm/kg)?!8. Excellent test-retest reliability has been found for
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isometric knee extension and flexion strength in individuals with knee OA and

asymptomatic individuals (ICC = 0.93=0.99)?18-225,

3.5 Data Analysis

This subsection provides an overview of the general data analysis plan for the
thesis. Specific data analyses for each study and the corresponding objectives are outlined
in Chapters 4-6. Data acquired for the affected knee (i.e., the self-reported dominant knee
for asymptomatic individuals and the affected knee in participants with knee OA) and the
contralateral knee were used in the analyses. For Objective 1, a subset of individuals with
self-reported knee OA were matched for sex, age (+ 4 years), and BMI (+ 3 kg/m?) with

individuals with clinically diagnosed knee OA. Upper and lower limits of total joint

moment (TJM = VKFM? + KAM?2 + KRM? ) asymmetry were calculated using gait data
from asymptomatic individuals to determine the distribution of participants with symmetric
versus asymmetric joint loading in each knee OA group. Objectives 2 and 3 pooled all
participants with knee OA into a single group (participants with self-reported plus
clinically diagnosed knee OA) and dichotomized into symmetric and asymmetric groups
based on the limits of TJIM asymmetry calculated from the asymptomatic individuals in
Objective 1.

For Objectives 1-1, 1-ii, 1-1ii, 2-1, and 2-ii, baseline patient-reported outcomes and
the initial overground walking trials (i.e., prior to a treadmill walking protocol) were used
for cross-sectional analyses. For Objectives 3-i, 3-ii and 3-iii, observational pre-post
analyses examined the effects of a bout of physical activity (i.e., 30-minute walking

protocol) on knee biomechanical outcomes and knee pain, using the overground walking
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trials before and after the 30-minute walk. For Objectives 1-3, the primary biomechanical
outcomes of interest included the sagittal plane kinematic (flexion-extension angle), frontal
plane kinetic (KAM), and sagittal plane kinetic (KFM) waveforms analyzed with statistical
parametric mapping??¢. Other primary outcomes focused on discrete metrics including the
peak TIM (extracted from 0-40% stance), knee flexion range from initial contact to peak
stance flexion angle calculated as the difference in maximum flexion during the first 30%
of stance and flexion at initial contact (Figure 3-5), first peak external KAM to midstance
unloading range, calculated as the excursion between maximum first peak KAM (extracted
from 0-50% of stance) and minimum midstance KAM (extracted from 40%-80% of stance)
(Figure 3-6), and sagittal plane knee moment range, calculated as the excursion between
maximum KFM (extracted from 0-50% stance), and minimum knee extension moment
(KEM) (extracted from 50-100% stance) (Figure 3-7). Peak KRM was extracted and only
used for the calculation of the TIM!°. Outcomes used for descriptive and group assignment
purposes included the TIM'®, absolute TIM symmetry indices ((X4 — X¢)/(0.5(X,4 +
X)) * 100))*°!, in which Xa represents the first peak TIM in the affected knee and Xc
represents first peak TJM in the contralateral knee. A symmetry value of zero represents
perfect symmetry between knees. Upper and lower limits of the absolute TIM symmetry

index were also calculated (SIy; = 0 % tyr(.05) * SD)*', where tago.os) represents the

critical t-value based on the degrees of freedom and an alpha level of 0.05.
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Figure 3-5: Ensemble averaged sagittal plane knee motion waveform illustrating the knee flexion
range from initial contact to peak stance flexion angle.
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Figure 3-6: Ensemble averaged external knee adduction moment waveform illustrating the first
peak knee adduction moment to midstance unloading.
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Figure 3-7: Ensemble averaged external sagittal plane knee moment waveform illustrating the
sagittal plane knee moment range from peak knee flexion in early stance to peak knee extension in
late stance.

3.6 Sample Size

To our knowledge, no study has previously assessed for differences in knee
biomechanics between individuals with self-reported and clinically diagnosed knee OA,
or individuals with knee OA dichotomized with having symmetrical or asymmetrical
knee loading. Therefore, for Objectives 1 and 2 a sample size was calculated using
previously reported differences in the KAM between moderate and severe knee OA
(mean difference (pooled standard deviation) = 0.15 (0.17) Nm/kg)*?’. A sample size
calculation based on independent samples t-test was used to determine the number of
observations required to test the null hypothesis of no difference for the external peak

KAM between individuals with self-reported and clinically diagnosed knee OA. Using an

63



alpha level of 0.05, a sample of 16 participants per group was required to maintain at
least 80% power.

To our knowledge, no study has previously assessed the biomechanical response
between the affected and contralateral knees in individuals with knee OA dichotomized
with having symmetrical or asymmetrical knee loading before and after 30-minutes of
walking. Therefore, for Objective 3 a sample size based on a 2x2 repeated measures
analysis of variance to determine the number of observations required to test the null
hypothesis of no difference for the external peak KAM between the affected and
contralateral knees before and after 30-minutes of walking was calculated in G*power??%,
To achieve a moderate effect size with a critical F-statistic of 2.80 and an alpha level of

0.05, a sample of 18 participants per group was required to maintain at least 80% power.
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CHAPTER 4: Comparing Participant Recruitment Methods in
Knee Osteoarthritis: Implications for Community Recruitment and
its Effects on Clinical and Biomechanical Outcomes

4.1 Introduction

Osteoarthritis (OA) is one of the most prevalent musculoskeletal diseases in the
world, affecting approximately 23% of individuals aged over 40-years globally?*. Knee
OA, is a multifactorial disease with multiple variables contributing to its development,
including muscle strength, joint injury, obesity, age, genetics, and sex’. Despite the known
multifactorial nature of knee OA, and the wide range of individuals affected, only 5% of
Canadian health studies used nationally representative data to study health outcomes!®,
leaving a large gap in our ability to generalize findings to the greater population. A major
limitation to properly representative data in Canadian health research is access to
specialized healthcare'!. Community based recruitment strategies are a proposed way to
circumvent the need for access to specialized healthcare to participate in health research!!.
These community-based recruitment strategies are developing a consistent presence among
knee OA research!'>~17:230; however, it is not known whether individuals recruited through
community based self-reported methodologies present with similar patient-reported
outcomes or biomechanical adaptations during walking compared to individuals clinically
diagnosed.

This recruitment shift underscores the illness component of knee OA, focusing
more on the patient response to the disease or any experiences felt by the patient because
of the disease’”>. Two widely recognized tools to assess the illness component of knee

OA are the Knee Injury and Osteoarthritis Outcome Score (KOOS), and Intermittent and
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Constant Knee Osteoarthritis Pain (ICOAP) score. The KOOS captures individual
perceptions about the knee and associated problems, evaluating both short and long-term
perceptions!®. In contrast, the ICOAP captures the frequency of pain, its intensity, and
whether the pain happens without warning, or in response to a trigger'*®. However, there
is a known discordance between symptoms and radiographic knee OA severity’>?!, and
simply evaluating patient experience may not allow for a full understanding of the potential
structural changes these individuals may have. Several gait characteristics have been
closely linked to knee OA progression®*37-*° and may act as a proxy for potential structural
adaptations.

Gait has been used extensively as a model to understand joint function, measuring
kinematics (joint angles) and kinetics (joint moments). There have been several
biomechanical features linked closely to the progression of knee OA33-3639-232.233 'primarily
focusing on frontal plane mechanics. Most individuals with knee OA walk with an
increased peak knee adduction moment (KAM) combined with a reduction in mid-stance
unloading, thus shifting from a traditional bimodal ambulatory pattern in the frontal plane
to a more unimodal waveform?33343637.185 Fyrther, evidence suggests that individuals with
knee OA walk with a reduced peak knee flexion moment (KFM), reduced overall sagittal
plane knee moment range3®!'1%1%° and reduced early stance sagittal plane knee range of
motion (ROM)?3:404L156-158 * \which have also previously been linked to knee OA
progression3?3%233_ There is a high incidence rate of bilateral knee OA for individuals with

unilateral disease?

34 and work has begun to examine contralateral knee biomechanics in
individuals with unilateral knee OA to better understand a potential pathway toward

bilateral knee OA development?®*>. Individuals with unilateral knee OA were found to walk
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with elevated KAM in their contralateral limb compared to asymptomatic individuals,
underscoring the importance of examining gait biomechanics bilaterally?*3. Comparing gait
biomechanics between individuals with self-reported knee OA and individuals with
clinically diagnosed knee OA may provide insight into whether these individuals walk with
biomechanical characteristics consistent with the disease.

As the understanding of knee OA progresses, in the absence of injury, there is often
uncertainty about why one limb contracts the disease while the other does not. Previous
research has shown that individuals with unilateral knee OA walk with elevated KAM

values in their contralateral knee??’

, potentially indicating risk of OA development.
Symmetry analysis may give unique insights into the pathogenesis of unilateral disease and
highlight risk factors for bilateral knee OA development. However, current evidence is
lacking on what bounds a symmetrical gait, and the prevalence of gait asymmetry in knee
OA is poorly understood. Therefore, the specific objectives of this study were to: determine
whether patient-reported outcomes reflecting pain, function and quality of life differ
between individuals with self-reported and clinically diagnosed knee OA; evaluate
differences in sagittal and frontal plane biomechanics between individuals with self-
reported versus clinically diagnosed knee OA; and explore the prevalence and magnitude

of inter-limb asymmetry within individuals with self-reported and clinically diagnosed

knee OA.

67



4.2 Methodology

4.2.1 Participant Recruitment

Participants with knee OA were recruited using two different techniques.
Individuals with self-reported knee OA were recruited from the community based on the
inclusion criteria: >40 years of age, activity-related knee pain on most days in the past
month, pain experienced for at least the past three months, pain ranging between 40-to-90
on a 100-point numeric rating scale (0 “no pain”, 100 “worst pain imaginable”), and
morning stiffness lasting <30-minutes!>!3!5-17, Individuals with clinically diagnosed
moderate knee OA were diagnosed by an orthopaedic surgeon based on the clinical signs
and symptoms consistent with the American College of Rheumatology Guidelines'®,
Inclusion criteria included: age >40 years and moderate knee OA, defined as a Kellgren-
Lawrence Grade of 2 and 376. The exclusion criteria applied to both groups were age <40,
bilateral symptoms, bilateral activity related pain, inflammatory arthritis in either limb,
previous lower limb surgery, lower limb injury within the past year, or any cardiovascular,
muscular, or neurological conditions that would affect their ability to walk or ambulate
stairs. Asymptomatic individuals were recruited from the community using convenience
sampling and the following criteria: (i) age >40 years, (ii) no history of lower limb
pathology, or symptoms within the past year, (ii1) no lower limb injury within the past year,
(iv) absence of neurological or cardiovascular conditions that would affect their walking
ability, (v) able to walk independently without gait aids, (vi) and no lower limb surgery
within the past 12-months. Ethics approval was obtained from the local institutional ethics

review board and participants provided informed consent prior to testing.
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4.2.2 Data Collection

Participants completed the KOOS'® and ICOAP!4¢ questionnaires, and baseline
knee pain using an 11-point numeric pain rating scale (NPRS) (0 “no pain at all”, 10 “worst
pain imaginable”) prior to testing. Knee pain using the NPRS was assessed in the
asymptomatic individuals’ self-reported dominant knee. Aligning with the explicit
inclusion and exclusion study criteria (i.e., participants could not report experiences of any
discomfort or activity related knee pain (NPRS=0) in their contralateral knee), NPRS was
only assessed in the affected knee of individuals with knee OA. Participants were then
asked to change into form-fitting shorts and a t-shirt and wear their regular walking/running
shoes. Anthropometrics were collected for height and weight, and circumference measures
at the hip, waist, and bilateral thigh and shank. Rigid plastic plates containing clusters of
four retroreflective markers were placed over the pelvis, and bilaterally over the lateral
femurs, lateral shanks and feet, and secured using Velcro straps. Individual retroreflective
markers were placed over the seventh cervical vertebrae and bilaterally over the acromion,
lateral epicondyles, ulnar styloid processes, greater trochanters, iliac crests, anterior
superior iliac spine, medial and lateral tibial and femoral epicondyles, lateral and medial
malleoli, first, second and fifth metatarsal heads and posterior heels (Figure 3-1). Prior to
the walking protocol, markers located at the medial femoral and tibial epicondyles, medial
malleoli, the first and fifth metatarsal heads, lateral tibial epicondyles, anterior superior
iliac spine, iliac crests and greater trochanters were removed.

Participants completed a minimum of five walking trials along a six-meter walkway
at a comfortable, self-selected walking speed. Bilateral three-dimensional kinematic and

ground reaction force data were captured using a 10-camera passive motion capture system

69



(Cortex, version 8.0, Motion Analysis Corporation, California, U.S.A) (100Hz) and
synchronized with floor embedded force platforms (Advances Medical Technologies Inc,
Watertown, MA) (1200Hz). Following the walking trials, affected knee pain was collected
using an 11-point NPRS. The remaining retroreflective markers were then removed.
Participants underwent voluntary isometric strength testing for knee flexion and
extension using a Biodex isokinetic dynamometer (Advantage BX Software 5.2, Shirley,
NY, U.S.A.). During the assessment, participants were seated with their hip flexed to 90°
and the knee flexed to 452!, Velcro straps stabilized the participant’s leg for each strength
test. A warm-up, practice contraction was performed to familiarize the participant with the
test protocol. Contractions were completed twice for three-seconds, with a 60-second break
between contractions. Verbal encouragement was given to each participant to maximize

effort and contraction consistency?!°.

4.2.3 Data Processing and Analysis

Total KOOS and ICOAP scores along with their subscales were normalized to a 0-
100-point scale (0 = “worse symptoms”, 100 = “better symptoms”). All three-dimensional
marker data were filtered with a 6Hz lowpass fourth-order recursive Butterworth filter?!'®
in Visual 3D (v2023.04.2, C-motion Inc., Germantown, MD, U.S.A). Bilateral knee angles
were calculated using an XYZ (sagittal, frontal, transverse) rotation sequence, described as
the distal segment moving about a fixed proximal segment??! in Visual 3D (v2023.04.2, C-
motion Inc., Germantown, MD, USA) (flexion, adduction and internal rotation represent

positive angles). Kinematic data for the sagittal, frontal, and transverse planes were

collected; however, only the sagittal plane was analyzed. Kinematic data was time
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normalized to 100% of the gait cycle (initial contact to ipsilateral initial contact) using a
kinetic-kinematic initial contact and pre swing detection method??2. Initial contact was used
to detect the start and end of each cycle and identified using a 20N threshold for the vertical
component of the ground reaction force, with ipsilateral initial contact calculated as the
maximal anterior displacement between the origin of the pelvis markers and heel marker??2,
Pre-swing was identified when the vertical component of the GRF fell below the 20N
threshold?*2. Ground reaction force data was initially filtered with a 30Hz, lowpass, fourth-
order, Butterworth recursive filter?'®. Net external joint moments were calculated using an
inverse dynamics model'> in Visual 3D (v2023.04.2, C-motion Inc., Germantown, MD,
USA). External knee moments, including the knee adduction moment (KAM), knee
flexion moment (KFM), and knee rotation moment (KRM) were filtered with a 10Hz,
lowpass, fourth-order, Butterworth recursive filter, normalized to body mass (Nm/kg), and
time normalized to stance (initial contact to pre-swing)?'8. The total joint moment (TJM)!

was calculated bilaterally for each participant using the formula: TJ/M =

VKFM? + KAM? + KRM? . Absolute TIM symmetry indices were calculated using the
formula: ((X, — X:)/(0.5(X, + X)) * 100))*°!, in which Xa represents the first peak
TIM in the affected knee and Xc represents first peak TJM in the contralateral knee, for
asymptomatic individuals limbs were randomly assigned to either affected or contralateral
in the equation. A symmetry value of zero represents perfect symmetry between knees, and
higher values represent greater differences between knees. Upper and lower limits of the
absolute TJM symmetry index were calculated in asymptomatic individuals only using the

formula: SIy; = 0 % tyr(0.05) * SD*'. The upper and lower limits of absolute TJIM

symmetry calculated for the asymptomatic individuals was used as a cut-off value to
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determine knee loading asymmetry in both knee OA groups. Maximum flexion and
extension strength were calculated using a 500ms moving average window to determine
the maximum torque generated during either of the three-second maximum strength trials

and normalized to body mass (Nm/kg)?'®,

4.2 .4 Statistical Analysis

Independent t-tests were performed only between individuals with self-reported
and clinically diagnosed knee OA to detect group differences in demographics, patient-
reported outcomes, maximum knee flexion and extension strength, TJIM asymmetry indices
and the relative contribution of the first peak KAM, KFM and KRM to the TIM. All mean
difference and 95% bootstrapped confidence intervals were calculated as self-reported
minus clinically diagnosed, where a positive value indicates that self-reported is greater
than clinically diagnosed, and a negative value indicates that clinically diagnosed is greater
than self-reported. Chi-square analysis was used to assess differences in prevalence of
males and females and asymmetry between groups. Parametric descriptive statistics
included mean and standard deviation for each group. Statistical parametric mapping
independent t-tests (SPM {t})?*¢ were used to analyse the time normalized mean sagittal
plane knee angles, KAM and KFM waveforms in Matlab (Mathworks Inc., Massachusetts,
USA, version 2022a). Random field theory calculated the critical T-statistic, and the null
hypothesis was rejected if the computed t-value for the waveforms exceeded this value??®.
Only differences identified by SPM in joint moments between 10-90% of stance were
interpreted to align with most common kinetic metrics reported for individuals with knee

OA3337:4042,51.63 ° A] five walking trials were used in the final SPM {t} analyses to include
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the stride-to-stride variability for each group (80 gait cycles per group = 160 total cycles).
Due to the inability of SPM to evaluate ranges, between group differences in the TJM, knee
flexion angle range from initial contact to peak stance flexion (ICPF), the first peak knee
adduction moment to midstance unloading range (KAMR), and the sagittal plane knee
moment range (SPROM) were analyzed and interpreted using mean differences and 95%
bootstrapped confidence intervals in SPSS (Version 28.0, IBM Corp., Armonk, NY, USA).
The calculation of these outcomes is described in Section 3.3 of this thesis. All between
group biomechanical analyses were completed for the affected and contralateral knees
separately between groups. All statistical analyses were interpreted using an alpha level of
0.05 to determine statistical significance. Normality and equal variance were assessed

using the Kolmogorov-Smirnov and Levene’s tests.

