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Abstract

Knee osteoarthritis is a prevalent musculoskeletal condition affecting mobility and
function. Walking surface perturbations unpredictably challenge individuals to test joint
function. Thesis’ objectives were to determine the response of the lower limb after
experiencing a 3cm medial perturbation through the analysis of the support moment and
leg stiffness. Thirty-five individuals with knee osteoarthritis and thirty-five older adults
underwent a perturbation protocol using a dual-belt instrumented treadmill while data on
knee motion and ground reaction forces were collected. Support moment outcomes
demonstrated that both groups required more support to maintain walking in response to
a 3 cm medial perturbation. Further, both groups utilized a reorganized control strategy
with dominating ankle contribution. Leg stiffness outcomes supported that both groups
required more leg stiffness to maintain stability with an increase in leg stiffness
indicating an adjustment to increase functional performance. Overall, both groups

responded to walking perturbations with similar lower extremity responses.
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Chapter 1 — Introduction

Osteoarthritis (OA) is a heterogenous disorder that is progressive in nature (4,5)
and 1s shown to affect a large number of Canadians but is also prevalent worldwide (6-8).
Specifically, OA is projected to effect 1 in 4 individuals over the next 30 years and is
associated with a significant economic burden to those effected and the health care
system (6,9). In Canada, it is estimated that OA currently accounts for $10 billion in
direct health care cost, $17 billion in indirect health care cost and is predicted to reach
$550 billion in direct and $909 billion in indirect costs by 2040 (6). As the only definitive
treatment for OA is joint replacement surgery, research must be conducted in early

disease stages to lower the burden of this disease.

The OA Research Society International (OARSI) has created a standard for the
classification of OA to include components of anatomic, molecular, and physiologic
disease elements with disease severity increasing when illness components are integrated
(5,10). Knee OA is thought to initiate when joint tissues fail to repair at a molecular level
(10—14). The degenerative cycle of OA continues as mechanical load applied to the joint
exceeds the capacity of the injured joint tissue and OA progresses (10—-14). Medial
tibiofemoral knee OA is more prevalent compared to lateral compartment knee OA (15)

because of asymmetrical joint loading during weight-bearing activities (16,17).

Individuals with knee OA commonly complain of physical limitations that effect
activity levels due to buckling, shifting, or giving away of the knee while walking (18—
20). These events further lead to inactivity due to a decrease in confidence because of

associated feelings of instability (20-22). Feinglass et al. (23) showed that decreased



levels of activity are in direct association with knee OA progression and reduce an
individual's quality of life through a decrease in joint movement, an increase in fatigue
and depression, a decreased pain tolerance and an increased risk in developing
comorbidities (24,25). Compared to older adults who take an average of 6500 — 8000
steps a day (26,27), individuals with knee OA take significantly less steps at 5500 steps
or less per day (26). Also, individuals with knee OA are found to walk with a slower
self-selected speed (28—33). Therefore, movement and exercise should be promoted in a

rehabilitation setting to preserve knee joint health at earlier stages of knee OA.

While individuals with knee OA show a decrease in physical abilities, changes to
knee joint function have also been identified. Gait analyses are commonly used to study
knee joint function between individuals with knee OA and an asymptomatic (ASYM)
control group (34,35,44-47,36-43). During dynamic activities, such as walking, the goal
is to achieve an equilibrium between stability and mobility. However, the equilibrium is
broken in individuals with knee OA, and many individuals feel knee instability
(4,42,48,49). Individuals with knee OA are challenged during loading and mid stance
where the centre of mass has reached its furthest position over the supporting limb in the
frontal plane and stability is entirely reliant on the supporting limb response (50,51).
During the gait cycle, an overall decrease in the knee range of motion (ROM) in the
sagittal plane is identified for individuals with knee OA (37,40,41,52-55) with a further
decrease in ROM noted with increasing disease severity (56,57) and self-reported
feelings of knee instability (40,54,55,58). In addition, a decrease in the difference
between early external peak knee flexion moment and late peak knee extension moment

(42,43,48,59) is thought to be indicative of a reduced ability to unload the joint during



midstance (40,48). It has also been termed a “stiff knee” gait utilized by individuals with
knee OA to attempt to stabilize the knee through stance phase (48,60,61). Finally,
individuals with knee OA are commonly shown to walk with an increased knee adduction
moment (KAM) (32,48,62,63) as increased loads are placed through the medial

compartment of the knee joint (16,64).

While these analyses have provided an in depth understanding of the direct effect
knee OA has on the knee joint, the effect of knee OA on the entirety of the lower limb
should be taken into consideration. Compensations from the hip and ankle could occur
during gait to overcome the effects of knee OA (65). Two measurements that have been
used in gait analysis to characterize the integrated response of the lower limb include the

support moment and leg stiffness.

The support moment is calculated as the sum of the net internal extension
moments of the lower limb - the knee extension, hip extension and ankle plantar flexion
moments - during stance phase (66—68). Conceptually, the support moment can be
thought of as the net moment that prevents collapse during weight bearing activities and
contributes to lower limb support (66—68). Comparing ASYM individuals to individuals
with knee OA using gait analysis has identified that individuals with knee OA walk with
a decreased support moment (69—71). Zeni and Higgins further noted that a significant
change in the peak support moment was only noted at faster speeds beyond 1.0 m/s (69).
While significant differences in the peak support moment were not found at all speeds
between groups, the joint moment contributions to the support moment were significantly
different between a group of individuals with knee OA vs. ASYM individuals (69) and

further between individuals with knee OA and those self-reporting instability (71).



Overall, it was suggested that individuals with knee OA walk with a reorganized control
strategy to maintain a similar support moment to reduce knee compression forces and

joint loading (69).

Leg stiffness is another component used to quantify the effect of knee OA on the
lower limb. Leg stiffness is measured as the ratio of peak vertical ground reaction force
(vGRF) over the change in leg length during stance phase (72). Leg stiffness is
commonly reported for tasks of hopping or jumping (73-76), normal walking (77),
running (72), and with comparisons between individuals with knee OA and ASYM
individuals (78-80). Wei et al. (78) identified that individuals with bilateral knee OA
typically walk with an increased leg stiffness to prevent collapse while walking. They
suggested that an increased overall leg stiffness was used to contribute to biomechanical
stability when accepting body weight during single leg support (78). While this has been
identified in individuals with bilateral knee OA, little to no research was found when

studying individuals with unilateral knee OA using this metric.

Great strides are being made to classify knee OA in a controlled walking
environment, as summarized above, however, a disconnect between reported results in
movement arise when an individual moves into a real-world scenario where
unpredictable walking conditions are present. Therefore, to study the affects of an
unpredictable walking environment and the response of individuals with knee OA,
perturbation studies have been conducted (49,81-87). Commonly used in perturbation
studies is a dual-belt instrumented treadmill that can apply frontal plane surface
translations at random occurrences unknown to the individual, helping to eliminate a

preparatory response (88). Through an analysis of discrete knee joint motion and moment



metrics, individuals with knee OA were not found to biomechanically alter their gait in
response to a perturbation despite these individuals reporting issues with buckling of the
knee joint when challenged (81,86,87). In addition, they demonstrated elevated and
prolonged muscle activation patterns as a direct response to a perturbation greater than

2 cm (81,86,87) suggesting a stabilization pattern is used in response to a perturbation
(81). While elevated and prolonged muscle activation patterns are noted in individuals
with knee OA immediately following a walking surface perturbation, ASYM individuals
responded in a similar manner (81,83,85,86). It is unclear why individuals with knee OA
are not responding to a perturbation differently than ASYM individuals despite having
knee OA. Additionally, further questions arise such as how individuals with knee OA
respond to walking challenges and does this response involve a compensating mechanism
from other lower limb joints such as the hip and/or ankle? Compensations in the lower
limb may be occurring at the hip and/or ankle because of knee OA in response to the
perturbation. These compensations are potentially being missed in previous investigations
by isolating the analysis to knee joint biomechanics specifically. With these questions in
mind, the focus of my thesis was to analyze the two metrics characterizing the lower limb
— the support moment and leg stiffness —to further understand the response of the lower

limb to a walking perturbation in individuals with knee OA.

1.1 Overall Objective

The main purpose of this study was to determine how individuals with moderate
knee OA (MOA) and ASYM individuals respond to unexpected medial surface

translations during gait.. This investigation looked to characterize the response in terms



of the lower limb as a whole during the stride following the perturbation (response

stride).

1.2 Specific Objectives

The specific objectives were:

1. To determine whether the peak support moment and percent contributions from
the hip, knee, and ankle were altered with an unexpected 3 cm medial walking
surface translation during stance for ASYM individuals and individuals with knee
OA.

2. To perform an exploratory study to determine reference values for leg stiffness in
individuals with knee OA and ASYM individuals using a dual-belt instrumented
treadmill. Additionally, to determine whether leg stiffness was altered
immediately after the application of an unexpected 3 cm medial walking surface
translation during stance for individuals with knee OA compared to ASYM

individuals.

1.3 Hypotheses

The hypotheses corresponding to objective 1 included:

a. Both individuals with knee OA and ASYM individuals will increase their
peak support moment in response to the unexpected surface walking
translation.

b. Individuals with knee OA will respond to the surface translation with
percent contributions of the hip, knee, and ankle joints that act to decrease

the knee percent contributions with an increase in hip percent contribution.
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c. ASYM individuals will show no significant changes in percent joint

moment contributions in response to the perturbation.

The hypotheses corresponding to objective 2 included:

a. The leg stiffness calculation will produce comparable values between
baseline and strides pre-perturbation that are not significantly different.
b. Both individuals with knee OA and ASYM individuals will increase their
leg stiffness in response to an unexpected 3cm medial surface translation.
c. Individuals with knee OA will have a lower leg stiffness compared to

ASYM individuals.



Chapter 2 — Review of Relevant Literature
2.1 Osteoarthritis

2.1.1 What is Osteoarthritis

OA is a heterogenous disorder that entails the progressive loss of articular
cartilage, subchondral cysts, osteophyte formation, muscle weakness and possible
synovial inflammation with varying degrees of severity (4,5). OA is prevalently seen in
aging populations as degradation of joints occur throughout one’s lifespan, but OA is not
a direct result of aging (89). Joint health can be thought of as an equilibrium process
between joint tissue repair and breakdown. If this equilibrium is broken and the
mechanical load applied to the joint exceeds the joint tissue capacity, then OA can occur
due to the failed repair of joint tissue at a molecular level (10—14). Commonly noted risk
factors of OA include joint injury, obesity, genetics, and anatomical factors that affect

joint mechanics (4,11,89).

2.1.2 Classification of Osteoarthritis

OA severity was first characterized by Kellgren and Lawrence (90) using x-ray
imaging to distinguish key osteoarthritic changes. They developed the Kellgren and
Lawrence scale which classified OA from Grades I-IV and progressed in severity from
doubtful joint space narrowing to the most severe case of OA being no visible joint space,
osteophyte formation, subchondral hardening, cyst formation, and deformity of bone
endings (90). While this scale was accepted by the World Health Organization (WHO) in

1961 (91,92), researchers have found the application of the scale to be inconsistent (93—



95). In addition to inconsistencies using the Kellgren and Lawrence scale, Felson et al.
has questioned the importance of radiographic disease classifications when these findings
do not always correlate with symptomatic responses (14,93) which has put into question

how OA should be classified as a disease.

OARSI has sought to develop a standardized definition of OA classification using
principals of both disease and illness (5,10). Disease refers to abnormalities of structure
and function that can be scientifically identified, whereas illness refers to the human
response to the disease (5,10). While disease can be more readily defined with objective
measures, illness is harder to classify due to varying subjective measurements such as
pain (96), instability (21,97) and physical limitations (19) which are commonly reported
by patients with OA. It has been found that disease and illness features of OA are poorly
correlated (5,98,99), emphasizing the importance of both features in the classification of
the disorder. OARSI has overall suggested OA be characterized to include anatomic,
molecular and physiologic disease elements with the severity of OA increasing as an

individual transitions from disease to illness (10).

While research in OA continues to evolve and become more fluid in treatment
options, the only definitive treatment for OA is a total joint replacement. With large wait
times exceeding acceptable benchmarks for joint replacement surgeries, therapeutic
interventions focused on disease management and pain reduction should be a health care
provider’s focus (11). To reduce total knee replacement surgeries, research is being done
in both early and moderate stages of OA in attempts to slow disease progression and

reduce total joint replacement needs.



