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Abstract

Knee osteoarthritis is a musculoskeletal condition affecting mobility and function.
Hallmark biomechanical indicators have been linked knee OA severity and progression,
yet it remains unknown whether these are exclusive to the OA knee. Thesis objectives
were to determine whether these gait outcomes were unique to those with knee OA by
concurrently investigating groups of asymptomatic individuals and those with hip OA.
Forty-eight participants walked on an instrumented treadmill while knee motion, ground
reaction forces, and electromyographic signals were collected. Lateral: medial activation
ratios were computed for the surrounding knee muscles. Hamstring muscle activation is
affected by hip OA in a direction opposite to knee OA and provides a gait outcome that is
unique in the knee OA disease. In the other studied features, similarities either exist
between hip OA and knee OA (sagittal plane moments), or asymptomatic and knee OA
(frontal plane moments) or all three groups (sagittal plane motion).

Vil
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Chapter 1 - Introduction
1.1 Introduction

Osteoarthritis (OA) is a highly prevalent, multidimensional musculoskeletal
condition in adults with significant bearings on the health and quality of life of those
affected.! In Canada, over 4.4 million individuals are living with OA, with this number
expected to increase considerably in the following years.! The impact of this disease is
widespread, creating socioeconomical burdens at the individual, community, and national
levels. Individuals with OA are faced with greater financial encumbrances, require more
frequent care from health professionals,** and often have difficulty executing activities of
daily living® and employment requirements.”® These are closely followed by a national
economic burden, as productivity loss due to illness and disability continues to rise’ and
resources for managing OA in Canada’s health care system are stretched.!® There is no
current cure of OA despite many management guidelines available.!'"!* It is not entirely
clear how these management plans target the multidimensionality of OA or what
outcomes we should monitor to determine impact. Without these data, we will struggle to
find a way to mitigate the burden of OA in Canada and indeed the world.

While the exact etiology of OA remains unknown, it is generally attributed to a
combination of maladaptive biological, mechanical, and structural responses to abnormal
mechanical stresses.!> ¥ In a healthy joint, physiological loading is necessary to stimulate
the biosynthesis of new cells and preserve tissue integrity.'” This homeostatic
environment can be disrupted by excessive joint loading, malalignment of joint

structures, or a combination of both,!® thereby negatively impacting the metabolism of



joint cells leading to an imbalance of anabolic and catabolic activity and resulting in joint
degradation.!>!8
Degradation of lower extremity joints can be highly debilitating, often leading to a

decline in functional ability20’21

and increased risk for comorbidities.!*? For many, the
capacity to remain physically active lies within their ability to walk, yet many individuals
with OA struggle with this task. In fact, symptomatic knee and hip OA was found to be
the greatest contributor to walking difficulty in older adults.??> To better understand the
relationships between joint function and limitations in activities such as walking,
biomechanical gait analyses have evolved allowing objective evaluations of mechanical
demands in healthy and pathological joints during walking.

For over a decade, researchers have demonstrated that individuals with lower
extremity OA show characteristic alterations in their joint mechanics during gait. For
people with medial compartment knee OA, the most commonly reported metrics include

2329 as well as joint moments, 33934 with the

altered sagittal and frontal plane motions,
latter providing an understanding of the mechanical demands on the knee joint tissues. In

people with hip OA, hip joint mechanics are primarily altered in the sagittal plane, where

35-39 35,37,39

reduced hip joint extension and lower peak hip flexion-extension moments are
commonly identified features during gait. Together, joint mechanics are shown to be

different from an asymptomatic group when studying the symptomatic joint in OA, even
at early stages of the disease process. If one joint is affected by OA, what happens to the

other joints in the lower extremity during walking? The focus of this thesis is on the knee

joint of people with moderate knee OA, moderate hip OA, and an asymptomatic group, to



help address this question. Are knee joint biomechanical and neuromuscular alterations
associated with knee OA distinct to the disease?

In comparison to asymptomatic individuals, sagittal plane biomechanics are
altered where osteoarthritic knees tend to remain in a flexed position at the time of initial
contact and move less throughout the loading response and stance phase of the gait
cycle.??"?° Additionally, changes have been reported to occur in the flexion-extension
moment with the presence of disease, which is reflective of all agonist and antagonist

4 Individuals with knee OA demonstrate a reduction in

muscles crossing the knee joint
the difference between the peak flexion and extension moments, representing a less
dynamic sagittal plane loading pattern.?*?%21-33 The combination of these variations has
been referred to as “dynamic joint stiffness” or “stiff gait” and may represent an attempt
to improve knee joint stability as the structural integrity of the articulating surfaces are
compromised,’! and has been associated with increasing disease severity.?>?’

In the frontal plane, the net external knee adduction moment (KAM), has been a
biomechanical feature of interest in knee OA gait literature, representing the medial-to-
lateral tibiofemoral compartment joint load distribution.’**#! Several studies have
reported an increased KAM in individuals with knee OA in comparison to healthy

controls,23’28’30’42

as well as in those of greater severities.”***4? The KAM has also been
consistently related to disease progression.**** Several longitudinal studies have shown
associations between the KAM and radiographic measures of disease advancement, such
as Kellgren Lawrence (KL) grades,* medial joint space narrowing,* medial cartilage

volume,* and medial-to-lateral cartilage thickness ratios** over periods of one to six

years.



Collectively, these studies provide evidence that both sagittal plane and frontal
plane mechanics are altered with the presence and progression of knee OA. Reductions in
flexion-extension motion and moments suggest a less dynamic, or stiffer, gait pattern in
osteoarthritic knees, while increases in the frontal plane KAM represents a loading
distribution biased towards the medial knee compartment. These findings are consistently
reported in the literature, both of which have been demonstrated in comparison to
asymptomatic knees, and with advancing disease severity.

While knee biomechanics have contributed to our understanding of joint function
in knee OA, they are limited in providing an understanding of how joint function may be
maintained through muscle activation during gait. Electromyography (EMG) studies of
knee joint muscles during walking have typically shown individuals with knee OA
affecting the medial tibiofemoral compartment preferably activate their lateral knee
musculature over the medial.?®*¢5? This seems particularly true for the hamstring
muscles, as increased lateral hamstring (LH) activity has been reported in individuals

28:4647.50-52 and to medial hamstring

with knee OA in comparison to healthy controls,
(MH) activations. 643

The differential activation has been proposed as a protective mechanism to
counteract the high medial compartment knee joint loading often present in knee OA.*
Heiden and colleagues (2009) reported this laterally directed contraction strategy was
more pronounced with increasing KAM in individuals with knee OA and was suggested
to be a learned motor pattern in attempt to counteract the increasing KAM and associated

disease symptoms.?> Another theory for the heightened LH activity present in individuals

with knee OA is that it is a reflexive response to the lateral compartment tensile stresses



experienced as a result of the dynamic varus malalignment typically associated with the
presence and progression of medial compartment knee OA.>*>7 This explicit differential
activation has not been reported in asymptomatic adults,**>* the contralateral knee of

3338 nor younger adults or those with hip injuries,” and thus may be

knee OA patients,
unique to knee OA pathology and provide information regarding disease progression.

While these biomechanical and neuromuscular adaptations associated with knee
OA presence and progression remain rather consistent, little is known about their
uniqueness to the disease. In fact, whether they represent pathomechanics distinctive of
knee OA exclusively or of a lower-extremity pathology in general remains unknown.
Most often, when OA is discussed in the literature, the most symptomatic joint remains
the focus. Unfortunately, this picture is incomplete, as epidemiological studies have
shown that a significant number of OA patients develop pathologies in at least two of the
three lower-extremity weight bearing joints, suggesting problems in one joint may be
biomechanically related to problems in others.5%¢!

Using hip OA as a comparator, research pertaining to knee mechanics in
individuals with hip OA exists but is limited to date. A study could not be found where a
head-to-head comparison of knee mechanics between individuals with moderate knee OA
and moderate hip OA has been conducted in relation to an asymptomatic group. Previous
hip OA studies have focused on contralateral limb loading via the KAM following total
hip joint replacement (THR) procedures.’>"%° Others have studied ipsi- and contra- lateral
sagittal plane mechanics, and knee joint muscle activation patterns.*>*%¢’ Sagittal plane

knee joint motion has shown to be reduced both bilaterally® and on the affected limb*® of

individuals with moderate hip OA compared to asymptomatic controls. As the knees of



individuals with hip OA transition from peak flexion to peak extension during mid-to-late
stance, they remained in a flexed position and do not move fully into extension,
representing a stiffer movement pattern.>*%® Rutherford and collaborators (2018) reported
this reduction in knee joint motion is more pronounced in the ipsilateral than contralateral
limbs, and becomes less dynamic with increasing hip OA disease severity.%” These
alterations are parallel to those described in individuals with knee OA, yet the individuals
with hip OA showed no symptoms or clinical evidence of knee OA. Why does the
ipsilateral knee of individuals with hip OA seem to move like an OA knee? What is it
about these features linked to knee OA progression that are in fact true drivers behind
structural degradation?

Osteoarthritis is a debilitating disease with significant influences on mobility and
function. Using gait analysis techniques, characteristic pathomechanical alterations have
been identified in individuals with symptomatic medial compartment knee OA and shown
association to progression and severity of the disease. Biomechanical markers such as an
increase in KAM, among reductions in sagittal plane motion, moments, and differential
muscle activations have been identified as hallmark indicators of knee OA. However,
whether these commonly identified features of knee OA gait are unique to the diseased
joint or representative of a unilateral lower-extremity pathology in general, remains
inconclusive. Individuals with hip OA have also shown similar alterations in knee gait
mechanics compared to an asymptomatic population, yet the focus remains on the
contralateral knee. How hip OA affects mechanics of the knee on the same side as the
pathology, and whether those alterations are equivalent to adaptations identified with

knee OA is yet to be determined. Understanding exclusive qualities of knee OA gait that



are present early in the disease process is crucial to continue the evolution of effective

management and treatment strategies.

1.2 Overall Objective

To date, there is no clear understanding how knee joint mechanics of individuals
with knee OA compare to a group with another lower extremity pathology. Characteristic
mechanical and neuromuscular activations coinciding with the presence and progression
of knee OA have been consistently identified in the literature, some of which have also
been identified to occur in ipsilateral knee of individuals with hip OA. Therefore, the
main objective of this thesis was to determine whether specific biomechanical and
neuromuscular gait outcomes previously linked to symptomatic medial compartment
knee OA severity and progression are in fact unique to those with knee OA by
concurrently investigating a group of asymptomatic individuals and those with moderate

hip OA, with each comparator group having no known knee OA.

1.3 Specific Objectives
The specific study objectives were:

1. To determine if the sagittal plane movement dynamics (range from peak
flexion to peak extension moments, and ranges of motion through loading
response and mid-to-late stance) in individuals with symptomatic unilateral
medial compartment knee OA are different from the ipsilateral knee of
individuals with symptomatic unilateral moderate hip OA, and asymptomatic
individuals.

2. To determine if the peak KAM and KAM impulse in individuals with

symptomatic unilateral medial compartment knee OA are different from the



ipsilateral knee of individuals with symptomatic unilateral moderate hip OA,

and asymptomatic individuals.

3. To determine if the difference in lateral and medial quadriceps, hamstring, and

gastrocnemius activation levels in individuals with symptomatic unilateral

medial compartment knee OA is different from the ipsilateral knee of

individuals with symptomatic unilateral moderate hip OA, and asymptomatic

individuals.

1.4 Hypotheses

It was hypothesized:

The range of sagittal plane moments from peak flexion to peak extension
would be reduced in individuals with knee OA in comparison to the hip
OA and asymptomatic groups. There would be no differences between hip
OA and asymptomatic groups.

The knee OA group would demonstrate heightened peak KAM and KAM
impulse measures in comparison to both the hip OA and asymptomatic
groups. There would be no differences between hip OA and asymptomatic
groups.

There would be a higher lateral: medial hamstring (LH:MH) activation
ratio in the knee OA group compared to the hip OA and asymptomatic
groups. There would be no differences between hip OA and asymptomatic
groups, nor any between-group differences for lateral: medial quadriceps

(VL:VM) nor lateral: medial gastrocnemius (LG:MG) activation ratios.



Chapter 2 - Review of Relevant Literature

2.1 Introduction to Osteoarthritis

Osteoarthritis is reported as the single most common cause of disability in older
adults.®® More than 4.4 million Canadians are living with OA, with this number expected
to exceed ten million over the next 30 years.! Osteoarthritis is characterized as a whole
joint disease that impacts joint integrity at the anatomic, molecular and physiologic
levels.® The Osteoarthritis Research Society International (OARSI) defines 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”.%’

As evidenced in the recent OARSI definition, OA is a heterogeneous condition
considerate of both a disease and an illness. The American College of Rheumatology
(ACR) criteria for diagnosis of OA is commonly used and considers a combination of
clinical features, laboratory test results, and radiographic findings in the diagnosis. This
criterion was developed in the 1980’s using a control group with over half of the patients
diagnosed with rtheumatoid arthritis,’® thus making them more useful for differentiating
knee OA from inflammatory arthritis, rather than for diagnosis of knee OA itself.”! In
2017, the European League Against Rheumatism (EULAR) released evidence-based

recommendations on the use of imaging in the management of symptomatic peripheral



joint OA and declared the use of imaging for OA diagnosis is not recommended in cases
with typical disease presentation.!? A confident diagnosis with an estimated probability of
up to 99% for the presence of knee OA can be made in the primary care setting without
the use of imaging based upon the following six signs and symptoms: persistent knee
pain, short-lived morning stiffness, functional limitation, crepitus, restricted movement,
and bony enlargement. The more positive results a patient presents with, the more likely
the diagnosis of OA.”! Together these data emphasize the importance of considering the
diverse presentations of lower limb OA and to determine appropriate identification and
management methods.

There is no cure for OA. Current treatment efforts are often focused on reducing
symptoms until late stages of structural progression, when joint replacement is the only
option.’*7>7* As noted, this multidimensional disease is defined as having both a disease
and an illness component. Although these terms are often used interchangeably, they are
characteristically different.® Cassell (1976) describes illness as “what the patient feels
when he goes to the doctor” and disease refers to “what he has on the way home from the
doctor’s office”.” Disease refers to abnormalities of structure or function in bodily
tissues, such as cartilage degeneration, while illness refers to the subjective human
response to disease, such as symptoms of pain and stiffness”’> In OA, it is common for
disease and illness components to exist independently, where an individual may have
definite structural evidence of OA without the coinciding symptoms or functional deficits
or, the other way around,® making the identification and management of this complex

condition difficult.
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The extent to which OA impacts an individual is difficult to truly determine. Not
only is the presentation of OA a multidimensional plethora of factors related to illness
and disease, potential exists for multiple lower extremity joints to be affected. Indeed,
management and scientific inquiry has focused on the most symptomatic joint, yet
degeneration in one large joint has been associated with degenerative changes in other
large joints.®>%7® Epidemiological studies have shown that a significant number of knee
OA patients have pathologies in at least two of the three lower extremity weight-bearing
joints, suggesting that problems in one joint may be biomechanically related to problems
in others. 506!

As an example, Metcalfe and associates (2012) reported that 80% of individuals
with unilateral knee OA at baseline progressed to having bilateral radiographic changes
within 12 years.”” Furthermore, it has been shown that 34% of women with unilateral
knee OA progressed to bilateral knee OA within only two years’ time.”® In fact, many
individuals receiving a knee or hip replacement because of advanced unilateral
osteoarthritis, will go on to require a subsequent replacement of another lower extremity
joint.®*%* Chitnavis and collaborators (2000) investigated 402 patients undergoing total
hip or knee replacements, and reported 70% of those who received a hip replacement had
radiographic evidence of OA in the contralateral hip and nearly two-thirds of those who
received a knee replacement had radiographic evidence of OA in the contralateral knee.””
Research conducted on individuals with unilateral hip OA of KL grades <III
demonstrated a reduced sagittal plane knee range of motion and an increased toeing-out
angle on the ipsilateral limb, suggesting a 39% chance of experiencing a shift in medial-

to-lateral joint load distribution in the knee joint of the affected limb.*° While this shift
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doesn’t necessarily indicate an increased risk for knee OA, it is suggested that if disease
progresses to the point of having to undergo a joint replacement, the redistribution of the
load after surgery exposes the medial knee compartment to joint loads it is not
conditioned to and may lead to the progression and development of OA in the ipsilateral
knee.®
Given these data, it is not surprising that joint replacement surgeries are on the

rise. In Canada, OA accounts for 95% of all hip and knee total joint arthroplasty
procedures.®! From the years 2016-2017, almost 56,000 hip replacements and more than
67,000 knee replacements were performed, representing an increase of 17.8% and 15.5%
respectively over the last five years.®? Recent literature by Inacio et al. (2017) projects the
number of total knee arthroplasty (TKA) procedures in the United States is expected to
increase 143% by 2050, translating into 1.5 million cases per year.®* With these rapidly
increasing rates, one cannot help but wonder how resources will be obtained to maintain
the delivery of necessary care to these patients.