4.3 Results

Twenty-one asymptomatic individuals and 32 individuals with self-reported (n=16)
and clinically diagnosed (n=16) knee OA were recruited. Participant demographic
characteristics, and muscle strength are presented in Table 4-1. Knee OA groups were
statistically similar in age, distribution of males and females, BMI, and gait speed
(p=0.542-0.991); however, individuals with self-reported knee OA had significantly less
knee flexion strength compared to individuals with clinically diagnosed knee OA

(p=0.048).
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Table 4-1: Participant demographics and clinical characteristics for individuals with self-
reported or clinically diagnosed knee OA and asymptomatic individuals (n=53)

Self-

Clinically

Reported Diagnosed As}iﬁl(ﬁaglj;z
Knee OA Knee OA
n 16 16 21
Age 62+9 64+6 61+10
Sex. no. of females (%) 7 (44) 7 (44) 8 (38)
BMI, kg/m? 28.7+6.2 28.7+3.7 279+3.7
Gait Speed, m/s 1.24 £0.16 1.29+£0.19 1.37+0.12
KLG2 - 11 -
KLG3 - 5 -
Affected knee NPRS before walk 2.16 +1.96 1.00 = 1.59 -
Affected knee NPRS after walk 1.69 £ 1.81 0.61 £1.40 -
Affected knee strength (Nm/kg)
Flexion 0.63 +0.21 0.91 +0.34 0.82+0.17
Extension 1.21+0.28 1.28 £0.32 1.61 £0.34
Contralateral knee strength (Nm/kg)
Flexion 0.72+0.21 0.88+0.26 0.78+0.19
Extension 1.36 £0.35 1.37+£0.38 1.58 £0.35
Asymmetric, no. (%) 7 (44) 8 (50) 14 (66)
TJM asymmetry (%) 32.4 (36.7) 40.8 (35.1) 10.2 (6.30)

Note: Values are listed as mean and standard deviation unless otherwise indicated. KLG =
Kellgren Lawrence Grade. NPRS = numeric pain rating scale. Bolded values indicate between-
group differences (p<0.05).

4.3.1 Patient-Reported Outcomes

No significant differences were noted for either KOOS-Total (mean difference:
4.72,95% CI [-3.84,12.7], p=0.284), KOOS-Symptoms (mean difference: 2.42, 95% CI [-
6.19,10.9], p=0.577), KOOS-Pain (mean difference: 3.84, 95% CI [-6.42,15.0], p=0.515),
KOOS-ADL (mean difference: -5.49, 95% CI [-15.1,4.09], p=0.264), KOOS-Sport (mean
difference: 3.28, 95% CI [-12.5,17.5], p=0.6.88), KOOS-QoL (mean difference: 2.29, 95%
CI [-7.81,12.7], p=0.482), ICOAP-Total (mean difference: 0.11, 95% CI [-11.9,11.4],
p=0.980), ICOAP-Constant (mean difference: 2.23, 95% CI [-12.2,15.4], p=0.729) or
ICOAP-Intermittent (mean difference: -3.31, 95% CI [-16.1,9.44], p=0.617) between knee

OA groups (Figure 4-1 & Figure 4-2).
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Figure 4-1: Means and standard deviations for total and subscale scores of the Knee Injury and
Osteoarthritis Outcome Score for individuals with self-reported and clinically diagnosed knee OA.
ADL = activities of daily living. QoL = quality of life. Asterisks (*) indicate significant between
group differences (p<0.05).
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Figure 4-2: Means and standard deviations for total and subscale scores of the Intermittent and
Constant Knee Osteoarthritis Pain Score for individuals with self-reported and clinically diagnosed
knee OA. Asterisks (*) indicate significant between group differences (p<0.05).
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4.3.2 Between Group Biomechanical Outcomes

The relative contributions of KAM, KFM and KRM to the TJM in the affected knee
are presented in Figure 4-3 and Figure 4-4, and were not significantly different between
knee OA groups (p=0.136-0.909). Sagittal plane knee angles were significantly different
between groups (p<0.001). Individuals with self-reported knee OA had less knee flexion
through loading response to mid-stance, and during swing, compared to individuals with
clinically diagnosed knee OA (Figure 4-5). First peak KAM (p=0.015), KFM (p<0.001),
and KAMR (Table 4-2) were also significantly less in individuals with self-reported knee

OA. No significant differences in ICPF or SPROM were noted between groups (Table 4-2).
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Figure 4-3: The relative external knee moment contributions to the total joint moment in the
affected knee of individuals with self-reported or clinically diagnosed knee OA and asymptomatic
individuals. KAM = first peak knee adduction moment. KFM = peak knee flexion moment. KRM
= peak knee rotation moment.
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Figure 4-4: Ensemble averaged waveforms for the total joint moment and relative external knee
moment contributions for the affected knee in individuals with self-reported knee OA (left),
clinically diagnosed knee OA (middle) and asymptomatic (right) participants.
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Figure 4-5: Affected knee ensemble average waveforms for sagittal plane knee angles (A), knee
adduction (B) and knee flexion moments (C) in individuals with self-reported (black line) and
clinically diagnosed (blue line) knee OA. Independent samples t-test statistical parametric maps
indicate between group differences as a percentage of the gait cycle (D) or a percentage of the
stance phase (E,F). Shaded areas in each statistical parametric map (D-F) represent regions of
significant difference.

The relative contributions of KAM, KFM and KRM to the TIM in the contralateral
knee are presented in Figure 4-6 and Figure 4-7, and were not significantly different
between groups (p=0.259-0.914). Sagittal plane knee angles were significantly different
between groups (p<0.001). Individuals with self-reported knee OA had less knee flexion
through loading response to mid-stance, and during swing, compared to individuals with
clinically diagnosed knee OA (Figure 4-8). First peak KAM (p<0.001) and KAMR (Table
4-2) were also significantly less in individuals with self-reported knee OA (Figure 4-8). No
significant differences were noted for TIM, ICPF, SPROM, or KFM waveforms between

groups (Table 4-2).
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Figure 4-6: The relative external knee moment contributions to the total joint moment in the
contralateral knee of individuals with self-reported or clinically diagnosed knee OA and
asymptomatic individuals. KAM = first peak knee adduction moment. KFM = peak knee flexion
moment. KRM = peak knee rotation moment.
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Figure 4-7: Ensemble averaged waveforms for the total joint moment and relative external knee
moment contributions for the contralateral knee in individuals with self-reported knee OA (left)
clinically diagnosed knee OA (middle) and asymptomatic (right) participants.
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Figure 4-8: Contralateral knee ensemble average waveforms for sagittal plane knee angles (A),
knee adduction (B) and knee flexion moments (C) in individuals with self-reported (black line) and
clinically diagnosed (blue line) knee OA. Independent samples t-test statistical parametric maps
indicate between group differences as a percentage of the gait cycle (D) or a percentage of the
stance phase (E,F). Shaded areas in each statistical parametric map (D-F) represent regions of

significant difference.
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Table 4-2: Between group differences for biomechanical outcomes in individuals with self-
reported or clinically diagnosed knee OA.

Self- Clinically Mean
Reported diagnosed Difference
(n=16) (n=16) [95% CI]
Affected Knee

TIM (Nm/kg) 0.62 (0.23) 0.73(0.29)  -0.11[-0.29: 0.06]
ICPF (°) 14.0 (5.00) 16.0 (4.00)  -2.00[-5.43: 0.90]
KAMR (Nm/kg) 0.18 (0.08) 0.27(0.13) -0.09 [-0.17: -0.01]
SPROM (Nm/kg) 0.61 (0.25) 0.74 (0.33)  -0.12[-0.81: 0.32]

Contralateral Knee
TIM (Nm/kg) 0.65 (0.25) 0.78 (0.30)  -0.13[-0.34: 0.05]
ICPF (°) 15.0 (5.00) 19.0 (5.00)  -4.00 [-7.18: 0.28]
KAMR (Nm/kg) 0.16 (0.08) 0.29 (0.08) -0.12 [-0.18: -0.06]
SPROM (Nm/kg) 0.64 (0.21) 0.82 (0.35)  -0.19[-0.43:0.04]

Note: CI = confidence interval. TIM = first peak total joint moment. ICPF = initial contact to
peak knee flexion range. KAMR = first peak knee adduction moment to midstance unloading
range. SPROM = sagittal plane knee moment range. Mean differences are presented as self-
reported minus clinically diagnosed, where a positive value indicates that self-reported is greater
than clinically diagnosed, and a negative value indicates that clinically diagnosed is greater than
self-reported. Bolded values indicate between-group differences for which the 95% CI does not
CTOSS ZEero.

4.3.3 Total Joint Moment Asymmetry

Absolute TIM symmetry was found to be 10.0% + 6.8% for asymptomatic
individuals. For a two-tailed distribution with an alpha level of 0.05, the critical t-value
used to calculate the upper and lower limits of absolute TIM symmetry was 2.08. This
critical t-value generates an expected limit of asymmetry of 14% within an asymptomatic
population. Fifteen individuals with knee OA (n=7 self-reported knee OA and n=8
clinically diagnosed knee OA) were determined to have asymmetric knee loading (>14%)
(Table 4-1). Absolute TIM symmetry was not found to be statistically different between
individuals with self-reported knee OA and clinically diagnosed knee OA (mean
difference: -8.40, 95% CI [-33.6,19.3], p=0.565). Further, the prevalence of TIM
asymmetry (i.e., n=7 versus n=8) was not found to be significantly different between

groups (p=0.852).
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4.4 Discussion

This study describes patient-reported and biomechanical differences between
individuals with self-reported and clinically diagnosed knee OA. Both groups displayed
similar KOOS subscale scores to previously reported values for individuals with mild-to-
moderate knee OA*’; however, both groups reported better ICOAP scores compared to
previous values for individuals with knee OA'S!. The lack of differences between KOOS
and ICOAP subscales suggests that perceptions of disease effects on pain, function and
QoL are similar between groups. However, individuals with self-reported and clinically
diagnosed knee OA demonstrated significant differences in both affected and contralateral
knee biomechanics. The current study presents novel information regarding patient-
reported outcomes and gait biomechanics associated with contrasting diagnostic and
recruitment methodologies.

Biomechanical differences between groups do suggest that individuals with self-
reported knee OA may be more functionally severe compared to individuals with clinically
diagnosed knee OA. The reductions in peak KAM, KAMR, sagittal plane knee angles, and
KFM in the affected knees of individuals with self-reported versus clinically diagnosed
knee OA show a trend consistent with severe versus moderate medial compartment knee
OA*2, Individuals with clinically diagnosed knee OA walked with increased affected knee
peak KAM, which has been linked to radiographic knee OA progression in a recent meta-
analysis®}; however, they also walked with a greater KAMR indicating a more dynamic
loading pattern. Previous research has suggested that increased peak KAM values
accompanied with a more dynamic KAM, actually reduced the KAM impulse compared to

a lower peak KAM and less dynamic KAM pattern?3®, possibly indicating lower knee load
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magnitudes throughout stance?’

. These findings suggest that employing a self-reported
knee OA recruitment protocol, may lead to a sample of individuals displaying more severe
affected knee biomechanics compared to individuals clinically diagnosed.

The contralateral knee in individuals with self-reported knee OA showed
significantly less knee flexion angles at initial contact through loading response, first peak
KAM, and KAMR compared to the contralateral knee in individuals with clinically
diagnosed knee OA. Similar to the affected knee, although the contralateral knee in
individuals with self-reported knee OA had a lower peak KAM, the reductions in KAMR
indicate that overall loading per stride may be similar compared to individuals with
clinically diagnosed knee OA?*". There is potential that individuals with self-reported knee
OA may walk with reduced SPROM in their contralateral knee, for example, mean
differences and 95% Cls suggest less SPROM in individuals with self-reported knee OA;
however, higher variability in individuals with clinically diagnosed knee OA may explain
why no significant difference was found. Consistent with observations for the affected
knee, individuals with self-reported knee OA walked with less dynamic frontal plane
loading in their contralateral knee, a metric typically indicating more severe knee OA*2.

No differences were noted in the TJM between groups for either knee although the
contributions of the KAM, KFM and KRM offer potential insight into the level of disease
severity between groups. A natural progression study following individuals with mild-to-
moderate knee OA over five-years has shown that, at baseline, percent contributions to the
TIM for the KAM, KFM and KRM were 45%, 54% and 1% respectfully. At the five-year

timepoint disease severity had worsened to moderate-to-severe knee OA and TIM

contributions transitioned to 71%, 27% and 1%'°. These findings propose that as knee OA
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progresses, the frontal plane commands a larger portion of the TIM'®’. The TIM
contributions in the affected knee of individuals with self-reported knee OA show a greater
KAM contribution, potentially signifying worse disease severity compared to individuals
with clinically diagnosed knee OA.

The incidence of TJM asymmetry was comparable across self-reported and
clinically diagnosed groups, despite differences in biomechanical attributes. These findings
indicate that approximately half of individuals with knee OA walk with asymmetrical knee
loading, irrespective of self-reported versus clinically diagnosed categorization. Notably,
the magnitudes of TJM asymmetry observed in this study among individuals with knee OA
were marginally greater compared to previously reported figures for both unilateral and
bilateral knee OA cohorts®®. Previous research by Messier et al. (2016)%* reported
asymmetry magnitudes for peak KAM ranging from 34% to 37%, and for peak KFM
ranging from 24% to 26% among individuals with unilateral and bilateral knee OA,
respectively®. The TIM calculation amalgamates KAM, KFM, and KRM into a singular
metric, encapsulating the collective asymmetry across these three-gait outcomes. This
integration potentially explains why TJM asymmetry surpassed previously recorded values
for KAM and KFM. Additional work is needed to better understand the best metric to
define asymmetry in individuals with knee OA.

This work is the first study to our knowledge that quantifies clinical and
biomechanical differences between individuals with self-reported and clinically diagnosed
knee OA. However, the current study does have methodological limitations that should be
acknowledged. Radiographic and symptomatic outcomes for the contralateral knee in

individuals with clinically diagnosed knee OA are advised for future investigations that
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employ knee biomechanics to establish the threshold for symmetry versus asymmetry.
Education is a core treatment component recommended by many international OA
management guidelines'*?!, and while individuals clinically diagnosed with knee OA
would have the opportunity for education from their healthcare provider, community
recruitment doesn’t guarantee this opportunity. It would be recommended to include the
Osteoarthritis Knowledge Scale (OAKS)?® as a patient-reported outcome when engaging
in recruitment, to better assess participant knowledge surround knee OA. A copy of the
OAKS is provided in Appendix C. There are known differences in the rates of OA between
males and females, and biological sex is known to influence walking mechanics for
individuals with knee OA?3%-242; however, due to sample size constraints we were unable

to assess sex differences in the current study.