2.1.3 Economic Burden

OA is a debilitating disease that can negatively impact an individual's quality of
life and causes a large economic burden to the individual and health care system. In
2011, the Arthritis Alliance of Canada estimated OA would effect 1 in 4 individuals over
the next 30 years, with knee OA proving to be extremely problematic as it drastically
affects individual’s lives as well as the health case system (6). One in three workers of
the employed labor force have reported difficulty working due to OA (6). Individuals
with debilitating OA thus take on a personal economic cost resulting from a loss in
income, and out of pocket expenses for medical treatment (9,100). These personal
expenses have previously been estimated to total annual costs of $12 000 in 2002 (9) and
has certainly increased since. Additionally, personal costs to an individual suffering from
OA was positively correlated with disease severity (9). Finally, among an increase in
personal expenses, individuals suffering from OA report greater levels of depression,
stress, role conflict, and behavioural coping with increased disease severity (101) which

leads to a decrease in quality of life.

In Canada, between 2019-2020, there has been a 17.1 % increase in knee
replacements done over the last five-year period. Nova Scotia saw a 23.9 % increase in
knee replacements due to our statistically older population (8), with OA resulting in 99 %
of the diagnosis for knee joint replacements (7,8). A decrease in knee replacements
performed was seen from 2020 to 2021 due to the COVID-19 pandemic and resulting
lack in elective surgeries performed (7). Although this statistic has decreased, it is not
from a lack of need. More than ever we are now struggling to reach national benchmark

wait times for knee joint replacement surgeries as a result of the COVID-19 pandemic

10



(7). In addition to the initial need for a total joint replacement, revision surgeries
encompass approximately 7 % of total knee replacements performed and are associated
with a larger economic burden totaling $1.4 billion in expenses for surgeries alone
(7,8,102). Overall, the Arthritis Alliance of Canada has estimated that OA currently
accounts for $10 billion in direct health care cost and $17 billion in indirect health care
cost and is predicted to reach $550 billion in direct and $909 billion in indirect costs by
2040 (6). To prevent further financial burden from total knee joint replacements,

improvements need to be made in both early and moderate stages of knee 0OA.

2.1.4 Physical Activity and Limitations

The WHO worked to develop a standardized classification of the functioning and

disability associated with health conditions and in turn distributed the International
Classification of Functioning, Disability and Health (ICF) (103). The ICF model is
intended for users to classify a disease in terms of body functions and structures leading
to impairment, activity limitations, and participation restrictions with the addition of
these three factors being influenced by both environmental and personal factors (103)

(Figure 2.1).
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Osteoarthritis

—

Body functions and structures Activities

Impairments « Limitations

* Pain Walking

* Reduced ROM Activities of daily

* Joint instability living

* Joint swelling Stair climbing

* Altered proprioception Kneeling

* Altered muscle activation Sit-to-stand tasks

and fatigue
* Joint malalignment

<

Participation
Restrictions
Family roles
Work/career
Sport and recreation
Community and volunteer
Social activities with friends
and family

—

Environmental
Factors

Personal
Factors

Figure 2.1: The ICF model adapted to represent OA. Modified from Dreinhofer et al. (1).

A comprehensive ICF core set for OA was identified with 144 categories on body
functions, 49 on body structures, 165 on activities and participation and 43 on
environmental factors (1). This indicates that activity limitation and participation are

significant measures to take into consideration when managing patients with OA.

A common complaint (63 % of individuals as reported by Fitzgerald et al.)

affecting activity levels in individuals with knee OA 1is knee buckling during walking

(18-20) and other tasks. This in turn leads to a decrease in confidence due to feelings of

knee instability (20-22). As a result of a decrease in confidence, individuals with knee

OA further demonstrate reduced levels of activity and functional limitations (23)

whereby 44 % of individuals confirm that instability affects their ability to function (20).

Decreased levels of activity are directly associated with knee OA progression and a

12



reduction in quality of life through a decrease in joint movement, an increase in fatigue
and depression, a decreased pain tolerance and an increased risk in developing
comorbidities (23-25). Although physical activity is decreased in individuals with knee
OA, moderate to vigorous activity has not been shown to cause further damage to the
knee joint and has a large benefit on an individual’s quality of life (23,24). King et al.
assessed the relationship of hip and knee OA to walking difficulty in conjunction with
other co-morbidities (104), and they identified that walking disability probability
increased from 5 — 10 % to 40 % if an individual has OA and up to 60 — 70 % if an
individual has OA as well as diabetes mellitus and cardiovascular disease (104). The
greatest independent contributor to this increased probability of walking disability was
contributed to OA and they concluded that OA management may be a higher priority than
vigorous management of other conditions in maintain walking mobility (104). Therefore,
movement and exercise should be promoted in a rehabilitation setting to preserve knee
joint health at earlier stages of knee OA. Rehabilitation measures should be tailored to
individuals to address their self-reported conception of instability to promote safe activity

and bolster confidence in motion.

2.1.5 Joint Stability Adaptations

At a mechanical level, Panjabi’s framework of joint stability has been used to
understand how neural, skeletal, and muscular systems work together and adapt when
disease occurs (2). Panjabi suggests that stability of a joint is satisfied through three
subsystems: 1) the passive subsystem composed of bones and ligaments, which provide
stability through motion; 2) the active subsystem composed of muscles and tendons,

which acts to generate force to provide stability; 3) the neural subsystem composed of
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nerves and central nervous system (Figure 2.2), which receives neural information and
determines the required processes needed to maintain stability— all three of which are

functionally interdependent (2).

Neural Subsystem
Nerves and Central
Nervous System

Passive Subsystem Active Subsystem

Muscles and Tendons

Bone and Ligaments

Figure 2.2: Panjabi’s framework of joint stability. Modified from Panjabi et al. (2).

When injury or malfunction occurs in one subsystem, the others must adapt to maintain
stability through an immediate response, or a long-term adaptation response occurs (2).
For example, if injury occurs in the passive subsystem, the neural subsystem will attempt
to modulate the active subsystem to regain joint stability. If stability is not regained
within these subsystems, an overall disfunction of the joint is noted, pain occurs (2), and
limitations in physical activity occur as mentioned above. While the goal is to maintain
joint stability, by adapting the 3 subsystems in ways such as altered joint kinematics,
muscle activation, and loading patterns, this can have a detrimental effect on the knee
joint and lead to further OA progression (40,55,60). To study these biomechanical

adaptations noted in individuals with knee OA, gait analysis is readily used.
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2.2 Gait Biomechanics

2.2.1 Gait Cycle

As noted, knee OA can severely affect individual’s physical abilities. One
common form of movement affected by knee OA is walking. To study walking habits in
a person, parameters must first be standardized into a unit of measurement. The gait cycle
(Figure 2.3) is a fundamental unit used to characterize walking and is identified as one
cyclic repetition of both stance and swing by one limb (3,50,51). The gait cycle begins at
initial contact (0 % of the gait cycle) and is completed when the ipsilateral foot strikes the

ground (100 % of the gait cycle) — this is equal to one stride (3,50,51).

-« Stance Phase > Swing Phase >

I

Heel strike Loading Mid-stance Terminal stance Pre-swing Toe-off Mid-swing Terminal swing
response

Double Single support ol Double
support support

—» | ¢ Single support ————»

Figure 2.3: The gait cycle of the right leg split into the stance and swing phase. Obtained
from W. Pirker and R Katzenschlager with open access under the Creative Commons

Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/) (3).
The gait cycle can be further broken into subcomponents consisting of stance phase and
swing phase. Stance phase encompasses approximately 60 % of the gait cycle and is

initiated at initial contact of the study limb to toe off while swing phase encompasses the
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remaining 40 % and is initiated at toe off of the study limb and ends with initial contact to
complete the gait cycle (3,50,51). Double-limb support occurs when a person is
transferring their weight from one limb to another and acts as the connection between
stance and swing phase (50,51). Double-limb support is dependent on gait speed — as gait
speed increases, the amount of time spent in double-limb support decreases and vice

versa (50,51).

Mid stance is most commonly defined as the moment where the body’s mass
passes directly over the supporting lower extremity and occurs at roughly 30 % of the
gait cycle or 50 % of stance phase (50,51). During mid stance, the centre of mass has
reached its furthest anterior position over the supporting limb and stability is entirely
reliant on the response of the supporting limb (50,51). If the supporting limb is unstable,
as seen in individuals with knee OA, this leaves the effected limb vulnerable to collapse.
By better understanding the response of the entire lower limb at mid stance,

improvements in stability could be identified for people suffering from knee OA.

The knee joint kinematic pattern in the sagittal plane plays a vital role in the gait
cycle. Specifically, if knee joint extension is limited, a functionally shorter leg results in a
“crouched” position with compensatory motions seen in the hip and ankle to maintain
stability (50,65). An uneven functional leg length as a result of a decreased knee ROM
also leads to excessive trunk and centre of motion movement, all of which increases
metabolic demands of walking (50). Therefore, compensation strategies are present to
maintain gait fluidity, which incentivises the need to examine the entirety of the lower

limb in response to knee OA.
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2.2.2 Knee OA Kinematics

Through gait analysis, individuals with knee OA have consistently been shown to
walk with altered kinematics, kinetics, and muscle activation patterns. Three-dimensional
motion capture can be used to study joint movements (kinematics) and joint moments can
further be computed through inverse dynamics using inertial properties, kinematics,
ground reaction forces (GRF), and subject specific anthropometrics. Knee joint

movements and moments are typically studied in the sagittal and frontal planes.

When comparing individuals with knee OA to ASYM individuals, contradictory
differences in knee flexion angle at initial contact have been identified. Some studies
have found individuals with knee OA walk with an increase in knee flexion angle at
initial contact (40,41,44—47), while others have identified individuals with knee OA
strike the ground with smaller knee flexion angles (105,106). While there are identified
disparities amongst various groups, an increase in knee flexion angle at initial contact is
more readily reported. A larger increase in knee flexion angle at initial contact is also
identified with increasing radiographic knee OA severity (46,57). An influence of self-
reported flares in knee pain has also been found to increase the initial knee flexion angle
(45). It has been hypothesized that greater knee flexion angles are associated with higher
sagittal plane loads placed on the knee during walking (107). In addition, individuals with
knee OA have also demonstrated a decreased peak knee flexion angle prior to mid stance
(40-43). Although these metrics are important waveform features, limitations arise when
using a single point in a gait waveform due to methodology. A reduced reliability has

been noted when comparing a single point which makes it harder to compare knee flexion
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values between groups, but a higher reliability is found when comparing ROM (88,108—

110).

Through the gait cycle, an overall decrease in knee ROM during both stance and
swing phases are identified for individuals with knee OA compared to an ASYM
individuals (37,40,41,52—-55) with a further decrease in ROM noted with increasing
severity (56,57). It has been hypothesized that a decrease in knee ROM causes further
joint damage and results in a sensation of pain (111,112). By not moving through full
ROM, it is thought that a lack of extension during initial contact and loading response is
transferring force to cartilaginous areas that are not suited for load bearing (111,112). In
addition, individuals with self-reported knee instability while walking demonstrated a
more reduced ROM during the loading response phase of the gait cycle which is thought
to act as a compensatory strategy to regain stability (40,54,55,58). While this strategy
could be used, active muscle engagement is needed and could fail an individual should
they become fatigued or miss a cue for activation. Therefore, this is potentially not a
consistent compensatory strategy. Overall, individuals with knee OA are walking with a
reduced ROM to regain stability, but the change in sagittal plane ROM is negatively

affecting joint integrity, which could lead to further degradation.

Frontal plane knee kinematics have also been investigated in individuals with
knee OA, but to a lesser extent. It has been found that individuals with knee OA walk
with increased frontal plane knee varus angles during stance phase when compared to
ASYM individuals (34-39). This is thought to be a result of medial joint space narrowing
and an opening of the lateral compartment (34). This increase in frontal plane angles is

also seen with increasing OA severity (106). Varus thrust — the lateral bowing of the knee
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during gait — was also identified in individuals with knee OA in correlation with greater
peak varus angles (36,96,113). Varus thrust is used as a visual movement to indicate
misalignment of the knee joint with greater loads being placed on the medial
compartment and is associate with knee OA disease progression (36,113) While these
findings are consistent within the literature, the degree of difference should be taken into
consideration as the accuracy of skin mounted maker placement when measuring bone
movement influences measured joint angles and can result in seemingly larger frontal
plane angles (34,114-116). Frontal plane kinematics have also demonstrated low
reliability in individuals with knee OA (109), and so consideration should be taken when

interpreting frontal plane movements.