OA is a heterogeneous disease with implications at the anatomic, molecular, and
physiologic levels. As there is no current cure, OA has significant repercussions on the
health and wellness of Canadians and is the culprit of many emotional, economical, and

physical encumbrances. The next section will expand upon economical and physical

liabilities, focusing on the individual and national effects of OA.
2.2 Burden of OA

2.2.1 Economical Burden

Osteoarthritis is an economic burden at both the community and national

healthcare levels. The annual cost of arthritis in Canada is estimated to be over $7.6
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billion,3* with the cost per Canadian patient over $811 per year.!? Direct expenses
associated with OA include visits to health professionals, prescription costs, hospital
stays including joint replacement surgeries, imaging and radiology, community care
services, health science research, health-related pensions and benefits, and health
administration.® Still, these estimates do not consider additional costs that may be
associated, as adults diagnosed with OA are twice as likely compared to those without
OA to develop at least one other chronic health condition.!*?> A recent meta-analysis by
Calders et al. (2018) revealed in individuals with hip and/or knee OA, having at least one
comorbidity, such as diabetes or cardiac disease, was significantly associated with
deterioration of symptoms and physical functioning, consequently creating barriers for
receiving appropriate care and leading to progression of the disease.®

Living with OA can produce significant financial stresses impacting both the
affected individual and their family. Rarely factored into cost estimates for OA are out-
of-pocket expenses such as special diets, home environment modifications, use of
domestic help, as well as non-prescription medications.’ Furthermore, over 220,000
workers are living with moderate-to-severe disability as the result of OA,! with over half
reporting absentness and over a third reporting reduced work hours.”® By 2031, OA is
estimated to cost the Canadian economy 17.5 billion dollars per year in lost productivity
as it forces greater numbers of people to stop working or work less.’

It is certain the economic burden of OA has implications at both the individual
and national levels. It remains unknown how the Canadian health care system is going to
adjust as burdens continue to rise while life-expectancy increases, patient population

physical activity levels decrease,'’* and access to timely health care remains limited. %
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2.2.2 Physical Burden

Osteoarthritis is a significant culprit affecting physical function and
independence.?*?! Individuals with knee and hip OA often show characteristic patterns of
decline in the functional mobility of their lower extremities, and consequently a
degeneration in their ability to execute activities of daily living.® One in four older adults
have been found to report walking difficulty, with the greatest effect stemming from OA
of the hip and/or knee. Moreover, the likelihood of reporting walking difficulty in these
individuals increased significantly with each additional knee or hip involved.?? With
symptoms such as pain and stiffness, one can understand the tendency to avoid
movement. This creates a vicious cycle as lower physical activity levels and diminished
quality of life associated with the disease leads to a progressive worsening of disability,
and thus symptoms, resulting in less motivation to exercise.?” Current guidelines suggest
all OA patients should be encouraged to consider some form of exercise as a central part
of their treatment plan, with the type of physical activity matched to the individual’s
personal preference, affordability, and access.!® Current physical activity
recommendations for older adults (65 years +) include accumulating at least 150 minutes
of moderate to vigorous physical activity each week, along with muscle strengthening
activities at least twice per week, and incorporating activities that challenge balance.®
Despite these guidelines, studies reveal persons with OA are particularly inactive.? ™!
Farr and colleagues (2008) reported only 30% of knee OA patients who wore
accelerometers for one week met Centers for Disease Control and Prevention and
American College of Sports Medicine guidelines for physical activity, recommending a

minimum of 30 minutes/day of at least moderate-intensity five days a week.”
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Additionally, over 60% of individuals with OA report sedentary behaviours during
leisure time.? This immobility translates into an increased risk for morbidity and even
mortality, as a result of secondary obesity, osteoporosis, and cardiovascular risks.®’

The burden of OA is increasingly troublesome on individuals, the overall health
care system, and the economy. In order to determine how to minimize the economical
and physical effects of this disease, a more in-depth understanding of the impact it has on

mobility is needed.

2.2 Mobility and Gait

The International Classification of Functioning, Disability and Health (ICF)
model developed by the World Health Organization (WHO) provides a multi-
dimensional theoretical framework for investigating and classifying diseases and
disabilities from a biological, societal, and personal perspective.”> Human functioning is
broken down into three levels: i) body/part, ii) whole person, and iii) whole person in a
social framework. The influence of contextual factors, including environmental (i.e.
physical, social) and personal (i.e. physical, emotional) are recognized within the ICF and
incorporated into how disability is perceived by the individuals.”*** The ICF can be used
to comprehend the intricate relationship of illness and disease with participation in
individuals with OA (Figure 2-1), as structural and functional impairments of the joint

often leads to disability and illness.
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Figure 2-1. World Health Organization (WHO) International Classification of
Functioning, Disability and Health.”> Model adapted to reflect the disease of
osteoarthritis.

The ICF considers walking as a core element in the activities and participation

component of the Functioning and Disability segment.”

The ability to walk is the single
most important daily physical activity, with evidence suggesting walking ability
contributes to self-assessment of one’s own health in older adults.”® Individuals with
degenerative orthopaedic diseases, such as OA of the knee or hip, demonstrate
considerable reductions in walking ability in comparison to healthy age-matched
controls.”” In fact, symptomatic knee and hip OA was found to be the greatest contributor
to difficulty walking, and when sociodemographic factors were held constant, the
presence of OA in one knee or hip increased the likelihood of walking disability from
<5% to approximately 20%.%? Consequently, with walking difficulty comes a reduction in

quantity. A recent study by Sliepen and associates (2018) investigated different types and

durations of physical activity among subgroups of individuals with knee OA and found
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that 61 patients performed an average of 7,303 level steps per day, as measured with
accelerometers worn for seven consecutive days. Although relatively close to the popular
recommendation of 10,000 steps per day, 60% of participants’ waking time was spent
sedentary.”®

Regular physical activity is recognized as a safe, multidimensional therapeutic
treatment to improve many of the factors that result in disability in knee OA
populations.'** Remaining physically active has the potential to improve muscle
strength, reflex inhibition, proprioception, knee range of motion and decrease the risk of
excess weight gain.”®1% There is also ample evidence that physical exercise reduces pain
and enhances physical function of the OA joint.!>° Mesci and colleagues (2015) reported
elderly patients with knee OA who are physically active had better quality of life and
lower depression scores compared to their less-active counterparts.®” Furthermore, Stubbs
and associates (2015) found positive associations between physical activity with lower
limb function and faster gait speed in adults with knee OA.°!

With the ICF allocating importance on mobility and walking in individuals with
OA, it is essential to understand the role of joint mechanics throughout the disease

processlé,35,101,102

and the reciprocal relationships that exist between joint impairments
and walking limitations. Structural tissues of the lower extremity can be conditioned, by
cyclic loading, and loading can impact structural tissues, making human gait the ideal
model to study joint function in individuals with lower extremity OA.!%? Biomechanical

and electromyographic analyses have become a useful tool to uncover irregularities

during gait and to aid in our understanding of mechanical influences on the initiation and
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progression of the disease.!®?%?333:193 The next section of this review will look at gait

mechanics, including both kinematics and kinetics.

2.3 Joint Mechanics During Gait

Contemporary methods of gait analysis often include measurements of joint
kinematics and kinetics paired with the simultaneous recording of muscle activity'* and
have given rise to observational tools and techniques allowing objective evaluations of
spatiotemporal parameters and three-dimensional biomechanics of human gait.!®> While
mechanics play a role in the initiation and progression of OA, not enough is known about
which specific mechanical parameters are most important and what their impact is on the
disease process,'® leading to an eruption of different methods and metrics regarding OA
gait analyses. This section will first detail biomechanical and neuromuscular gait
outcomes that have been shown to impart an understanding of knee mechanics associated
with severity and progression of knee OA. These include sagittal and frontal plane
moment outcomes, and differential knee joint muscle activation features. This will be
followed by a review of the literature pertaining to how hip OA affects ipsilateral knee

mechanics.

2.3.1 Knee OA Joint Motion

Kinematics is a branch of mechanics that describes the movement of objects
through space and time, including linear and angular velocities, displacements, and
accelerations.!% Kinematic measures can explain how the bones that make up joints
move relative to each other and yield information about where loads are being transmitted

through the joint surfaces. !
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In knee OA literature, the most frequently identified alterations in joint motion
occur in the sagittal plane. In comparison to healthy controls, individuals with knee OA
tend to walk with what is described as “stiff knee gait™®! and this tends to be more
pronounced as severity increases.?’ Individuals with knee OA appear to strike the ground
with their knee in a more flexed position,?*?°° demonstrate a reduction in peak knee
flexion angles during the loading response,*?¢-2%% and show a reduced knee flexion
excursion during the stance phase of the gait cycle including the range of motion from
initial contact to peak stance flexion, and from peak stance flexion to terminal stance

eXtension.25,28,107,108

70 L] L)

Stance S Wf!ng

Knee Angle (deg)

% of Gait Cycle

Figure 2-2. Example of sagittal plane knee joint motion in degrees throughout the gait
cycle where stance phase (60% of gait cycle) is represented in grey, and swing (40% of
gait cycle) is in white. Flexion is represented as being positive and extension is negative,
as demonstrated by the red arrows.

During the stance phase of gait in healthy subjects, the knee is positioned near
zero degrees of flexion at initial contact and moves into a position of flexion throughout
the loading phase. The amount of knee flexion decreases as the body moves over the

support limb during mid-stance. As the limb transitions through terminal stance, the knee
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begins to extend once again nearing zero degrees of flexion during push off.!*’ In an
osteoarthritic knee, the joint is in a more flexed position at the time of heel strike and
moves less throughout the loading response and stance phase, resulting in a “stift”
movement pattern. This reduction in knee joint excursion is suggested to be a strategy to
maintain joint stability and function.!!”

Angles in the frontal and transverse plane have also been investigated;!!*14
particularly varus thrust>>>7 that has implications for understanding OA progression.
There are limitations to the interpretation of these movements given methodological
considerations, including soft tissue artifact and the kinematic cross talk influence of
processing methods.!> 11 Sagittal plane movements have also been shown to be more
reliable, particularly the range of motion measures (over absolute angles) where minimal
detectable change (MDC) values for frontal plane angles may be greater than differences
shown to exist between groups.'!® While sagittal plane kinematic alterations associated
with knee OA remain rather consistent, little is known about their uniqueness to the
disease. In fact, whether these alterations are distinctive of knee OA or of a lower
extremity pathology in general remains unknown. Evidence gathered from research
involving individuals with hip OA, would suggest similarities exist between these two
lower extremity joint diseases.*®**3*6¢ Given kinematics is limited to understanding
motion outcomes, joint moments and electromyography have been used to glean
information on forces associated with motions, providing a comprehensive investigation

of knee joint function, possibly linked to isolated joint dysfunction.

2.3.2 Knee OA Joint Moments
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Mechanical forces have been identified as one of the most important
environmental factors responsible for joint homeostasis.!?° During normal gait, forces
transmitted across the knee joint range between two-to-three times an individual’s body

t,12! with the risk of knee OA increasing by 35% with each 5 kg/m? increase in

weigh
body mass index (BMI).!?? In general, measures of in vivo forces transmitted by lower-
extremity joints are not commonly attainable, and therefore are estimated using surrogate
measures.*’ External moments occurring about the joint centers are frequently used to
evaluate joint loading and are often computed through inverse dynamics analysis. Using
this method, a combination of anthropometric measures, segment kinematics, ground
reaction forces (GRFs), joint center locations, and equations pertaining to linked segment
modelling are used to identify the resultant joint forces and moments that cause
acceleration of body segments.!?*!2* These calculated joint forces and moments are equal
and opposite to the net internal forces and moments generated by muscles crossing the
joint, surrounding soft tissues, and contact forces.** The following paragraphs will focus
on the sagittal and frontal plane knee joint moments and how they have allowed us to
understand pathomechanics associated with knee OA gait in comparison to an

asymptomatic group of individuals.

2.3.2.1 Sagittal Plane Moments

While the KAM is the most common measure for estimating medial tibiofemoral

contact force,*0-12:126

approximately 85% of the work performed during gait occurs in the
sagittal plane'?’ and therefore it is not surprising the flexion-extension moment has also

demonstrated to be predictive of peak joint loading.!%> The external flexion-extension
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moment is reflective of all agonist and antagonist muscles crossing the knee joint** and
has shown to differ between asymptomatic, moderate, and severe knee OA groups.?
Individuals with knee OA have been reported to walk with reduced early stance

23128 and terminal stance extension moments.>>*11?? Asay and colleges

flexion moments
(2018) conducted a study on the relative contributions of frontal and sagittal plane knee
joint moments in 19 individuals with medial compartment knee OA with a KL grade of
>] and followed up five years later to evaluate the change over time. Results suggested a
shift in domination of the total knee joint moment from knee flexion moment at baseline,
to KAM at five-year follow up.'*® Interestingly, Chehab and colleagues (2014) also
conducted a longitudinal study with a five-year follow-up on 16 individuals with medial
compartment knee OA with a KL grade of >I where they investigated the association
between peak KAM and flexion moments and knee cartilage changes. Their results
suggested while both baseline peak knee flexion and adduction moments were associated
with changes in the tibial medial-to-lateral thickness ratio and medial cartilage regions,
these associations were primarily dominated by the knee flexion moment. Results of the
regression analysis showed that a 1% Body Weight*Height increase in the peak knee
flexion moment indicated an average reduction of 0.06 units in the tibial medial-to-lateral
cartilage thickness ratio and an average loss of 0.15mm in medial tibial cartilage over five
years.*> Together these results suggest the peak knee flexion moment plays a role in
disease progression and gait adaptations to reduce the impact have been identified in
individuals with knee OA.

While discrete metrics of the knee flexion moment are commonly reported in the

literature, results of a recent reliability study by Rutherford and colleagues (2020)
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conducted on healthy participants during treadmill walking demonstrated absolute peak
flexion and extension moment reliability was lower than when the range from peak
flexion to peak extension moments were calculated.!'” This aligns with research by
Brisson and colleagues (2018), who demonstrated questionable intraclass correlation
coefficients (ICC) (0.48-0.52) for peak knee flexion moment and suggested fluctuations
in this metric may be partly due to gait speed.'*!

Several researchers have investigated the range between peak flexion and
extension moments rather than the discrete metrics. Hatfield and colleagues (2015)
conducted a population-based study on 80 participants with moderate medial
compartment knee OA, 54 of which were able to follow up five-to-eight years later and
report whether they underwent a TKA or not. Baseline gait analysis results revealed a
reduction in the knee flexion-extension moment range in the TKA group compared to
those who did not undergo a TKA.*! Similarly, Rutherford and collaborators (2017)
investigated the effect of age and knee OA on knee joint biomechanics where they
compared 20 young adults, 20 older adults, and 40 individuals with knee OA.?® They
reported individuals with knee OA demonstrated less difference between peak flexion
and peak extension moments compared to healthy older adults. This reduction in range is
suggested to coincide with what has been described above as “stiff knee” gait>!*%!32 and
is thought to be an adaptive strategy to overcome knee joint instability as structural
degradation progresses through elevated agonist and antagonist muscular

activation.23’24’50’129’133’134

2.3.2.2 Frontal Plane Moment
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As previously mentioned, a particularly important biomechanical measure in knee
OA literature is the KAM, as it represents the magnitude of intrinsic compressive load
distribution between the lateral and medial tibiofemoral knee compartments.>®**#! During
walking, the net GRF passes medial to the knee joint center in the frontal plane, resulting
in a KAM that rotates the tibia medially on the anterior-posterior axis of the knee
joint.!3%136 In a normal state, up to 80% of total forces transmitted across the knee are
placed on the medial tibiofemoral compartment during gait'*’ as the adduction moment is
larger than the abduction moment, suggesting a greater medial compared to lateral
compartment loading. Kutzner and colleagues (2013) conducted a study of individuals
with instrumented total knee replacements and reported the KAM has been related to in
vivo medial compartment loads (R?>=0.51-0.76) and is an appropriate surrogate measure
for predicting the medial force ratio throughout various aspects of the stance phase of
gait.!¥

Dynamic joint loading, as measured by the KAM, has been associated with knee
OA disease severity for decades.??*%>% For example, Sharma and colleagues (1998)
reported greater peak KAM with advancing stage of medial knee OA, whether disease
severity was assessed as narrowest joint space width or by KL grade, and persisted even
after controlling for age, sex, and pain.** Miyazaki and associates (2002) tested whether
the peak KAM could predict radiographic progression of medial compartment knee OA
at six-year follow up using logistic regression analysis and reported the risk of knee OA
progression increased 6.46 times with a 1% increase in peak KAM.*} More recent
literature has reiterated this association, as Hatfield and colleagues (2015) used Principal

Component Analysis (PCA) to determine if biomechanical gait patterns differed between
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those moderate knee OA patients who progressed to TKA, and those who did not. They
found the TKA group to have higher KAM overall magnitude than the no-TKA group at
baseline.’!