4.5 Conclusion

Individuals with self-reported knee OA exhibited walking patterns with
biomechanical characteristics indicative of more severe knee OA in both the affected and
contralateral knees, compared to individuals with clinically diagnosed knee OA. Reduced
sagittal plane knee flexion angles during gait, KAMR and SPROM have previously been
linked to more severe knee OA*>!13, Interestingly, these biomechanical characteristics
were not accompanied by differences in patient-reported outcomes, or prevalence and
magnitude of knee loading asymmetry. Although neither recruitment strategy is superior,
these data support that employing a self-report recruitment criterion may yield individuals
who walk with gait patterns more closely resembling severe knee OA#2. The results

indicate that approximately 50% of individuals with knee OA walk with symmetrical
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versus asymmetrical knee loading, and future research should examine these individuals
separately to gain a better understanding surrounding what may be driving these

asymmetries.
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CHAPTER 5: The Association of Inter-Limb Asymmetry with
Patient-Reported Outcomes and Gait Biomechanics in Individuals
with Knee Osteoarthritis

5.1 Introduction

Osteoarthritis (OA) affects more then 10% of Canadians, with estimates that 25%
of individuals (>10M) will be affected over the next decade*. With no cure for OA, current
management practices often focus on pharmacological pain relief on an unsustainable
pathway to end-stage treatment using joint replacement surgery!. Recent evidence has
suggested that up to 25% of individuals who undergo knee replacement surgery are
diagnosed with knee OA in their contralateral limb within five years*, which increases to
62% after nine years*®. Authors have proposed that pain in the affected knee during walking
may contribute to the onset of inter-limb asymmetries that overload the contralateral limb
and possibly accelerate bilateral knee OA progression?®:1%. The results of Chapter 4 of this
thesis suggested that approximately 50% of individuals with knee OA walk with inter-limb
asymmetries; however, what might be driving these asymmetries isn’t currently
understood.

Knee OA is well associated with poor patient-reported outcomes*>!4! with further
declines in pain, function and quality of life when bilateral disease is present?*3-244, Despite
this knowledge, an existing evidence gap inhibits the clinical interpretation of gait
asymmetry and its association with patient-reported outcomes in individuals with knee OA.
Previous work has suggested a possible link between spatiotemporal asymmetries and an
increased odds of contralateral total knee replacement (TKA)! such that every lcm

increase in step-length asymmetry (i.e., shorter step length on the contralateral limb)
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increased the odds of contralateral TKA two-fold'?’. Further, research in anterior cruciate
ligament injuries have demonstrated that individuals who walked with a lower peak vertical
ground reaction force (VGRF) symmetry index (i.e., a lower peak vGRF in their injured
versus uninjured limb) reported worse patient-reported outcomes (e.g, Knee Injury and
Osteoarthritis Outcome Score (KOOS) pain, activities of daily living, sport and recreation
and quality of life) 12-months post-surgery?®. Conversely, individuals who walked with a
higher peak VGRF symmetry index (i.e., a higher peak vGRF in their injured versus
uninjured limb) increased the odds of reporting acceptable patient-reported outcomes 12-
months post-surgery (defined as >85/100 on the KOOS subdomains)?* 13-fold. Although
these collective findings are limited, both in magnitude of evidence and the asymmetry
outcomes assessed, they propose a potential link between inter-limb asymmetry during
walking and patient-reported outcomes while underscoring that further research is needed
to elucidate the implications of inter-limb asymmetry for individuals with knee OA.
Walking and physical activity are highlighted management strategies across
clinical practice guidelines for individuals with knee OA2!>%%%; however, increased pain
during walking has been associated with asymmetrical lower limb movement patterns as a
strategy to reduce joint symptoms>*®1:62, Research has begun to examine inter-limb
asymmetries during walking in individuals with knee OA3%3163 orouping individuals on
the presence of either unilateral or bilateral symptoms (knee pain >3/10 on a visual analog
scale) and radiographic evidence (Kellgren-Lawrence Grade >2)3%-°163, However, previous
research examining whether individuals with unilateral or bilateral disease walk with inter-
limb asymmetries have produced conflicting results®*3!:93, with mixed reports as to whether

higher prevalence of asymmetry exits in individuals with bilateral symptomatic knee OA>°
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or unilateral symptomatic knee OA3!. In contrast, Messier et al., (2016)% found that both
individuals with unilateral and bilateral knee OA walked with similar magnitudes of inter-
limb asymmetry. Several methodological inconsistencies between studies could potentially
explain the discrepancy in findings, including walking at a fixed speed® versus self-
selected®-%3, defining symmetry as a difference between affected and contralateral
knees’*! versus using a symmetry index®, and assessing only kinematic®® versus
kinematic and kinetic outcomes>!-%3.

Symmetrical walking patterns are a conjectured representation of a physiologically
healthy and pain free gait**; however, minimal-to-no supporting evidence exists in
individuals with knee OA3%’163. Despite the even distribution of individuals with
symmetrical versus asymmetrical knee loading noted in Chapter 4, there is currently a poor
understanding surrounding what may be driving these inter-limb asymmetries. Further, the
clinical implications of symmetrical versus asymmetrical gait patterns within a knee OA
population require further investigation to better interpret findings. Therefore, the specific
objectives of this study were to: determine whether patient-reported outcomes reflecting
pain, function and quality of life, differ between individuals with knee OA who were
dichotomized as having either symmetrical or asymmetrical knee loading; and examine
sagittal and frontal plane biomechanical differences in the affected and contralateral knees

between individuals with knee OA who were dichotomized as having either symmetrical

or asymmetrical knee loading.
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5.2 Methodology

5.2.1 Participant Recruitment

Individuals with knee OA were recruited to participate from the community and
through an orthopaedic clinic. Individuals from the community were recruited based on the
inclusion criteria: 1) >40 years of age, 2) activity related knee pain on most days in the past
month, 3) knee pain experienced for at least the past three months, 4) affected knee pain
ranging between 40 to 90 on a 100-point numeric rating scale (0 = “no pain”, 100 = “worst

1217 Individuals

pain imaginable”), and 5) morning stiffness lasting <30-minutes
diagnosed by an orthopaedic surgeon were recruited using the inclusion criteria: 1) >40
years of age, and 2) symptomatic and moderate knee OA based on the American College
of Rheumatology criteria'®. The exclusion criteria applied to both groups were age <40,
bilateral symptoms, bilateral activity related pain, inflammatory arthritis in either limb,
previous lower limb surgery, lower limb injury within the past year, or any cardiovascular,
muscular, or neurological conditions that would affect their ability to walk or ambulate

stairs. The study protocol was approved by the institution’s research ethics board and all

participants provided informed consent prior to testing.

5.2.2 Data Collection

Participants completed the KOOS!'* and Intermittent and Constant knee
Osteoarthritis Pain (ICOAP)!46 questionnaires, and baseline affected knee pain using an
11-point numeric pain rating scale (NPRS) (0 = “no pain at all”’, 10 = “worst pain
imaginable”) prior to testing. Aligning with the explicit inclusion and exclusion study

criteria (i.e., participants could not report experiences of any discomfort or activity related
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knee pain (NPRS=0) in their contralateral knee), NPRS was only assessed in the affected
knee of individuals with knee OA. Participants were then asked to change into form-fitting
shorts, a t-shirt, and wear their regular walking/running shoes. Anthropometrics including
height, weight, hip, waist, and bilateral thigh and shank circumferences were measured.
Rigid plastic plates containing clusters of four retroreflective markers were placed over the
pelvis, and bilaterally over the lateral femur, lateral shank and feet, and secured using
Velcro straps. Individual retroreflective markers were placed over the seventh cervical
vertebrae and bilaterally over the acromion, lateral epicondyle. ulnar styloid processes,
greater trochanters, iliac crests, anterior superior iliac spine, medial and lateral tibial and
femoral epicondyles, lateral and medial malleoli, first, second and fifth metatarsal heads
and posterior heels (Figure 3-1). Prior to the walking protocol, markers located at the
medial femoral and tibial epicondyles, medial malleoli, the first and fifth metatarsal heads,
lateral tibial epicondyles, anterior superior iliac spine, iliac crests and greater trochanters
were removed.

Participants completed a minimum of five walking trials along a six-meter walkway
at a comfortable, self-selected walking speed. Three-dimensional kinematic and ground
reaction force data were captured bilaterally using a 10-camera passive motion capture
system (Cortex, version 8.0, Motion Analysis Corporation, California, U.S.A) and
synchronized with two floor embedded force platforms (Advances Medical Technologies
Inc, Watertown, MA). All kinematic data were collected at 100Hz, and kinetic data
collected at 1200Hz. Immediately after the walking trials, participants were again asked to
rate the pain in their affected knee using an 11-point NPRS. The remaining retroreflective

markers were then removed.
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Participants completed knee flexion and extension maximum voluntary isometric
strength using a Biodex isokinetic dynamometer (Advantage BX Software 5.2, Shirley,
NY, U.S.A.). Maximum knee flexion and extension strength were collected with the
participant seated, the hip flexed to 90° and the knee flexed to 45°2!8, Velcro straps were
used to stabilize the participant’s leg for each strength test. A warm-up, practice contraction
was performed to familiarize the participant with the test protocol. Contractions were
completed twice for three-seconds, with a 60-second break between contractions. Verbal
encouragement was given to each participant to maximize effort and contraction

consistency?!’.

5.2.3 Data Processing and Analysis

Total KOOS and ICOAP scores along with their subscales were normalized to a 0-
100-point scale (0 = “worse symptoms”, 100 = “better symptoms”’). Three-dimensional
marker data were filtered with a 6Hz lowpass fourth-order recursive Butterworth filter and
three-dimensional ground reaction forces and moments were initially filtered with a 30Hz
lowpass fourth-order, recursive Butterworth filter?!® using Visual 3D (v2023.04.2, C-
motion Inc., Germantown, MD, USA). Knee angles were calculated bilaterally using an
XYZ (sagittal, frontal, transverse) rotation sequence, described as the distal segment

moving about a fixed proximal segment??!

. Flexion, adduction and internal rotation
represent positive angles. Net external joint moments were calculated using an inverse
dynamics model'> in Visual 3D (v2023.04.2, C-motion Inc., Germantown, MD, USA).

External knee moments, including the knee adduction moment (KAM), knee flexion

moment (KFM), and knee rotation moment (KRM) were filtered with a 10Hz lowpass
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fourth-order recursive Butterworth filter, and normalized to body mass (Nm/kg), and time
normalized to stance?'®. Maximum strength was calculated using a 500ms moving average
window to determine maximum torque generated during the three-second MVIC trial**,
The highest torque value calculated from either of the two MVIC trials was recorded as the
maximum flexion or extension strength, and amplitude normalized to body mass (Nm/kg).

Kinematic data was time normalized to 100% of the gait cycle (initial contact to
ipsilateral initial contact) and kinetic data were time normalized to stance (initial contact
to pre-swing), using a kinetic-kinematic initial contact and pre-swing detection method??2.
Initial contact was identified using a 20N threshold for the vertical component of the
GRF???, and ipsilateral initial contact was calculated as the maximal anterior displacement
between the origin of the pelvis markers and heel marker???. Pre-swing was identified when
the vertical component of the GRF fell below the 20N threshold???. Kinematic, and kinetic
data were extracted bilaterally for both groups. Kinematic data for the sagittal, frontal, and
transverse planes were collected; however, only the sagittal plane was analyzed. The total

joint moment (TIJM)!* was calculated bilaterally for each participant using the formula:

TIM = VKFM? + KAM? + KRM? . Absolute TIM symmetry indices were calculated
using the formula: (X, — X¢)/(0.5(X, + X)) * 100))?°, in which Xa represents the first
peak TIM in the affected knee and Xc represents first peak TJIM in the contralateral knee.
A symmetry value of zero represents perfect symmetry between knees, and higher values

represent greater differences between knees.
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5.2.4 Statistical Analysis

Participants were dichotomized based on the absolute TJIM symmetry status using
the threshold (14%) calculated in Chapter 4 (4.3.3 Total Joint Moment Asymmetry).
Independent t-tests calculated between group differences for continuous demographics,
and patient-reported outcomes and Chi-square was used for categorical variables. Mean
difference and 95% bootstrapped confidence intervals were calculated as symmetrical
minus asymmetrical, where a positive value indicates that symmetrical is greater than
asymmetrical, and a negative value indicates that asymmetrical is greater than symmetrical.
If differences were found in KOOS or ICOAP subscales, individual questions were
analyzed descriptively using the mode of the responses between groups. Independent
samples t-tests were used to assess for between group differences in knee extension and
flexion strength. Statistical parametric mapping independent t-tests (SPM {t}) were used to
detect group differences across the gait cycle or stance phase for sagittal plane knee angles,
KAM and KFM waveforms in Matlab (Mathworks Inc., Massachusetts, USA, version
2022a). Random field theory calculated the critical T-statistic, and the null hypothesis was

rejected if the computed t-value for the waveforms exceeded this value??¢

. Only differences
identified by SPM in joint moments between 10-90% of stance were interpreted to align
with most common kinetic metrics reported for individuals with knee QA 3337:4042.31.63 " A]
five walking trials were used in the final SPM{t} analyses to include the stride-to-stride
variability for each group (95 gait cycles per group = 190 total cycles). Due to the inability
of SPM to evaluate ranges, between group differences in the TIM, knee flexion angle range

from initial contact to peak stance flexion (ICPF), the first peak knee adduction moment to

midstance unloading range (KAMR), and the sagittal plane knee moment range (SPROM)
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were analyzed and interpreted using mean differences and 95% bootstrapped confidence
intervals in SPSS (Version 28.0, IBM Corp., Armonk, NY, USA). The calculation of these
outcomes is described in Section 3.3. All statistical analyses were interpreted using an
alpha level of 0.05 to determine statistical significance. Normality and equal variance were

assessed using the Kolmogorov-Smirnov and Levene’s tests.

5.3 Results

Forty-three individuals with knee OA were recruited and dichotomized into
symmetrical (n=19) and asymmetrical (n=24) knee loading. Table 5-1 describes
demographic, and muscle strength outcomes between groups. Individuals with
symmetrical, compared to asymmetrical, knee loading had a significantly (p=0.036) higher
BMI (Table 5-1). Individuals with symmetrical knee loading also had significantly lower
TIM asymmetry compared to individuals with asymmetrical knee loading (p<0.001)
(Table 5-1). No differences were noted for age (p=0.404), distribution of males and females
p=0.864), gait speed (p=0.065), and knee flexion (p=0.207-0.262) or extension (p=0.399-

0.352) strength between groups (Table 5-1).
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Table 5-1: Participant demographics and clinical characteristics for individuals with
symmetrical or asymmetrical knee loading (n=43)
Symmetric (n=19)  Asymmetric (n=24)

Age 58+9 60+10
Sex. no. of females (%) 947 12 (50)
Clinically Diagnosed. no. (%) 8(42) 8(33)
BMI, kg/m? 31.1 6.1 26.6 +7.0
Gait Speed, m/s 1.21 £0.15 1.30+0.19
Affected knee NPRS before walk (0-10) 2.06 £1.96 1.45+1.43
Affected knee NPRS after walk (0-10) 1.00 £ 1.59 0.75+1.22
TIM asymmetry (%) 8.19+3.43 48.1 £26.9
Affected knee strength (Nm/kg)

Knee flexion 0.73 +£0.28 0.81 +0.31

Knee extension 1.21+0.44 1.31+0.27
Contralateral knee strength (Nm/kg)

Knee flexion 0.77+0.23 0.82 +0.27

Knee extension 1.32+0.49 1.44+0.35

Note: Values are listed as mean and standard deviation unless otherwise indicated. KLG =
Kellgren Lawrence Grade. NPRS = numeric pain rating scale. Bolded values indicate between-
group differences (p<0.05).