2.2.3 Knee OA Kinetics

Kinetics studies the forces associated with movement. Joint moments are
calculated using inverse dynamics, requiring GRF, kinematics, subject anthropometrics,
and inertial properties. Moments can be used to examine internal and external forces
delivered by muscles, ligaments and bony tissues resulting in movement (117,118).
Through gait analysis, individuals with knee OA have demonstrated reduced peak vGRFs
relative to body weight (34,40,80,105,118). While measured GRFs have shown
variability within the literature it has been thought that this is likely due to variability in

self-selected walking speeds within individuals with knee OA (40,119).

Within the gait cycle, the GRF creates an external knee flexion moment (KFM)
during the loading response phase of gait as it is acting in a upward and posterior
direction relative to the knee (118). Moving from midstance to terminal stance phase, the

GREF shifts to create an external extension moment as it is now acting in a upward and
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anterior direction (118). In the sagittal plane, conflicting peak KFM results have been
found in individuals with knee OA compared to ASYM individuals. Some groups have
reported that individuals with knee OA walk with a decreased peak external KFM
(32,42,43,59) whereas, others have reported an increased peak external KFM
(118,120,121) with a further increase with greater OA severity (32,48). The variation in
KFM is seemingly determined by quadricep strength of individuals with knee
OA(42,59,118,121). When a decrease in peak external KFM is observed, the literature
suggests that the lack of quadricep activity is due to a pain avoidance gait pattern to
minimize knee joint loading (42,59). An increase in the peak external KFM is indicative
of increased and continued quadricep contraction in an attempt to stabilize the knee joint
(118,121). While there are conflicting results when measuring the KFM, it has been
found that the KFM is substantially influenced by knee joint pain (122—-125) and gait
speed (34,59,80,126), which could additionally explain this variation in the literature. In
addition, the knee sagittal plane moment outcomes have only shown good (approximately
0.60) intraclass correlation coefficients indicating variable reliability in the peak value

measurements (88).

To better characterize the sagittal plane moments, the sagittal plane external
flexion-extension dynamic moment has been reported (42,43,47,48,52,56,59). Most
commonly, a decrease in the external flexion-extension dynamic moment is seen in
individuals with knee OA and is defined as a combination of a decreased peak external
flexion moment and a decreased peak external extension moment at terminal stance
(42,43,47,48,52,56,59). Alterations noted in the sagittal plane dynamic moment in

individuals with knee OA is thought to be indicative of a reduced ability to unload the
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joint during midstance (40,48). It has also been termed a “stiff knee” gait within the
literature and is thought to be a mechanism that attempts to stabilize the knee through
stance phase (48,60,61). While a stiff knee gait may act to stabilize an individual while
walking, it has also been thought to lead to further knee joint degradation due to altered

loading while walking (40,55,60).

More consistently reported is the KAM which is used to characterize loading
distribution between the medial and lateral compartment of the knee (16). A higher
external KAM would indicate an individual is loading the medial compartment more than
the lateral compartment and is associated with a varus deformity (64). Individuals with
knee OA have demonstrated greater peak external KAMs and KAM impulses compared
to ASYM individuals (32,48,62,63). It is clear within the literature that individuals with

knee OA are indeed walking with altered gait biomechanics.

These studies have provided an in depth understanding of the response of the
effected knee joint during gait analysis in individuals suffering from knee OA but are
limited in understanding the response of the lower limb as a whole and potential
compensatory strategies that may be used to maintain stability. Two measurements that
characterize the lower limb and can be utilized to explore knee OA influences on gait
biomechanics are the support moment and leg stiffness. The support moment provides us
with the opportunity to study the relationships among the ankle, knee, and hip during
walking to determine whether compensatory strategies are occurring at other joints in
individuals with knee OA. Consistent with combining joint moments to create the support
moment, combined vGRFs and leg length can be used to calculate leg stiffness to

characterize the effect of knee OA on the lower limb.
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2.3 Support Moment

2.3.1 Hip and Ankle Moments in Individuals with Knee OA

While most literature focuses on biomechanical changes at the knee in individuals
with knee OA, changes are also identified within the entire lower limb to maintain
stability. During gate analysis, focusing on the sagittal plane moments, individuals with
knee OA consistently demonstrated decreased external hip flexion moments during single
leg stance compared to ASYM individuals (31,43,70,127). A reduced external hip flexion
moment has been suggested to contribute to higher impact loading at initial contact (31).
The external hip extension moment has shown some variability in results where some
groups have found an increase in the internal hip extension moment (127) and others
have found a decrease in the external hip extension moment (43). Huang et al. (127) has
suggested that an increase in the internal hip extension moment could aid in lower limb
stabilization during weight transfer. Further, when separating individuals with knee OA
into groups by severity, Astephen et al. identified that individuals with severe OA
demonstrated an increase in the external hip flexion moment during stance compared to

both individuals with moderate knee OA and ASYM individuals (32,43).

In addition to the hip, biomechanical changes in the ankle have also been
identified in individuals with knee OA. Most readily found in the literature, individuals
with knee OA were found to also walk with reduced external plantar flexion moments
(31,43,70,127,128). Again, individuals with severe knee OA showed alternate changes of
a greater external ankle dorsiflexion moment during early stance and a smaller external

dorsiflexion moment during later stance compared to ASYM individuals (32). With
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varying changes and discrepancies in biomechanical changes within knee OA, classifying

the disease and progression can be difficult.

While changes in moments are identified for each joint of the lower limb, these
measures have been shown to be sensitive to individual metrics and experimental
technique (129). Goldberg and Stanhope have identified that all joint moments showed a
significant interaction effect to walking speed and body weight (129) with an increase in
variability at slower speeds (130). Zeni and Higgins further confirmed this
interdependence in individuals with knee OA (69). While this interdependence is
observed when looking at individual joint moments, the support moment measurement
has not been found to have a similar interdependence to walking speed and body weight
(66,69,130) which gives it the potential to be a more reliable metric in biomechanical

analysis.

2.3.2 Support Moment

Joint moments are representative of the net affect of all muscle activity and are
used to represent neural control acting at a joint (66). A net joint moment during walking
is the summation of the hip, knee and ankle internal joint moments and is normalized to
stance phase (66,67,69). Internal extension moments during stance phase are positive and
flexion moments are negative (130). The support moment during stance phase is
therefore the sum of the knee extension, hip extension, and ankle plantar flexion net
internal moments (66—68) (Equation 1). This equation requires that these net internal

moments are positive.

Sllppm"t Moment = MKnee Extension + MHI'p Extension + MAnkIe Plantar Flexion (1)
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Conceptually, the support moment can be thought of as the net moment that
prevents collapse during weight bearing activities and contributes to lower limb support
(66—-68). By investigating the support moment during single-leg stance, more information
can be gathered on how one joint might be compensating for a lack of support from
another joint (66,69), which can be evident in individuals with knee OA. This
investigation can also provide insight to classify a stabilizing strategy in terms of the
support moment as individuals with knee OA do not demonstrate consistent patterns in

individual joint moments.

Comparing ASYM individuals to individuals with knee OA using gait analysis, it
has been found that individuals with knee OA walk with a decreased support moment
(69—71). Zeni and Higgins further examined the support moment at various speeds (69).
They identified that there were no significant change in peak support moment at a
controlled and self-selected walking speed, but a significant decrease was noted at faster
walking speeds (69). With that being said, they additionally identified that while the
support moment magnitude did not change, joint moment contributions to the support
moment were altered (69). Individuals with knee OA were shown to reduce knee joint
contributions at controlled and self-selected walking speeds and demonstrated an increase
in ankle contribution and decrease in hip contribution when walking speed was increased
(69). While these changes were present, individual walking speeds were not significantly
related to joint contributions suggesting that joint contributions are dependent on the
individual’s control strategy while walking (69). Zeni and Higgins further suggested that

individuals with knee OA walk with a reorganized control strategy to maintain a similar
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support moment by reducing the external knee flexion moment at all walking speeds to

reduce knee compression forces and joint loading (69).

Comparing a cohort of individuals with knee OA and self-reported instability to
those without self-reported instability has also led to differences in the support moment.
Individuals with knee OA and self-reported instability have been shown to walk with a
smaller support moment due to reduced contributions from the hip and ankle moment, but
had increased knee moment contributions (71). Again, these findings indicate that
individuals with knee OA and self-reported instability alter their walking biomechanics to

maintain stability (71).

2.4 Stiffness

2.4.1 Knee Joint Stiffness

Stiffness is defined as the extent to which an object resists deformation in
response to an applied force (131). In the literature, knee joint stiffness has both been
computed (53,132) and identified as a change in the sagittal plane moment to represent a
stiff knee gait (133). For example, Dixon et al. have calculated walking knee stiffness as
the change in the sagittal plan joint angle in response to an applied joint moment from
peak flexion to peak weight acceptance (53) whereas Hubley-Kozey et al. have identified

a pattern in the external KFM to infer a stiff knee gait (133).

In relation to knee OA, individuals suffering from this disorder have generally
been found to walk with an increase in knee joint stiffness (53,79,132—-134). As
mentioned, knee OA affects a person’s gait biomechanics and has been shown to lead to

fall risk. Individuals who reported feelings of instability specifically demonstrated a
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lower knee joint stiffness compared to a subgroup of individuals with knee OA who did
not report feeling unstable in their walking (79). This leads to the conclusion that feelings
of instability while walking is associated with an increase in knee motion variability
(135) that negatively affects lower limb control. Zeni et al. (134) suggests that in
individuals with knee OA, an increase in knee joint stiffness is used as a compensatory
walking strategy to attempt to increase stability. In addition to an increase in knee joint
stiffness, individuals with knee OA were found to walk with a decrease in sagittal plane
knee motion (40,53,80) which was shown to significantly decrease the likelihood of
falling (135,136). While others identify neurological changes as a reason for an increase
in knee joint stiffness (37), it is believed that changes in joint biomechanics are
responsible for the increase in knee joint stiffness during walking (53,134,137). This is
supported through the correlation between knee joint stiffness and decreased sagittal

plane knee motion (135).

Prior to biomechanical investigations of knee stiffness, the Western Ontario and
McMasters Universities Osteoarthritis Index (WOMAC) was, and is still used, to classify
knee stiffness (53). Dixon et al. (53) found that while walking knee stiffness construct
validity is supported, there is a poor correlation between measured walking stiffness and
that reported using the WOMAC. In their study, knee stiffness was calculated during
walking and showed an increase in knee stiffness that corresponded to a decrease in
sagittal plane knee motion due to greater knee flexion at initial contact (53). Their study
produced a high test-retest reliability with an intraclass correlation coefficient of 0.95
(53). Although an increase in knee joint stiffness was demonstrated, poor correlation was

present between measured knee stiffness and self-reported stiffness using the WOMAC

26



(53). Overall, it was concluded that use of the WOMAC on its own will not detect the
degree of stiffness and its overall effect on function and biomechanical measurements of

knee joint stiffness should be used to identify significant changes in function (53).

When comparing differences in knee joint stiffness between the symptomatic and
ASYM limbs, it has been found that individuals with knee OA have a significantly
greater knee joint stiffness in their symptomatic knee while walking (132). Surprisingly,
no significant findings were identified when comparing the walking time effects on knee
joint stiffness (132). This could indicate that while individuals with knee OA do
experience an increase in knee joint stiffness, it is a learned compensatory walking

strategy to maintain stability as previously suggested (134).