Previous work has also identified differences in frontal plane loading between
individuals with moderate knee OA and asymptomatic controls. Baliunas et al. (2002)
investigated biomechanical responses during gait of 31 individuals with moderate knee
OA and demonstrated they had an increased peak KAM compared to asymptomatic
individuals.*° This research was supported with findings by Astephen et al. (2008) who
identified an increase in mid-stance KAM in both moderate and severe knee OA
populations compared to age-matched symptomatic controls.?* Furthermore, Rutherford
and colleagues (2017) compared biomechanical metrics between individuals with
moderate knee OA to both asymptomatic older and younger adults and reported the knee
OA participants had an increased peak KAM compared to healthy older adults, however
had comparable frontal plane loading to the younger asymptomatic adults.?® This
supports the notion that healthy and diseased cartilage respond differently to
physiological loading.?%1%

Although the discrete measure of peak KAM has shown to be related to knee OA
presence and progression, it only measures the load at one instance of the stance phase of
gait and thereby does not consider the duration of joint loading. A more comprehensive
measure may be the KAM impulse, which considers both the magnitude of the load and
the duration of the stance phase.**!313% Thorp and colleagues (2006) were one of the first
groups to measure KAM impulse in knee OA and reported that both peak KAM and

KAM impulse increased with increasing severity, however only KAM impulse differed
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between mild and moderate knee OA groups.'*° Since then, several more recent studies
have also associated KAM impulse with structural disease progression.*!41:142

Previous work by Robbins and Maly (2009) examined the changes KAM in
response to controlled changes in gait speed in healthy individuals during overground
walking and reported changes in peak KAM and KAM impulse as the result of different
walking speeds occur in opposite directions; during slow gait, the KAM impulse
increases, whereas during fast gait the peak KAM increases. The KAM impulse increases
during slow gait speeds because the stance knee is exposed to medial loading for a longer
duration of time, as well as the KAM waveform displays less of a reduction in magnitude
between the two peaks, resulting in a greater area under the KAM curve. Peak KAM
increases during fast gait speeds as the result of an increased vertical ground reaction
force. Considering both measures represent different characteristics of medial knee
loading, it is suggested both be examined when analyzing the KAM.!**

Frontal plane moments give researchers an idea of the medial-to-lateral load
distributions present within the knee joint during gait. The KAM is the most commonly
reported measure in knee osteoarthritis literature and has been consistently linked to both
presence and progression of medial knee OA. Osteoarthritic knees demonstrate an
increase in peak KAM both in comparison to asymptomatic controls, and with increasing
disease severity. The KAM impulse provides additional information about the duration of
the medial compartment knee load and has also been associated with structural disease
progression. However, these metrics only provide information about one plane, and as
gait is a multi-dimensional movement, analyzing the flexion and adduction moments

together may provide a better assessment of joint loading.
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It is clear from the literature that differences exist in the sagittal and frontal plane
knee joint moments between both OA and asymptomatic groups, and throughout the
progression of the disease. Increased peak KAM, as well as less dynamic flexion-

119,143,144 and have been consistently associated

extension moments are reliable measures
with the presence and progression of knee OA. While these biomechanical variables
provide an indication of the external forces acting on the knee joint, the equations used to
calculate net joint moments do not account for muscle contributions causing the motion.
Therefore, it is important to consider the activation of the musculature surrounding the

knee joint to gain a more complete picture of the dynamic joint environment in

individuals with OA.

2.3.3 Knee OA Joint EMG

While OA is typically described as a disease of joint structures, there are several
key elements working together to preserve joint function. Panjabi (1992) proposed a
model for understanding joint stability that was comprised of three interacting
subsystems; the first being the passive (ligamentous) subsystem, whose nomenclature is
based upon ligaments inability to generate motion by themselves. Nevertheless, ligaments
are dynamically active as transducers in the neural control system, which is the second
subsystem of Panjabi’s model. This system receives information from the various sensors
of the body, determines the appropriate stability requirements, and activates the third and
final component, the active (musculotendinous) subsystem, to achieve the stability goal.
The active system is comprised of muscles and tendons and are the means through which
stability and movement are accomplished.!* During gait, all three systems are operating

to establish a balance between joint stability and mobility and can be affected by injuries
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and disease of the involved joint. Determining how neuromuscular activations differ
between individuals with and without comprised knee joint function may help achieve a

better understanding of the altered mechanical environment present in OA joints.*®

Control
Subsystem

Active
Subsystem

Figure 2-3. Panjabi’s model of the interacting passive, active, and control subsystems for
stability. Adapted from Panjabi (1992).'%

Neuromuscular activations during gait are typically measured through surface
electrodes placed over the muscles of interest and displayed as EMG waveform data.
Determining how these signals fluctuate across phases of the gait cycle and how they
correspond to changes in joint mechanics allows for interpretation of the demands placed
on the joint during walking. To date, many studies employing EMG either using discrete
amplitude or pattern recognition analysis, have suggested a “stiff knee” gait strategy is
present in individuals with knee OA and is thought to be an adaptation to counteract

increasing stability demands.?*2%-!

2.3.3.1 Hamstring Activation

The hamstring muscle group is comprised of the semitendinosus,
semimembranosus, and biceps femoris muscles located in the posterior thigh. Together,

they are primary flexors of the knee joint, extensors of the hip,'*® and contribute to
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dynamic knee joint stability.'*” Along with the quadriceps, they are suggested to have a
direct impact on compartmental loading of the knee through differential activation of the
medial and lateral muscles crossing the joint. 47148

Increased overall LH amplitudes are the most consistently reported neuromuscular
adaptation reported in individuals with knee OA compared to asymptomatic
individuals.?®464751 Hubley-Kozey and colleagues (2006) used PCA to identify
significant principal neuromuscular patterns between asymptomatic and moderate medial
knee OA groups, and found significantly higher muscle activity amplitude, for the
Maximum Voluntary Isometric Contraction (MVIC) normalized LH activity in the OA
group compared to the MH, and both hamstring muscles for the control group. The LH
activity peaked prior to initial contact, decreased during the first 10-15% of the gait cycle,
and increased again around 85% of the gait cycle.*® This research is supported by
findings by Sharma et al. (2017) who described a similar muscular activation pattern for
the hamstring muscles in individuals with knee OA compared to an asymptomatic
cohort.'* Lateral hamstring activity has also shown to increase progressively in
amplitude with increasing knee OA severity.?>*”!> Rutherford and colleagues (2013)
used PCA to compare neuromuscular activations among individuals with moderate knee
OA stratified by KL grade and identified greater overall MVIC normalized LH
amplitudes with increasing structural impairment, suggesting the lateral musculature may
be recruited to provide greater active stiffness to the joint as the KL grade increased.!'*°
These discoveries indicate the LH may be influential in the knee OA process, however

whether these alterations are a predecessor, or a consequence, remains unknown.
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In contrast to the LH, discrepancies exist regarding MH alterations coinciding
with knee OA. Several studies have reported MH amplitudes to be unaffected by knee
OA. Hubley-Kozey and colleagues (2006),* as well as Rutherford et al. (2010),'>! found
statistically similar MVIC normalized MH activation amplitudes between knee OA and
asymptomatic groups of participants. In contrast, Astephen-Wilson and associates (2011)
described increased MVIC normalized MH amplitudes throughout early-to-mid stance in
individuals with increasing pain severity in knee OA participants.'>? Inconsistencies
among studies could be ascribed to differences in sample sizes, gait velocities,* as well

46,151 and strength levels among participants.*®

as differing pain
Lateral hamstring activity not only appears to be elevated in between group
comparisons, but within subject analyses have revealed further imbalances exist between
the LH and MH in individuals with medial compartment knee OA. Current findings
suggest that individuals with mild-to-moderate medial compartment knee OA selectively
recruit their lateral musculature during early and mid-stance with greater amplitudes and
for longer durations than their medial musculature.*®*-3 Lynn and associates (2008)
computed a medial: lateral hamstring % MVIC activation ratio by averaging EMG
activation across the entire stance phase for both muscles then dividing the medial
activation level by the lateral.* An alternate ratio was calculated in a recent study by
Rutherford and Baker (2019), where raw medial and lateral root mean squared (rms)
amplitudes over the entire gait cycle were computed and the medial activation value was

subtracted from the lateral.>

Results of both studies revealed a bias towards greater LH
activity, further iterating individuals with knee OA favor activation of the LH over the

MH during walking. Imbalances between LH and MH activity has also shown evidence
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linking to disease severity. Rutherford et al. (2011) reported greater MVIC normalized
LH activation compared to MH in individuals with severe knee OA (TKA candidates)
compared to both moderate knee OA (non-TKA candidates) and asymptomatic groups.”!
This explicit differential activation has not been reported in asymptomatic adults,*® the
contralateral knee of knee OA patients,>® nor younger adults or those with hip injuries,>
and thus may be unique to knee OA pathology and provide information regarding disease
progression.

The occurrence of elevated LH activity in individuals with knee OA is thought to
be related to the presence of articular cartilage degeneration in the medial compartment.
Various mechanical explanations have been proposed, including 1) to assist in unloading
the medial knee compartment,*¢ ii) a response to lateral compartment tensile stress,?>**¢
and iii) a result of the LH having a smaller cross-sectional area in comparison to the

MH.!33 Despite these explanations, the exact mechanism behind the elevated hamstring

activity present in individuals with knee OA remains unknown.

2.3.3.2 Quadriceps Activation

The quadriceps muscle group is comprised of the vastus medialis (VM), vastus
lateralis (VL), rectus femoris (RF), with the vastus intermedius lying beneath RF, in
closer proximity to the femur.'** They assist in controlling the knee joint throughout
motion and are responsible for generating knee extension and hip flexion. During gait, the
role of the quadriceps femoris muscles is to control knee joint flexion during weight
acceptance while the hamstrings and gastrocnemii remain rather silent.?

Unlike the hamstrings, several studies have reported individuals with knee OA to

execute a global activation of the quadriceps, thereby increasing both VL and VM
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simultaneously throughout the gait cycle.?**”!>° Hubley-Kozey and colleagues (2009)
investigated co-activation differences in the lower extremity muscles of individuals with
varying severities of knee OA, and reported those with severe knee OA, as defined by
their KL grades of III or IV, inability to meet functional criteria, and eligibility for total
knee replacement surgery, demonstrated elevated activity in both VL and VM muscles
throughout most of the stance phase in comparison to both individuals of lesser disease
severity (moderate OA), and asymptomatic controls.*’ This finding is supported by work
by Rutherford and associates (2013) where individuals with knee OA were stratified by
KL grade into minimal (KL II), moderate (KL III), and severe (KL IV) structural
impairment, and compared to age-matched asymptomatic controls. Authors reported
greater overall quadriceps muscle activation amplitudes in all three OA groups in
comparison to the asymptomatic group, with the KL IV group demonstrating the highest
activity levels throughout the stance phase. No significant differences in activation
between VL and VM were reported for any of the groups.'>

In contrast, Hubley-Kozey and colleagues (2006) reported higher VL recruitment
for individuals with moderate OA compared to controls, and similar VM recruitment
amplitudes between asymptomatic and OA groups using PCA.*¢ Similarly, in the later
2009 publication, Hubley-Kozey et al. reported increased VL activity in the moderate
knee OA group, defined by KL grades I-I1I, ability to meet functional criterion, and who
were undergoing conservative treatment, in comparison to the healthy controls. */

Together these data suggest quadriceps activity increases with the presence and
progression of knee OA, however the greater VL to VM activity has not been a consistent

finding and may be associated with differing disease severities.
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2.3.3.3 Gastrocnemii Activation

While often associated with movement at the ankle, the gastrocnemius muscle is a
strong flexor of the knee and has a significant role during the propulsion stage of the gait
cycle.!>® Like the other lower extremity muscle groups, the gastrocnemii have also shown
neuromuscular alterations with the presence of knee OA. In comparison to asymptomatic
controls, Hubley-Kozey and associates (2006) reported overall amplitude reductions in
the medial gastrocnemius (MG) in individuals with moderate knee OA, such that they
recruited both medial and lateral gastrocnemii (LG) to a similar percentage of MVIC,
whereas the asymptomatic group recruited MG to a higher percentage of MVIC,
coinciding with its larger cross-sectional area.*®

In contrast, Rutherford and colleagues (2011) did not find significant differences
in overall amplitudes of gastrocnemii activity between groups of moderate knee OA,
severe knee OA, and asymptomatic participants.’’ However, both Hubley-Kozey et al.
(2006) and Rutherford et al. (2011) reported an earlier increase in MG activation
compared to LG, in asymptomatic individuals and individuals with moderate knee OA as
identified using PCA.**>! It appears those with severe knee OA may not demonstrate this
shift in activity, instead, a reduced late stance to early stance activity was reported
compared to asymptomatic and moderate OA groups.’! Severe OA participants showed
higher early stance activity in both MG and LG, however only MG had decreased activity
during late stance.’! The heightened activity during early stance may provide active
stiffness to increase joint stability during the period of weight acceptance and single limb
support.’! On the contrary, the reduced MG activity during late stance adopted by

individuals with knee OA may be an attempt to reduce medial joint loading. 46
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Several studies have investigated the role of the gastrocnemii muscles in the
context of co-contraction.?>!3* Lewek and colleagues (2004) demonstrated a higher
medial muscle (VM and MG) co-contraction index (CCI) from the period of 100ms prior
to initial contact to the time of peak KAM in individuals with knee OA who display genu
varum alignment compared to healthy controls. This increase in medial muscle activity
was associated with localized medial joint laxity in the individuals with knee OA and
thought to be a response to stabilize the medial side of the joint.!3*> On the contrary,
Heiden and associates (2009) grouped the gastrocnemii with hamstring and quadriceps
muscles to develop a medial (MH, VM, MG)/lateral (LH, VL, LG) muscle co-contraction
index across the stance phase in individuals with knee OA compared to an asymptomatic
group. Results of their study demonstrated knee OA patients having greater lateral muscle
activity in loading and early stance whilst the controls had greater medial activity. Then
in mid-stance, the OA patients tended to utilize the medial and lateral muscles equally
whilst the controls experienced high levels of medial muscle activity.?> While the direct
contribution of the MG and LG is hard to determine given the nature of the CCI, together
these data suggest the gastrocnemii muscles play a role in the knee OA environment.

In conclusion, previous findings have identified biomechanical and
neuromuscular alterations coinciding with knee OA presence and progression. However,
the uniqueness of these parameters to knee OA exclusively remains unclear, as
individuals with hip OA have presented several similar alterations during gait, including

67,80,156

altered knee joint motion, and neuromuscular activations.®®%” Identifying which

mechanical features are specific to knee OA is essential to understand the true extent of
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the disease on joint function, leading to the development of effective intervention plans

and enabling clinicians to better understand, assess, and treat knee OA.

2.3.4 Joint Mechanics in Hip OA

While the above biomechanical and neuromuscular adaptations associated with
knee OA presence and progression remain rather consistent, little is known about their
uniqueness to the disease. In fact, whether they represent pathomechanics distinctive of
knee OA exclusively or of a lower extremity pathology in general remains unclear.
Osteoarthritis in either the hip or knee has been suggested to alter the hip-knee-ankle
kinetic chain in a way that influences the risk of both symptoms and structural changes in
other lower extremity joints.!*”!5® In fact, epidemiological studies have shown that a
significant number of OA patients have pathologies in several of the bearing joints,
suggesting that problems in one joint may be biomechanically related to problems in
others. 506!