5.3.1 Patient-Reported Outcomes

Individuals with symmetrical knee loading reported significantly worse KOOS
activities of daily living (KOOS-ADL) compared to individuals with asymmetrical knee
loading (mean difference: -9.72, 95% CI [-18.5,-1.00], p=0.041) (Figure 5-1). Descriptive
analyses revealed that most individuals with symmetrical knee loading reported more
difficulty in questions 2 (ascending stairs), 3 (rising from sitting), 5 (picking up an object),
8 (shopping), 9 (putting on socks), 11 (taking off socks), 13 (getting out of the bath), 15
(getting off the toilet) and 16 (heavy domestic duties) (Figure 5-2). No significant
differences were noted for either KOOS-Total (mean difference: -5.56, 95% CI [-
13.8,2.56], p=0.204), KOOS-Symptoms (mean difference: -5.16, 95% CI [-13.9,2.85],
p=0.210), KOOS-Pain (mean difference: -2.78, 95% CI [-12.7,7.15], p=0.572), KOOS-

Sport (mean difference: -8.07, 95% CI [-22.1,4.52], p=0.258), KOOS-QoL (mean
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difference: 0.19, 95% CI [-9.57,9.32], p=0.964), ICOAP-Total (mean difference: -7.35,
95% CI [-16.9,2.70], p=0.152), ICOAP-Constant (mean difference: -6.11, 95% CI [-
16.2,4.74], p=0.164) or ICOAP-Intermittent (mean difference: -8.66, 95% CI [-18.8,2.54],
p=0.127) between groups (Figure 5-1 & Figure 5-3). Participant individual responses for

all non-significant KOOS and ICOAP subscales are provided in Appendix B.
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Figure 5-1: Means and standard deviations for total and subscale scores of the Knee Injury and
Osteoarthritis Outcome Score for individuals with knee OA dichotomized as having symmetrical
versus asymmetrical knee loading. ADL = activities of daily living. QoL = quality of life. Asterisks
(*) indicate significant between group differences (p<0.05).
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Figure 5-2: Heatmaps depicting the distribution of Likert scale responses for the Knee injury and
Osteoarthritis Outcome Score (KOOS) - Activities of Daily Living (ADL) sub-scale. The heatmap
displays the responses for each item within the KOOS-ADL sub-scale across all respondents. Color
intensity represents the degree of difficulty, with darker shades indicating higher scores or worse
difficulty. The left subplot shows responses from individuals with symmetrical knee loading, while
the right subplot displays responses from individuals with asymmetrical knee loading. Each row
represents a respondent, and each column represents an item within the KOOS-ADL sub-scale.
Asterisks (*) indicate differences in the mode between groups.
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Figure 5-3: Means and standard deviations for total and subscale scores of the Intermittent and
Constant Knee Osteoarthritis Pain Score for individuals with knee OA dichotomized as having
symmetrical versus asymmetrical knee loading. Asterisks (*) indicate significant between group
differences (p<0.05).

5.3.2 Between Group Biomechanical Outcomes

The relative contributions of the KAM, KFM and KRM to the TJM in the affected
knee are presented in Figure 5-4 and Figure 5-5, and showed no differences between groups
(p=0.569-0.922). SPM {t} analyses showed no differences between groups across sagittal
plane knee angles (p=0.247) or KAM waveforms (p=0.072). Individuals with symmetrical
knee loading walked with less knee extension moment (KEM) during late stance (p=0.031)
(Figure 5-6), and a lower KAMR compared to individuals with asymmetric knee loading
(Table 5-2). No significant differences in TIM, ICPF or SPROM were found between

groups (Table 5-2).
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Figure 5-4: The relative external knee moment contributions to the total joint moment in the
affected knee (left) and contralateral knee (right) of individuals with knee OA dichotomized with
symmetrical versus asymmetrical knee loading. KAM = first peak knee adduction moment. KFM
= peak knee flexion moment. KRM = peak knee rotation moment.
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Figure 5-5: Ensemble averaged waveforms for the total joint moment and relative external knee
moment contributions for the affected (A & C) and contralateral (B & D) knees for individuals with
symmetrical (top) and asymmetrical (bottom) knee loading.
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Figure 5-6: Affected knee ensemble average waveforms for sagittal plane knee angles (A), knee
adduction (B) and knee flexion moments (C) in individuals with symmetrical (blue line) and
asymmetrical (black line) knee loading. Independent samples t-test statistical parametric maps
indicate between group differences as a percentage of the gait cycle (D) or a percentage of the
stance phase (E,F). Shaded areas in each statistical parametric map (D-F) represent regions of
significant difference.

The relative contributions of KAM, KFM and KRM to the TIM in the contralateral
knee are presented in Figure 5-4 and Figure 5-5, and showed no differences between groups
(p=0.141-0.379). SPM{t} analyses indicated that individuals with symmetrical knee
loading walked with lower knee flexion angles during loading response (p=0.011) and
swing (p=0.003), less midstance KAM (p=0.011) and lower peak KFM (p<0.001) during
loading response compared to individuals with asymmetrical knee loading (Figure 5-7).
Individuals with symmetrical knee loading also walked with less TJM, ICPF, KAMR, and
SPROM in their contralateral knee compared to individuals with asymmetrical knee

loading (Table 5-2).
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Figure 5-7: Contralateral knee ensemble average waveforms for sagittal plane knee angles (A),
knee adduction (B) and knee flexion moments (C) in individuals with symmetrical (blue line) and
asymmetrical (black line) knee loading. Independent samples t-test statistical parametric maps
indicate between group differences as a percentage of the gait cycle (D) or a percentage of the
stance phase (E,F). Shaded areas in each statistical parametric map (D-F) represent regions of
significant difference.

105



Table 5-2: Between group differences for biomechanical outcomes in individuals with knee OA
and symmetrical or asymmetrical knee loading.

Symmetrical Asymmetrical Mean Difference
(n=19) (n=24) [95% CI]
Affected Knee

TIM (Nm/kg) 0.62 (0.17) 0.72 (0.25) -0.10[-0.22: 0.02]
ICPF (°) 14.0 (4.00) 15.0 (5.00)  -1.00[-3.38: 1.59]
KAMR (Nm/kg) 0.18 (0.08) 0.26 (0.13) -0.08 [-0.15: -0.02]
SPROM (Nm/kg) 0.56 (0.21) 0.74 (0.29)  -0.18 [-0.34: 0.03]

Contralateral Knee
TIM (Nm/kg) 0.62 (0.19) 0.79 (0.25) -0.17 [-0.30: -0.04]
ICPF (°) 15.0 (4.00) 19.0 (5.00) -4.00 [-5.66: -0.35]
KAMR (Nm/kg) 0.18 (0.08) 0.25(0.11) -0.07 [-0.12: -0.01]
SPROM (Nm/kg) 0.61 (0.23) 0.86 (0.33) -0.25 [-0.42: -0.10]

Note: Cl = confidence interval. TIM = first peak total joint moment. ICPF = initial contact to
peak knee flexion range. KAMR = first peak knee adduction moment to midstance unloading
range. SPROM = sagittal plane knee moment range. Mean differences are presented as
symmetrical minus asymmetrical, where a positive value indicates that symmetrical is greater
than asymmetrical, and a negative value indicates that asymmetrical is greater than symmetrical.
Bolded values indicate between-group differences for which the 95% CI does not cross zero.

5.4 Discussion

To our knowledge, this is the first study to comprehensively examine patient-
reported and biomechanical outcomes in individuals with symmetrical and asymmetrical
knee loading. Results indicate that individuals with symmetrical knee loading have
significantly higher BMI values and significantly worse KOOS-ADL scores compared to
individuals with asymmetrical knee loading. Although knee biomechanical outcomes were
varied between groups in the affected knee and contralateral knee, separately, contralateral
knee mechanics in individuals with asymmetrical knee loading more closely resembled
asymptomatic individuals (Figure 4-3). These novel findings suggest that the collective
interpretation of patient-reported and knee biomechanical outcomes between individuals

with symmetrical versus asymmetrical knee loading do not support prior assumptions that
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inter-limb symmetry resembles a physiologically healthy gait, when quantified by knee
mechanics for individuals with knee OA.

The relative external knee moment contributions to the TJIM in the affected knee
across both groups (Figure 5-4) are consistent with previous external knee moment
distributions reported for individuals with mild-to-moderate knee OA'®, suggesting the
affected knees in both groups display gait characteristics consistent for knee OA. However,
less KAMR and KEM magnitudes in the affected knee during mid-to-late stance in
individuals with symmetrical loading were notable biomechanical differences previously
linked to more severe knee OA*?. Less medial compartment offloading®*? (KAMR) is
associated with increases in KAM impulse and likely contributing to higher knee load

237

magnitudes throughout stance=’. Gait speed differences between groups are close to

previously reported minimal clinically important differences?*’

, suggesting that although
not statistically significant, may influence loading parameters. Gait speed has been shown
to influence both KAMR?*#® and KAM impulse>®, with slower gait speeds leading to
significant reduction in both values. Previously reported gait speed differences between
slow and self-selected conditions were twice as large (0.2m/s)?3¢2*® compared to speed
differences between symmetrical and asymmetrical groups (0.09m/s), suggesting that
while gait speed may have played a role in KAM differences, it may not have strongly
influenced the results of the current project. These findings suggest that individuals with
symmetrical and asymmetrical knee loading display gait characteristics consistent with

knee OA; however, individuals with symmetrical knee loading appear to walk with more

severe knee OA characteristics.
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Individuals with symmetrical versus asymmetrical knee loading were found to be
obese (BMI<30)** and overweight (BMI >25kg/m? to <30kg/m?)’*, respectively.
Differences in BMI have previously been shown to influence biomechanical characteristics
in individuals with knee OA?*°, potentially explaining the reduced KAMR and peak KEM
in the affected knee of individuals with symmetrical knee loading. Previous research
classifying individuals with knee OA into healthy-weight (<25kg/m?), overweight
(>25kg/m? to <30kg/m?), and obese (>30kg/m?) BMI reported sustained frontal plane
loading (KAM) throughout midstance when individuals were classified as obese?°, which
1s consistent with the current results for both the affected and contralateral knees. Further,
their findings suggested that a reduced peak KEM was associated with obesity, irrespective
of whether individuals had knee OA or not?*°, which is consistent with KEM reductions
found in the affected limb of individuals with symmetrical knee loading in the current
study. In contrast, the contralateral peak KEM was not different between individuals with
symmetrical versus asymmetrical knee loading and may suggest a knee-specific role of
obesity on joint loading when interpreting inter-limb asymmetry.

The relative external knee moment contributions to the TIM in the contralateral
knee of individuals with symmetrical, but not asymmetrical, knee loading were also
consistent with previous external knee moment distributions reported for individuals with
mild-to-moderate knee OA'"?. In contrast, the contralateral knee of individuals with
asymmetrical knee loading demonstrated relative external knee moment contributions to
the TIM closely resembling asymptomatic individuals (Figure 4-3). The gait characteristics
demonstrated by individuals with symmetrical knee loading suggest that their contralateral

knee may be more functionally severe than individuals with asymmetrical knee loading.
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Reduced ICPF, KAMR and SPROM have previously been associated with increased risk
of clinical knee OA progression defined as progression to total knee arthroplasty3%233,
Further, the magnitude of differences in ICPF, KAMR, peak KFM and SPROM between
the contralateral knee of individuals with symmetrical versus asymmetrical knee loading
are consistent with the biomechanical differences previously reported between individuals
with mild-to-moderate knee OA and asymptomatic individuals*®’. These differences in
contralateral knee biomechanics suggest that symmetrical knee loading may be a proxy for
bilateral disease in this population; however, further studies are needed to confirm this.
Individuals with symmetrical knee loading had consistently lower magnitudes for
KOOS and ICOAP sub-scales compared to individuals with asymmetrical knee loading;
however, only the KOOS-ADL was statistically different between groups. Both groups
displayed similar KOOS subscale scores to previously reported values for individuals with
mild-to-moderate knee OA*’. However, the mean difference in KOOS-ADL and KOOS-
Sport scores between individuals with symmetrical versus asymmetrical knee loading were
two times greater than previous differences reported between individuals with severe
(Kellgren-Lawrence grade = 4) and mild (Kellgren-Lawrence grade = 2) knee OA?’!. The
KOOS-ADL subscale is designed to assess patient perceived physical function during
ADLs!*%, Descriptive analyses revealed that the majority of individuals with symmetrical
knee loading reported worse difficulty with getting out of a chair, off a toilet or ascending
stairs. Poorer KOOS-ADL scores reported by individuals with symmetrical knee loading
may reflect the inability of their contralateral knee to compensate for functional deficits in

their affected knee. Previous research has shown that during stair ambulation?3? or rising

from a chair?>, individuals with knee OA disproportionately load their contralateral knee
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to complete the activity?>>233, Individuals with symmetrical knee loading may perceive
their contralateral knee to be less trustworthy compared to individuals with asymmetrical
knee loading. Although participant perceptions of the contralateral knee were not collected
in the present study, its potential effect on patient-reported outcomes for the affected knee
may explain the difference in KOOS-ADL scores between groups. Future research
investigating objective contralateral knee function and patient-reported ADL performance
in individuals with knee OA may support this hypothesis.

Despite the novel relationships identified in the present study, several
methodological limitations should be acknowledged. The TIM, reflective of the relative
external knee moment contributions, was the driving biomechanical outcome used to
define who was or was not symmetrical during walking. The technology used to calculate
this metric is not readily available to most healthcare providers and thus lacks immediate
clinical implementation. Future research assessing inter-limb asymmetry with more
clinically applicable methods such as markerless motion capture or spatial-temporal
measures are warranted. The contralateral knee for all individuals in the current study was
asymptomatic; however, individuals with symmetrical knee OA displayed contralateral
knee biomechanics similar to individuals with knee OA. Without imaging of the

contralateral knee, we cannot confirm the presence or absence of knee OA in the joint.

5.5 Conclusion
Comparing patient-reported and biomechanical outcomes in individuals with knee
OA who were dichotomized with symmetrical versus asymmetrical knee loading highlights

novel findings about the potential disease state of individuals with knee OA. Individuals
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with symmetrical knee loading reported poorer patient-reported function (KOOS-ADL)
driven by worse reported difficulty ambulating stairs and getting out of a chair, which may
reflect an inability to rely on their contralateral knee during ADLs. Biomechanical
differences between the affected and contralateral knees between groups suggest that
individuals with symmetrical knee loading may represent a subgroup of individuals with
or at risk for bilateral disease. Future research quantifying whether knee OA severity in the
contralateral knee influences inter-limb asymmetry in individuals with knee OA is

warranted.
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CHAPTER 6: A Response To 30-Minutes of Continuous Walking:
Does Inter-Limb Asymmetry Alter Knee Pain and Gait
Biomechanics in Individuals with Knee Osteoarthritis?

6.1 Introduction

Osteoarthritis (OA) is a progressive joint disease and a leading cause of pain and
functional disability worldwide!®72%*,  Clinical practice guidelines consistently
recommend physical activity for the treatment and self-management of knee OA for
symptomatic and functional benefits'®?!°%6° However, difficulty with walking remains an
important mobility challenge for individuals with knee OA, with knee pain as a key patient-
reported barrier to engaging in physical activity®*. The results from Chapter 5 indicated
that individuals with symmetrical knee loading walked with affected and contralateral knee
biomechanics mirroring gait consistent with knee OA. Further, individuals with
symmetrical knee loading reported worse KOOS-ADL scores compared to individuals with
asymmetrical knee loading. Previous work has shown similar baseline differences in
KOOS-ADL scores between individuals with knee OA who experienced, and did not
experience, a pain flare during 20-minutes of walking™, which was also reflected in their
group-specific biomechanical responses proposing that baseline patient reported function
may play a role in the response to prolonged walking.

Current physical activity guidelines recommend 150-minutes per week or 30-
minutes per day of moderate-to-vigorous physical activity>>. These recommendations are
poorly tailored for individuals with knee OA, and increased knee pain may lead to poor
adherence to physical activity recommendations®>. Individuals with knee pain have

observable walking patterns associated with increased knee stiffness, decreased knee
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motion and compensatory movement patterns to redistribute knee load, with the cumulative
intent of reducing knee pain*!. A breadth of evidence exists examining how acute bouts of
physical activity influence gait mechanics in individuals with knee OA3>19>1% guggesting

that minimal increases in affected knee pain (~1-point increase on an 11-point NPRS),

195 196

results in both increased loading magnitudes'”> and more dynamic gait characteristics'"°,
typically associated with improved joint function'®®. These results are contradicted by
Boyer and Hafer (2019) 3° who found that a pain increase of 1.5 points (0-11 NPRS) over
20-minutes of walking, resulted in reduced first and second peak KAM compared to
individuals with knee OA who did not experience a pain flare, and peak KFM compared
to asymptomatic individuals®. These differences may be attributed to physical function
variability across study participants such that gait speed ranged from 0.92m/s> to
1.07m/s'®. A gait speed below 1.0m/s is highly correlated with increased mortality and
suggests that the participant cohort for Boyer and Hafer (2019)°> may be more functionally
severe than other studies'>1%. Therefore, aligning with guideline recommendations, 30-
minutes of walking may be a sufficient stimulus duration to prompt a biomechanical
response in individuals with knee OA, depending on their functional status’>193-1%,

The patient-reported and biomechanical differences observed between individuals
with symmetrical and asymmetrical knee loading in Chapter 5 suggest a potential
difference in functional status between these groups and warrants investigation into
whether they respond similarly to 30-minutes of walking. Therefore, the specific objectives
of this study were to: examine how knee pain responds to 30-minutes of continuous

walking in individuals with knee OA who were dichotomized as having either symmetrical

or asymmetrical knee loading; whether affected and contralateral knee biomechanics

113



respond differently to 30-minutes of continuous walking in individuals with knee OA who
were dichotomized as having either symmetrical or asymmetrical knee loading; and assess
the responsiveness of inter-limb asymmetry to 30-minutes of continuous walking between
individuals with knee OA who are dichotomized as having either symmetrical or

asymmetrical knee loading.