Finally, when examining other features of walking compared to knee joint
stiffness, the speed of walking was shown to increase measured knee joint stiffness in
individuals with moderate knee OA, individuals with severe knee OA and ASYM
individuals (134). While increasing walking speed has a global increase on knee joint
stiffness among groups, individuals with severe knee OA showed a significant increase in
knee joint stiffness compared to the other two groups at both a self-selected and increased
walking speed (134). This indicates that with an increase in knee OA severity, there is
also an increase in knee joint stiffness. While knee joint stiffness is useful in
characterizing a compensatory strategy used by individuals with knee OA, it is limited to
specific testing methodologies. Therefore, leg stiffness computation could aid in the

examination of the lower limb response while decreasing methodology discrepancies.
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2.4.2 Leg Stiffness

Commonly, knee OA literature is specifically focused on the direct effect to the
knee joint, but rarely relates findings to a larger picture of how knee OA is affecting the
entire lower limb. Joint stiffness is more commonly reported than an overall leg stiffness
and there are conflicting opinions over the relationship between joint stiffness and leg
stiffness whereby some have shown that leg stiffness is not determined by joint stiffness
(77) and others believe individual joint stiffness directly influences leg stiffness (79). It is
observed in clinical practice that compensatory affects are seen by other joints to
overcome knee OA effects (65). Leg stiffness can be used to study the effects of knee OA
on the whole lower limb opposed to solely the knee joint and can be thought to represent
the control of the musculoskeletal system on the lower limb (78). Within this definition,
leg stiffness can be maintained by an increase in the skeletal component by decreasing
the flexion of the lower limb joints, or by increasing the muscular component by

increasing muscle activity and resulting joint moments (78).

Leg stiffness is measured as the ratio of peak vertical ground reaction force over
the change in leg length during stance phase (72) (Appendix B). Leg stiftness (Kieg) 1s
calculated using equation 2 where Fmax 1s the peak vGRF (N) normalized to body weight
(N), I, 1s the leg length at initial contact (m) and /i, is the minimum leg length (m)

through stance (72).

K'feg _ Fmax

(lo—Ilmin}/lo

2

28



Leg length can be calculated by extracting motion capture data from proximal (i.e., pelvis
markers) and distal (i.e., center of pressure or calcaneus marker) locations measured in
the X, Y and Z coordinate system. A vector is then created between the proximal and
distal locations and the magnitude of the vector is used to represent the changing leg

length through the gait cycle (Figure B.2).

In the literature, leg stiffness is commonly reported for tasks of hopping or
jumping (73-76), normal walking (77), running (72), and with comparisons between
individuals with knee OA and ASYM individuals (78-80). Lower extremity stiffness has
also been investigated as a tool for performance training and injury prevention whereby it
is thought that leg stiffness can be modified and used as a part of training intervention
programs (138). Leg stiffness computation methodology should also be taken into
consideration when comparing direct values between studies as this measurement has
been shown to differ depending on the data collection processes and computation of leg
stiffness (139-141). While these discrepancies exist, making comparisons within the

same study should produce comparable values.

Wei et al., (78) found that individuals with bilateral knee OA typically walks with
an increased leg stiffness to prevent collapsing while walking. Leg stiffness was
calculated in a similar way as above whereby leg stiffness was measured as the change in
vGRF compared to the change in leg length (78). They suggested that an increased
overall leg stiffness was used to contribute to biomechanical stability when accepting
body weight during single leg support (78). Similarly to knee joint stiffness, an increase
in leg stiffness also corresponded with a decrease in sagittal plane external knee moments

via reduced knee flexion at initial contact (78). Wei et al. also found that by increasing
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overall leg stiffness, individuals with knee OA reduced their muscular demands through
this compensatory strategy (78). In individuals with bilateral knee OA, they determined
that an increase in leg stiffness was mainly achieved by increasing the joint stiffness at
the knee with minimal changes to hip and ankle stiffness (78). Although changes in joint
stiffness were not noted for the hip and ankle in this sample, knee joint stiffness was
shown to be different between symptomatic vs. ASYM limbs in individuals with
unilateral knee OA (132). This difference suggests the importance of studying a unilateral

knee OA sample under different walking conditions.

Although most literature reflects a controlled walking environment, a disconnect
is apparent between reported findings in a controlled environment when an individual
moves to more unpredictable walking environment that is more reflective of real-world
scenarios. To attempt to reflect an unpredictable environment and test the stability of

individuals with knee OA, gait perturbations have been used.

2.5 Knee OA Perturbation Research

Many dynamic walking studies are conducted under controlled environments
whereby an individual walks in a straight line or on a treadmill, but this is not directly
applicable to everyday life where someone is forced to walk on uneven ground and
around barriers. Perturbation studies are becoming more common in the literature as a
tool to test an individual’s gait stability by challenging their walking with unexpected
surface translations. By unexpectedly moving the walking surface during single leg
support, an individual must compensate for this movement to maintain stability and the

mechanism by which the lower limb functions can be studied (49,81-87).
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Perturbation studies in the literature undergo a large range of methodologies to
apply the perturbation to an individual while walking. A few ways in which a
perturbation is applied is through the use of a moveable platform imbedded into a
walkway (83,84), manually moving the leg with a strap wrapped around the ankle (142),
and through the use of a dual-belt instrumented treadmill (81,85-87). While the range of
methodologies has been seen to produce similar results, limitations have been noted when
using the moveable platform and manually perturbing the leg. In both studies where a
moveable platform was used, Kumar et al. (83) and Schmitt et al. (84) both noted that
while the participant was not directly told when a perturbation would occur, they were
aware that it would occur when they stepped onto the platform and this could contribute
to a preparatory response prior to initial contact. The use of a dual-belt instrumented
treadmill does not have similar limitations as the entire walking surface is perturbed. This
would ideally eliminate a preparatory response and has been shown to be a reliable gait

analysis tool (88).

When laterally perturbing a moveable plate, Kumar et al. did not distinguish any
significant differences between individuals with knee OA and ASYM individuals in their
response to the perturbations (83). Both groups demonstrated decreased sagittal plane
knee motion during the loading response and mid-stance phase of the gait cycle with an
increase in muscle activity (83). With similar methodology, Schmitt et al. compared
individuals with knee OA who were identified as being stable or unstable (84). No
differences in knee motions were identified between the two groups, but the unstable

individuals did self report greater knee instability after the perturbations (84). Different
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muscle activation strategies of higher medial quadriceps-hamstring co-contraction were

also noted by the unstable individuals which could indicate a preparatory response (84).

Although these results were thought to be limited using a moveable plate and the
development of a preparatory response, similar results have been found when using a
dual-belt instrumented treadmill. In preliminary studies using a perturbation protocol
comprised of 1 and 3 cm medial and lateral frontal plane perturbations at random with a
dual-belt instrumented treadmill, Rutherford et al. found that individuals with knee OA
did not biomechanically alter their gait in response to the perturbations (81,87).
Alternatively, when performing 2 to 4 cm perturbations at varying speed intensities
(ranging from 0.7 to 1.6 m/s), Schrijvers et al. found that individuals with knee OA self-
reporting knee joint instability responded to gait perturbations with greater knee flexion
angles compared to ASYM individuals during terminal stance, pre-swing of the perturbed
stride and the stride after perturbation (86). These identified changes could indicate the
importance of a controlled walking speed to monitor perturbation responses. All
individuals with knee OA did demonstrate elevated and prolonged muscle activation
patterns in direct response to perturbation greater than 2 cm (81,86,87) and is noted with
increasing severity of knee OA (49) suggesting a stabilization pattern is used in response
to a perturbation (81). Following a series of perturbations occurring in a 30 minute time
period, individuals with knee OA demonstrated significantly reduced muscle activation
with minimal biomechanical changes once the 30 minute protocol was completed, which
indicates that knee joint demand was not increased following the perturbation protocol
(85). This gives promise to perturbed walking being a useful rehabilitation tool for

individuals with knee OA. Comparing individuals with knee OA to ASYM individuals
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did not result in any significant group differences indicating that both groups are

responding to the perturbation in a similar manner (81,83,85,86).

The support moment or leg stiffness measurements have not been researched as it
relates to walking while undergoing surface perturbations in individuals with knee OA
and how surface perturbations may affect the lower limb. Investigation into these
measurements could potentially identify specific group differences in response to a
perturbation as well as provide information on how the whole lower limb is adapting to

maintain stability when challenged in individuals with knee OA.
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Chapter 3 — General Methodology

The methodology was developed to investigate objectives 1 and 2 outlined in
Chapter 1. Recruitment, instrument procedures, analysis procedures and statistical
analysis were selected to effectively test these objectives and approved by Nova Scotia
Health Authority Research Ethics Board. Data collection and recruitment began in 2015
and have proceeded to present. The author participated in participant recruitment,
laboratory set-up, participant set-up, data collection procedures, processing, and data
analysis for this thesis. A general methodology is outlined below for the cross-sectional

studies and analyses of this thesis.

3.1 Subject Recruitment

3.1.1 ASYM Control Group

The ASYM control group was recruited as a sample of convenience from the
community using social media, poster advertisements and email. Interested individuals
were contacted by Joint Action Research (JAR) Laboratory researchers and letters were
sent to the participants outlining study details. Once interest was confirmed, individuals
were contacted via telephone and a standard script was used to determine eligibility. To
be eligible, an ASYM participant must have no evidence of OA, be greater than or equal
to 50 years of age, no evidence of cardiovascular, neurological, or other musculoskeletal

disease or lower limb surgery within the last year.
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If the individual was deemed eligible, the participant was scheduled for a 3-hour
visit to the JAR Laboratory at Dalhousie University, provided the detailed consent forms,

and contact information should they have any questions or concerns prior to their visit.

3.1.2 Participants with Moderate Knee OA

Individuals with MOA were recruited by local orthopaedic surgeons Drs. William
Stanish at the Orthopaedic and Sport Medicine Clinic of Nova Scotia and Nathan
Urquhart from his orthopaedic practice. Individuals with MOA affecting the medial
compartment were diagnosed using the American College of Rheumatology guidelines
(143). Physicians connected with eligible participants with a standardized letter of intent
explaining why they are being recruited. Participants were asked for permission to
transfer their contact information to researchers. Participants were contacted as above,
and a standardized script was used for screening. Study eligibility included the same
inclusion criteria as the ASYM control group with the addition of being diagnosed with
unilateral symptomatic knee pain with radiographic evidence of knee OA, but not be a
candidate for total knee replacement. In addition, a participant must be able to walk
independently without the use of an ambulatory aid, able to jog 5 meters, able to walk
more than a city block, able to climb stairs in a reciprocal fashion and can walk on a
treadmill for 30 minutes continuously (31). Once eligibility was determined, the

participant was scheduled as above.

3.1.3 Sample Size

In biomechanical studies, specifically involving methodologies using surface

perturbations, studies have used varying group sizes ranging from 15-40 individuals
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(81,83,85-87,142,144). It is recommended that when estimating the power of a study, a 8
of 0.2 probability of failing to detect a genuine effect should be used (145). A power of
80 % (Power = 1 — ) was used to calculate the sample size to reject the null hypothesis
while reducing the probability of type II error. Zeni et al. have detected a significant
difference in peak support moment between self-selected and fast walking speeds in
individuals with knee OA of 0.24 Nm/kg (standard deviation = 0.35 Nm/kg) (33). Using
the procedure to estimate sample size based on power outlined by Jones et al. (146), a
sample size of 19 subjects in each group is required to accurately identify statistical
differences when using dependent t-tests. Sample size was also calculated using the
G*Power 3 software (latest ver. 3.1.9.7; Heinrich-Heine-Universitit Diisseldorf,
Diisseldorf, Germany) (147,148). Setting the power to 0.8 and assigning a corrected
Bonferroni alpha for multiple measurements, a sample size of 35 individuals was
determined for each group. An overall sample size of 35 individuals was selected for

each group.

3.2 Participant Preparation

Upon arrival, all participants were introduced to the JAR Laboratory going over
the procedures, instrumentation, and details of their visit. Consent documents were
reviewed, and participants had the opportunity to ask questions prior to obtaining
informed consent. Participants completed two questionnaires: the Knee Outcome Survey
Activities of Daily Living Scale (KOS-ADLS) and the Knee injury and Osteoarthritis
Outcome Score (KOOS). The KOS-ADLS is used to determine functional limitations
during daily activities and the KOOS is used to measure a patient’s perspectives about

their knee in five categories — pain, symptoms, activities of daily living, sport and
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recreation, and quality of life (149). Following the completion of all forms, participants
were asked to change into tight fitting shorts, a t-shirt, and asked to remove footwear.
Standard anthropometrics recorded included waist, hip, thigh, and shank circumferences
as well as height and weight. Anthropometrics were measured using a measuring tape and

a physician beam scale with height rod.