The effects of hip OA on hip joint biomechanics are well documented in the
literature,>>-*315%160 however an understanding of knee joint mechanics in this population
is lacking. A majority of studies investigating changes in the knee joint are limited to

patients at later stages of the disease or post-operative populations,®*-+161

resulting in an
incomplete picture of the impact of hip OA on knee mechanics in individuals who are not
candidates for THR.

Hip and Knee Joint Motion

The most common kinematic alteration during gait in individuals with hip OA is
reduced extension during terminal stance.*>%!%" This reduction has been found to

become greater as hip OA severity increases.>®!%162 Coincidently, at the same point in
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the gait cycle, the knee joint is moving into extension as the ankle joint is dorsiflexing'®®
which creates the environment for limitations at the hip joint to impact ranges of motion
at distal segments.

Regarding knee kinematics, Rutherford and colleagues (2015) conducted a study
on individuals with moderate severity unilateral symptomatic hip OA (not THA
candidates) who reported no limitations with walking a city block, climbing stairs, and
jogging >5 meters, and compared knee joint mechanics to an age-matched asymptomatic
population. Results of their study showed no significant between-leg differences for
sagittal plane knee joint motion for either group, however a significant group interaction
was reported for the range of motion from peak flexion to peak extension during stance
phase where individuals with hip OA demonstrated a 5-degree reduction in range.
Similar findings were reported by Eitzen and associates (2012) in their study including
individuals with hip OA reporting mid-to-moderate symptoms as determined by a score
of 60-95/100 on the Harris Hip Score (higher score indicates better outcome) in
comparison to asymptomatic participants. Individuals with hip OA showed a reduction in
ipsilateral knee joint extension during the latter 50% of stance phase, where 4-to-9-degree
differences were reported in comparison to the controls.* Together these results
demonstrate that as the knees of individuals with hip OA transition from peak flexion to
peak extension during mid-to-late stance, they remained in a flexed position and do not
move fully into extension. This reduction in range has been demonstrated in individuals

23,28,32

with knee OA in comparison to asymptomatic controls and is associated with the

“stiff knee” gait mentioned above.
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This decrease in sagittal plane knee joint motion appears to be more pronounced
in the ipsilateral, rather than contralateral limbs of individuals of moderate and severe hip
OA. As captured using PCA, Rutherford and collaborators (2018) reported a less
dynamic knee joint motion (i.e. less differences between loading response, later stance,
and swing angles) in individuals with severe hip OA (THA candidates) in comparison to
those with moderate hip OA (non-THA candidates), which was more pronounced in the
ipsilateral than contralateral limbs. These data suggest that with increasing disease
severity, the ipsilateral knee becomes less dynamic throughout the gait cycle.’” These
findings coincide with research investigating sagittal plane range of motion throughout
knee OA disease progression, where individuals with advanced disease display less knee
joint range of motion in comparison to those of moderate disease severity?’ and
asymptomatic controls.?*!1%4

While individuals with hip OA often present with a reduced hip joint range of
motion, made up largely of restrictions during terminal stance, knee kinetics also appear
to be affected in some samples. Joint motions provide an outcome of underlying

physiological processes of which forces, may play a role. Joint moments can be used to

further understand the impact of hip OA on knee joint mechanics.

Knee Joint Moments

Shakoor and associates (2003) conducted one of the first studies aimed to identify
asymmetries in dynamic loading of the knee in participants with end-stage hip OA and
found these patients to exhibit increased peak KAM in the contralateral knee compared to
the ipsilateral knee at the pre-operative stage.%® Since then, several studies have also

identified abnormal loading factors in the contralateral knee compared to the ipsilateral
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limb at severe stage of the disease.®® However, the loading environment of the knee joint
early on in the disease process still remains unclear.

Only a few studies have focused on how earlier stages of hip OA affect loading at
the knee.*33%:6667.165 Shakoor et al. (2011) aimed to detect early asymmetries in knee joint
loading by investigating individuals with unilateral hip OA who did not have symptoms
of knee OA. Results demonstrated heightened peak KAM, total medial compartment knee
loads, and peak knee flexion moments at the contralateral knee relative to the ipsilateral
knee, suggesting an increased risk of developing progressive symptomatic knee OA in the
contralateral limb.!®® While several studies have re-iterated this increased risk in the
contralateral limb,%*%° few have focused on the implications of altered knee joint loads in
the affected limb and how it may help us understand early OA joint mechanics.

Schmidt and colleagues (2017) conducted a study comparing gait mechanics of 18
individuals with unilateral hip OA (KL grade >3) and 18 age, sex, and height matched
healthy controls and reported a reduction in the second peak of the KAM in the affected
limb in comparison to the non-affected limb and healthy controls. This reduction in
second KAM indicates a shift in medial-to-lateral load distribution in the ipsilateral knee
during the second half of stance phase.®® A similar study by Steif and associates (2018)
investigated knee joint loads in individuals approximately 2 years after THA in
comparison to healthy controls and reported the alterations in second KAM of the
ipsilateral knee previously reported by Schmit et al., (2017) persisted two years post-
op.!% This medial-to-lateral shift suggests a transfer of load to a region of cartilage not
conditioned over time and thus may initiate a degenerative pathway of the lateral

compartment of the knee.!*
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Together, literature supports that knee biomechanics are altered in the ipsilateral
and contralateral knees of individuals with hip OA despite having asymptomatic knees.
Some of these findings align with isolated knee OA findings, thereby bringing into
question the uniqueness of altered knee mechanics in knee OA. Biomechanics only
provides a portion of the picture of knee joint function. In many studies, including those
investigating knee function in knee OA, muscle activation levels and patterns have been
investigated as previously discussed. What is still incomplete, however, is the

determination of whether previous knee OA findings are unique to the knee OA process.

Knee Joint EMG

While there is evidence of some comparable alterations in knee joint mechanics
between hip and knee OA, it remains unclear if neuromuscular changes characteristic of
knee OA are present in this population. Previous work on individuals with moderate hip
OA have shown quadriceps activation is greater during mid stance compared to early
stance, described as a prolonged activation in mid stance, which was not apparent in the
asymptomatic comparison group,® and has shown to occur in those of more progressed
disease severity.®’

In opposition to the quadriceps, Rutherford and colleagues (2015) found no
differences in peak normalized hamstring activation patterns between individuals with
moderate hip OA and an asymptomatic cohort.®® However, in a more recent study, greater
peak normalized hamstring activity amplitudes were present in individuals with severe
hip OA compared to those of moderate severity.®” Interestingly, when both moderate and
severe OA groups were considered, a significant muscle main effect was found where

overall MH activity was greater than LH.%” This finding is opposite to previous findings
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in knee OA literature; however, results of this study were normalized to peak amplitudes
rather than to MVIC amplitudes and consequently hinder the ability to compare absolute
amplitudes between legs, groups, and studies. Nevertheless, more research is needed to
understand how hamstring activation differs depending on the joint affected.

The similarities in quadricep and hamstring activations among osteoarthritic knees
and the ipsilateral knees of those with hip OA may be a result of the alike movement
pattern throughout the gait cycle. As previously mentioned, both individuals with knee
OA?328107.108 and hip OA*®® have shown a reduction in knee joint range of motion
throughout the stance phase. With the knees remaining in a more flexed position during
mid-to-late stance, it is possible that passive contributors to joint stability are not
optimized (i.e. articular joint surface congruency, ligament tension) and therefore greater
demands are placed on the active system to meet stability requirements.'*’

Only a few studies have investigated gastrocnemii activation in individuals with
hip OA. Schmidt et al. (2016) examined muscular adaptations in individuals one day
prior to their scheduled THR and found the mean MG activity throughout the gait cycle
of the affected limb to differ in comparison to healthy controls.'®” Results of another
study on individuals with hip OA who underwent THR suggested they displayed a
prolonged, plateau-like activation throughout the entire stance phase whereas the control
participants displayed a normal activation pattern such that activity increased until the
middle of terminal stance phase.'®® The continuous MG activity throughout stance phase
was thought to provide ankle stabilization,!>>!®® however inferences about its effect on

knee joint stability were not made.
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EMG studies provide insight into the activity of the surrounding muscles and how
they may be contributing to the mechanical environment of the joint. Parallels exist
among neuromuscular activations in individuals with knee and hip OA, such as
heightened quadricep and hamstring activity during stance, while discrepancies are
present too, including biases towards medial vs. lateral differential activations. As one
group of individuals has pathology in the knee joint, and one does not, further
investigation is required to determine what features are distinctive of knee OA gait.

In summary, characteristic pathomechanical alterations linked to disease
progression and severity have been identified in individuals knee OA, yet several of these
alterations have also been reported in the knees of individuals with hip OA. Why does
one group with a known knee pathology show similar mechanics to a group with
asymptomatic knees and hip OA? Although research exists comparing both OA groups to
asymptomatic cohorts, they have never been directly compared to each other. Identifying
specific alterations unique to each pathology is crucial to continue the evolution of

effective management and treatment strategies.

2.4 Reliability of Gait Qutcomes

Gait analyses are a well-established tool for quantifying outcomes of lower
extremity joint function and often seek to discriminate between normal and pathological
gait to assess changes in walking mechanics over time.'® A frequent concern in gait
analysis procedures is the ability to detect true change from assessment associated error,
as measurements with high amounts of error may lead to underestimation, or failure to
detect significant differences. Knowledge of this error magnitude can enable researchers

and clinicians to minimize the risk of interpreting small differences as meaningful and
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have greater confidence in detecting true differences.'®!7° This section will expand upon
the reliability of gait outcomes pertaining to this thesis.

Several studies have reported moderate to excellent test-retest reliability for
sagittal plane kinematic outcomes during gait,'*!® where moderate is defined as ICC
values between 0.5-0.75, good as values between 0.75-0.90, and excellent as values
above 0.90.!7! Meldrum et al. (2014) reported test-retest ICCs between 0.60-0.84 for peak
and ranges of knee joint motion values during over ground gait in 30 healthy subjects
with the standard error of measurement <5° for all parameters, however the ICCs were
higher for the ranges of motion in comparison to the peaks.!* This was further supported
by Rutherford et al. (2020), an investigation completed in the Joint Action Research
(JAR) laboratory at Dalhousie University during treadmill gait where the ICC values for
the sagittal plane absolute joint angles were lower than for ranges of motion (i.e. knee
ROM from max stance to min late stance), nevertheless all sagittal plane angle ICCs were
over 0.70.'"° Moreover, a systematic review by McGinley and associates (2009)
including 15 full manuscripts and eight abstracts including both healthy participants and
individuals with gait pathologies, concluded sagittal plane motion reliability was typically
higher than 0.8.'%

Kinetic measures, including sagittal and frontal plane joint moments have also
demonstrated high test-retest reliability during gait.'**!”? Birmingham and colleagues
(2007) conducted a test-retest investigation of the peak KAM during walking in patients
with medial compartment knee OA and reported an ICC of 0.86.!7? Similarly, Robbins
and associates (2013) reported an ICC of 0.91 for the maximum KAM during early/mid

stance of over-ground gait in individuals diagnosed with moderate knee OA.'** In regard
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to the sagittal plane, discrete values of maximum and minimum moment magnitudes have
demonstrated ICCs ranging from 0.57-0.81,'* however Rutherford et al. (2020)
demonstrated peak flexion and extension moment reliability was lower (ICC = 0.78-0.80)
than when the range from peak flexion to peak extension moments were calculated,
which yielded in an ICC of 0.93.!" This aligns with research by Brisson and colleagues
(2018), who demonstrated questionable ICCs (0.48-0.52) for peak knee flexion moment
and suggested fluctuations may be partly due to gait speed, leading to inconsistencies in
literature linking the flexion moment with knee OA progression. !

Electromyographical outcomes are another frequent component of gait analysis
showing high reliability. The EMG protocol described in this thesis are consistent with
procedures described by Hubley-Kozey and colleagues (2013) who reported ICCs for
overall muscle activity amplitudes, as captured using PCA, of the seven lower-extremity
muscles included in the current study ranging from 0.73-0.97 during over-ground walking
in individuals with moderate knee OA. The lowest ICC of 0.73 was reported for MG, and
the highest of 0.97 for RF.!”® Furthermore, mean electromyography activity (% MVIC)
outcomes were found to have ICCs of 0.74-0.97 for the same muscles in a healthy
population during treadmill gait in previous work by Rutherford et al. (2020), where the
lowest ICC of 0.74 was reported for VM, and the highest of 0.97 for LG.'"”

In summary, moderate-to-excellent between session ICC values have been
demonstrated for discrete metrics of sagittal plane range of motion, sagittal and frontal
plane moments, and neuromuscular activation amplitudes in both healthy and OA

populations during gait.
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Chapter 3 - General Methodology

This study is in part, funded by the Nova Scotia Health Research Foundation
(NSHRF) [Grant # MED-EST-2014-9605 & MED-DI-2014-9558]. Recruitment,
instrument selection and analysis procedures were approved by the Nova Scotia Health
Authority (NSHA) Research Ethics Board (REB) [ROMEO # 1017467, 1017420 and
1020825]. The author of this thesis was primarily involved in leading the recruitment and
collection of participants with moderate unilateral hip OA, whereas participants with
knee OA and the asymptomatic individuals were part of a database at the JAR Laboratory
at Dalhousie University and collected using the same standardized procedures listed

below.

3.1 Subject Recruitment

3.1.1 Participants with Moderate OA

Participants with moderate medial compartment knee OA were recruited from Dr.
William Stanish at the Orthopaedic and Sports Medicine Clinic of Nova Scotia and Dr.
Nathan Urquhart at the Dartmouth General Hospital. Participants with moderate
unilateral hip OA were recruited through Dr. Ivan Wong at QEII Health Science Center,
and Dr. Nathan Urquhart. Individuals with moderate OA were diagnosed using the ACR
guidelines, and consideration of radiographical evidence of OA were part of the clinical
decision making. Clinical criterion for knee OA outlined by ACR include knee pain in
addition to at least one of the following criteria: 1) crepitus on active movement ii)
osteophyte formation iii) morning stiffness < 30 minutes iv) age = 50.”° The ACR
clinical criterion for hip OA include: 1) pain in the hip along with internal hip rotation <

15° and hip flexion < 115 °, or ii) hip pain paired with internal hip rotation > 15°,
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morning stiffness < 60 minutes, and age > 50.!”* Eligible participants were approached
by their respective doctors using a standardized introduction to the research study and
given a letter with information about the study objectives. Interested participants were
asked to provide written consent for a transfer of contact information, which was used by
the author and fellow investigators to contact the participants by telephone using a
standardized script to determine final eligibility for the study. The script was used to
determine the presence of any cardiovascular, respiratory, or neurological conditions that
would impair one’s ability to complete study requirements and to confirm the existence
of unilateral knee or hip OA. The patients were also asked to self-report their functional
ability to complete the following tasks: 1) walk at least one city block, ii) jog five meters,
ii1) climb or descend stairs in a reciprocal fashion, and iv) walk continuously for 30
minutes. These functional criteria are used to help ensure participants are of the moderate
severity stage of OA*% and if participants were unable to complete these tasks, they
were excluded. The inclusion criteria for all OA participants were as follows:
Age =50 years
Diagnosis of OA in one knee or hip
Not a candidate for total joint replacement surgery
No cardiovascular disease (controlled high blood pressure acceptable)
No neurological disease
No existing musculoskeletal disease or injury other than knee or hip OA
No lower limb surgery within the past year
No previous joint replacement surgery
Ability to walk independently without ambulatory aid
Self-reported ability to:

o Jog 5 meters

o Walk more than a city block without aid
o Climb stairs in a reciprocal fashion (i.e. one foot over the other)

3.1.2 Asymptomatic Participants
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Asymptomatic participants were recruited from the local area using poster
advertisements, social media, and emails. Interested individuals were sent a letter
outlining the purpose and details of the study and contacted by telephone to determine
participation eligibility using a standardized script. Asymptomatic participant inclusion

criteria included:

e Age =50 years
e Not a candidate for total joint replacement surgery
No cardiovascular disease (controlled high blood pressure acceptable)
No neurological disease
No musculoskeletal disease or injury
No lower limb surgery within the past year
Ability to walk independently without ambulatory aid
Self-reported ability to:
o Jog 5 meters
o Walk more than a city block without aid
o Climb stairs in a reciprocal fashion (i.e. one foot over the other)

All eligible participants were provided with a detailed description of the study
procedures and expectations, a copy of the informed consent form, as well as directions

to the JAR laboratory at Dalhousie University.