6.2 Methodology

6.2.1 Participant Recruitment

Individuals with knee OA were recruited to participate from the community and
through an orthopaedic clinic. Individuals from the community were recruited based on the
inclusion criteria: 1) >40 years of age, 2) activity related knee pain on most days in the past
month, 3) knee pain experienced for at least the past three months, 4) affected knee pain
ranging between 40 to 90 on a 100-point numeric rating scale (0 = “no pain, 100 = “worst
pain imaginable”), and 5) morning stiffness lasting <30-minutes'?”'7. Individuals
diagnosed by an orthopaedic surgeon were recruited using the inclusion criteria: 1) >40
years of age, and 2) symptomatic and moderate knee OA based on the American College
of Rheumatology criteria'®. The exclusion criteria applied to both groups were age <40,
bilateral symptoms, bilateral activity related pain, inflammatory arthritis in either limb,
previous lower limb surgery, lower limb injury within the past year, or any cardiovascular,
muscular, or neurological conditions that would affect their ability to walk or ambulate
stairs. The study protocol was approved by the institution’s research ethics board and all

participants provided informed consent prior to testing.
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6.2.2 Data Collection

Participants completed the Knee Injury and Osteoarthritis Outcome Score
(KOOS)'% and Intermittent and Constant knee Osteoarthritis Pain (ICOAP)!46
questionnaires, and baseline affected knee pain using an 11-point numeric pain rating scale
(NPRS) (0 =“no pain at all”, 10 = “worst pain imaginable”) prior to testing. Aligning with
the explicit inclusion and exclusion study criteria (i.e., participants could not report
experiences of any discomfort or activity related knee pain (NPRS=0) in their contralateral
knee), NPRS was only assessed in the affected knee of individuals with knee OA.
Participants were asked to change into form-fitting shorts, a t-shirt, and wear their regular
walking/running shoes. Anthropometric measurements were collected including height,
weight, waist, hip, thigh and shank circumferences, then participants were outfitted with a
full-body retroreflective marker set including seven rigid clusters each containing four
retroreflective markers placed over the pelvis, and bilaterally over the lateral femurs, lateral
shanks and feet, secured using Velcro straps. Individual retroreflective markers were
placed over the seventh cervical vertebrae and bilaterally over the acromion, lateral
epicondyles, ulnar styloid processes, greater trochanters, iliac crests, anterior superior iliac
spine, medial and lateral tibial and femoral epicondyles, lateral and medial malleoli, first,
second and fifth metatarsal heads and posterior heels (Figure 3-1). Prior to the walking
protocol, markers located at the medial femoral and tibial epicondyles, medial malleoli, the
first and fifth metatarsal heads, lateral tibial epicondyles, anterior superior iliac spine, iliac
crests and greater trochanters were removed.

Participants completed a minimum of five overground walking trials at a self-

selected pace across a six-meter walkway. Three-dimensional kinematic data was collected
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at 100Hz using a ten-camera passive motion capture system (Cortex, version 8.0, Motion
Analysis Corporation, California, U.S.A). Ground reaction force (GRF) data was collected
at 1200Hz synchronized with two floor embedded force platforms (Advances Medical
Technologies Inc, Watertown, MA). Participant self-selected overground walking speed
was calculated and extracted from these trials using the average forward speed of the four-
pelvis cluster markers and averaged across the five trials. Immediately after the walking
trials, participants rated their affected knee pain using an 11-point NPRS.

Following the overground walking trials, participants completed a 30-minute
continuous treadmill walk. Treadmill speed was set at £ 10% of the participant’s average
walking speed calculated during their overground trials. The 30-minute walk was
completed on a Biodex treadmill (RTM600, Biodex Medical Systems, Inc., New York,
U.S.A). Participants attached the treadmill safety clip before beginning the continuous
walk. During the walk, participants were asked to rate their affected knee pain using an 11-
point NPRS, and their rating of perceived exertion (RPE) using the Borg scale ranging
from 6 “no exertion” to 20 “maximal exertion”?!”. The recommended aerobic training
intensity for individuals with knee OA is 40-60% of age adjusted maximum heart rate (220-
age) corresponding to a Borg scale of ~12-1322, Three-dimensional kinematic data, knee
pain and RPE exertion were collected at 10-minute intervals during the 30-minute walk
(i.e., once treadmill reached full speed, 10-, 20-, and 30-minutes). Immediately after
completing the 30-minute walk, participants repeated the overground walking protocol,
and the remaining retroreflective markers were then removed.

Knee flexion and extension maximum voluntary isometric strength was calculated

using a Biodex isokinetic dynamometer (Advantage BX Software 5.2, Shirley, NY,
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U.S.A.). Maximum knee flexion and extension strength were collected with the participant
seated, the hip flexed to 90° and the knee flexed to 45°%'%, Velcro straps were used to
stabilize the participant’s leg for each strength test. A warm-up, practice contraction was
performed to familiarize the participant with the test protocol. Contractions were
completed twice for three-seconds, with a 60-second break between contractions. Verbal
encouragement was given to each participant to maximize effort and contraction

consistency?!’.

6.2.3 Data Processing and Analysis

Total KOOS and ICOAP scores along with their subscales were normalized to a 0-
100-point scale (0 = “worse symptoms”, 100 = “better symptoms”). Three-dimensional
kinematic data were filtered (6Hz lowpass fourth-order, recursive Butterworth filter)?'® and
knee angles were calculated bilaterally using an XYZ (sagittal, frontal, transverse) rotation
sequence, described as the distal segment moving about a fixed proximal segment®?!,
Flexion, adduction and internal rotation represent positive angles. Three-dimensional GRF
and moments were initially filtered (30Hz lowpass fourth-order, recursive Butterworth
filter)>'®. Net external joint moments were calculated using an inverse dynamics model'>>.
The external knee adduction moment (KAM), knee flexion moment (KFM), and knee
rotation moment (KRM) were filtered (10Hz lowpass fourth-order recursive Butterworth
filter)?'®, normalized to body mass (Nm/kg), and time normalized to stance. All kinematic
and kinetic data processing was completed using Visual 3D (v2023.04.2, C-motion Inc.,
Germantown, MD, USA). Maximum isometric strength was calculated using a 500ms

moving average window to determine maximum torque generated during the three-second
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MVIC trial?*, The highest torque value calculated from either of the two MVIC trials was
recorded as the maximum flexion or extension strength, and amplitude normalized to body
mass (Nm/kg).

Kinematic data was time normalized to 100% of the gait cycle (initial contact to
ipsilateral initial contact) and kinetic data were time normalized to stance (initial contact
to pre-swing), using a kinetic-kinematic initial contact and pre-swing detection method??2,
Initial contact was identified using a 20N threshold for the vertical component of the
GRF??2, and ipsilateral initial contact was calculated as the maximal anterior displacement
between the origin of the pelvis markers and heel marker???. Pre-swing was identified when
the vertical component of the GRF fell below the 20N threshold???. Kinematic, and kinetic
data were extracted bilaterally for both groups. Kinematic data for the sagittal, frontal and
transverse planes were collected; however, only the sagittal plane was analyzed. The total

joint moment (TIM)'° was calculated bilaterally for each participant using the formula:

TIM = VKFM? + KAM? + KRM? . Absolute TIM symmetry indices were calculated
using the formula: (X4 — X¢)/(0.5(X4 + X)) * 100))?°!, in which X represents the first
peak TIM in the affected knee and Xc represents first peak TJM in the contralateral knee.
A symmetry value of zero represents perfect symmetry between knees, and higher values

represent greater differences between knees.

6.2.4 Statistical Analysis
Participants were dichotomized based on the absolute TIM symmetry status using
the threshold (14%) calculated in Chapter 4 (4.3.3 Total Joint Moment Asymmetry).

Independent t-tests calculated between group differences for demographics, patient-
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reported outcomes, knee extension and flexion strength. Mixed 2x2 analysis of variance
(ANOVA) statistical parametric maps (SPM {f})?*® were used to analyze limb by time
interactions, between and within knee differences in time normalized sagittal plane knee
angles, KAM and KFM waveforms. Only differences identified by SPM in joint moments
between 10-90% of stance were interpreted to align with most common kinetic metrics
reported for individuals with knee OA33:3740:4251.63 ' Separate SPM analyses were completed
for individuals with symmetrical and asymmetrical knee loading. Random field theory
calculated the critical F-statistic, and the null hypothesis was rejected if the computed f-
value for the waveforms exceeded this value??s. All ten overground walking trials were
used in the final SPM analyses to include the stride-to-stride variability. A total of 380
cycles (95 gait cycles per knee per condition) for individuals with symmetrical knee
loading and a total of 480 cycles (120 gait cycles per knee per condition) for individuals
with asymmetrical knee loading were included in the final SPM analysis. The TIM, knee
flexion angle range from initial contact to peak stance flexion (ICPF), first peak knee
adduction moment to midstance unloading range (KAMR), and sagittal plane knee moment
range (SPROM) were analyzed using a 2x2 ANOVA, and between knee post-hoc analyses
were interpreted using mean differences and 95% bootstrapped confidence intervals. A
mixed ANOVA was used to determine the main effects of time (i.e., minutes 0, 10, 20, 30)
and group, and their interaction, on pain and RPE during the treadmill walk. Mean
difference and 95% bootstrapped confidence intervals were calculated as symmetrical
minus asymmetrical, where a positive value indicates that symmetrical is greater than
asymmetrical, and a negative value indicates that asymmetrical is greater than symmetrical.

The calculation of these outcomes is described in Section 3.3. All statistical analyses were
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interpreted using an alpha level of 0.05 to determine statistical significance. Normality and

equal variance were assessed using the Kolmogorov-Smirnov and Levene’s tests.

6.3 Results

Forty-three individuals with knee OA were recruited and dichotomized into
symmetrical (n=19) and asymmetrical (n=24) knee loading. Table 6-1 describes
demographic, patient-reported outcomes and muscle strength outcomes between groups.
Individuals with symmetrical knee loading had a significantly (p=0.036) higher BMI and
worse KOOS-ADL scores (p=0.041) than individuals with asymmetrical knee loading
(Table 6-1). No differences were found for age (p=0.404), distribution of males and
females p=0.864), gait speed (p=0.065), and knee flexion (p=0.207-0.262) or extension

(p=0.399-0.352) strength between groups (Table 6-1).
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Table 6-1: Participant demographics and clinical characteristics for individuals with symmetrical
or asymmetrical knee loading (n=43)

Symmetrical (n=19) Asymmetrical (n=24)

Age 58+9 60+ 10
Sex. no. of females (%) 9(47) 12 (50)
BMI, kg/m? 31.1+6.1 26.6 7.0
Gait Speed before treadmill, m/s 1.21 £0.15 1.30+0.19
Gait Speed after Treadmill, m/s 1.23+0.16 1.35+0.20
Total Steps Taken 3285+ 307 3217 + 387
TJM asymmetry before (%) 8.19+343 48.1 +£26.9
TJM asymmetry after (%) 13.5+9.16 46.2 £24.9
KOOS Total 63.2+12.9 68.7 £ 14.1
KOOS Symptoms 66.8+13.0 72.0+12.7
KOOS Pain 66.7+13.6 69.4+17.7
KOOS ADL 73.4 +14.8 83.1+13.2
KOOS Sport 453+204 53.3+24.0
KOOS QoL 49.6 = 14.0 495+17.9
ICOAP Total 73.1 £16.1 80.4 £15.5
ICOAP Constant 78.8 +18.4 84.8+17.2
ICOAP Intermittent 68.4+17.0 77.1+17.9
Affected knee strength (Nm/kg)

Knee flexion 0.73+£0.28 0.81£0.31

Knee extension 1.21+0.44 1.31+0.27
Contralateral knee strength (Nm/kg)

Knee flexion 0.77+£0.23 0.82+0.27

Knee extension 1.32 +£0.49 1.44+0.35

Note: Values are listed as mean and standard deviation unless otherwise indicated. TJIM = total
joint moment. KOOS = Knee Injury and Osteoarthritis Outcome Score. ADL = activities of daily
living. QoL = Quality of life. ICOAP = Intermittent and Constant Osteoarthritis Pain. Bolded
values indicate between-group differences (p<0.05).

6.3.1 Patient-Reported Outcomes

Individuals with symmetrical knee loading experienced larger increases in knee
pain over 30-minutes of walking compared to individuals with asymmetrical knee loading
(p=0.040) (Figure 6-1). Post-hoc analyses indicated that both groups significantly
increased knee pain from baseline to 30-minutes, with an average increase of 2.02 for
individuals with symmetrical knee loading and 1.00 for individuals with asymmetrical knee

loading. Within groups analyses suggested that individuals with symmetrical knee loading
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had a significant increase in knee pain during every 10-minute interval (i.e., baseline-10-
minutes (mean difference: 0.89, 95% CI [0.55,1.29]), 10-20-minutes (mean difference:
0.50, 95% CI [0.18,0.84]), 20-30-minutes (mean difference: 0.55, 95% CI [0.29,0.84]),
while individuals with asymmetrical knee loading experienced similar significant increases
in knee pain during the first two 10-minute intervals (i.e., baseline-10-minutes (mean
difference: 0.42, 95% CI [0.06,0.81]), 10-20-minutes (mean difference: 0.43, 95% CI
[0.01,0.83]) then the increases in pain minimally changed for the remainder of the walking

intervention (mean difference: 0.16, 95% CI [-0.13,0.42]).
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Figure 6-1: Means and 95% confidence intervals for self-reported affected knee pain (NPRS 0-10)
during 30-minutes of walking at baseline, 10-, 20-, and 30-minute intervals for individuals with
symmetrical (blue line) and asymmetrical (black line) knee loading. Asterisks (*) indicate within-group
differences between in 10-minute intervals (i.e., baseline-10-minutes, 10-20-minutes, 20-30-minutes).
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Both groups reported similar increases in effort following 30-minutes of walking
(p<0.001) (Figure 6-2), with an average RPE increase of 4.36 for individuals with
symmetrical knee loading and 4.25 for individuals with asymmetrical knee loading
between baseline (0-minutes) and the end of the 30-minute walk. Post-hoc analyses
indicated that individuals with symmetrical knee loading significantly increased RPE
during every 10-minute interval (i.e., baseline-10-minutes (mean difference: 2.84, 95% CI
[2.10,3.57]), 10-20-minutes (mean difference: 0.74, 95% CI [0.021,1.31]), 20-30-minutes
(mean difference: 0.80, 95% CI [0.32,1.26]), while individuals with asymmetrical knee
loading showed significant increases in effort during the first two intervals (i.e., baseline-
10-minutes (mean difference: 3.12, 95% CI [2.29,3.95]), 10-20-minutes (mean difference:
0.88, 95% CI [0.54,1.21]) then plateaued for the remainder of the walking intervention

(mean difference: 0.25, 95% CI [-0.04,0.58]).
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Figure 6-2: Means and 95% confidence intervals for rating of perceived exertion during 30-
minutes of walking at baseline, 10, 20, and 30-minute intervals for individuals with symmetrical
(blue line) and asymmetrical (black line) knee loading. Asterisks (¥) indicate within-group
differences between in 10-minute intervals (i.e., baseline-10-minutes, 10-20-minutes, 20-30-minutes).