A self-selected walking speed was determined using a GAITRite™ pressure
sensitive walkway (CIR Systems Inc., USA). The GAITRite™ has demonstrated validity
and high reliability in measuring gait speed (ICC = 0.91-0.99) in younger (88) and older
adults (150,151). Participants were instructed to walk at a normal pace over the walkway
until five walking trials were recorded. Five walking trials were averaged to calculate the
participant’s self-selected walking speed used for the perturbation protocol. Participants
wore an upper body harness to ensure safety on the treadmill, but not to restrict lower

body movement.

Finally, passive retro-reflective surface markers were affixed to participants to
monitor the position and orientation of body segments using a standardized procedure
(52,81,87) (Figure 3.1). All markers were placed bilaterally. Rigid bodies containing four
markers were placed on the head, thorax, pelvis, thigh, and shank. Rigid bodies
containing three markers were placed on the forefoot. Individual markers were placed
over anatomical boney landmarks of the spinous process of the 7 cervical vertebra, the
lateral aspect of the shoulders below the acromion, lateral epicondyle of the elbow,
styloid process of the ulna, greater trochanter, lateral and medial epicondyles of the femur
and tibia, lateral and medial malleoli, the posterior heel and atop the head of the 1%, 2",

and 5™ metatarsal. A three-marker cluster was also affixed to the right side of the
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treadmill to track motion during surface translation. Virtual markers were created during

calibration for the sternum and left and right anterior superior iliac spine (ASIS).
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Figure 3.1: Skin surface marker set utilized for this study. Clusters are indicated by grey

background with 4 blue balls for the thoracic, pelvis, thigh, and shack, and 3 blue balls

for the foot cluster. Virtual point markers are represented by red balls. Individual

markers in blue are placed on bony landmarks. Created with BioRender.com.

3.3 Perturbation Protocol

A R-Mill, dual-belt instrumented treadmill was used to conduct the perturbation

protocol. Motion of the passive, retro-reflective markers was measured using eight

Qualisys® OQUS 500 (Gothenburg, Sweden) motion analysis cameras and sampled at

100 Herts (Hz). Bilateral force plates embedded in the treadmill measured three-

38



dimensional GRFs, sampled at 2000 Hz. Raw surface EMG will be pre-amplified (500 x),
and additionally amplified using two AMT-8™ Bortec Systems (Bortec Inc., Canada;
bandpass filter 10 — 1000 Hz, Common Mode Rejection Ratio (CMRR): 115 decibels
(dB) at 60 Hz, input impedance = ~ 10 GQ), sampled at 2000 Hz. All signals underwent
an analog-to-digital (A/D) conversion (16bit, +/- 5V), and synchronized using Qualisys®

Track Manager V2.10 software.

3.3.1 Calibration

A standing calibration was collected with all markers visible. Participants stood
on the treadmill facing forward with feed spread to shoulder width apart, and arms on the
hand rails. After the calibration trial, the greater trochanters, medial femoral epicondyle,
medial and lateral tibial epicondyles, medial malleoli, and 1% and 5" metatarsal markers
were removed. Virtual point trials were performed using a pre-calibrated wand to identify

the sternal notch and left and right anterior superior iliac spine.

3.3.2 Warm-Up

Prior to the perturbation protocol, participants were harnessed to the ceiling using
a rope and upper body harness and made aware of the treadmill safety features.
Participants were instructed to walk naturally while remaining in the center of the
treadmill with one foot on either force plate, and to keep their head facing forward.
Participants proceeded to walk for six minutes at their self-selected walking speed
determined by the GAITRite™ as a recommended warm-up (88,152). After their six-
minute warm-up, participants were informed the perturbation protocol will commence,

but to continue walking normally for approximately 30 minutes.
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3.3.3 Perturbation Protocol

The perturbation protocol was comprised of three sets of eight unexpected 1 and 3
cm medial and lateral surface translations (Table 3.1) of the treadmill that occurred at

midstance of the leg being tested.

Table 3.1: Perturbation protocol: One set of eight unexpected perturbations. The set is
repeated 3 times for a successful protocol.

Perturbation Leg Direction Magnitude (cm)
1 Left Lateral 1
2 Right Medial 3
3 Right Lateral 1
4 Left Medial 3
5 Right Lateral 3
6 Left Lateral 3
7 Left Medial 1
8 Right Medial 1

Participants were unaware of the occurrence, direction, or magnitude of the perturbation.
The translation was triggered by toe-off of the contralateral leg when less than 50
Newtons (N) of force was detected. The rate of translation was set at 0.1 m/s. After the
perturbation occurred, participants walked at least 40 unperturbed strides before another
perturbation occurred. During the recorded trial, at least three strides pre- and post-
perturbation were monitored. If a cross-over of the contralateral limb onto the opposite
force plate, or the participant became unstable and required the handlebars to regain
stability during the perturbation occurred, the trial was marked as unsuccessful, and the

protocol continued. A total of 24 perturbation trials were recorded if the perturbation
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protocol was fully completed successfully. Participants then underwent a brief cool-down

period once the perturbation protocol was complete.

3.4 Data Processing

3.4.1 Kinematics

Motions were collected using eight Qualisys® motion analysis sensors which
monitored the passive retro-reflective marker movement as outlined in section 3.2. To
align the camera coordinate system with the force plate coordinate system, all kinematic
data were transformed to the treadmill coordinate system using equation 3 where Procal 1S
the point in the local coordinate system, Ttreadmill 1S the transformation matrix of the

treadmill coordinate system and Pgioba 1s the point in the global coordinate system.

_ -1
Procal = [TTr‘eadmiII] X Pgropar

3)

Kinematic data were low pass filtered (Butterworth 4" order, 6 Hz — recursive) and
processed using pre-programmed software (JAR4) which was coded using MatLab 2021b
(The Mathworks Inc., Massachusetts, USA). Using this software, the program identified
the coordinate systems for the pelvis, thigh, shank, and foot from the retro-reflective skin
markers, rigid clusters, and virtual points. Joint angles were calculated using Cardan
rotations (153) with order Flexion/Extension, Abduction/Adduction, Internal
Rotation/External Rotation. The flexion/extension axis of the hip and knee were oriented

in a medio-lateral direction defined by a vector connecting the ASIS and medial and
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lateral femoral epicondyles. The thigh medio-lateral axis is fixed, and the anterior-
posterior and distal-proximal axis were determined by a cross product of the original axes
from the greater trochanter to the lateral epicondyle of the femur to define an orthogonal
coordinate system. For the shank, the distal-proximal axis is fixed, and the anterior-
posterior and medial-later axis were determined by a cross product of the original axes
from the lateral to medial malleolus of the shank. The pelvis was determined from the
cross between all other axes while the ASIS remains fixed. The hip joint center was
estimated using regression equations based on normative data (154). The best predictors
for the hip joint center include the pelvic depth for the antero-posterior direction, pelvic
width, and leg length for the supero-inferior direction; and the pelvic width for the
medio-lateral direction (154). Positive motion was described as flexion, adduction, and
internal rotation about the knee joint whereby the distal segment moves about a fixed
proximal segment (153). Initial contact and toe-off events were determined using a 30 N
vertical GRF threshold whereby a GRF above 30 N indicates initial contact and a GRF
before 30 N indicates toe-off (152). Finally, angle waveforms were time normalized to

100 % of the gait cycle.

3.4.2 Kinetics

The instrumented treadmill is comprised of two force plates — one for the left and
right feet. Each force place contains 6 sensors that provide three-dimensional GRFs and
moments. GRFs and moments were low pass filtered (recursive Butterworth 4" order, 30
Hz) and processed using the preprogrammed JAR4 software written in MatLab 2021b

(Mathworks Inc., Massachusetts, USA). As mentioned above, GRFs, kinematics, subject
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anthropometrics, and inertial properties were used to calculate joint moments using

inverse dynamics (117,118).

To derive moments and forces, segments of the thigh, shank and foot were
analysed separately and the summation of the external forces and moments acting on
each segments’ centre of gravity were used to calculate the rate of change of linear and
angular momentum (117). Using Newton’s Laws of Motion, three-dimensional joint
forces and moments were calculated and expressed as specific joint moments on a
coordinate system (117). Joint moments were expressed in the same three-dimensional
orientation as the kinematic coordinate system, but, a floating axis is created to project
the moments into the joint coordinate system (153). Moments were then low-pass filtered
(recursive Butterworth 4" order, 10 Hz, normalized to body mass (Nm/kg)), and time

normalized to 100 % of the stance phase.

3.5 Data Analysis

The symptomatic leg was chosen for the individuals with knee OA and a random
leg was chosen for analysis from the ASYM individuals. Three strides pre-perturbation
were averaged for each of the 3cm medial perturbations recorded during the testing to
represent a baseline gait for both groups. Since everyone attempted three 3 cm medial
perturbations to their symptomatic (or random) leg, there was a potential to average nine
pre-perturbation strides if each trial was successful. Individuals who only completed one
3 cm medical perturbation or did not have any successful 3 cm medial perturbations,
were not included in the analyses. The first stride post perturbation was also extracted for
a maximum of 3 strides if each trial was successful. Ensemble averages were calculated

from the three strides pre-perturbation (T0) and the stride immediately after perturbation
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(T1) for at least two of the three 3 cm medial perturbation bouts for each participant. In
addition, baseline measurements were extracted for Objective 2 to investigate a standard
of reference for leg stiffness. Baseline measurements was recorded after the 6-minute
warm-up and was comprised of approximately 15 strides averaged to create a baseline
ensemble averaged. For this investigation only information pertaining to the sagittal plane

was extracted.

3.5.1 Support Moment Analysis

Sagittal plane internal moments of the hip, knee and ankle were extracted for TO
and T1 when a 3cm medial perturbation occurred on the affected limb. The support
moment was calculated by equation 1 (2.3.2 Support Moment). The peak support moment
during the first half of stance (0—50% of the stance phase) was extracted. The position
during stance phase at which the peak support moment was identified was used to
calculate hip, knee, and ankle joint moment contributions as a percentage of the peak
support moment (155) at TO and T1. The peak support moment, position, and percent
joint moment contributions were compared at TO and T1 for individuals with knee OA

and ASYM individuals to determine the response to the perturbation.

3.5.2 Leg Stiffness Analysis

Leg stiffness was calculated using custom MatLab R2021a script developed for
the purpose of this thesis’ data analysis. Leg stiffness was calculated as mentioned in
section 2.5.2 using equation 2 which results in the comparison of a single value. Leg
stiffness was calculated for each stride in all trials. Sample plots of the ground reaction

force and leg length vs. percent stance phase are shown in Appendix B. Ensemble
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averages of leg stiffness were calculated at baseline, TO and T1. A comparison between
the baseline and TO leg stiffness measurements were used to determine a standard of
reference value for leg stiffness. TO and T1 leg stiffness measurements were compared
both within and between groups to determine the response to the perturbation and
identified differences in leg stiffness between individuals with knee OA and ASYM

individuals.

3.6 Statistical Analysis

All statistical analysis were performed using IBM® SPSS® Statistics 27 (SPSS).
Normality and equal variance were determined by the central limit theorem and Levene’s
test, respectively. Independent t-tests were used to test for significant group differences in
subject characteristics, including age, height, sex, body mass index (BMI), walking
velocity, and KOOS measurements. Results of the independent t-tests were used to
provide insight on any differences between the two groups, with optimal results
suggesting there are no significant difference in subject characteristics that could
influence the biomechanical analysis. Individuals with knee OA and ASYM individuals

were attempted to be matched by age, sex distribution, and walking velocity.