3.1.3 Sample Size

To our knowledge, no studies exist that test the objectives of this thesis across the
three samples of knee OA, hip OA, and an asymptomatic group. Therefore, sample size
was based on an estimate from a combination of literature comparing individuals with
knee OA with asymptomatic populations.?>*3**!7> Samples sizes of these studies ranged
from 15 to 60. While gait analyses generally include a variety of biomechanical and
electromyographical outcomes incorporating joint moments and neuromuscular
activations, sagittal plane flexion-extension moments are a key feature consistently

reported to differ with presence and severity of knee OA.?*22%3L175 Upon reviewing
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literature pertaining to sagittal plane knee moments, the difference or range from peak
knee flexion moment to peak knee extension moment during stance is a frequently

reported outcome?31:173

and has been shown to be an outcome of greater reliability than
peak moment measures.'!” Rutherford and colleagues (2020) reported an ICC of 0.93 for
the range from peak knee flexion moment to peak knee extension moment, whereas the
ICCs for peak flexion and peak extension alone were 0.78 and 0.80, respectively.!!
Therefore, the range from peak knee flexion moment to peak knee extension moment was
selected for this sample size analysis. Rutherford and colleagues (2017) reported a
significant difference of 0.25Nm/kg (standard deviation (SD)=0.21Nm.kg) in the range
from peak knee flexion moment to peak knee extension moment between individuals
with moderate knee OA and asymptomatic older adults.® This difference in sagittal plane
knee flexion-extension moment range is greater than the MDC reported to be 0.16Nm/kg
for dual-belt treadmill gait in asymptomatic adults.!!” Furthermore, related research
investigating measures of peak flexion moment during stance among individuals with
knee OA have reported similar standard deviations of approximately 0.2Nm/kg,.!1%131:144

The power and sample size calculation were completed in Minitab™

V.19 using a
one-way analysis of variance (ANOVA). Beta () was set to 80% (Power = 1- §) to
calculate the sample size required to reject the null hypothesis with certainty. Based on
previous literature comparing moderate knee OA and older asymptomatic groups:
Difference in range from peak knee flexion moment to peak knee extension moment:

0.25Nm/kg

Standard deviation for knee flexion/extension range: 0.21Nm/kg
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One-way ANOVA

a = 0.05 Assumed standard deviation =0.21
Factors:1

Number of levels: 3

Difference Sample Size Target Power Actual Power
0.25 14 0.8 0.820173

Based on these estimations, a sample size of 16 subjects in each group was selected to

detect significance between the groups based on a one-way ANOVA.

3.2 Procedures

All testing procedures were completed at the JAR laboratory in the School of
Physiotherapy at Dalhousie University in Halifax, NS. Upon arrival, all participants were
introduced to the laboratory environment, equipment, and general procedures of the data
collection. Participants were asked to provide informed written consent and any questions
pertaining to the consent form were answered at this time. Participants were also asked to
complete self-report questionnaires specific to their affected joint and requested to report
any medication consumption for the current day. Participants diagnosed with hip OA
were asked to complete the Hip Osteoarthritis Outcome Score (HOOS) which has shown

176 and construct validity'”” for assessing patient’s opinions

high test-retest reproducibility
about their hip related problems. Participants diagnosed with knee OA were asked to
complete the Knee Injury and Osteoarthritis Outcome Score (KOOS) which demonstrates
adequate internal consistency, test-retest reliability, and construct validity for patients
with knee conditions.!”® Both the HOOS and the KOOS consist of five separate

subscales, including: pain, symptoms, functions of daily living, quality of life, and sport

& recreation.
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3.2.1 Participant Preparation

After completion of the questionnaires, participants were instructed to change into
form-fitting apparel and remove footwear for the duration of the testing protocol.
Standard anthropometric measurements including height, weight, as well as hip, waist,
thigh, and shank circumferences were measured. An experienced physiotherapist then
performed an assessment of affected joint range of motion using standardized
procedures.!”” The same physiotherapist performed the assessment for all participants
using a standard goniometer affixed with a spirit level. Hip flexion and extension were
measured for the hip OA group, and knee flexion and extension for the knee OA group.
Two measurements of the affected joint were obtained for both flexion and extension,
and each pair of measurements was averaged. Participants were then prepped for EMG
sensor placement. Standardized skin preparation and electrode placement protocols
consistent with SENIAM (Surface EMG for the Non-Invasive Assessment of Muscles)
guidelines were implemented.'®® The participant’s skin was lightly shaved and cleaned
with 70% alcohol swabs. Ag/AgCl surface electrodes (10mm diameter, 30mm inter-
electrode distance, Red Dot, 3M Health Care, USA) were placed in a bipolar
configuration over the VL, RF, VM, MH, LH, MG, LG (Figure 3-1). Table 3-1 describes
the standardized electrode placement locations for each muscle.'® A ground electrode
was placed on the anterior tibial shaft. Manual muscle tests and palpation were used to
validate electrode location to ensure signal quality, as well as make the appropriate gain
adjustments. Pre-amplified (x500) lead wires were attached to the electrode pairs on each
muscle group as well as the ground electrode. All electrodes and lead lines were further

secured using adhesive tape to prevent movement and accidental dislodgment. EMG
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signals were recorded at 2000Hz using two AMT-8™ 8-channel Bortec systems (Bortec
Inc, Canada) and further amplified with gains ranging from 100-5000x (Input impedance
of ~10 GQ, CMRR:115 dB at 60 Hz, Band-pass 10-1000Hz) to maximize dynamic range

of the signal without reaching saturation.”®

Figure 3-1. Electrode placements according to SENIAM guidelines for vastus lateralis
(VL), rectus femoris (RF), vastus medialis (VM), medial (MH) and lateral (LH)
hamstrings, medial (MG) and lateral (LG) gastrocnemii.
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Table 3-1. Standardized electrode placement for the lower extremity according to

SENIAM guidelines.
Muscle Electrode Placement Electrode Orientation
Vastus Lateralis (VL) 2/3 of the distance from the Direction of muscle fiber

Rectus Femoris (RF)

Vastus Medialis (VM)

Medial Hamstring (MH)

Lateral Hamstring (LH)

Medial Gastrocnemius
MG)

Lateral Gastrocnemius
(LG)

anterior superior iliac spine
(ASIS) to lateral side of
patella.

50% of the distance
between the ASIS and
superior patella.

80% of the disease from
the ASIS to medial knee
joint space.

50% of the distance
between ischial tuberosity
and medial epicondyle of
tibia.

50% of the distance
between ischial tuberosity
and lateral epicondyle of
tibia.

35% of the distance from
medial knee joint space to
calcaneal tubercle.

30% of the distance from
lateral knee joint space to
calcaneal tubercle.

orientation.

Direction of lead line.

Direction of muscle fiber

orientation.

Direction of lead line.

Direction of lead line.

Direction of lead line.

Direction of lead line.

Upon completion of electrode placement, participants were asked to walk across a

GAITRite™ portable pressure sensitive walkway approximately 10-20 times at their

comfortable self-selected walking speed. Participants were verbally instructed to walk at

their normal leisurely pace and the researchers did not interact with the participants

during the walking trials. Five trials were randomly collected and averaged to establish

the participant’s appropriate self-selected speed for the instrumented treadmill.”®!”> The

GAITRite™ has demonstrated excellent validity and reliability in determining gait speed

in older adults.'8!
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Participants were then equipped with passive, retro-reflective skin markers placed
over boney anatomical landmarks including the 7 cervical vertebrae, shoulders (two
finger width below the acromion processes), greater trochanters, lateral and medial
femoral and tibia epicondyles, lateral and medial malleoli, head of the 1%, 2", and 5™
metatarsals, and posterior heels, as per previously published procedures.?® Fabrifoam®
wraps were used to secure the EMG electrodes on the thigh and shanks. Clusters of four
markers were then placed on rigid segments of the participant including the foot, shank,
thigh, pelvis, and thoracic spine.!”>!82 Both individual markers and clusters were placed
bilaterally where appropriate and secured with adhesive tape. Data obtained from the
upper body markers were not included in the analysis for this thesis, however, are
included as part of standardized methodological procedures employed in the JAR lab and
the data are being stored for later use. Participants were equipped with a torso harness to

ensure safety during the walking trials.

3.2.2 Walking Protocol

Participants walked barefoot on the R-Mill (Motekforce Link, Culemborg, the
Netherlands) dual-belt instrumented treadmill set to their pre-determined walking speed
from the GAITRite™ walkway. Three-dimensional retro-reflective marker motion was
sampled at 100Hz using eight Qualisys® OQUS 500 motion analysis cameras
(Qualisys®, Gothenburg, Sweden) concurrently with EMG signals, as well as three-
dimensional GRFs sampled at 2000Hz using the force plates instrumented in the
treadmill.”® All analog signals were analog-to-digital converted (16bit, +/- 5V) and

synchronized using Qualisys® Track Manager V2.10.

3.2.3 Motion Capture Calibration & Virtual Markers

52



A 120-second calibration trial of the treadmill volume was completed prior to
collection to align the coordinate system of each of the eight motion capture cameras to
the coordinate system of the R-Mill treadmill. Participants then completed a standing
calibration trial where they stood on the treadmill with their feet shoulder width apart and
facing forward for a two second collection. After the completion of this trial, the retro-
reflective markers placed on the greater trochanters, medial femoral epicondyles, medial
and lateral tibial epicondyles, medial malleoli, and 1° and 5" metatarsals were removed.

Virtual point trials were then collected to define the anatomical landmarks for the
sternal notch, and bilateral anterior superior iliac spines using a pre-calibrated digitizer
wand. The position of all retro-reflective markers, rigid clusters, and virtual markers is

illustrated in Figure 3-2.
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Figure 3-2. lllustration of full skin marker set placement. Clusters are indicated by grey
squares with blue balls, virtual markers are represented by red balls, and individual
markers placed on boney anatomical landmarks are represented by blue balls.

3.2.4 Warm-Up & Walking Trials
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Prior to starting the walking trials, participants were verbally instructed to remain
in the middle of the treadmill with the objective of walking with one foot on each
treadmill belt. The torso harness worn by the participant was secured to the ceiling with a
rope. The participants were notified when the treadmill was about to start and were
encouraged to use the railings initially to become comfortable with the treadmill.
Participants completed a 6-minute familiarization period, without using the railings, to
acclimatize to the level of exercise, equipment, and treadmill speed.?*> Upon completion

of the familiarization period, a 20-second collection was completed.

3.2.5 MVIC Strength Testing

After completion of the walking trials, all retro-reflective skin markers and
clusters were removed from the participant. EMG electrodes and Fabrifoam® wraps
remained secured for the strength testing portion of the testing protocol. Participants first
completed a one-second resting subject bias trial where they were required to lay supine
and asked to relax and remain as still as possible. This subject bias trial was quality
checked for minimal muscle activity and followed by MVIC trials for EMG
normalization purposes.

Participants performed a series of three exercises including knee flexion and
extension on the Humac Norm Isokinetic dynamometer (Computer Sports Medicine Inc.,
USA) and unilateral standing calf raise on the floor. Two trials of each exercise were
performed. Knee flexion and extension exercises were completed with the knee placed in
45° of flexion and the hip at 90° of flexion.>! The dynamometer axis was aligned with the
lateral epicondyle of the knee (axes of rotation) and the shin pad of the dynamometer arm

was positioned at the distal tibia. Participants were required to isometrically push against
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the shin pad (knee extension) or pull into the strap around the shin pad (knee flexion) for
three seconds at maximum effort. Stabilizing straps placed on the thigh of the testing limb
and around the hips to prevent movement of the upper body during testing. The unilateral
standing calf raise was completed with the participant standing on the floor with no added
resistance.!83 At least 40 seconds of rest separated each trial, with a minimum of 10
seconds separating each exercise. Standardized verbal encouragement was given during
the trials to inspire maximal effort and consistent contractions.>!*!>

Raw voltage signals were converted to torque (Nm) measurements and gravity
corrected. The Humac Norm computes the Maximum Gravity Effected Torque
(MaxGET) as shown below (Eq. 3.1 & 3.2), and along with the limb position and
direction of motion, adjusts the torque values for the effect of gravity on the limb. EMG

data was continuously recorded during the MVIC trials and stored for later processing.

Extension Exercise (limb resisted by gravity): (3.1)
Reported Torque = Measured Torque + (MaxGET*Cosine(45°))

Flexion Exercise (limb assisted by gravity) 3.2)
Reported Torque= Measured Torque — (MaxGET*Cosine(45°))

3.3 Processing

All data was processed using pre-programmed software (JAR V. 3 & 4) written in
MatLab™ 2016a (Mathworks Inc., Massachusetts, USA). Heel-strike and toe-off events

were determined using a 30N vertical GRF threshold.?®

3.3.1 Kinematics Processing

Technical and local anatomical bone embedded Cartesian coordinate systems!* as
recommended by the International Society of Biomechanics,'®® corresponding with the

pelvis, thigh, shank, and foot were derived using skin markers, rigid clusters, and virtual
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points. Sagittal plane knee angles will be calculated using a six-degree of freedom (DOF)
model through Cardan rotations, with the order flexion/extension, abduction/adduction,
and internal/external rotation, where flexion, adduction, and internal rotation of the knee
are described as positive angles. The three translational DOF were ignored. In this model,
joint angles are designated as the distal segment moving in regard to a fixed proximal
segment. 367

All motion data was smoothed using a low-pass 4" order Butterworth recursive
filter with a cut-off frequency of 6Hz, and all angle waveforms were time normalized to
100% of the gait cycle, beginning at heel strike and concluding at heel-strike of the

ipsilateral leg.

3.3.2 Kinetics Processing

Three-dimensional GRFs were calculated using a calibration matrix and the signal
output of six sensors embedded under each of the force plates of the treadmill
(Motekforce Link, Culemborg, the Netherlands) aligned with the global coordinates of
the motion capture system. GRFs were low-pass filtered using a 4™ order Butterworth
recursive filter with cut-off frequencies of 30Hz.!*¢ The center of pressure (COP) was
calculated using equations provided by the dual belt instrumented treadmill company
(Motekforce Link, Culemborg, the Netherlands) and low-pass filtered using a 4 order
Butterworth recursive filter with a cut-off frequency of 6Hz. The knee joint center (KJC)
was defined based on the skin surface marker trajectories detailed above, as the mid-point
between lateral and medial epicondyles.'?*

An inverse dynamics approach including GRF, kinematics, subject

anthropometrics, and inertial properties was used to derive three-dimensional external
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joint moments.'?* To calculate the forces and moments, free body diagrams were
established for each body segment as shown in Figure 3-3. A summation of the external
forces and moments acting about each segment’s centre of gravity were used to calculate
each segment’s rate of change of linear and angular momentum.'®’” Three-dimensional
joint forces and moments were calculated and expressed in terms of a joint specific
coordinate system.!®* Moments were normalized to body mass (Nm/kg) and time
normalized to 100% of the stance phase, marked as heel strike to ipsilateral toe off.
Positive KAM angular impulse was calculated using a trapezoidal integral
function where the positive area under the KAM curve over the duration of the stance

phase was averaged and represented as mean KAM impulse.
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Figure 3-3. General free-body diagrams of the lower extremity segments illustrating the
external moments (M) and forces (F) in the X, Y, & Z dimensions computed through
segmental modeling. Linear velocity and accelerations of the segments are represented
by v and a, respectively. Angular velocity and accelerations of the segment are
represented by w and a, respectively. Mg represents the mass of the segment multiplied
by the acceleration of gravity and F plate represents the 3D resultant force applied onto
the foot from the force plate. Adapted from Vaughan (1999)'%7.