6.3.2 Biomechanical Outcomes

6.3.2.1 Individuals with Symmetrical Knee Loading

The knee flexion angle during loading response in the affected knee significantly
increased (p=0.011) after 30-minutes of walking, with no significant change in knee flexion
angle in the contralateral knee (Figure 6-3). The KAM during midstance in the affected
knee significantly decreased (p<0.001) after 30-minutes of walking, with no significant
change in midstance KAM in the contralateral knee (Figure 6-4). The affected and
contralateral knees had similar significant (p<<0.001) increases in the KFM (Figure 6-5),

TIM (p<0.001), KAMR (p=0.003), and SPROM (p=0.007) after 30-minutes of walking.
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Raw data and change scores for the TIM, ICPF, KAMR and SPROM are presented in Table

6-2.
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Figure 6-3: Sagittal plane knee angle ensemble averaged waveforms for the affected (blue) and
contralateral (black) knees in individuals with symmetrical knee loading, before (solid line) and
after (dashed line) 30-minutes of walking. Analysis of variance statistical parametric maps indicate
knee*time interactions as a function of the gait cycle (bottom). Shaded areas in the statistical
parametric maps represent regions of significant difference.
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Figure 6-4: Knee adduction moment ensemble averaged waveforms for the affected (blue) and
contralateral (black) knees in individuals with symmetrical knee loading, before (solid line) and
after (dashed line) 30-minutes of walking. Analysis of variance statistical parametric maps indicate
knee*time interactions as a function of stance (bottom). Shaded areas in the statistical parametric
maps represent regions of significant difference.
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Figure 6-5: Knee flexion moment ensemble averaged waveforms (top) before (black) and after
(blue) 30-minutes of walking for individuals with symmetrical knee loading. Analysis of variance
statistical parametric maps indicates a time effect as a function of stance (bottom). Shaded areas in
the statistical parametric maps represent regions of significant difference.
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Table 6-2: Within knee differences for biomechanical outcomes in individuals with knee OA and

symmetrical knee loading before and after 30-minutes of walking (n=19).

Before After Mean Difference
Treadmill Treadmill [95% CI]
Affected Knee

TIM (Nm/kg) 0.63 (0.18) 0.67 (0.18) 0.04 [0.01: 0.07]
ICPF (°) 14.0 (4.00) 13.0(3.50)  -1.00[-1.64: 0.01]
KAMR (Nm/kg) 0.18 (0.08) 0.20 (0.09) 0.02 [-0.01: 0.04]
SPROM (Nm/kg) 0.56 (0.21) 0.59 (0.22) 0.03 [-0.01: 0.06]

Contralateral Knee
TIM (Nm/kg) 0.62 (0.19) 0.67 (0.20) 0.05 [0.02: 0.07]
ICPF (°) 15.0 (4.0) 15.0 (3.00) 0.00 [-0.60: 1.00]
KAMR (Nm/kg) 0.18 (0.08) 0.21 (0.09) 0.03 [0.01: 0.05]
SPROM (Nm/kg) 0.61 (0.23) 0.65 (0.24) 0.04 [0.01: 0.08]

Note: Cl = confidence interval. TIM = total joint moment. ICPF = initial contact to peak knee
flexion range. KAMR = first peak knee adduction moment to midstance unloading range.
SPROM = sagittal plane knee moment range. Mean differences are presented as after treadmill
minus before treadmill, where a positive value indicates that after treadmill is greater than before
treadmill, and a negative value indicates that before treadmill is greater than after treadmill.
Bolded values indicate significant between-group differences as the 95% CI does not cross zero.

6.3.2.2 Individuals with Asymmetrical Knee Loading

The affected and contralateral knees had similar significant (p<0.001) increases in
knee flexion angles during loading response and midstance (Figure 6-6), the first peak
KAM (p=0.028) (Figure 6-7), peak KFM (p=0.010) (Figure 6-8), TIM (p<0.001), KAMR
(p<0.001), SPROM (p=0.003) and reduced midstance KAM (p<0.001) after 30-minutes of
walking. Before and after 30-minutes of walking the affected knee had significantly
(p<0.001) lower knee flexion angles (Figure 6-6), KFM (p<0.001) (Figure 6-8), and TIM
compared to the contralateral knee. Raw data and change scores for the TJIM, ICPF, KAMR

and SPROM are presented in Table 6-3.
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Figure 6-6: Sagittal plane knee angle ensemble averaged waveforms for the affected (blue) and
contralateral (black) (A), and before (black) and after (blue) (B) 30-minutes of walking. Analysis
of variance statistical parametric maps indicate knee (C) and time (D) main effects as a function of
the gait cycle. Shaded areas in the statistical parametric maps represent regions of significant

difference.
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Figure 6-7: Knee adduction moment ensemble averaged waveform (top) before (black) and after
(blue) 30-minutes of walking for individuals with asymmetrical knee loading. Analysis of variance

statistical parametric maps indicates a time effect as a function of stance (bottom). Shaded areas in
the statistical parametric maps represent regions of significant difference.
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Figure 6-8: Knee flexion moment ensemble averaged waveforms for the affected (blue) and
contralateral (black) (A) knees, and before (black) and after (blue) (B) 30-minutes of walking.
Analysis of variance statistical parametric maps indicate knee (C) and time (D) main effects as a
function of the gait cycle. Shaded areas in the statistical parametric maps represent regions of
significant difference.
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Table 6-3: Within knee differences for biomechanical outcomes in individuals with knee OA and
asymmetrical knee loading before and after 30-minutes of walking (n=24).

Pre-Treadmill Post Treadmill Mean Difference
[95% CI]
Affected Knee

TIM (Nm/kg) 0.72 (0.25) 0.75 (0.26) 0.03 [0.00: 0.05]
ICPF (°) 15.0 (5.00) 15.0 (5.00) 0.00 [-1.01: 0.19]
KAMR (Nm/kg) 0.26 (0.13) 0.29 (0.15) 0.03 [0.01: 0.05]
SPROM (Nm/kg) 0.74 (0.30) 0.76 (0.32) 0.02 [-0.01: 0.38]

Contralateral Knee
TIM (Nm/kg) 0.79 (0.25) 0.83 (0.27) 0.04 [0.01: 0.06]
ICPF (°) 18.0 (6.00) 18.0 (6.00) 0.00 [1.00: 0.40]
KAMR (Nm/kg) 0.25 (0.12) 0.27 (0.12) 0.02 [0.01: 0.03]
SPROM (Nm/kg) 0.86 (0.33) 0.90 (0.35) 0.04 [0.01: 0.06]

Note: Cl = confidence interval. TIM = total joint moment. ICPF = initial contact to peak knee
flexion range. KAMR = first peak knee adduction moment to midstance unloading range.
SPROM = sagittal plane knee moment range. Mean differences are presented as after treadmill
minus before treadmill, where a positive value indicates that after treadmill is greater than before
treadmill, and a negative value indicates that before treadmill is greater than after treadmill.
Bolded values indicate significant between-group differences as the 95% CI does not cross zero.

6.3.3 Total Joint Moment Asymmetry

Individuals with symmetrical knee loading had a significantly lower (p<0.001)
TIM asymmetry index compared to individuals with asymmetrical knee loading, regardless
of time. After 30-minutes of walking, individuals with symmetrical knee loading increased
their TIM asymmetry index (5% more asymmetric) in contrast to individuals with
asymmetrical knee loading who decreased their TJM asymmetry index (2% more
symmetric) (Figure 6-9). The relative external knee moment contributions of the KAM,
KFM and KRM to the TIM for both knees before and after 30-minutes of walking are
presented in Figure 6-10 and Figure 6-12. Ensemble averaged waveforms for the TIM,

KAM, KFM and KRM are presented in Figure 6-11 and Figure 6-13.
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Figure 6-9: Total joint moment asymmetry indices before and after 30-minutes of walking for each
participant in individuals with symmetrical knee loading (top) and asymmetrical knee loading
(bottom). Solid lines indicate individuals who increased asymmetry and dashed lines indicate
individuals who decreased asymmetry. The red line in each panel represents the respective group
average at each timepoint and the corresponding direction of change over time.
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Figure 6-10: The relative external knee moment contributions to the total joint moment in the
affected (A,B) and contralateral (C,D) knees before (A,C) and after (C,D) 30-minutes of walking
in individuals with knee OA and symmetrical knee loading. KAM = first peak knee adduction
moment. KFM = peak knee flexion moment. KRM = peak knee rotation moment.
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Figure 6-11: Ensemble averaged waveforms for the total joint moment and relative external knee
moment contributions for the affected (A & C) and contralateral (B & D) knees before (top) and
after (bottom) 30-minute of walking for individuals with symmetrical knee loading.
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Figure 6-12: The relative external knee moment contributions to the total joint moment in the
affected (A,B) and contralateral (C,D) knees before (A,C) and after (C,D) 30-minutes of walking
in individuals with knee OA and asymmetrical knee loading. KAM = first peak knee adduction
moment. KFM = peak knee flexion moment. KRM = peak knee rotation moment.
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Figure 6-13: Ensemble averaged waveforms for the total joint moment and relative external knee
moment contributions for the affected (A & C) and contralateral (B & D) knees before (top) and
after (bottom) 30-minute of walking for individuals with asymmetrical knee loading.
6.4 Discussion

This study captured the effects of a continuous 30-minute walk on patient-reported
outcomes and quantified the interactive contributions of the affected and contralateral
knees with respect to symmetrical and asymmetrical gait patterns. Both groups achieved
an RPE of ~10/20 on the Borg scale, which has previously been found to coincide with
56.9% of age-adjusted maximal heart rate in this population'®, indicating that they
achieved the recommended aerobic training intensity during the treadmill walk??.
Individuals with symmetrical, versus asymmetrical knee loading reported a significantly
larger pain response after 30-minutes of walking; however, their affected knee

demonstrated minimal increases in flexion angles and reduced midstance KAM compared

137

100



to their contralateral knee. Both the affected and contralateral knees in individuals with
symmetrical and asymmetrical knee loading moved with increased KAMR and SPROM
after 30-minutes of walking, indicating increased dynamic loading. These results indicate
that individuals with symmetrical, versus asymmetrical knee loading respond differently
in terms of individualized pain responses but similar biomechanically after 30-minutes of
walking.

The affected knee in individuals with symmetrical knee loading demonstrated a
clinically meaningful increase in pain (>2 points)?*® over 30-minutes of walking, and the
magnitude of that increase was similar to increases reported by individuals with knee OA
experiencing a pain flare over 20-minutes of walking. This knee pain increase was two-
fold compared to individuals with asymmetrical knee loading (~1 point increase) who more
closely aligned with individuals with knee OA who did not experience a pain flare during
prolonged walking>>!%, Moreover, individuals with symmetrical loading consistently
reported more severe knee pain at every 10-minute interval, whereas those with
asymmetrical loading reported minimal symptom changes after 20-minutes. Increases in
knee pain, a commonly reported deterrent for engaging in physical activity among
individuals with knee OA>*, underscores the significance of these findings. Individuals
with symmetrical knee loading endured heightened knee pain following 30-minutes of
walking, potentially elevating their susceptibility to physical inactivity. Individuals with
symmetrical knee loading may benefit from shorter bouts of walking to facilitate pain self-
management, which is in line with minimum duration recommendation for individuals with

knee OA%7,
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Despite increases in knee pain, individuals with symmetrical knee loading walked
with 1° more knee flexion throughout loading response in their affected knee compared to
their contralateral knee; however, their total ICPF actually decreased by 1°, indicating a
slightly less dynamic sagittal plane knee motion. This 1° change is consistent with results

19 who showed that individuals with knee OA increased

from Rutherford and Colleagues
their knee flexion 1° following a 25-minute perturbation protocol!®®. However, this 1°
change is likely clinically meaningless, and below previously reported minimal detectable

change values?!®

. The affected knee in individuals with symmetrical knee loading also
demonstrated a decreased midstance KAM (i.e., a larger midstance valley) compared to the
contralateral knee following 30-minutes of walking, indicating increased medial
compartment offloading???. Although the affected knee changes in midstance KAM were
small, the average number of steps taken over the 30-minute walk was 3285, and these
small changes may reduce cumulative joint loading'8” compared to the contralateral knee.
These results suggest that the affected knee may experience reduced medial compartment
loading exposure over 30-minutes of walking compared to their contralateral knee,
potentially indicating a beneficial effect of walking on affected knee loading. Both the
affected and contralateral knees in individuals with symmetrical knee loading had an
increase in peak KFM and SPROM after the 30-minute walking protocol. The magnitude
of increase in peak KFM!?° and SPROM %% are consistent with previous findings examining
prolonged walking in individuals with knee OA'>!%¢ Previously reported findings are
mixed as to whether increases in peak KFM are associated with knee OA progression3”-'1°,

However, a previous study showing comparable rises in peak KFM after 30-minutes of

walking (0.04Nm/kg) in individuals with knee OA reported no immediate alterations in
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cartilage thickness measures, suggesting that 30-minutes of walking might not surpass a
loading threshold necessary to elicit a structural response'?.

Both the affected and contralateral knees in individuals with asymmetrical knee
loading increased their knee flexion angles during initial contact through midstance, first
peak KAM, KAMR, KFM, and SPROM, and reduced midstance KAM following 30-
minutes of walking. Increases in peak KAM suggest a potentially deleterious effect of
walking on knee health as greater first peak KAM has been linked with structural knee OA
development and progression?3’. Similar increases in peak KAM and KFM following 30-
minutes of walking have been found previously in knee OA; however, were not associated
with acute changes in cartilage thickness'®, suggesting that a prescribed duration of 30-
minutes may not exceed a possible loading threshold required for structural adaptations'®.
Complimentary studies are needed to investigate the interplay between loading magnitude
(peak KAM, KFM), duration (impulse) and frequency (cumulative loading) for
understanding the impacts of these gait adaptations on knee health.

Individuals with symmetrical and asymmetrical knee loading demonstrated small
but opposite changes in TIM asymmetry following 30-minutes of walking. Individuals
with symmetrical knee loading had an increase in their TJIM asymmetry index (5% more
asymmetric) in contrast to individuals with asymmetrical knee loading who decreased their
TJM asymmetry index (2% more symmetric). These findings are the first evidence to our
knowledge on the responsiveness of inter-limb asymmetry to prolonged walking, which
complicates the interpretation of these index changes. However, average TJM asymmetry

indices for individuals with symmetrical knee loading were still below the asymmetrical

threshold used for group assignment (14%). Individuals with symmetrical knee loading
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also had a 5% shift in the relative external knee moment contributions to the TIM in their
contralateral knee, as the primary contribution to the TJIM was reallocated from the KAM
to the KFM following 30-minutes of walking. The interpretation of these findings is also
challenging. No previous work to our knowledge has assessed contribution changes to the
TJM after prolonged walking; however, the findings in Chapter 4 indicate that the KFM
was the primary contributor to the TJIM in asymptomatic individuals (Figure 4-3). These
findings indicate a potential beneficial response to prolonged walking from a loading
perspective, reallocating KAM contributions to KFM. The relative external knee moment
contributions of the KAM, KFM and KRM to the TJIM for individuals with asymmetrical
knee loading changed minimally (<2%). How these TJM contributions influence clinical
outcomes and disease progression in individuals with knee OA should be further explored
to determine whether optimal proportions of KAM, KFM and KRM exist to predict joint
health over time.

This is the first study to our knowledge to comprehensively examine changes in
patient-reported and bilateral biomechanical characteristics following a 30-minute walking
intervention in individuals with symmetrical or asymmetrical knee loading; however, study
limitations should be acknowledged. TIM asymmetry indices in both groups varied in
response to 30-minutes of walking (i.e., increase, decrease or no change), which may be
associated with knee pain proposed to alter inter-limb asymmetries during walking. A
larger participant sample would enable investigations of inter-limb asymmetry among
responder subgroups (increase versus decrease symmetry) and its potential correlation with
individualized pain responses. Kinetic data was only collected before and after 30-minutes

of walking, which limits the ability to detect when the changes to TJIM symmetry occurred.
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Although the existing treadmill does not enable kinetic outputs, kinematic asymmetries,
and the addition of electromyography to quantify inter-limb asymmetry at the muscle level,
may augment the interpretations of this work and timing of biomechanical responses over

30-minutes.