The support moment analysis focused on differences from TO to T1 to gauge the
response of the lower limb in individuals with knee OA and ASYM individuals.
Dependent t-tests were used to test for significant within group differences between TO
and T1 for peak support moment, hip, knee, and ankle percent support moment
contributions, and percent stance position of the peak support moment for both groups. P
values were set to a significance level of a = 0.05. Effect sizes (d) were reported based on

Cohens d.
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The leg stiffness analysis focused on determining a standard of reference value of
leg stiffness when using a dual-belt instrumented treadmill as well as determining both
within and between group affects of leg stiffness in response to the perturbation for
individuals with knee OA and ASYM individuals. A mixed model analysis of variance
(ANOVA) was used to determine the response to the perturbation by analysing between
group differences as well as within group differences of repeated measures between
baseline, TO, and T1. Mauchly’s test of sphericity was used to test for the homogeneity of
the covariances. Effect sizes (%) were reported based on Partial Eta Squared. Post-hoc
testing was conducted using dependent t-tests to measure within group differences
between baseline and TO and TO and T1 for both individuals with knee OA and ASYM.
A Bonferroni alpha correction was used for post-hoc testing accounting for 4 tests. P
values were set to a Bonferroni alpha equal to 0.013. Effect sizes (d) were reported based

on Cohens d.
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Chapter 4 - The Biomechanical Response to Unexpected
Walking Surface Translations During Gait in Individuals with
Knee Osteoarthritis: Support Moment Analysis.

4.1 Introduction

Knee OA is a debilitating disease with individuals effected commonly reporting
subjective outcome measures of associated pain, instability, and activity limitations such
as walking (96,97). In unison, individuals with knee OA have demonstrated significant
differences in kinematics, kinetics, and muscle activation patterns during gait when
compared to ASYM individuals. Specifically, in the sagittal plane, individuals with knee
OA are consistently reported to walk with a reduced knee ROM (40,52,53) and a
decrease in the external knee flexion-extension dynamic moment (32,43,48). Through
these notable changes in sagittal plane biomechanics, individuals with knee OA are
thought to have a reduced ability to unload the joint during midstance and are thought to

walk with a “stiff knee” gait in an attempt to gain stability during stance (40,48,55).

While studies of individuals with knee OA commonly report effects on the knee
joint, an integrated synergy of the entire lower limb is required to maintain walking
(156). The support moment, which sums the net internal extension sagittal plane
moments at the major lower limb joints (equation 1, section 2.3.2 Support Moment) — hip,
knee, and ankle — has been used to represent the total limb pattern to push away from the
ground (156) and can be thought of as the net moment that prevents collapse during
weight bearing activities (66—68). Current literature has suggested individuals with knee

OA walk with a decreased support moment (69—71) which could be related to a slower
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gait speed identified in individuals with knee OA (70) as well as indicate a possible
strategy to minimize the impact of the GRFs on the lower extremity (71). Additionally,
studies have quantified the contributions of the hip, knee, and ankle as a percentage of the
peak support moment to understand potential control strategies used to coordinate
movement (155). Together, a support moment analysis provides the opportunity to

understand the integrated synergies required to support walking.

Knee biomechanical outcomes during gait conclude that alterations exist while
walking to maintain function as people navigate their environment. Walking perturbation
studies have been used to understand what alterations to gait may occur in the context of
maintaining function when challenges are imposed during the gait cycle (81,82,86,87).
Most common perturbations consist of medial and lateral walking surface translations
applied during the stance phase of gait. Perturbation study outcomes support that
individuals with mild to moderate knee OA and ASYM individuals immediately respond
to a frontal plane walking surface translation with increased knee joint muscle activation
with minimal changes to biomechanical outcomes. This suggests a preservation of knee
joint function to maintain forward walking trajectories but no significant biomechanical
alteration were noted (81,86,87). However, it is presumed that compensations can occur
in the lower extremity that may not be directly manifested at the knee joint. Whether a
change of the main support mechanisms of the lower limb in response to walking
perturbations occurs has yet to be established. Additionally, whether individuals with
knee OA and ASYM individuals reorganize this response differently between the hip,

knee, and ankle joint is unknown.
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The main objective of this study was to determine whether the peak support
moment and percent contributions from the hip, knee, and ankle were altered with an
unexpected 3 cm medial walking surface translation during stance for ASYM individuals
and individuals with knee OA. The hypotheses were that both groups would increase
their peak support moment in response to the unexpected walking surface translation, but
individuals with knee OA will respond to the surface translation with an increase in the
hip percent contributions that acts to decrease the knee percent contributions in response
to the perturbation. ASYM individuals will show no significant changes in percent joint

contributions in response to the perturbation.

4.2 Methodology

4.2.1 Participant Selection

As presented in Chapter 3, thirty-five individuals with unilateral symptomatic
knee OA were recruited through consultation with an orthopaedic surgeon. Individuals
with knee OA were diagnosed using the American College of Rheumatology guidelines
(143) and self-reported a functional capacity in line with a moderate knee OA diagnosis
(31). Participants were excluded if they were considered a candidate for total knee
replacement. Thirty-five older adults (ASYM individuals) who reported no signs or
symptoms of musculoskeletal injury or disease were recruited as a sample of convenience
from the local community. All individuals were above 50 years of age, did not have a
fracture or current lower extremity injury, no neurological or cardiovascular disorder that
would impair walking ability and able to walk independently for at least 30 minutes. The
protocol was approved by local institutional ethics committee (Nova Scotia Health,

Halifax, Canada).
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4.2.2 Perturbation Protocol

Participants were asked to change into tight fitting shorts, t-shirt, and asked to
remove footwear. Consent was obtained and participants completed the KOS-ADLS and
KOOS (149). Five randomly recorded walking trials were performed using the
GAITRite™ (CIR Systems Inc., USA) to determine the average self-selected walking

speed (88).

Passive retro-reflective surface markers were affixed to participants (Figure 3.1)
to monitor the position and orientation of body segments using a standardized procedure
(52,81,87). Rigid bodies containing four markers were placed on the head, thorax, pelvis,
thigh, and shank. Rigid bodies containing three markers were placed on the feet.
Individual markers were placed on remaining, predefined, anatomical boney landmarks
of the arms and legs. Motion of the passive, retro-reflective markers will be measured
using eight Qualisys® OQUS 500 (Gothenburg, Sweden) motion analysis cameras and

sampled at 100 Herts (Hz).

Participants walked for 6 minutes at their self-selected walking speed determined
by the GAITRite™ as a recommended warm-up (88,152). GRFs were sampled from the
treadmill at 2000 Hz during walking and synchronized with motion capture marker
trajectories using Qualisys® Track Manager V2.10 software. Participants then underwent
approximately 30 minutes of perturbed walking whereby three sets of eight unexpected 1
and 3 cm medial and lateral surface translations of the treadmill occurred at midstance of

either the right or left leg (81), as described in the methodology section of Chapter 3. The
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translation was triggered by toe-off of the contralateral leg when less than 50 Newtons
(N) of force was detected with a rate of translation of 0.1 m/s (81). Participants were
instructed to remain walking without the use of the handrails while keeping their feet on
either belt during and in response to the perturbation. Trials where handrails were used,
or footfalls crossed onto the opposite plate were excluded. During the recorded trial, at

least three strides pre-perturbation and one stride post-perturbation were recorded.

4.2.3 Data Processing

Custom programs written in MatLab 2021b (The Mathworks Inc., Massachusetts,
USA) were used to process all data (81,82,88). Moments were calculated using inverse
dynamics, low pass filtered (recursive Butterworth 4™ order, 10 Hz, normalized to body
mass (Nm/kg)), and time normalized to 100 % of stance phase (beginning at initial
contact and ending at toe off). The support moment was calculated through stance phase
for TO and T1 for all successful 3 cm medial perturbation bouts using equation 1 (Section

2.3.2 Support Moment).

4.3 Statistical Analysis

Thirty-five individuals with knee OA and 35 ASYM individuals were identified
to have successfully completed at least 2 or more successful 3 cm medical surface
perturbations. Of the 70 identified participants, one participant was excluded from the
statistical analysis because of inaccurate knee moment waveforms. In total, 34

individuals with knee OA and 35 ASYM individuals were used for statistical analysis.

The symptomatic leg of the individuals with OA and a random leg of the ASYM

individuals were selected for analyses. The peak support moment between 0 — 50 percent
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of stance phase was identified for TO and T1. The position during stance phase at which
the peak support moment was identified was used to calculate hip, knee, and ankle joint
moment contributions to the peak support moment (155). The hip, knee, and ankle

moment contributions were expressed as a percentage of the peak support moment.

Normality and equal variance were determined by the central limit theorem and
Levene’s test respectively. Independent t-tests were used to test for significant between
group differences in subject characteristics, including age, height, sex, BMI, walking
velocity, and KOOS measurements. In addition, dependent t-tests were used to test for
significant differences between TO and T1 for peak support moment, hip, knee, and ankle
percent support moment contributions, and percent stance position of the peak support
moment for both groups. P values were set to a significance level of a=0.05.
Effect sizes (d) were reported based on Cohens d. All statistical procedures were

completed using SPSS.

4.4 Results

Individual participant hip, knee, and ankle sagittal plane moment waveforms are
presented in Appendix A. Participant characteristics, including participant demographics,

walking speed, and KOOS questionnaire outcomes are shown in

Table 4.1.
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Table 4.1: Mean (standard deviation) participant characteristics.

ASYM Knee OA
Variable
n 35 34
Age (years) 60.7 (6.6) 61.1 (6.6)
Sex (M:F) 18:17 18:16
Height (m) 1.69 (0.08) 1.69 (0.10)
Mass (kg) 71.8 (13.7)* 86.8 (14.9)*
BMI (kg/m?) 25.1 (3.7)* 30.2 (4.5)*
Walking Velocity (m/s) 1.16 (0.10)* 1.09 (0.10)*
KOS giving way score [33]5-[2]4 [10]5-[8]4-[713 - [8]2 - [1]1
KOOS
Symptoms (n/100) 98 (4)* 59 (14)*
Pain (n/100) 99 (3)* 65 (16)*
Activities of Daily
Living (n/100) 100 (1)* 69 (19)*
Quality of Life (n/100) 97 (5)* 47 (18)*

BMI - Body Mass Index.

KOS — Knee Outcome Survey

KOOS — Knee Osteoarthritis Outcome Score.

* Indicates a significant difference between groups p < 0.5.
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Individuals with knee OA had a greater mass (p < 0.001), greater BMI (p < 0.001), and
walked at a slower self-selected speed (p = 0.016). There were no between group
differences in age (p = 0.814). Analyzed metrics of the peak support moment, percent
joint moment contributions (hip, knee, and ankle), and position during stance are

summarized in Table 4.2 for TO and T1.
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Table 4.2: Mean (Standard Deviation) peak support moment and relative percent joint moment contributions. Reported dependent t-

test significance and Cohen’s d.

Variables Knee OA ASYM
TO T1 P Cohen's d TO T1 )4 Cohen's d

Support Moment

0.73 (0.28)* 0.90 (0.31)* <.001 -0.863 0.94 (0.44)* 1.10 (0.42)* <.001 -0.880
(Nm/kg)
Hip Percent
Contribution (%) 50.03 (32.35)* 41.54 (23.42)* 0.01 0.470 50.12 (28.15)*  41.65(25.24)*  0.045 0.351
Knee Percent
Contribution (%) 24.54 (34.09)* 14.41 (27.82)* 0.003 0.555 29.59 (36.46)* 15.01 (27.81)* <.001 0.824
Ankle Percent
Contribution (%) 25.43 (21.37)* 44.05 (23.07)* <.001 -1.330 20.29 (18.84)*  43.35(25.10)* <.001 -0.946
Stance Phase
Position (% Stance 24.44 (4.27)* 26.35 (4.70)* 0.001 -0.609 23.63 (2.57)* 26.26 (5.50)* 0.008 -0.476

Phase)

* Indicates a significant difference within groups p < 0.05.



4.4.1 Support Moment

Ensemble average waveforms for each group of the support moment during a 3
cm medial perturbation at TO and T1 is shown in Figure 4.1. A distinct peak in the

support moment is identified during early stance for both groups at T1 and TO.
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Figure 4.1: Ensemble averaged support moment waveforms for ASYM individuals (A)
and individuals with knee OA (B) at T0 and T1 time normalized to stance phase and

amplitude normalized to body mass.

The peak support moment was greater at T1 compared to TO in both groups (individuals
with knee OA (p =<0.001, d =-0.863) and ASYM individuals (p =<0.001, d = -0.88)).
Similarly, the position at which the peak support moment was identified was significantly
later during stance phase in both groups (p <0.017), where at TO the peak occurred at
approximately 24% of stance phase and T1 at approximately 26% of the stance phase for

both groups. For the entire data set, the peak support moment was reported to occur after
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15 % of stance phase (i.e. during mid stance), indicating it did not occur when the

perturbation was occurring (i.e., while the treadmill was in motion) (81).