3.3. EMG Processing
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All EMG signals were visually checked for dynamic range saturation, movement
artifacts, or the presence of 60 Hz power-line noise. Fast Fourier transforms were
completed for each participant to verify the power-spectrum of the EMG signal. After
reviewing the data, signals were corrected for subject bias and gains, converted to
microvolts, band-pass filtered using a 4™ order Butterworth filter with cut-off frequencies
of 10Hz and 500Hz, and full wave rectified. The rectified signals were filtered using a
low-pass 4™ order Butterworth recursive filter with a cut-off frequency of 6Hz.254¢

Maximum signal amplitudes for each MVIC exercise were determined using a
100-millisecond moving average window algorithm.*® The electromyograms from the
walking trials were normalized to these maximum amplitudes (%MVIC). A 500-
millisecond moving average window algorithm was used to determine the maximum
torque generated across the three-second MVIC contractions and the average of both

exercise trials was calculated as the maximum torque generated by each participant for

each muscle.?®

3.5 Data Analysis

The limb diagnosed with OA was chosen for analysis for both the knee OA and
hip OA groups, while a random leg was chosen for the asymptomatic participants.
Sixteen individuals with hip OA were recruited and gait data collected specifically for
this thesis. Of the 89 knee OA and 48 asymptomatic participants in the database (data
collected between 2015 and 2020), the first 16 individuals of each sample who walked at
a self-selected velocity of £0.10m/s of the average walking speed of the hip OA group
and who were the best matched for demographics of sex and age were selected. Discrete

variable analysis has been previously used in OA literature to investigate three-
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24.33.150.188 and previously tested metrics were isolated from

dimensional joint mechanics
the current data.

The sagittal plane knee angle at the instance of initial contact, as well as ranges of
knee motion from initial contact to peak flexion during loading response, and peak

flexion to minimum flexion during terminal stance, were obtained from the sagittal plane

knee motion and are outlined in Table 3-2. These metrics are displayed on Figure 3-4 for

illustration purposes.
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Figure 3-4. Example of sagittal plane knee joint motion in degrees throughout the gait
cycle. Instances of initial contact, peak knee flexion and minimum knee flexion are
outlined on the figure by the black arrows. The ranges of knee joint motion from initial
contact to peak flexion during loading response, and from peak flexion to minimum
flexion during terminal stance are outlined on the figure by the red arrows for illustration
purposes.
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Discrete metrics from the sagittal and frontal plane moments calculated through
inverse dynamics analysis included the range between the peak knee flexion moment
(KFM) to the peak knee extension moment (KEM), the overall peak KAM, as well as
KAM impulse calculated from the non-time normalized data. All frontal and sagittal
plane discrete metrics that will be analyzed are displayed in Table 3-2 and illustrated in

Figures 3-5 & 3-6.
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Figure 3-5. Example of sagittal plane flexion-extension moment in Nm/Kg throughout the
stance phase of the gait cycle. Instances of peak knee flexion moment and peak knee
extension moment are outlined on the figure by the black arrows. The ranges from peak
flexion moment to peak extension moment is outlined on the figure by the red arrows for
illustration purposes.
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Figure 3-6. Example of frontal plane knee adduction moment (KAM) in Nm/Kg

throughout the stance phase of the gait cycle. Peak KAM is outlined on the figure by the
black arrow.

Mean MVIC normalized knee joint muscle activation amplitudes throughout the
stance phase will be compared between participant groups for the hamstrings, quadriceps,
and gastrocnemii. An example of mean MVIC normalized activation amplitude is
illustrated in Figure 3-7. Lateral: medial muscle activation ratios were computed by
subtracting the mean MVIC normalized medial muscle amplitude from the lateral
amplitude for the quadriceps (VL:VM), hamstrings (LH:MH), and gastrocnemii

(LG:MG).
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Figure 3-7. Example of mean MVIC normalized medial hamstring activation represented
by the red line. The average muscle activation amplitude throughout the stance phase of
the gait cycle is represented by the black dashed line.
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Table 3-2. Equations used to calculate discrete metrics from sagittal plane motion &
moments, frontal plane moments, and neuromuscular activations.

Discrete Metric Description

Initial contact to peak flexion during Peak flexion during early stance (1-30%

loading response of Gait Cycle) minus flexion angle at
initial contact (Degrees)

Peak flexion during loading response to Peak flexion during early stance (1-30%

minimum flexion during terminal stance of Gait Cycle) minus minimum flexion
during terminal stance (30-60% of Gait
Cycle) (Degrees)

Peak KFM to peak KEM Peak extension moment (50-100% of
Stance) minus peak flexion moment (15-
40% of Gait Cycle) (Nm/kg)

Peak KAM Overall maximum knee adduction
moment (1-100% Stance) (Nm/kg)

KAM Impulse Positive knee adduction moment angular
impulse (Nmes/kg)

VL:VM Ratio Mean vastus lateralis activation amplitude

(1-60% Gait cycle) minus mean vastus
medialis activation amplitude (1-60% Gait
cycle) (%MVIC Difference)

LH:MH Ratio Mean lateral hamstring activation
amplitude (1-60% Gait cycle) minus mean
medial hamstring activation amplitude (1-
60% Gait cycle) (%MVIC Difference)
LG:MG Ratio Mean lateral gastrocnemius activation
amplitude (1-60% Gait cycle) minus mean
medial gastrocnemius activation
amplitude (1-60% Gait cycle) (%MVIC
Difference)

3.6 Statistical Analysis

Assumptions of equal variance and normality were tested using Levene’s test and
Kolmogorov-Smirnov, respectively, for all continuous variables (¢ = 0.05). All data
with unequal variances or non-normal distributions were transformed using the Johnston
Transformation algorithm in Minitab™ V.18. One-way ANOVAs were used to determine
significant differences between the three groups for subject demographics, biomechanical

metrics and lateral: medial muscular activation ratios. Bonferonni post-hoc testing was
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used for all significant effects and significance was determined to be alpha () < 0.05.
Cohen’s d effect size was used to compare group outcomes with the classification of nil
(d <0.2), small (d=0.2-0.5), medium (d=0.5-0.8), and large (4>0.8).'® All statistical

analyses were completed in Minitab™ V.18 (Minitab Inc., Pennsylvania, USA).
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Chapter 4 Results

From a database of 153 participants, including 89 with knee OA, 16 with hip OA,

and 48 asymptomatic healthy adults, 16 individuals were identified in each group that

satisfied the inclusion criteria and could be matched for sex, age, and walking velocity.

Participant characteristics are found in Table 4-1. Groups were similar on all

demographic variables except mass (p=0.01) and BMI (p=0.001), where individuals with

knee OA were heavier, with greater BMI, than individuals with hip OA and

asymptomatic individuals. There were no significant differences between any of the

groups for age (p=0.08), knee flexion (p=0.56) and extension (p=0.65) strength, or

walking velocity (p=0.45).

Table 4-1. Mean (Standard deviation) participant characteristics for the knee OA, hip
OA, and asymptomatic (ASYM) groups.

Variable Knee OA Hip OA ASYM

n 16 16 16

n Females 10 10 10

Age (years) 61(6) 56 (4) 61 (8)
Mass (kg) 85.1 (12.1)A 76.8 (18.4)AB 68.2 (11.2)8
BMI (kg/m?) 29.8 (3.80)* 27.0 (4.33)AB 24.7 (2.97)B
Walking velocity (m/s) 1.04 (0.01) 1.04 (0.11) 1.07 (0.06)
Knee flexion strength 68.7 (20.1) 77.4 (27.8) 77.1 (28.4)
(Nm)*

Knee extension strength 117.9 (36.3) 133.4 (53.6) 125.4 (44.5)
(Nm)®

Radiographic grade (n)*

KL O 2 - -

KL I 7 - -

KL II 4 - -

KL 11 2 - -

KL 1V 0 - -

For each variable, unlike letters indicate significant difference (p<0.05).
*one knee OA participant did not have a KL grade.
"one hip OA participant did not have strength data.
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Kellgren Lawrence classification of radiographic osteoarthritis severity scores for
the knee OA group are outlined in Table 4-1. Most knee OA participants were classified
as KL grades I and II, with only two participants classified as 0 and III, and no
participants with a KL grade of IV. Self-reported measures of pain and function for the
individuals with knee OA and hip OA are outlined in Table 4-2. Average passive range of
motion measurements for the affected joint of the OA groups are presented in Table 4-3.
Table 4-2. Knee injury and Osteoarthritis Outcome Score (KOOS) and Hip disability and

Osteoarthritis Outcome Score (HOOS) subscale scores for symptoms, pain, function in
daily living (ADL), and quality of life for the knee OA and hip OA groups, respectively.

Questionnaire Score Knee OA (KOOS) Hip OA (HOOS)

Symptoms (x/100) 61.2 (10.8) 63.4 (15.0)
Pain (x/100) 70.8 (13.1) 63.0 (17.1)
ADL (x/100) 82.0 (10.4) 70.9 (16.1)
Quality of Life (x/100) 48.0 (18.9) 42.2 (18.8)

Interpretation: Higher score indicates less severe joint-related problems.

Table 4-3. Clinician-measured passive range of motion metrics of the knee and hip joints
for the knee OA and hip OA groups, respectively.

Passive Range of Knee OA Hip OA
Motion

Knee flexion (deg.) 132 (10.7) -
Knee extension (deg.) -1.25 (2.34) -

Hip flexion (deg.) - 103 (13.7)
Hip extension (deg.) - 16.8 (6.62)

The mean (SD) biomechanical variables and neuromuscular activation ratios for
the three groups are outlined in Table 4-3. Sagittal plane knee joint motion is shown in
Figure 4-1. No significant group differences were noted in the sagittal plane knee motion
(p>0.05). Although not significant, a large effect size (d¢=0.80) was found for the range
from initial contact to peak flexion during loading response for the knee OA group in

comparison to the hip OA and asymptomatic groups (3 degrees).
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Table 4-3. Mean (Standard deviation) biomechanical outcomes of walking and Lateral:

Medial muscle activation ratios for each group.

Variable Knee OA Hip OA ASYM
Sagittal Plane Knee Biomechanics
Initial contact to peak 11 4) 14 (4) 14 (3)
flexion during
loading response
(deg.)
Peak flexion during loading 10 (5) 10 (6) 114)
response to minimum
flexion during
terminal stance (deg.)
Peak KFM to Peak KEM 0.58 (0.20) 0.62 (0.20) 0.73 (0.20)
(Nm/kg)
Frontal Plane Knee Biomechanics
Peak KAM (Nm/kg) 0.39 (0.10)* 0.30 0.38 (0.07)AB
(0.11)B
Impulse (Nmes/kg) 0.14 (0.04)A 0.09 0.13 (0.03)A
(0.05)B
Lateral: Medial Muscle Activation Ratios (%MVIC difference)*
VL:VM 3.5(6.5) -0.2 (3.4) 1.9 (5.4)
LH:MH 4.4 (6.2)A -0.3(2.3)8 0.1 (3.7)8
LG:MG -16.8 (9.2) -19.2 -17.9 (10.2)
(10.8)

For each variable, unlike letters indicate significant difference (p<0.05).
* one hip OA participant did not have electromyography data.
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Figure 4-1. Sagittal plane knee joint kinematics for the knee OA, hip OA, and
asymptomatic groups. The knee OA group is represented by the dashed red line, the hip
OA group is represented by the dotted black line, and the asymptomatic (ASYM) group is
represented by the solid blue line. Degrees of knee joint flexion are on the y-axis, where a
positive value indicates knee flexion, and percent of gait cycle is on the x-axis.

Sagittal plane flexion-extension moment for the three groups is demonstrated in
Figure 4-2. No group effects were found for the range from peak flexion to peak
extension (p<0.05), however moderate effect sizes were found for knee OA (d=0.75) and
hip OA (d=0.55) groups in comparison to the asymptomatic group (0.15Nm/kg &
0.11Nm/kg, respectively).

The frontal plane KAM for all groups is outlined in Figure 4-3. The peak KAM
was greater in individuals with knee OA compared to individuals with hip OA only

(p=0.02), whereas frontal plane impulse was greater in asymptomatic and knee OA
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individuals compared to individuals with hip OA (p=0.003) and no differences were

found between ASYM individuals and those with knee OA (p=0.242).
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Figure 4-2. Sagittal plane knee flexion-extension moments for the knee OA, hip OA, and
asymptomatic groups. The knee OA group is represented by the dashed red line, the hip
OA group is represented by the dotted black line, and the asymptomatic (ASYM) group is
represented by the solid blue line. A positive value indicates a net external flexion

moment and a negative value indicates a net external extension moment. Percent of
stance phase is on the x-axis.
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Figure 4-3. Frontal plane knee adduction moment for the knee OA, hip OA, and
asymptomatic groups. The knee OA group is represented by the dashed red line, the hip
OA group is represented by the dotted black line, and the asymptomatic (ASYM) group is
represented by the solid blue line. A positive value indicates a net external adduction
moment and a negative value indicates a net external abduction moment. Percent of
stance phase is on the x-axis.

A significant group effect was found in the lateral: medial hamstring activation
ratio, where individuals with knee OA had a greater lateral: medial muscle activation
ratio compared to both asymptomatic and hip OA groups, meaning there was more LH
activation than MH activation during the stance phase of the gait cycle. This finding is
demonstrated in Figure 4-4. No other group differences in VL:VM or LG:MG activation
ratios were found, as shown in Figures 4-5 and 4-6. Individual waveforms for each

participant group for all gait variables studied are available in Appendix A.
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% MVIC Difference
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Figure 4-4. Mean lateral: medial hamstring (LH: MH) activation ratios (with error bars

representing standard error (SE= SDAn)) for the knee OA, hip OA, and asymptomatic

(ASYM) groups. Significant difference compared to the other groups is denoted by a “*”.
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Figure 4-5. Mean vastus lateralis: medialis (VL:VM) activation ratios (with error bars

representing standard error (SE= SDAn)) for the knee OA, hip OA, and asymptomatic
(ASYM) groups.
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Figure 4-6. Mean lateral: medial gastrocnemii (LG:MG) activation ratios (with error

bars representing standard error (SE= SDAN)) for the knee OA, hip OA, and
asymptomatic (ASYM) groups.



Chapter 5 Discussion

5.1 Opening Summary

For over a decade, researchers have demonstrated that individuals with OA of the
lower extremity joints show characteristic alterations in the way they walk. For
individuals with medial compartment knee OA, the most commonly reported
biomechanical metrics include reductions in flexion-extension motion and moments>*2°
and increases in the frontal plane KAM.?283942 These features are consistently identified
when comparing a group of individuals with knee OA to an asymptomatic group, as well
as those of different disease severities.?>>> 28 Characteristic knee joint muscle activations
are also found, most notably prolonged activation and differential lateral: medial muscle
activation differences.*®#>->1:53:130 While these biomechanical and neuromuscular
adaptations associated with knee OA presence and progression remain rather consistent,
little is known about their uniqueness to the disease. In fact, whether they represent
pathomechanics distinctive of knee OA exclusively or of a lower extremity pathology in
general remains unknown. To our knowledge, no study exists comparing a group of
individuals with medial compartment knee OA to a group with another lower extremity
pathology. The main objective of this study was to determine whether specific knee joint
biomechanical and neuromuscular gait outcomes previously linked to symptomatic
medial compartment knee OA severity and progression are in fact unique to those with
knee OA by concurrently investigating a group of asymptomatic individuals and those

with moderate hip OA, with each comparator group having no known knee OA.
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5.2 Sample Characteristics

To test the specific objectives, three groups of individuals were studied who were
matched on age, sex, and walking velocity. For individuals with knee and hip OA, they
were matched on OA severity.

Age is an important consideration when understanding biomechanical and
neuromuscular gait outcomes. As we age, changes occur to our passive, active and
neurological systems that can impact walking. These may include alterations to sensation,

muscle strength, joint range of motion!?%!*!

and as such it was important to maintain a
minimal age difference between study samples in the current investigation. As shown in
Table 4-1, the mean age of the knee OA participants in this study was 61 years, the hip
OA participants was 56 years, and the asymptomatic group was 61 years. Age ranges
from 51-64 years have been previously described in study groups with moderate severity
knee OAZ83346:134 and hip OA.3-3%¢ In knee OA samples, this aligns with Losina and
colleagues in 2013, who estimated incidence of diagnosed symptomatic knee OA was
highest among adults aged 55 to 64 years.!”> The average study group ages described in
the current study surpass the clinical criterion of age>50 for diagnosis of hip and knee
OA according to the ACR,’ as well as the minimum age of 40 years described as part of
the typical presentation of peripheral joint OA in the EULAR recommendations for

clinical management.'?

Together, participant age in the current study is within a range
where OA can be present and impact function in some people. The similar age among
participants also helps negate the impact of age on gait speed.