6.5 Conclusion

Knee pain in individuals with symmetrical knee loading increased two-fold
following 30-minutes of walking compared to individuals with asymmetrical knee loading.
The affected knee in individuals with symmetrical knee loading had reduced midstance
KAM compared to the contralateral knee following 30-minutes of walking. Both the
affected and contralateral knees had had more dynamic frontal and sagittal plane joint
moments. Whether the magnitude of these changes are clinically meaningful requires
further testing; however, the biomechanical response for both limbs suggest that the
duration of walking had minimal-to-no negative consequences on mobility. The affected
and contralateral knees in individuals with asymmetrical knee loading had similar
biomechanical responses following 30-minutes of walking, reflecting a more dynamic gait
pattern bilaterally. Additionally, this group did not report a clinically meaningful increase
in knee pain suggesting that 30-minutes of walking could be encouraged for individuals
with asymmetrical knee loading. The varied symptomatic and biomechanical
responsiveness of inter-limb asymmetry to 30-minutes of walking in individuals with
symmetrical and asymmetrical knee loading highlight its potential utility as a novel
outcome measure for future intervention studies in individuals with, or at risk for, bilateral

knee OA.
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Chapter 7: Discussion and Conclusions

7.1 Summary of Findings

The main objective of this thesis was to investigate inter-limb asymmetry quantified
using features of dynamic knee loading previously associated with knee osteoarthritis (OA)
onset and progression, and examine its clinical utility based on its relationships with
clinical and biomechanical characteristics of knee OA and responsiveness to physical
activity. This objective was achieved by conducting three studies to address the primary
aims of this thesis. Chapter 4 examined differences in patient-reported outcomes and gait
biomechanics between individuals with self-reported and clinically diagnosed knee OA,
and assessed the prevalence and magnitude of knee loading asymmetry in these groups;
Chapter 5 dichotomized individuals as having either symmetrical or asymmetrical knee
loading to determine whether differences exist in patient-reported and biomechanical
characteristics between groups; Chapter 6 evaluated the responsiveness of inter-limb
asymmetry to prolonged walking, assessing patient-reported and gait biomechanical
responses to 30-minutes of continuous walking in individuals with knee OA who were

dichotomized as having either symmetrical or asymmetrical knee loading.

7.1.1 Summary of Chapter 4

Chapter 4 addressed the first objective of this thesis, which investigated differences
in patient-reported outcomes and gait biomechanics between individuals with knee OA
who were recruited to participate using either self-reported knee OA criteria or a

conventional definition for clinically diagnosed knee OA. Chapter 4 contributed to the
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overall purpose of this thesis by examining patient-reported and biomechanical differences
in participants differentiated by their recruitment method, specifically examining how the
prevalence and magnitude of total joint moment (TJM) asymmetry varied between groups.
This project presented novel information regarding patient-reported outcomes and gait
biomechanics associated with varied, yet generalizable, recruitment strategies.

The results from Chapter 4 indicate that the gait characteristics observed in
individuals with self-reported knee OA were consistent with gait characteristics previously
reported for individuals with more severe knee OA*?. The affected knee in individuals with
self-reported knee OA moved with reduced knee flexion angles from initial contact through
midstance, first peak knee adduction moment (KAM), first peak knee adduction moment
to midstance unloading range (KAMR) and peak knee flexion moment (KFM) compared
to individuals with clinically diagnosed knee OA. The combination of reduced sagittal
plane motions and less dynamic frontal plane loading have been linked to more severe
stages of knee OA*>2%7, In contrast, individuals with clinically diagnosed knee OA walked
with higher peak KAM and KFM and more dynamic frontal plane loading represented by
KAMR. Interestingly, these biomechanical characteristics were not accompanied by
differences in patient-reported outcomes between groups. Despite the biomechanical
similarities between individuals with self-reported and severe knee OA, the patient-
reported outcomes suggest that both recruitment groups were consistent with mild-to-
moderate knee OA'?°. Further, the number of individuals dichotomized as having either
symmetrical or asymmetrical knee loading were similar between groups, with no

differences in TJM magnitude. Overall, the results support that approximately 50% of
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individuals with knee OA, regardless of recruitment strategy, may be classified as having

an asymmetrical knee loading pattern.

7.1.2 Summary of Chapter 5

Chapter 5 addressed the second objective of this thesis, which assessed the
association between inter-limb asymmetry using features of dynamic knee joint loading
previously associated with knee OA onset and progression, with patient-reported outcomes
and gait biomechanics in individuals with knee OA. Chapter 5 extended the results of
Chapter 4 and previous inter-limb asymmetry research in knee OA by dichotomizing
individuals as having either symmetrical or asymmetrical knee loading at baseline and
assessed whether differences in patient-reported outcomes or biomechanical characteristics
existed. Chapter 5 contributes to the current understanding of inter-limb asymmetries in
knee OA and helps to inform the interpretation of symmetrical gait patterns, which may
not be reflective of physiologically healthy patterns in this population.

The results of Chapter 5 suggest that individuals with symmetrical knee loading
have poorer perceived physical function compared to individuals with asymmetrical knee
loading. There were minimal differences in affected knee biomechanics between groups;
however, the contralateral knee in individuals with symmetrical knee loading had lower
knee flexion angles from initial contact through midstance, KAMR, peak KFM, sagittal
plane knee moment range (SPROM) and higher midstance KAM compared to the
contralateral knee in individuals with asymmetrical knee loading. Further, the relative
contributions of the KAM, KFM and knee rotation moment (KRM) to the TIM in the

contralateral knee of individuals with symmetrical knee loading resembled previous
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evidence for individuals with mild-to-moderate knee OA'°, compared to individuals with
asymmetrical knee loading, whose relative contributions in the contralateral knee
resembled previous evidence for asymptomatic individuals (Figure 4-3). Although
biomechanical characteristics in the affected knee resembled previously reported patterns
for individuals with knee OA in both participant groups, the contralateral knee revealed
unique mechanical group differences (i.e., knee OA patterns in individuals with
symmetrical loading and asymptomatic patterns in individuals with asymmetrical loading)
that were likely primary contributors for dichotomizing symmetrical versus asymmetrical
groups. Individuals with symmetrical knee loading may be reflective of individuals with,
or at increased risk for, bilateral knee OA given the mechanical but not symptomatic

differences; however, prospective investigations are required to test this hypothesis.

7.1.3 Summary of Chapter 6

Chapter 6 further developed the results of Chapter 5 and addressed the third
objective of this thesis, which evaluated the responsiveness of inter-limb asymmetry over
a 30-minute walking intervention, assessing patient-reported and biomechanical responses
to 30-minutes of continuous walking in individuals with knee OA who were dichotomized
as having either symmetrical or asymmetrical knee loading. The biomechanical responses
of the affected and contralateral knees were quantified, as well as their interactive
contributions with respect to symmetrical and asymmetrical gait patterns after 30-minutes
of walking. Chapter 6 expanded on previous work examining inter-limb asymmetries in
knee OA3163198 and our understanding of how symmetrical versus asymmetrical

subgroups of knee OA respond to a prolonged, submaximal walking intervention>>193-1%
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The findings from Chapter 6 suggest that knee pain in individuals with symmetrical
knee loading increased two-fold over 30-minutes of walking compared to individuals with
asymmetrical knee loading. Despite a clinically meaningful increase in pain, individuals
with symmetrical knee loading experienced a minimal rise in their TJM asymmetry index
(5% more asymmetric). In contrast, individuals with asymmetrical knee loading decreased
their TIM asymmetry index (2% more symmetric). The affected knee in individuals with
symmetrical knee loading had a reduced midstance KAM compared to the contralateral
knee following the 30-minute walk, indicating increased medial compartment unloading.
Both the affected and contralateral knees had significant increases in KAMR and SPROM
following 30-minutes of walking, suggesting that this duration of physical activity had
minimal-to-no negative biomechanical consequences on mobility in this subgroup.
However, since pain worsened over 30-minutes of walking, individuals with symmetrical
knee loading may benefit from shorter bouts of physical activity to achieve a balance
between symptom management and physical activity health benefits. Individuals with
asymmetrical knee loading did not demonstrate a clinically meaningful increase in affected
knee pain following the 30-minute walking bout. Biomechanically, their affected and
contralateral knees had similar increases in peak KAM, peak KFM, KAMR and SPROM,
demonstrating that both the magnitude and dynamic features of loading increased
bilaterally. Although increased peak loads may be deleterious to joint health33:37:110)
previous research reporting similar increases in peak KAM and KFM following 30-minutes
of walking were not accompanied by acute changes in cartilage thickness'®>. These results
suggest that this duration of walking may not exceed a possible loading threshold required

for structural adaptations'®>. The minimal-to-no increases in pain, combined with more
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dynamic knee loading, support that 30-minutes of moderate intensity walking is a tolerable

duration of walking for individuals with knee OA and asymmetrical knee loading.

7.2 Implications and Clinical Significance

Knee OA is a multifactorial disease that is susceptible to mechanical, inflammatory
and biological processes, influencing patient-reported outcomes and knee joint structure’>.
Shifts in current diagnostic practices for OA no longer reinforce radiographic evidence for
diagnosis if typical disease symptoms and presentation exist>*%; however, minimal-to-no
research has assessed patient-reported or biomechanical differences between individuals
using self-reported knee OA criteria versus individuals clinically diagnosed using
conventional radiographic-centric practices. Recently, authors have proposed that pain in
the affected knee during walking may be associated with inter-limb asymmetries that
overload the contralateral knee and possibly accelerate bilateral knee OA onset and
progression®>!%8, Current physical activity guidelines recommend 150-minutes per week
or 30-minutes per day of moderate-to-vigorous physical activity>?; however, research has
reported that only 13% of men and 8% of women with knee OA achieve these guidelines>?.
Evidence suggests that individuals with knee OA are likely to avoid physical activity due
to pain, or fear or accelerating/worsening the disease>*, and the likelihood of meeting these
guidelines is further reduced with increasing BMI*. This thesis demonstrated that
individuals with symmetrical knee loading reported worse baseline patient-reported
function (Chapter 5), higher BMI (Chapter 5) and knee pain increased two-fold following

30-minutes of walking (Chapter 6) compared to individuals with asymmetrical knee
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loading which, regardless of how knee OA was defined (i.e., self-reported versus clinically
diagnosed), represented approximately 50% of individuals with knee OA (Chapter 4).
Despite noted differences in gait biomechanics between individuals with self-
reported versus clinically diagnosed knee OA, the distribution of individuals dichotomized
as having symmetrical and asymmetrical knee loading was similar. Although patient-
reported outcomes and the frequency of inter-limb asymmetry was consistent between
groups, individuals with self-reported versus clinically diagnosed knee OA demonstrated
biomechanical movement patterns during walking consistent with more severe knee OA*.
Therefore, a self-reported recruitment strategy may yield individuals with more severe
knee OA compared to individuals clinically diagnosed using conventional diagnostic
methods. Previous research has proposed that community recruitment strategies may yield
individuals with limited access to healthcare!!. Importantly, healthcare access was not
tested in this thesis; however, a lack of access may indirectly suggest that individuals have
had a longer duration of disease exposure, and possibly progression, than individuals with
clinically diagnosed knee OA. Future research to assess whether individuals with self-
reported knee OA have a family physician or have sought out healthcare, and in what
capacity, would complement the interpretation of the present findings. In summary, these
results highlight that common paradigms for knee OA recruitment (i.e., clinically
diagnosed) may yield a select subset of individuals in this case representing a less clinically
severe group compared to the wider Canadian population with knee OA?38, potentially
diminishing generalizability. This may be dependent upon the healthcare provider, where

family doctors or tertiary care centres may yield individuals earlier in the disease process;
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however, prolonged wait times for orthopaedic surgeons may lead to individuals further
along the disease pathway.

Employing a community based, self-reported recruitment approach may provide a
more comprehensive representation of the population affected by knee OA!'!. It has been
reported that only 5% of Canadian health studies used a nationally representative sample
when examining health data'®. Proposed barriers for achieving representative data include
limited access to healthcare or healthcare specialist’!. Implementing a community
recruitment strategy has been recommended as a potential solution!! for improving the
generalizability of findings and tailoring interventions to diverse patient needs. Caution is
warranted, however, as the community recruitment strategy used in this thesis yielded
individuals with walking patterns that reflected more severe knee OA (Chapter 4).
Therefore, thoughtful consideration is necessary for future study recruitment, particularly
when mixed methods are implemented.

Importantly, the recruitment strategy comparison between self-reported and
clinically diagnosed individuals with knee OA in Chapter 4 likely yielded a total cohort of
participants with knee OA across the disease continuum, which enabled the prevalence of
inter-limb asymmetry to be quantified and evaluated. Symmetry analyses have been
utilized for over five-decades to assess gait changes in several chronic conditions such as
individuals post stroke*’ and Parkinson’s disease®*®. Although symmetry analysis has been
used to identify gait changes among pathological populations, research examining inter-
limb asymmetry in individuals with knee OA has produced inconsistent results3%31-63, Mills
and colleagues (2013)° found that the prevalence of asymmetry was more common in

bilateral symptomatic disease, while Creaby and colleagues (2012)°! found that individuals
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with unilateral knee pain demonstrated inter-limb asymmetry. Further, Messier et al.,
(2016)% found that both individuals with unilateral and bilateral knee OA walked with
similar magnitudes of inter-limb asymmetry®*. This thesis revealed that approximately half
of individuals with knee OA walk with either symmetrical or asymmetrical knee loading
(Chapter 4), symmetrical knee loading in individuals with knee OA may represent bilateral
biomechanical characteristics of knee OA (Chapter 5), and that minimal changes in TIM
asymmetry were observed following 30-minutes of walking regardless of symmetrical or
asymmetrical knee loading (Chapter 6). The majority of individuals with symmetrical knee
loading reported worse physical function during activities of daily living (ADLs) such as
ambulating stairs, rising from sitting, shopping, and heavy domestic duties (Chapter 5).
There is a known discordance between patient-reported and objectively measured

function26©

, suggesting that the perceived functional disability during ADLs for individuals
with symmetrical knee loading may be pain related. Therefore, baseline patient-reported
physical function may help explain why individuals with symmetrical knee loading
increased knee pain two-fold following 30-minutes of walking compared to individuals
with asymmetrical knee loading (Chapter 6). This finding is consistent with previous
research examining individuals with knee OA who experienced a pain flare during 20-
minutes of walking and individuals who did not>. These cumulative results suggest that
the existing perception that gait symmetry is advantageous for individuals with knee OA
may not be fully supported by this thesis.

The overall results of this thesis also support that an inter-limb symmetry index

may have clinical utility as a screening tool for identifying individuals who may be at risk

for bilateral disease; however, further research is needed to better understand symmetry
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analyses and develop clinically applicable strategies for its assessment. Currently, it is not
known how, or whether, symmetry changes over the course of knee OA progression.
Cappozzo (1982)%! argued that all individuals adopt a locomotive strategy based upon the

261 This theory is echoed by

functional and structural constraints accompanied by a disease
Solit (1962)%%? who proposed that every individual’s gait represents the most efficient
strategy of their own body and situation?®’>. As mobility compensations are implemented
by individuals with knee OA to minimize symptoms and optimize function, structural
impairments consistent with the disease, including joint space narrowing, osteophyte
formation, cartilage degradation, muscular impairments, synovitis or bone marrow
lesions’™ are likely present. Once these structural manifestations take place, the affected
knee may not achieve movement patterns consistent with a non-diseased knee, resulting in
contralateral movement adaptations that suggest regression of the contralateral knee toward
an OA functional state thus reflecting symmetrical knee loading. Whether inter-limb
asymmetry can be altered through intervention has not been investigated. In this thesis, a
30-minute walking intervention did not elicit large inter-limb changes at the group-level
for individuals with symmetrical or asymmetrical knee loading (Chapter 6); however, a
subgroup of individuals did appear to demonstrate large TIM symmetry changes (>10%)2%3
following the 30-minute walk (Figure 6-9). Research examining potential differences in
responders (>10% symmetry change) and non-responders (<10% symmetry change)
following 30-minutes of walking, and inter-limb asymmetries across disease severities may

give further insights into the acute and longitudinal dynamic or static nature of symmetry

within this population.
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Research has reported that only 13% of men and 8% of women with knee OA
achieve the guideline recommendations for physical activity>3. In the latest 2019 guidelines
by The American College of Rheumatology, strong recommendations encouraged
researchers to establish a knowledge-base for physical activity prescription for individuals
with knee OA?!'. Recommendations called for research to examine differences in activity
duration, frequency and intensity, while taking disease severity into consideration?!.
Aligning with these recommendations, this thesis expanded on the current literature by
investigating the effects of 30-minutes of continuous walking (Chapter 6), a universally
recommended duration of walking!®, in individuals with knee OA who displayed
unilateral (asymmetrical knee loading) and bilateral (symmetrical knee loading)
biomechanical characteristics of the disease (Chapter 5), each representing approximately
50% of the sample population (Chapter 4).