4.4.2 Hip, Knee, and Ankle Percent Joint Moment Contributions

Figure 4.2 depicts the joint moment contributions from the hip, knee, and ankle as

a percentage of the peak support moment at TO and T1.
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Figure 4.2: Percent hip, knee, and ankle joint moment contributions of the peak support

moment at T0 and T1 for ASYM individuals and individuals with knee OA.

Percent contributions to peak support moment increased for the ankle (p = <0.001, d = -

0.946) and decreased for the knee (p = <0.001, d = 0.824) and hip (p = 0.045, d = 0.351)

at T1 compared to TO in ASYM. Individuals with knee OA followed the same pattern

whereby percent contributions to peak support moment increased for the ankle

(p =<0.001, d =-1.326) and decreased for the knee (p =0.003, d = 0.555) and hip
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(p=20.01,d=0.47) at T1 compared to TO.

4.5 Discussion

This study aimed to determine whether the peak support moment and percent
contributions from the hip, knee, and ankle were altered in response to an unexpected
3 cm medial walking surface translation during stance for ASYM individuals and
individuals with knee OA. The hypotheses were that both groups would increase their
peak support moment in response to the unexpected walking surface translation, but
individuals with knee OA will respond to the surface translation with percent
contributions of the hip, knee, and ankle joints that are different from ASYM individuals,
indicating a different control strategy implemented. Study results partially support the
proposed hypotheses whereby both groups increased their peak support moment in
response to the perturbation, but both groups were found to respond using a similar
control strategy. Individuals with knee OA and ASYM individuals both increased their
peak support moment in response to the perturbation and the greater support moment was
also apparent further into stance phase than pre-perturbation. Both groups did this by
reorganizing the contributions of the major lower limb joints where the knee and hip
contributions were significantly reduced, and the ankle contribution was significantly

increased.

Detailed in Table 4.1, similarities existed between groups for age, sex
distribution, and height. Individuals with knee OA additionally replicated characteristic
trends associated with knee OA, and commonly reported in the literature, where they
demonstrated a significantly higher mass and BMI, a slower walking velocity, and lower

KOOS scores compared to ASYM individuals (81,85). While a slower walking velocity
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was identified, the difference between individuals with knee OA and ASYM individuals
was less than the minimal detectable change (0.09 m/s) indicating the difference in
walking velocity could likely be due to chance variation (88) and not an influence on
study results. Individuals with knee OA also reported more episodes of giving way of the
knee joint which affected their daily activity as determined by the KOOS. With similar
characteristics identified, the selected knee OA cohort has been confirmed to be

characteristic of individuals with mild to moderate knee OA.

To analyse trends in peak support moment and percent hip, knee, and ankle joint
moment contributions seen in both the individuals with knee OA and ASYM cohort,
dependent t-tests were used to determine differences between TO and T1 to characterize
the control strategy employed to successfully complete the 3 cm medial perturbation. The
identified support moment waveform (Figure 4.1) and peak support moment for
individuals with knee OA and ASYM individuals resembled values reported by Zeni and
Higgins (69). The support moment measurement has been found to be less variable than
individual joint moments and more reproducible when comparing across the literature
(156,157). The increase in peak support moment in response to the perturbation (Table
4.2) indicates that all individuals were forced to increase the load placed on the effected
lower limb to prevent collapse and maintain single limb stability during stance. It also
took slightly longer in stance phase for an individual to maintain stability after
experiencing the perturbation (Table 4.2). While individuals with knee OA are being
forced to increase the load on the lower limb in response to the perturbation, they did not
report an increase in pain after 30 minutes of perturbed walking (85). This indicates that

an increased load to the lower limb could be implemented through a reorganized control
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strategy not involving increased loads at the knee joint. Seeley et al., suggests that a
reduced peak support moment indicates a reduction in the lower limb’s ability to resist
gravity and prevent collapse (158). Previous studies have found individuals with knee
OA walk with a lower peak support moment compared to an ASYM cohort (69,70,158)
and also commonly report knee instability such as buckling and giving way (40,55,58).
The greater support moment found in both groups would suggest a strategy to resist
gravity, prevent limb collapse, and perhaps, maintain stability was adopted in response to

the walking perturbation in the current study.

The support moment can further be separated into percent hip, knee, and ankle
joint moment percent contributions of the peak support moment (Figure 4.2) to
investigate the control strategies utilized to coordinate movement in response to the
perturbation (159). Both individuals with knee OA and ASYM individuals were found to
significantly decrease the hip and knee contributions to the peak support moment while
increasing the ankle contribution from TO to T1 (Table 4.2). While the analysis of the
joint moment contributions resulted in large standard deviations, medium to large effect
sizes were still reported for each comparison. Comparing the measured joint moment
contributions at TO to those reported by Zeni and Higgins (69), our knee OA and ASYM
samples reported visibly higher hip contributions, and a visibly lower ankle contribution
at the self-selected speed. These outcomes contradict other evidence that individuals who
are projected for a total knee replacement walk with a larger hip contribution to
compensate for a decrease in knee contribution (160). The outcome differences could
potentially be due to the high reported variability in individual joint movement patterns

(156,157).
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The knee joint contribution decreased in response to the perturbation in both the
knee OA and ASYM cohorts (Table 4.2, Figure 4.2). A reduction in knee joint
contribution has been attributed to limiting the internal knee extension moment
generation during walking to reduce knee joint loading or as an effect of quadricep
weakness (69,159,161). This is further supported by previous perturbation studies that
have identified less dynamic quadricep activity in response to a 3 cm medial perturbation
(81). Although individuals with knee OA reduced the knee joint contributions, this has
not been found to correlate with reduced tibiofemoral joint contact forces in individuals
with knee OA (69) or individuals with other knee pathologies (161). Finally, at T1, the
knee joint was only responsible for approximately 15 % contribution to the support
moment in both groups, leading to the conclusion that the knee joint is not as involved in
providing sagittal plane support compared to hip and ankle contributions after the medial
perturbation (160). Therefore, a decrease in knee contribution could be indicative of a

knee stiffening strategy employed in response to the medial perturbation.

Previous studies have identified that the support moment was largely produced by
the ankle contributions during single limb support (162,163). Simosen et al., has
suggested that under normal walking conditions, a large internal plantar flexion moment
about the ankle could result in the generation of a external knee flexion moment to
maintain joint angle positions and fluidity in movement (164). Therefore, the increase in
ankle contribution in response to the perturbation might not only be acting as a
compensatory mechanism in response to the decrease in knee contribution, but in turn
could be causing additional decrease in the knee contribution because of the perturbation.

This relationship could indicate why similar trends are observed between individuals with
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knee OA and ASYM individuals when analysing the changes in knee and ankle
contributions from TO to T1. This prediction is further supported by an identified elevated
and prolonged gastrocnemius activity in response to the perturbation (81). In addition, in
both unperturbed and perturbed walking studies, the centre of mass has been noted to
regulate mediolateral foot placement (165). Foot placement has further been suggested to
be the dominant mechanics for maintaining stability during gait in the frontal plane (165).
In response to the medial perturbation, both groups of individuals could be increasing
their ankle contributions to control the centre of mass that is further displaced by the
medial perturbation. This control could be achieved by moving the centre of pressure and
generating a resultant dominating ankle joint moment (165). Overall, this would suggest
that in response to a 3 cm medial perturbation, both groups are placing greater demand on

the ankle.

Finally, both groups significantly decreased the hip contribution between TO and
T1 (Table 4.2, Figure 4.2). One reported lower limb strategy used to compensate for knee
pathologies has been coined the “hip strategy” where a reduced knee support moment
corresponds with an increase in the hip support moment contribution (160,161). This
strategy was not shown to be implemented in response to the perturbation. Instead, it
could be possible that during a medial perturbation, the response of the lower limb is
transmitted proximally from the ankle and is based on the response of the ankle. As
mentioned, the ankle could be creating a decrease in the knee joint contribution in order
to maintain a fluid walking pattern (preventing a stiff and extended knee) (164). The knee
and hip contributions have also been shown to demonstrate variable trade off between

moment patterns depending on individuality in walking patterns (156,157). Therefore, it
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could be proposed that individuals are significantly decreasing their knee contributions in
response to an increase in ankle contribution paired with an attempt to unload the knee
joint and the hip follows suit to maintain motion. In addition, the decrease in hip
contribution seen in ASYM individuals potentially demonstrated a higher variability
because the knee and hip were able to more fluidly trade off contributions for any given

response (156,157).

Results in this study must be interpreted considering certain limitations.
Individuals were filtered on the premise that they were able to complete at least 2/3
successful 3 cm medial surface perturbations. Every participant was able to complete the
perturbation testing; however, crossing onto the other plate or grabbing the handrails in
response to the perturbation was deemed an unsuccessful trial. Theoretically, the more
failed attempts at completing the perturbation could indicate that the individual is more
unstable in response to a 3 cm medial perturbation. By removing all individuals who only
completed one successful trial or did not successfully complete any trials, we are
potentially missing changes in control patterns that could be utilized in a more unstable
group. Additionally, by removing trials where a person was unsuccessful could be
inadvertently manipulating the data set to show a more similar pattern in movement
between individuals with knee OA and ASYM individuals. Previously, it was found that
ASYM and knee OA groups had similar numbers of successful responses using the using
the current walking perturbation paradigm (81). Finally walking velocity was not
controlled for within this sample. An increase in walking velocity has been found to
demonstrate changes in the support moment and percent joint moment contributions (69)

as well as elicit changes in foot placement during walking (165). Self selected walking
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velocity and the impact this may have on control strategies used in response to walking

perturbations requires further study in older adults and individuals with knee OA.

4.6 Conclusion

In summary, both individuals with knee OA and ASYM individuals responded to
the 3 cm medial walking perturbation in a similar way. Both groups significantly
increased their support moment in response to the perturbation and walked with a
reorganized control strategy at T1 involving a decrease in the hip and knee joint
contribution and corresponding increase in ankle joint contribution. Both groups required
more support from the lower extremity (hip, knee, and ankle) to maintain walking
immediately after experiencing a 3 cm medial perturbation and accomplished this by
reorganizing their support moment joint moment contributions. It is proposed that the
knee joint is not readily involved in maintaining support in response to the medial
perturbation as both groups significantly decreased their knee joint contributions.
Alternatively, the ankle was shown to dominate support which suggests a greater demand

was put on the ankle in response to the walking perturbation.
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Chapter 5 - The Biomechanical Response to Unexpected
Walking Surface Translations During Gait in Individuals with
Knee Osteoarthritis: Leg Stiffness Analysis.

5.1 Introduction

Knee OA is a debilitating disease with associated effects including pain,
instability and limitations during activities such as walking (96,97). Throughout the
literature, individuals with knee OA have demonstrated significant changes in kinematics,
kinetics and muscle activation during gait when compared to ASYM older adults. A “stiff
knee gait” has been coined to describe how individuals with knee OA walk and is
representative of a decrease in the sagittal plane moment dynamics (133) and
corresponding increase in knee joint stiffness (53,132). The “stiff knee gait” is thought to
help stabilize the knee joint through stance to combat a reduced ability to unload the knee

joint during stance (48,60,61) and could play a role in increasing stability (134).

While notable differences at the knee joint have been reported in individuals with
knee OA, an integrated synergy of the entire lower limb is required to support walking
(156). Stiffness is defined as the extent to which an object resists deformation in response
to an applied force (131). Leg stiffness can be used to study the effects of knee OA on the
whole lower limb opposed to solely the knee joint and can be thought to represent the
control of the musculoskeletal system on the lower limb (78). Leg stiffness can thus be
thought of as the ability of the lower limb to resist collapse in response to an applied
force. Within this definition, leg stiffness can be maintained by an increase in the skeletal
component by decreasing the flexion of the lower limb joints, or by increasing the

muscular component by increasing muscle activity and resulting joint moments (78). Leg
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stiffness is measured as the ratio of peak vGRF over the change in leg length during
stance phase (72). Leg stiffness was calculated as mentioned in section 2.5.2 using

equation 2 (72).