As walking speed generally declines with age'®® and progression of OA,*

determining what gait changes are associated with the disease process, and those that are
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the result of differences in gait speeds poses a challenge for researchers. All three
participant groups were matched for walking velocity, as shown in Table 4-1. Previous
literature has reported an average self-selected walking speed range of 0.9-1.4m/s for
individuals with moderate severity medial knee OA during dual belt treadmill
walking.?®!3* Similarly, Constantinou and associates (2014) in their systematic review on
spatial-temporal characteristics in individuals with hip OA reported the average self-
selected speed was 0.95 (0.19) m/s.'*®> The group-matched walking velocity established in
the current study is comparable to previously reported gait velocities for individuals with
knee and hip OA. However, the comparison between gait speeds of OA groups and
asymptomatic controls seems to be more variable. Several studies have shown individuals

28,32,175

with moderate knee OA walk slower than controls, while others report comparable

speeds, 233342134

It is widely recognized in the literature that differences in walking speeds can
cause difficulties with the interpretation of gait analysis results such as joint motion,
moments, and neuromuscular activations.*>>1:13419419 Several approaches have been used
to account for walking velocity, including having participants walk at pre-determined

24,52,196,197

speeds, statistically controlling for the variable by entering it as a covariate

during analysis,?>3133:134

or rather just describing the velocity as self-selected and
reporting the group differences.’”#67 All three approaches have limitations when
attempting to differentiate the effect of walking velocity that occurs with progression of
the disease from changes associated with structural and symptomatic differences resulting

in biomechanical changes of the joints.’! Another strategy is to control for velocity in the

analysis phase of the study protocol by selecting and comparing subgroups of each
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population based upon their self-selected walking speed. This method was chosen for the
current study based upon previous methods by Rutherford and colleagues (2011) where
three groups of participants including asymptomatic, moderate knee OA, and severe knee
OA were matched for walking velocity. Results of the study demonstrated that
individuals with varying clinical presentations of knee OA who chose to walk at similar
velocities, still presented with characteristic neuromuscular alterations.’! These findings
support the use of matching walking velocities among groups of varying OA
presentations. A limitation of this method is that the groups may not reflect the general
populations of individuals with and without OA. While the velocity selected for this
study was in fact the average speed for the entire hip OA sample of 16 subjects and is a
comparable self-selected speed for OA populations based upon previous publications, it
may not be a true representation of the typical walking speed for healthy community-
dwelling older adults which has been reported to be up to 1.30m/s.!*® Caution should be
taken in extrapolating these findings to the knee and hip OA populations as a whole.

The study groups were also matched for sex, as few studies have differentiated
biomechanical features between males and females in both knee!**%! and hip**? OA gait.
The potential confounding effect of sex is minimized in the current study by including
equal distributions of males and females in each group. The higher number of female
participants included in the current study is reflective of the population demographics of
knee OA, where incidence rates are higher in females compared to males.**

Knee and hip OA participants in the current study were determined to be of
moderate disease severity based upon ineligibility for total joint replacement at the time

of the data collection, as well as ability to meet functional criterion outlined by Hubley-
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Kozey and colleagues (2006).*® While direct statistical comparisons could not be made,
the self-report measures of pain and function for the knee and hip OA groups as measured
by the standardized outcome measures KOOS and HOOS, respectively, were similar
between groups across the four domains of symptoms, pain, ADLs, and quality of life
(Table 4-1). With regard to radiographic severity, most knee OA participants were
classified as KL grades I and II, with only two participants classified as 0 and III, and no
participants with a KL grade of IV. Radiographic scores for the hip OA group were not
collected and therefore not included in the current study. However, given the lack of need
for diagnostic imaging in patients presenting with typical symptoms'? and the poor
correlation to functional outcomes?** 27 it is not likely to change the interpretation of the
findings. Passive range of motion measures indicate the knee OA group was limited in
knee extension, but not flexion in comparison to normative values for healthy adults aged
45-69.2% The finding of knee extension limitations in the knee OA group coincides with
previous work.?”” Measures of passive hip flexion and extension for the hip OA group
were similar to results published by Baker and associates (2016) for their moderate hip
OA group in their study focused on the relationship between passive hip range of motion
measurements and dynamic motion during gait in individuals with different disease
severities.!>® These findings further support the moderate disease severity description of
the participants included in the present study.

The sample of knee OA participants included in the present study are
characteristic of patients that may present to primarily health care providers with
suspected or undiagnosed OA of the knee. Clinical features of older age, female gender,

being overweight, restricted range of motion, and complaints of pain and/or functional
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limitation are all key characteristics of OA and can help lead to a confident clinical
diagnosis.”! The participants of this study are described as a moderate disease severity
based upon their functional ability, as well as their clinical characteristics of range of
motion, strength, and self-report measures in comparison to previously described cohorts.
These participants represent the large portion of individuals with knee OA who would
benefit from first-line treatment techniques including education, exercise therapy, and

weight loss advice,!!210:211

as many would not yet be eligible for surgical interventions.
Individuals with OA often do not seek help until the symptoms of their disease surpass
their own self-management strategies,?'? which may indicate progression beyond mild

stages of the disease by the time they seek medical intervention. Investigations into the
biomechanical features of individuals representative of those likely to present to

physiotherapists and physicians is crucial to continue the evolution of effective

management and treatment strategies.

5.3 Objective 1

The first objective of this study was to determine if knee joint sagittal plane
movement dynamics (range from peak flexion to peak extension moments, and ranges of
motion through loading response and mid-to-late stance) in individuals with symptomatic
unilateral medial compartment knee OA are different from the ipsilateral knee of
individuals with symptomatic unilateral moderate hip OA, and asymptomatic individuals.
It was hypothesized that sagittal plane dynamics would be reduced in individuals with
knee OA in comparison to the hip OA and asymptomatic groups, and that there would be
no differences between the hip OA and asymptomatic groups. Results of the present

study partially support this hypothesis.
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Movement patterns throughout the stance phase were similar for all three
participant groups. Although not statistically significant, a large effect size was found for
the 3-degree difference in range of motion between initial contact to peak flexion during
loading response for the individuals with knee OA in comparison to both the
asymptomatic knees and the ipsilateral knees of the hip OA group, which borders the
previously established MDC for this gait feature.!'” As demonstrated in Figure 4-1, this
difference is likely due to the increased knee flexion at the time of initial contact in
individuals with knee OA in comparison to the other two groups. This finding aligns with
previous studies reporting those with knee OA strike the ground in a more flexed
position.?*23273% Ag the knees of individuals with OA transitioned from loading response
to terminal stance, both the hip OA and knee OA groups show less movement towards
full extension. This is present in Figure 4-2, where both the knee OA and hip OA groups
demonstrate reduced extension moments during the latter phase of stance. The
differences between the three groups presented in Table 4-3 are below the previously
reported MDC for healthy individuals (0.16Nm/kg) supporting the statistical finding of
the current results,''” however moderate effect sizes were found for the range from peak
knee flexion moment to peak knee extension moment for both OA groups. For
individuals with knee OA, this less dynamic range has been previously described in

comparison to healthy older adults®®3!

and is suggested to coincide with what has been
described as “stiff knee” gait.?>*!"!3? This less dynamic movement pattern is thought to be
an adaptive strategy to overcome knee joint instability through elevated agonist and

antagonist muscular activation,?3-242%133.134
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The lack of statistical difference for sagittal plane metrics between moderate knee
OA and asymptomatic groups in the present study may be the result of matched walking
velocities. Landry and colleagues (2007) demonstrated the dynamic range of the knee
flexion-extension moment increases with increasing walking speed in both knee OA and
control groups, primarily due to the influence on the peak knee flexion moment.* As all
three groups had similar walking velocities in the present study, it is likely the difference
in the dynamic ranges were diminished. Furthermore, the reduction in sagittal plane
movement dynamics appears to become more pronounced with increasing knee OA
severity. Lewek and colleagues (2006) found significant differences in knee flexion
excursion during weight acceptance between individuals with knee OA who were
scheduled for surgical intervention and healthy controls matched for age, sex, and
walking velocity.!”® Comparably, even after Zeni et al., (2009) statistically controlled for
walking velocity, the severe OA group (KL grade IV) demonstrated deficits in knee joint
excursion in comparison to controls.!** These results suggest sagittal plane knee joint
dynamics are related to both knee OA severity and walking speed, both of which are
likely responsible for the lack of significant differences presented in the current study.

The ipsilateral knees of individuals with moderate hip OA showed similar early
stance phase movement dynamics to age, sex, and velocity matched controls. This finding
was not surprising, as the individuals with hip OA included in the present study had no
known knee pathologies, so it was hypothesized their knee mechanics would be similar to
the asymptomatic controls. However, as the hip OA individuals transitioned from loading
response to terminal stance, they began to demonstrate similar joint dynamics as the

participants with diagnosed knee OA. This trend is supported by previous work by
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Rutherford and colleagues (2015) who conducted a study on individuals with moderate
severity hip OA (not THA candidates) comparing knee joint mechanics to an age-
matched asymptomatic population and demonstrated a 5-degree reduction in range from
peak flexion to peak extension during stance phase in individuals with hip OA.%
Comparably, Eitzen and associates (2012) found that individuals with hip OA reporting
mid-to-moderate symptoms showed a reduction in ipsilateral knee joint extension during
the latter 50% of stance phase, where 4-to-9-degree differences were reported in
comparison to controls.’® Together these results demonstrate that as the knees of
individuals with moderate hip OA transition from early to terminal stance, joint range of
motion, sagittal plane moments or a combination of both may be reduced. While these
outcomes were not significant in this study, effect sizes suggest that differences may be
meaningful and further work is required with greater sample sizes to understand the role
lower limb OA plays more fully in altering sagittal plan knee dynamics.

While there were statistically similar trends in knee joint movement dynamics
demonstrated between the two OA groups, the reason behind this presentation may be
different. It is important to consider the relationship between joints in the lower
extremity, and how limitations in one may alter the presentation in others.*® Osteoarthritis
in the hip joint has shown to cause reduced hip extension during the late stance phase of
gait in comparison to healthy controls.**273%% Some authors suggest this reduction in hip
joint extension concomitantly results in a similar limitation in the knee joint,*% thereby
causing the ipsilateral knee of individuals with hip OA to present with the “stiff knee”
pattern that has been related to knee OA presence and progression.??>!132 Ornetti and

colleagues (2011) investigated kinematic gait adaptations of all lower extremity joints in
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a group of hip OA patients with no other lower extremity disorders. Authors reported
ipsilateral knee flexion and extension angles during gait were not statistically different
among individuals with hip OA and healthy controls matched for walking velocity
despite the hip OA participants showing a reduction in hip extension, although trends in
the data suggest a reduction in both knee flexion and extension were present.*®
Furthermore, this study did not look at the dynamic ranges of motion, rather just the
absolute maximum flexion and extension angles which have shown to be less reliable.'!”

Interestingly, the interaction between hip joint motion and other lower extremity
joint dynamics in the sagittal plane has not been the focus of many studies.*®*° Eitzen and
colleagues (2012) are one of the few publications to include sagittal plane knee joint
moments in their analysis of hip OA gait mechanics. Similar to the present study, no
significant differences were reported between mild-to-moderate hip OA and
asymptomatic groups for moments in the sagittal plane. However, in observation of their
flexion-extension moment waveforms, similar reductions in dynamic movement
throughout the range from peak flexion to peak extension in individuals with hip OA
were demonstrated as in the current study.’® These subtle changes require further
investigation as kinematic outcomes have limited ability to provide information regarding
what may be occurring inside the knee joint. It is evident that information on sagittal
plane knee moments in hip OA populations is limited, and future work on the impact of
kinematic changes of the hip joint on lower limb joint loads and the implications for OA
disease presence and progression are indicated.

When groups of individuals with similar disease severity of knee OA and hip OA

are matched for age, sex, and walking velocity, and compared to asymptomatic controls,
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statistically and clinically significant differences do not exist in sagittal plane movement
dynamics. Given those with hip OA and asymptomatic individuals had no known knee
joint injuries or disease at the time of testing, results suggest the uniqueness of sagittal
plane biomechanics previously reported in knee OA literature may not be a defining

feature of knee OA, or only a direct result of knee OA processes.

5.4 Objective 2

The second objective of this study was to determine if the peak KAM and KAM
impulse in individuals with symptomatic unilateral medial compartment knee OA are
different from the ipsilateral knee of individuals with symptomatic unilateral moderate
hip OA, and asymptomatic individuals. It was hypothesized the knee OA group would
demonstrate heightened peak KAM and KAM impulse measures in comparison to both
the hip OA and asymptomatic groups, and that there would be no differences between hip
OA and asymptomatic groups. Study findings partially supported this hypothesis.

The KAM has been one of the most widely studied gait features in knee OA
literature as it thought to represent the magnitude of intrinsic compressive load
distribution between the lateral and medial tibiofemoral knee compartments.3®**#! It has
been studied in the context of a possible risk factor for OA disease development,* a

28,30,42

defining feature compared to healthy individuals, and linked to disease

progression,®1#3745.213
Compared to people with hip OA, the knee OA group walked with greater peak
KAM and KAM impulse, although these features were not statistically different from the

asymptomatic group. These findings contrast previous studies that have reported

increased KAM measures in comparison to asymptomatic controls.?>*%#? Baliunas and
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colleagues (2002) reported heightened peak KAM in individuals with radiographic
evidence of medial knee OA who were being managed by conservative medical therapy,
in comparison to age, and sex distribution matched asymptomatic controls during similar
walking speeds.’® In contrast, Kaufman et al (2001) reported no significant differences in
peak KAM between normal subjects and patients with knee OA, however this could be
attributed to the faster walking speed in the asymptomatic group.>? Favre and others
(2016) investigated the effects of modifying gait variables such as walking speed, trunk
sway, step width, and foot progression angle on the peak KAM and KAM impulse of
healthy individuals. Authors reported “slow” self-selected walking speeds were
associated with reduced first peak of the KAM, while “fast” self-selected walking speeds
reduced the KAM impulse.?'* These findings align with previous work by Robbins and
Maly (2009) who reported a trade-off between an increase in duration of the medial
compartment loading and decrease in total amplitude of the loading at slower gait
speeds.!3? Collectively, these studies reiterate that measures of external joint moments are
sensitive to changes in walking velocity.

Individuals with knee OA have shown to present with declining walking velocity
and increasing stance duration throughout the progression of the disease.?>12%213
Therefore, it is not surprising that previous work has associated KAM impulse with
increasing disease severity. Thorp and colleagues (2006) reported KAM impulse was
significantly higher in those with moderate radiographic knee OA (KL grade III)
compared to those with mild changes (KL grade II) while peak KAM values were
similar.'* In accordance, Kean and associates (2012) suggested KAM impulse was better

able to distinguish between KL grades and severity of malalignment in individuals with
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knee OA compared to the peak KAM.!'*® The lack of differences in frontal plane
mechanics between the knee OA and asymptomatic groups in the present study is likely
due to the matched walking velocities among groups, as well as the less severe disease
state of the included subjects with knee OA. In contrast to Baliunas et al. (2002),>° the
knee OA participants included in the present study were primarily of KL grades I and II,
whereas most of the knee OA participants included in that study were classified as KL
grade III. It is possible the KAM features linked to OA disease progression are not yet
pronounced in the current study sample of knee OA participants, or, as previously found,
the asymptomatic controls may in fact have radiographical evidence of OA .16

While no differences were identified between the knee OA and asymptomatic
groups, the ipsilateral knees of individuals with hip OA demonstrated significantly
decreased peak KAM in comparison to the knee OA group, and reduced KAM impulse in
comparison to both the knee OA and asymptomatic groups. In the work by Favre and
colleagues (2016) on the relationship between gait modifications and KAM measures in
healthy adults, they demonstrated that increasing trunk sway, as defined as the maximum
angle between the axis from the pelvis origin to the centre of the manubrium markers,
and the axis perpendicular to the walkway, had a diminishing effect on the peak KAM
and KAM impulse during gait.?'* This gait adaptation has been previously described in
individuals with unilateral hip OA in comparison to asymptomatic controls,*”?!"-*18 as it
has implications for altering joint loads at both the knees and the hips.