Individuals with symmetrical knee loading reported increases in knee pain over 30-
minutes of walking that exceeded a clinically meaningful threshold of 2-points on an 11-
point numeric pain rating scale (NPRS)?*. Despite increased pain, individuals with
symmetrical knee loading did not display large changes in TJIM asymmetry. Increased knee
pain is a common physical activity deterrent among individuals with knee OA>*, suggesting
that this duration of physical activity may not be sustainable for long-term physical activity
adherence. Despite worse patient-reported function at baseline reported by individuals with
symmetrical knee loading (Chapter 5), biomechanical outcomes following 30-minutes of
walking represented a more dynamic loading pattern, suggesting that the duration of
walking had minimal-to-no negative consequences on mobility (Chapter 6). Similarly, the

increase in knee pain did not impact gait speed, suggesting that functional performance
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neither improved nor worsened. Based on the results, a single 30-minute walking session
doesn’t appear to impact function in individuals with symmetrical knee loading; however,
it did increase pain. Therefore, if individuals with knee OA and symmetrical knee loading
have difficulty engaging in longer duration activity, recommendations could encourage
shorter duration activity (10-15-minutes)®’ to gradually build the capacity for longer
durations. This stepwise approach to physical activity aligns well with current best practice
recommendations?®*, and may help with physical activity adherence for individuals unable
to achieve longer activity durations.

In contrast to individuals with knee OA and symmetrical knee loading, the 30-
minute walk did not result in a clinically meaningful increase in pain for individuals with
asymmetrical knee loading. However, both affected and contralateral knees had increases
in peak loading magnitudes combined with a more dynamic loading pattern. Although
increases in first peak KAM have been associated with increased risk for structural knee
OA progression®3, previous research supports that similar increases in peak knee loads
following 30-minutes of walking were not associated with acute changes in cartilage

thickness!'??

, suggesting that the changes in loading magnitude experienced by individuals
with asymmetrical knee loading were unlikely to simulate structural adaptations'®>. Despite
better patient-reported function at baseline (Chapter 5) individuals with asymmetrical knee
loading saw similar increases in objective functional performance (gait speed) compared
to individuals with symmetrical knee loading after 30-minutes of walking. These results
corroborate that 30-minutes of walking does not negatively influence objectively measured

functional performance (gait speed), patient-reported symptoms (pain), biomechanical

characteristics, or inter-limb asymmetry for individuals with asymmetrical knee loading.
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Combined with existing literature on the benefits of physical activity?6°>—2¢7, these findings

support that 30-minutes should be encouraged for these individuals.

7.3 Research Limitations and Future Directions

Cross-sectional analyses have been instrumental in gaining knowledge surrounding
differences between individuals with knee OA and asymptomatic individuals; however,
only through longitudinal analyses can we fully appreciate the natural progression of the
disease. In the context of asymmetry, while findings suggest distinct differences between
individuals with symmetrical and asymmetrical knee loading, it was not possible to assess
how these gait strategies developed. On average, asymptomatic individuals walked with
symmetrical knee loading while individuals with knee OA were found to walk with
asymmetrical knee loading (Chapter 4), suggesting that the proposed association between
symmetry and physiologically healthy gait may not be entirely incorrect but rather that
symmetrical walking patterns exist prior to knee OA development. Unilateral knee OA
onset may then contribute to a breakdown of inter-limb symmetry resulting in
asymmetrical walking patterns, which further suggests that inter-limb asymmetry may be
a risk factor for disease onset in the contralateral knee as a component of the unilateral-
bilateral knee OA continuum. A theoretical spectrum of inter-limb asymmetry the knee OA
disease continuum is presented in (Figure 7-1). The presence of asymmetry based on
spatial-temporal walking characteristics have been associated with a significant increase in
the likelihood of contralateral TKA following unilateral TKA'. Biomechanically TKA
has been shown to significantly reduce peak KAM values, which can be viewed as a

beneficial outcome?®®; however, many other gait outcomes such as peak KFM, or initial
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contact to peak knee flexion angles (ICPF) show minimal changes after surgery, or are in
line with individuals with moderate knee OA2%%. Whether or not these individuals reverted
back to symmetrical spatial-temporal variables once knee OA development occurred in the
contralateral knee is unknown. Study designs to examine inter-limb asymmetries more
comprehensively in individuals with unilateral and bilateral knee OA, as well as across
knee OA severities may further clarify how, or if, an inter-limb symmetry-asymmetry

continuum parallels knee OA disease progression.

Knee Osteoarthritis Disease Continuum

INTERLIMB INTERLIMB INTERLIMB
SYMMETRY ASYMMETRY SYMMETRY

absanl diseasa = unilateral diseass * bilataral diseasa

Figure 7-1: Theoretical spectrum of inter-limb asymmetry across the knee osteoarthritis disease
continuum.

The results of this thesis preliminarily support the use of an inter-limb asymmetry
index as a screening tool to assess potential knee OA severity or monitor responsiveness
to interventions; however, the methodological needs for calculating symmetry prevent
direct clinical implementation due to their limited access to the technologies employed in
this thesis. One less technologically demanding method for measuring asymmetry during
walking uses spatial-temporal parameters. These measures are readily available to
clinicians through spatial-temporal gait mats, or inertial measurement units, and both have

shown good-to-excellent reliability in assessing spatial-temporal parameters during gait
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(ICC = 0.60-0.95)%6%270 Thus, investigating spatial-temporal asymmetry could be used as
a surrogate to the methodology used in this thesis and, offer clinicians readily available
metrics that could be used to screen individuals more likely to progress to bilateral knee
OA. Spatial-temporal asymmetry assessment has shown promise in identifying individuals
with knee OA more at risk of contralateral TKA!, with findings suggesting that every
Icm increase in step-length asymmetry (i.e., longer step length for the affected knee and
shorter step length for the contralateral knee) increased the odds of contralateral TKA two-
fold'”®. However, results from the Multicenter Osteoarthritis (MOST) Study demonstrated
that elevated stance time asymmetry (i.e., more time spent on the contralateral limb) was
associated with a decreased odds of contralateral knee pain over 2-years'®®. Further
research examining whether inter-limb asymmetry thresholds for spatial-temporal
variables are consistent with results from this thesis may give clinicians an easily accessible
tool for monitoring individualized disease progression.

Overall, this thesis suggests that TIM asymmetry indices in individuals
dichotomized as having either symmetrical or asymmetrical knee loading varied in
response to 30-minutes of walking (i.e., increase, decrease or no change). Although the
average TIJM symmetry change does not appear clinically relevant, individuals with
symmetrical knee loading increased their TIM asymmetry index (5% more asymmetric) in
contrast to individuals with asymmetrical knee loading who decreased their TIM
asymmetry index (2% more symmetric). However, the individual TJM responses to 30-
minutes of walking in either group were varied, and distinct patterns emerged but were not
tested in the current study (Figure 6-9). Previous research has calculated a minimal

detectable change (MDC) cut-off of 10% for a Limb Symmetry Index?®, that was
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calculated for a single leg hop as (f{—A) * 100, where Xa represents the affected limb and

Xc represents the contralateral limb. Applying this cut-off to the current participant sample,
a total of 23 individuals with knee OA (53%) had a >10% change in TJM symmetry and
20 individuals (47%) had no change in TIM symmetry (<10% change) following 30-
minutes of walking. Preliminary exploration of individualized inter-limb TIM
responsiveness suggests likely differences in clinical (all KOOS and ICOAP measures)
(Figure 7-2 & Figure 7-3) and functional (gait speed after 30-min walk) outcomes between
individuals exceeding the MDC or not (Table 7-1). Integrating the biomechanical elements
of this thesis into this proposed research direction remains to be explored. Additional
responsiveness testing at the group- and individual-level is needed to further inform the
utility of this symmetry metric and its role in OA mechanics. Further investigation into the
static and dynamic nature of symmetry during walking may further help identify
individuals demonstrating characteristics of increased knee OA severity, and further

targeted rehabilitation and optimize patient outcomes.
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Table 7-1: Participant demographics and clinical characteristics for individuals who demonstrated
no change in symmetry versus those who changed symmetry after 30-minutes of walking (n=43)

No Symmetry Symmetry Mean Difference

Change (n=23) Change (n=20) (95%CI)
Age 60 +£8 58+ 12 2.00 [-4.27: 8.26]
Sex. no. of females (%) 14 (61) 8 (40) -
Baseline Symmetric 13 (56) 7 (35) -
(%)
no. increased - 13 (65) -
symmetry
TIM Asymmetry 31.6 £55.8 41.8+324  -10.2[-34.4:20.7]
Before
TIM Asymmetry After 31.0£56.9 449+347  -13.9[-39.3:17.0]
BMI, kg/m? 30.5+£6.00 26.4+7.32 4.12 [-0.04: 8.17]
Gait Speed Before, m/s 1.22+0.17 1.32+0.18  -0.10[-0.21: 0.02]
Gait Speed After, m/s 1.24£0.16 1.37+0.22  -0.13 [-0.24: -0.01]
KOOS Total 59.4+12.5 74.1+109 -14.6 [-21.9: -7.38]
KOOS Symptoms 65.1+11.8 75.1+12.3  -10.0 [-17.4: -2.54]
KOOS Pain 61.6£15.2 75.8+13.3 -14.3 [-23.1: -5.42]
KOOS ADL 72.2+14.2 86.4+11.3 -14.2 [-22.2: -6.24]
KOOS Sport 40.4 +18.6 60.5+22.5 -20.1[-32.7: -7.42]
KOOS QoL 42.4+15.2 57.8+13.0 -15.4 [-24.2:-6.65]
ICOAP Total 70.7 +£15.5 84.7+13.4 -14.0 [-23.0: -5.06]
ICOAP Constant 76.1 £18.5 89.0+14.5 -12.9[-23.3:-2.55]
ICOAP Intermittent 66.1+17.4 81.5+15.1 -15.3 [-25.4: -5.30]

Note: Values are listed as mean and standard deviation unless otherwise indicated. TJM = total
joint moment. KOOS = Knee Injury and Osteoarthritis Outcome Score. ADL = activities of daily
living. QoL = Quality of life. ICOAP = Intermittent and Constant Osteoarthritis Pain. Mean
differences are presented as no symmetry change minus symmetry change, where a positive
value indicates that no symmetry change is greater than symmetry change, and a negative value
indicates that symmetry change is greater than no symmetry change. Bolded values indicate

significant between-group differences as the 95% CI does not cross zero.
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Figure 7-2: Means and standard deviations for total and subscale scores of the Knee Injury and
Osteoarthritis Outcome Score for individuals with knee OA who demonstrated no change in TIM
symmetry versus individuals who changed TIM symmetry after 30-minutes of walking. ADL =
activities of daily living. QoL = quality of life. Asterisks (*) indicate significant between group
differences (p<0.05).
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Figure 7-3: Means and standard deviations for total and subscale scores of the Intermittent and
Constant Knee Osteoarthritis Pain Score for individuals with knee OA who demonstrated no change
in TJIM symmetry versus individuals who changed TJM symmetry after 30-minutes of walking.
ADL = activities of daily living. QoL = quality of life. Asterisks (*) indicate significant between
group differences (p<0.05).
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Lastly, the results of Chapter 6 suggest that 30-minutes of continuous walking for
individuals with symmetrical knee loading may lead to increased pain, and
recommendations may suggest shorter bouts to either build capacity for longer duration
activities or achieve the recommended 30-minute duration by using a multiple bout
strategy. Limited research has investigated the impact of one continuous 45-minute walk
versus multiple bouts of three 15-minute walks spaced one hour apart, showing promising
results for symptom maintenance in knee OA?’!. Results demonstrated that once the
accumulation of 30-minutes of walking was achieved (either continuously or through two
15-minute intervals), first peak knee contact forces were significantly increased; however,
only continuous walking resulted in significant increases in pain?’'. Individuals with
symmetrical knee loading in the current study reported a significant increase in pain from
baseline to the first 10-minute interval; however, this was not a clinically meaningful
increase (Chapter 6) and may still be a tolerable walking duration. Understanding whether
accumulating the recommended daily physical activity in intervals of 10-15-minutes leads
to an acute reduction in pain compared to 30-minutes of continuous walking for individuals
with symmetrical knee loading may be beneficial to better understand how knee
biomechanics and pain interact during shorter more frequent walking bouts. This
information would help to elucidate realistic physical activity prescription for individuals
who may not be able to walk continuously for longer durations without meaningful

increases in pain.
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7.4 Conclusion

The findings from this thesis indicate that community based, self-reported knee OA
recruitment strategies may result in a biomechanically more severe knee OA sample
compared to clinically diagnosed recruitment. Regardless of recruitment strategy, the
prevalence of asymmetry was similar between groups, suggesting that approximately 50%
of individuals with knee OA walk with symmetrical versus asymmetrical knee loading.
This thesis provided promising evidence that symmetrical knee loading may align with
bilateral knee OA as well as generated novel insights into contralateral knee OA
development and progression. Mechanistically, the contralateral knee in individuals with
symmetrical knee loading may have regressed to a functional state equivalent to that of the
affected knee, and individuals with asymmetrical knee loading may benefit from earlier,
targeted intervention for their contralateral knee to prevent functional decline and possibly
disease onset. A single continuous 30-minute walking bout did not appear to negatively
influence mobility regardless of symmetry status; however, undesirable pain responses
may indicate that individuals with symmetrical knee loading could benefit from shorter
bouts of walking. Clinically, a symmetry index may hold utility as a screening tool to assess
potential knee OA severity or monitor responsiveness to interventions; however, further
research assessing more clinically applicable tools are warranted. Research assessing
symmetry across disease severities and investigating the severity of the contralateral knee

are needed to help better interpret symmetry in this population.
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Appendix B: Heatmaps Outlining Individual Responses for
Non-significant KOOS or ICOAP subscales
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Figure B-1:Heatmap depicting the distribution of Likert scale responses for the Knee injury and
Osteoarthritis Outcome Score (KOOS) - Symptoms sub-scale. The heatmap displays the responses
for each item within the KOOS-Symptoms sub-scale across all respondents. Color intensity
represents degree of difficulty, with darker shades indicating higher worse difficulty. The left
subplot shows responses from individuals with symmetrical knee loading, while the right subplot
displays responses from individuals with asymmetrical knee loading. Each row represents a
respondent, and each column represents an item within the KOOS-Symptoms sub-scale.
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Figure B-2: Heatmap depicting the distribution of Likert scale responses for the Knee injury and
Osteoarthritis Outcome Score (KOOS) - Pain sub-scale. The heatmap displays the responses for
each item within the KOOS-Pain sub-scale across all respondents. Color intensity represents degree
of difficulty, with darker shades indicating higher worse difficulty. The left subplot shows
responses from individuals with symmetrical knee loading, while the right subplot displays
responses from individuals with asymmetrical knee loading. Each row represents a respondent, and
each column represents an item within the KOOS-Pain sub-scale.
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Figure B-3: Heatmap depicting the distribution of Likert scale responses for the Knee injury and
Osteoarthritis Outcome Score (KOOS) — Function, Sports and Recreational Activities (Sport) sub-
scale. The heatmap displays the responses for each item within the KOOS-Sport sub-scale across
all respondents. Color intensity represents degree of difficulty, with darker shades indicating higher
worse difficulty. The left subplot shows responses from individuals with symmetrical knee loading,
while the right subplot displays responses from individuals with asymmetrical knee loading. Each
row represents a respondent, and each column represents an item within the KOOS-Sport sub-scale.
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Figure B-4: Heatmaps depicting the distribution of Likert scale responses for the Knee injury and
Osteoarthritis Outcome Score (KOOS) — Quality of Life (QoL) sub-scale. The heatmap displays
the responses for each item within the KOOS-QoL sub-scale across all respondents. Color intensity
represents degree of difficulty, with darker shades indicating higher worse difficulty. The left
subplot shows responses from individuals with symmetrical knee loading, while the right subplot
displays responses from individuals with asymmetrical knee loading. Each row represents a
respondent, and each column represents an item within the KOOS-QoL sub-scale.
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Figure B-5: Heatmap depicting the distribution of Likert scale responses for the Intermittent and
Constant Osteoarthritis Pain (ICOAP) score - Constant sub-scale. The heatmap displays the
responses for each item within the ICOAP -Constant sub-scale across all respondents. Color
intensity represents degree of difficulty, with darker shades indicating higher worse difficulty. The
left subplot shows responses from individuals with symmetrical knee loading, while the right
subplot displays responses from individuals with asymmetrical knee loading. Each row represents
a respondent, and each column represents an item within the ICOAP - Constant sub-scale.
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Figure B-6: Heatmap depicting the distribution of Likert scale responses for the Intermittent and
Constant Osteoarthritis Pain (ICOAP) score - Intermittent sub-scale. The heatmap displays the
responses for each item within the ICOAP - Intermittent sub-scale across all respondents. Color
intensity represents degree of difficulty, with darker shades indicating higher worse difficulty. The
left subplot shows responses from individuals with symmetrical knee loading, while the right
subplot displays responses from individuals with asymmetrical knee loading. Each row represents
a respondent, and each column represents an item within the ICOAP - Intermittent sub-scale.
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Osteoarthritis Knowledge Scale

Appendix C: Copy of The
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