Moreside and associates (2018) conducted a study focused on the combined effect

of kinematic and neuromuscular adaptations of the trunk in individuals with moderate

(non-THA candidates) and severe (THA candidates) hip OA in comparison to an
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asymptomatic healthy group. Individuals with severe hip OA demonstrated ipsilateral
trunk lean during early stance phase that was four times greater than asymptomatic
controls.?!” By moving the centre of mass laterally over the affected hip joint, it reduces
the external hip adduction moment, resulting in less force production required by the hip
abductor muscles to maintain a steady pelvis, and therefore reduces compressive forces
within the joint.?”*!7 Bolink and collaborators (2015) are one of the few other studies who
compared individuals with knee OA, hip OA, and an asymptomatic group in their
analysis of frontal plane pelvis motion during gait measured using a single inertial sensor.
Individuals with end-stage hip OA demonstrated significant asymmetry in pelvic motion
in comparison to both the end-stage knee OA and asymptomatic groups.?'®* While this
adaptation is primarily reported in individuals of advanced hip OA,*”?!7-2!¥ Watelain and
colleagues (2001) studied compensatory actions in subjects of early-stage OA as defined
by a combination of KL grade (< III), not currently candidates for hip surgery, and
functionally independent without gait aids. Authors reported a similar increase in pelvic
obliquity, corresponding to a Trendelenburg sign, was utilized in the OA group to
minimize the load on their painful hip, even at this early stage of disease.?!® It is possible
the moderate hip OA group in the current study were implementing similar strategies to
offload the affected hip, thereby simultaneously changing the dynamic loading
environment of the ipsilateral knee.

While sagittal plane movement dynamics were similar between all three groups,
the frontal plane mechanics of the ipsilateral knees of individuals with hip OA were
altered in comparison to both the knee OA and asymptomatic groups. This may be related

to gait adaptations of the pelvis and trunk in attempt to reduce loading on the affected
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joint, subsequently resulting in a decrease in medial compartment knee loads. As
kinematics of the trunk was not part of the present thesis objectives, it was not included in
the analysis. Conversely, the KAM of the knee OA group was not different from the
asymptomatic group, which may be attributed to the low disease severity of the patients

of the current sample as well as the impact of matched walking velocities among groups.

5.5 Objective 3

The third objective of the study was to determine if the difference in medial and
lateral quadriceps, hamstring, and gastrocnemius activation levels in individuals with
symptomatic unilateral medial compartment knee OA were different from the ipsilateral
knee of individuals with symptomatic unilateral moderate hip OA, and asymptomatic
individuals. It was hypothesized there would be a higher LH:MH activation ratio in the
knee OA group compared to the hip OA and asymptomatic groups. Additionally, that
there would be no differences between hip OA and asymptomatic groups, nor any
between-group differences for VL:VM nor LG:MG activation ratios. Study findings
support this hypothesis.

Although OA is often thought of as an impairment that affects joint structure,
passive components are only one of the key elements required to fully understand the
control systems working to preserve joint function. The passive ligamentous, neural, and
active musculotendinous subsystems are operating to establish a balance between joint
stability and mobility.'*> Determining how neuromuscular activations differ between
individuals with and without comprised knee joint function may help achieve a better
understanding of the altered mechanical environment present in OA joints.*°

Electromyographical outcomes were included in this study as previously, individuals with
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medial compartment knee OA have shown to differentially activate the lateral

h.23:28:4647:49.51.53.130 Ty contrast, when studying healthy adults

musculature of the thig
without OA,?%463 the contralateral knee of knee OA patients,>>>® and younger adults
with or without hip injuries,’® these differential activations have not been found.
Increased overall LH amplitudes are the most consistently reported neuromuscular
adaptation reported in individuals with medial compartment knee OA compared to

asymptomatic individuals,?846:475!1

and has shown to progressively increase in amplitude
with increasing knee OA severity.?>*"!>0 In the current study, LH:MH activation ratios
were higher for the knee OA group in comparison to both the hip OA and asymptomatic
groups. This finding aligns with previous work by Lynn and associates (2008) who
computed a medial: lateral hamstring % MVIC activation ratio by averaging EMG
activation across the entire stance phase for both muscles then dividing the medial
activation level by the lateral.** Comparably, Rutherford and Baker (2019) used raw
medial and lateral RMS amplitudes over the entire gait cycle and subtracted the medial
activation value from the lateral.>® Results of both studies revealed a bias towards greater
LH activity.

These findings demonstrate that differential activations of the hamstring muscles
occur with the presence of knee OA despite the similarities in sagittal plane movement
dynamics among all three participant groups, which may indirectly suggest that
differential activation is not related to these outcomes. While not statistically significant,
the 3-degree reduction in knee angle from initial contact to peak flexion during loading

response was the only sagittal plane feature unique to knee OA gait, however, whether it

relates to differential hamstring activation is yet to be determined.
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In comparison to the knee OA and asymptomatic groups, individuals with hip OA
demonstrated a negative LH:MH ratio, thereby suggesting greater MH over LH
activation. Few studies exist to understand the impact of hip pathologies on knee muscle
activation, and how it pertains to the uniqueness of knee OA biomechanics and
surrounding muscle EMG.®%7 In a recent paper published on young adults with FAI
compared to healthy, asymptomatic controls, individuals with pathology of the hip
demonstrated MH values greater than LH, where this effect was not found in the
controls.® While the mechanism behind this preferential medial activation is difficult to
speculate, previous work has suggested that individuals with FAI may adopt an internally

t,% a gait

rotated hip position during gait in an attempt to stabilize the affected join
adaptation that has shown to increase medial activation levels greater than lateral when
utilized by individuals with knee OA.?*° In contrary to these findings, Rutherford and
colleagues (2015) used PCA to identify significant principal neuromuscular patterns
between asymptomatic and moderate hip OA groups and reported a muscle main effect
where MH levels of activity were greater than LH across the stance phase, however no
between group differences were identified.®® While the difference in LH:MH ratios
between the hip OA and asymptomatic groups in the present study are not statistically
significant, they trend towards a preferential MH>LH activation pattern for those with
hip OA, and a LH>MH activation pattern for the asymptomatic group. Furthermore, as
the Rutherford et al. (2015) study normalized EMG amplitudes to the peak amplitude

obtained during the gait cycle, absolute amplitude comparisons between groups could not

be made, and limits the ability to compare results to the present study.
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Differential activation of the quadriceps was comparable among all three groups.
Both knee OA and asymptomatic groups trended towards greater VL>VM activation,
with the hip OA group inclined towards greater VM>VL activation. The knee OA group
had the greatest ratio biasing VL> VM, which aligns with previous work on individuals
with moderate severity knee OA by Hubley-Kozey and colleagues (2006) where a higher
VL recruitment for the OA group compared to controls, and similar VM recruitment
amplitudes between asymptomatic and OA groups were found using PCA.*¢ Quadriceps
activation ratios were more similar between the hip OA and asymptomatic groups in
comparison to the knee OA group, however the hip OA group trended towards VM>VL
rather than the asymptomatic group ratio demonstrating VL>VM. Interestingly,
Rutherford et al. (2015) identified muscle main effects for the quadriceps, where VM had
a pattern of elevated activity during late stance opposed to early stance, in comparison to
VL, although this was present in both the OA and asymptomatic groups.®¢

The differential activation of the quadriceps and hamstrings in individuals with
knee OA has been suggested to be a learned motor pattern in attempt to decreased medial
joint loading and associated disease symptoms.>>*® Aligning with this theory, it is
possible the medial>lateral hamstring and quadricep activation preferences for those with
hip OA may be related to the previously mentioned medial-to-lateral shift in joint contact
forces in the ipsilateral knee when a lateral trunk lean is employed during stance phase.
Previous work on knee OA has associated increased overall amplitudes in muscles that
produce counteracting force vectors to the increased compartmental load,*® and therefore
the medial muscles may be acting to unload the lateral compartment. However, it would

then be suspected that the hip OA group would present with a knee abduction moment,
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rather than a KAM. While not the focus of this thesis, previous work has associated
differential activation patterns with deviations in frontal plane alignment in individuals
with knee OA.>*7 For example, Lewek and colleagues (2004) demonstrated individuals
with knee OA who presented with varus alignment had localized medial knee joint laxity
which was accompanied by greater medial muscle (VM-MG) co-contraction. While
seemingly counter-intuitive in regard to the KAM theory, this differential activation was
speculated to be an attempt to stabilize the knee joint during gait.!?® This research
suggests the relationship between differential activation and knee joint loads is more
complex than described by the KAM alone. Additional investigation into how features
such as static and dynamic alignment, instability, and muscle activation patterns affects
knee mechanics in individuals with hip and knee OA may provide insight into the
evolution of lower extremity OA and relationships between knee and hip OA
pathomechanics.

Gastrocnemii muscle activation ratios were statistically similar across all three
participant groups, with knee OA, hip OA, and asymptomatic individuals demonstrating
elevated MG activity in comparison to LG. The lack of deviation between the knee OA
and asymptomatic groups corroborates the results of Rutherford and associates (2013)
where no differences in overall amplitudes of gastrocnemius activation were reported
between individuals with moderate knee OA (non TKA candidates) and healthy older
adults, and demonstrated generally higher amplitudes for the MG compared to the LG in
both groups.!>® Few studies have investigated the effect of hip OA on gastrocnemii
muscle activation. Schmidt and colleagues (2016) examined muscular adaptations in

individuals one day prior to their scheduled THR and described that medial
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gastrocnemius activity was more plateau-like throughout the stance phase of the affected
limb in comparison to healthy controls, whose activation pattern demonstrated the typical
peak in terminal stance phase. However, study objectives were focused on limb
asymmetries, and direct group comparisons were not made. Furthermore, lateral
gastrocnemius data was not collected, making it impossible to interpret these findings in
the context of the current study.'¢’

In summary, hamstring activation is affected by hip OA in a direction opposite to
the effect of knee OA, showing that difference in LH:MH is greatest for knee OA
compared to hip OA and ASYM groups. This suggests that this differential activation,
unlike sagittal plane motion, moments, and KAM, provide a gait outcome that is unique

in the knee OA group compared to both hip OA and asymptomatic groups.

5.6 Limitations

Several limitations exist in this study. Firstly, differences in BMI existed between
the groups. Individuals with knee OA had higher BMI values than individuals with hip
OA, and the asymptomatic controls. Previous studies have shown BMI to affect knee
moments in individuals with and without moderate knee OA,*?! however results of the
current study demonstrated statistically similar sagittal and frontal plane moments
between the knee OA and asymptomatic groups which were the two groups with the
greatest BMI difference. It is also not clear how BMI may affect neuromuscular
activations during walking. Secondly, although matching for walking velocity limits the
effect of this confounding variable on the results, it is possible that the group matched
walking velocity may not be an accurate representation of all three populations.!** It is

possible that either high functioning OA and/or low functioning asymptomatic cohorts
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were captured, and therefore extrapolating these findings to the knee and hip OA
populations should be done with caution. Thirdly, radiographs of the hip and knee joints
were not available for the hip OA and asymptomatic participants at the time of writing
this thesis. While both the knee OA and hip OA demonstrated similar self-report
outcomes (KOOS/HOOS), exhibited ranges of motion aligned with previous moderate
OA groups, and met the same functional criteria, it could be postulated that the hip OA
group was of a more radiographically severe disease stage, which has previously shown
to influence knee joint biomechanics and neuromuscular activations.®” Additionally,
using MVICs as a method for normalization has been previously questioned regarding
OA participants’ ability to elicit a maximal voluntary effort due to pain and
inhibition,**%¢ however studies have found that with standardized procedures and
consistent feedback individuals with knee OA can recruit to similar maximum
percentages as healthy controls.??? Lastly, the treadmill speed was set to participant’s
self-selected walking speed as determined from the GaitRITE walkway. The assumption
was made that similar gait characteristics would be adopted after a period of
familiarization.!”>??* Although the GaitRITE walkway has shown excellent validity and
reliability,'! a few of the participants made comments that the treadmill initially felt
faster than the speed they were walking overground despite the same velocity, although

this sensation reduced after the first few minutes of walking.

5.7 Future Implications

This thesis brought a novel perspective to the study of biomechanical and
neuromuscular features commonly identified in knee OA gait. To our knowledge, no

other study exists comparing individuals of moderate knee OA, moderate hip OA, and
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asymptomatic controls in the context of analyzing knee biomechanics and muscle

activations and their uniqueness to the knee OA process. However, there are many future

directions to take following this study. The findings of this thesis lay the groundwork for

future investigation in the following areas:

1.

This study suggests individuals with hip OA demonstrate a reduction in KAM
measures in comparison to both individuals with knee OA, and asymptomatic
knees. To explore the reason for this, it is important to take into consideration
features such as movements that may be occurring about the hip and the trunk,
static and dynamic alignment of the lower extremities, and/or measures of joint
instability, and how they may be impacting joint loads at the knee.

As joint biomechanics are closely related to spatiotemporal measures, further
investigation into how these measures differ between individuals with knee OA
and a group of individuals with another lower extremity pathology, such as hip
OA, may shed more light onto the uniqueness of the features of knee OA gait.
This study suggests differences in neuromuscular activations and frontal plane
mechanics exist between groups of individuals with moderate knee OA, moderate
hip OA, and age, sex, and velocity matched controls. However, whether these
differences would remain, or how they change with increasing OA severity
remains yet to be determined. Future studies should investigate the uniqueness of
these biomechanical and neuromuscular features of knee OA gait in knee and hip

OA participants of more advanced disease states.
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5.8 Concluding Remarks

The main aim of this thesis was to understand whether specific biomechanical and
neuromuscular gait outcomes previously linked to symptomatic medial compartment
knee OA severity and progression are in fact unique to those with knee OA by
concurrently investigating a group of asymptomatic individuals and those with moderate
hip OA, with each comparator group having no known knee OA. It has been found that
hamstring muscle activation is affected by hip OA in a direction opposite to that
commonly described in knee OA, and unlike the other biomechanical and neuromuscular
outcomes measured in this study, provide a gait outcome that is unique in the knee OA
disease. In the other features of sagittal plane motion, moments, and KAM, similarities
either exist in between hip OA and knee OA (sagittal plane moments), or asymptomatic
and knee OA (KAM) or all three groups (sagittal pane motion). Identifying distinct
pathomechanical alterations linked to knee OA presence and progression is crucial to
continue the evolution of effective management and treatment strategies, and determining
gait similarities in individuals with hip OA and knee OA may help towards developing

prevention efforts for subsequent OA diagnoses.
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Appendix A: Group Waveforms & Group Average MVIC Normalized
Muscle Activity
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Supplementary Figure 1. Sagittal plane knee joint range of motion (degrees) throughout
the gait cycle for knee OA, hip OA, and asymptomatic (ASYM) participants.
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Supplementary Figure 2. Sagittal plane flexion-extension moment (Nm/kg) throughout the
stance phase for knee OA, hip OA, and asymptomatic (ASYM) participants.
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Supplementary Figure 3. Frontal plane knee adduction moments (Nm/kg) throughout the
stance phase for knee OA, hip OA, and asymptomatic (ASYM) participants.
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Supplementary Figure 4. Mean MVIC normalized lateral (LH) and medial (MH)
hamstring amplitudes throughout stance phase for knee OA, hip OA, and asymptomatic
(ASYM) participants.

Supplementary Table 1. Mean (Standard deviation) Group MVIC normalized activation
amplitudes (%oMVIC) for the lateral (LH) and medial (MH) hamstring muscles
throughout the stance phase for knee OA, hip OA, and asymptomatic (ASYM)
participants.

Knee OA Hip OA ASYM
LH 13.3 (7.8) 4.5(2.6) 7.3 (3.0)
MH 8.9 (4.5) 4.8 (2.8) 7.2 (2.7)
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Supplementary Figure 5. Mean MVIC normalized lateral (VL) and medial (VM)
quadriceps muscle amplitudes throughout stance phase for knee OA, hip OA, and
asymptomatic (ASYM) participants.
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Supplementary Table 2. Mean (Standard deviation) Group MVIC normalized activation
amplitudes (%oMVIC) for the vastus lateralis (VL) and vastus medialis (VM) muscles
throughout the stance phase for knee OA, hip OA, and asymptomatic (ASYM)
participants.

Knee OA Hip OA ASYM
VL 16.7 (11.3) 9.5(7.5) 11.6 (10.2)
VM 13.2 (8.4) 9.3 (7.0) 9.8 (8.4)
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Supplementary Figure 6. Mean MVIC normalized lateral (LG) and medial (MG)
gastrocnemii muscle amplitudes throughout stance phase for knee OA, hip OA, and
asymptomatic (ASYM) participants.

Supplementary Table 3. Mean (Standard deviation) Group MVIC normalized activation
amplitudes (%oMVIC) for the lateral gastrocnemius (LG) and medial gastrocnemius (MG)
muscles throughout the stance phase for knee OA, hip OA, and asymptomatic (ASYM)
participant.

Knee OA Hip OA ASYM
LG 22.9(10.4) 11.6 (12.1) 18.0 (9.8)
MG 25.7 (15.6) 23.9 (18.2) 21.9 (14.4)
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