Current literature has not reported a standard of reference for leg stiffness
(139,140), but within study comparisons should produce comparable values. Conflicting
reports of leg stiffness measurements in individuals with knee OA have been made
whereby some findings have supported that individuals with knee OA have a greater leg
stiffness compared to ASYM individuals (78) and others have reported a lower leg
stiffness (166). Differences in results could be attributed to the various components that
influence leg stiffness such as walking speed (78), peak vGRF (77), muscular control
(167) and specific computations. Further investigation into leg stiffness measurements

provides an opportunity to better understand the effects of knee OA on the lower limb.

Walking perturbation studies have been used to understand what alterations to
gait may occur to maintain walking when challenges are imposed during the gait cycle
(81,82,86,87). Perturbation study outcomes support that both individuals with mild to
moderate knee OA and ASYM individuals immediately respond to a frontal plane
walking translation with increased knee joint muscle activation (81,86,87) but
demonstrate similar knee biomechanics in response to the perturbation (81). This would
indicate that individuals with knee OA were able to functionally perform similarly to
ASYM individuals when presented with alterations to gait. Whether a change in lower
limb leg stiffness in response to walking perturbations occurs has yet to be established.
Additionally, whether individuals with knee OA and ASYM individuals walk and

respond with similar leg stiffness measures remains undetermined.
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The main objective of this exploratory study was to determine reference values
for leg stiffness in individuals with knee OA and older adults and whether leg stiffness
was altered immediately after the application of an unexpected 3 cm medial walking
surface translation during stance for individuals with knee OA compared to ASYM
individuals. The hypotheses were that both individuals with knee OA and ASYM
individuals would have similar baseline and TO leg stiffness values. Additionally, that
both groups would increase their leg stiffness in response to unexpected walking surface
translations, and individuals with knee OA would have an overall lower leg stiffness

during normal walking when compared to ASYM individuals.

5.2 Methodology

5.2.1 Participant Selection

As outlined in Chapter 3, thirty-five individuals with unilateral symptomatic knee
OA were recruited through consultation with an orthopaedic surgeon. Individuals with
knee OA were diagnosed using the American College of Rheumatology guidelines (143)
and self-reported a functional capacity in line with a moderate knee OA diagnosis (31).
Participants were excluded if they were considered a candidate for total knee
replacement. Thirty-five older adults (ASYM individuals) who reported no signs or
symptoms of musculoskeletal injury or disease were recruited as a sample of convenience
from the local community. All individuals were above 50 years of age, did not have a
fracture or current lower extremity injury, no neurological or cardiovascular disorder that
would impair walking ability and able to walk independently for at least 30 minutes. The
protocol was approved by local institutional ethics committee (Nova Scotia Health,

Halifax, Canada).
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5.2.2 Perturbation Protocol

Participants were asked to change into tight fitting shorts, t-shirt, and asked to
remove footwear. Consent was obtained and participants completed the KOS-ADLS and
KOOS (149). Five randomly recorded walking trials were performed using the
GAITRite™ (CIR Systems Inc., USA) to determine the average self-selected walking

speed (88).

Passive retro-reflective surface markers were affixed to participants (Figure 3.1)
to monitor the position and orientation of body segments using a standardized procedure
(52,81,87). Rigid bodies containing four markers were placed on the head, thorax, pelvis,
thigh, and shank. Rigid bodies containing three markers were placed on the feet.
Individual markers were placed on remaining, predefined, anatomical boney landmarks
of the arms and legs, including the spinous process of the 7" cervical vertebra, the lateral
aspect of the shoulders below the acromion, lateral epicondyle of the elbow, styloid
process of the ulna, greater trochanter, lateral and medial epicondyles of the femur and
tibia, lateral and medial malleoli, the posterior heel and atop the head of the 1%, 2", and
5™ metatarsal. Motion of the passive retro-reflective markers was measured using eight
Qualisys® OQUS 500 (Gothenburg, Sweden) motion analysis cameras and sampled at

100 Herts (Hz).

Participants walked for 6 minutes at their self-selected walking speed determined
by the GAITRite™ as a recommended warm-up (88,152). At 6 minutes, a recorded trial
of 15 to 20 strides was measured to indicate baseline walking properties. Ground reaction
forces were sampled from the treadmill at 2000 Hz during walking and synchronized

with motion capture marker trajectories using Qualisys® Track Manager V2.10 software.

68



Following the warmup, participants underwent approximately 24 minutes of walking
whereby three sets of eight unexpected 1 and 3 cm medial and lateral surface translations
of the treadmill occurred at midstance of either the right or left leg (81), as outlined in
detail in Chapter 3. The translation was triggered by toe-off of the contralateral leg when
less than 50 N of force was detected with a rate of translation of 0.1 m/s (81). Participants
were instructed to remain walking without using the handrails while keeping their feet on
either belt in response to the perturbation. Trials where handrails were used, or footfalls

crossed onto the opposite plate were excluded.

5.2.3 Data Processing

Custom programs written in MatLab 2021b (Mathworks Inc., Massachusetts,
USA) were used to process all data (81,82,88). Leg stiffness was calculated using
equation 2 (section 2.4.2 Leg Stiffness) at baseline, TO and T1 using custom MatLab
R2021a script. The peak vGRF (N) was identified in the early half of stance (Figure B.1)
and normalized to body weight (N). An average location of 4 pelvis markers and the
posterior calcaneus marker position data was used to create a vector to measure dynamic
leg length during gait. Figure B.2 demonstrates a representative leg length pattern over
stance phase. Lo was identified as the initial leg length at the start of stance phase and
Lmin was demonstrated at terminal stance when the calcaneus was slightly raised from the
treadmill surface. The change in leg length was thus represented as the change throughout
stance phase. Leg stiffness was calculated for each stride in all trials. Ensemble averages
of leg stiffness were calculated at baseline, TO, and T1 for all successful 3 cm medial

perturbations.
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5.3 Statistical Analysis

Thirty-four individuals with knee OA and 35 ASYM individuals were identified
to have successfully completed at least 2 or more successful 3 cm medical surface
perturbations. The symptomatic leg of the individuals with knee OA and a random leg of
the ASYM individuals was selected for statistical analyses. Leg stiffness was calculated,
and ensemble averaged at baseline, T0, and T1 for individuals with knee OA and ASYM.

All statistical procedures were completed using SPSS.

Normality and equal variance were determined by the central limit theorem and
Levene’s respectively. Independent t-tests were used to test for significant between group
differences in subject characteristics, including age, height, sex, BMI, walking velocity,
and KOOS measurements (a = 0.05). A mixed model ANOVA was used to determine
between group differences as well as within group differences of repeated measures
between baseline, TO, and T1. Mauchly’s test of sphericity was used to test for the
homogeneity of the covariances. Effect sizes (1?) were reported based on Partial Eta
Squared. Post-hoc testing was conducted using dependent t-tests to measure within group
differences between baseline and TO and TO and T1 for both individuals with knee OA
and ASYM. A Bonferroni alpha correction was used for post-hoc testing accounting for 4
tests. P values were set to a Bonferroni alpha equal to 0.013. Effect sizes (d) were

reported based on Cohens d.

5.4 Results

Participant characteristics, including participant demographics, walking speed,

and KOOS questionnaire outcomes are shown in Table 5.1.
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Table 5.1: Mean (standard deviation) participant characteristics.

ASYM Knee OA
Variable
n 35 34
Age (years) 60.7 (6.6) 61.1 (6.6)
Sex (M:F) 18:17 18:16
Height (m) 1.69 (0.08) 1.69 (0.10)
Mass (kg) 71.8 (13.7)* 86.8 (14.9)*
BMI (kg/m?) 25.1 (3.7)* 30.2 (4.5)*
Walking Velocity (m/s) 1.16 (0.10)* 1.09 (0.10)*
KOS giving way score [33]5-[2]4 [10]5-[8]4-[713 - [8]2 - [1]1
KOOS
Symptoms (n/100) 98 (4)* 59 (14)*
Pain (n/100) 99 (3)* 65 (16)*
Activities of Daily
Living (n/100) 100 (1)* 69 (19)*
Quality of Life (n/100) 97 (5)* 47 (18)*

BMI - Body Mass Index.

KOS — Knee Outcome Survey

KOOS — Knee Osteoarthritis QOutcome Score.

* Indicates a significant difference between groups p < 0.5

Individuals with knee OA had a greater mass (p < 0.001), greater BMI (p < 0.001), and

walked at a slower self-selected speed (p = 0.016). There were no between group

differences in age (p = 0.814). Leg stiffness and equation components are included in

Table 5.2. Appendix B includes representative figures of both the ground reaction forces

vs. percent stance phase and calculated leg length vs. percent stance phase.
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Table 5.2: Mean (standard deviation) leg stiffness measurements and corresponding equation components for individuals with knee OA and ASYM

individuals at baseline, T0 and T1.

ASYM OA

Baseline TO T1 Baseline TO T1
Leg Stiffness
(Dimensionless) 7.03 (1.27) 7.04 (1.32) 7.61 (1.48) 6.41 (0.72) 6.41 (0.64) 7.10 (1.43)
Maximum Ground
Reaction Force (N)
(Normalized to
Weight in N) 1.12 (0.09) 1.12 (0.10) 1.16 (0.10) 1.07 (0.06) 1.07 (0.06) 1.12 (0.08)
Initial Leg Length
(Lo) (m) 0.992 (0.049) 0.992 (0.049) 0.991 (0.049) 0.991 (0.058) 0.992 (0.058) 0.991 (0.060)

Minimum Leg
Length (Lmin) (m)

Change in Leg
Length (Lo-Lmin/Lo)

L

0.831 (0.050)

0.163 (0.021)

0.830 (0.051)

0.163 (0.022)

0.835 (0.050)

0.157 (0.027)

0.824 (0.053)

0.168 (0.015)

0.825 (0.052)

0.169 (0.016)

0.830 (0.051)

0.163 (0.022)



5.4.1 Mixed Model Analysis of Variance

Mauchly’s test of sphericity was violated within the data set (p =<0.001) so a
Greeshouse-Geisser correction was utilized (degrees of freedom = 1.174). A significant
main time effect was identified for repeated measures of leg stiffness with a medium to
large effect size (p = <0.001, n?> = 0.294, d = 0.641). There was not a significant
time*group interaction (p = 0.659, n*> = 0.004, d = 0.063). A significant between subject
effect was identified between individuals with knee OA and ASYM individuals when

measuring leg stiffness with a small to medium effect size (p = 0.03, 1 0.068, d = 0.268).

5.4.2 Post-Hoc Testing

Post-hoc dependent t-tests were performed for both individuals with knee OA and
ASYM individuals comparing baseline and TO to determine a reference value for the leg
stiffness calculations. Figure 5.1 depicts the changes in leg stiffness at each timepoint for
both individuals with knee OA and ASYM individuals. No significant differences
between baseline and TO leg stiffness values were identified in both individuals with knee
OA (p=10.904,d=0.021) and ASYM individuals (p =0.919, d =-0.017). Post-hoc
dependent t-tests were performed to determine specific differences in leg stiffness
measurements within the groups in response to the perturbation. Leg stiffness increased
at T1 compared to TO for both individuals with knee OA (p =0.001, d =-0.563) and

ASYM individuals (p =<0.001, d = -0.884).

73



10 .

Y B Baseline
. ~To
8+ LT :
0 [
o 6| l |
£
et
o
S 47 1
—l
zg 4
0 1

ASYM OA

Figure 5.1: Leg Stiffness measurements at baseline, T0, and T1 for ASYM individuals and
individuals with knee OA. The star represents a significant increase in leg stiffness from

10 to T1 for both ASYM individuals and individuals with knee OA.

5.5 Discussion

This study first aimed to determine reference values for the leg stiftness
calculations when using a dual-belt instrumented treadmill during stance. Additionally,
the study aimed to determine whether leg stiffness was altered in response to an
unexpected 3 cm medial walking surface translation during stance for individuals with
knee OA compared to ASYM individuals. The hypotheses were that both groups would

increase their leg stiffness in response to the unexpected medial surface translations.
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Additionally, individuals with knee OA would have a lower leg stiffness than ASYM
individuals, indicating that individuals with knee OA would walk with a decreased ability
to resist deformation of the lower limb which could potentially lead to instability. The leg
stiffness measurement was found to calculate a reproducible reference value. Study
results supported the proposed hypotheses whereby both groups increased their lower
limb leg stiffness in response to the 3 cm medial perturbation, and individuals with knee
OA did have an overall lower leg stiffness compared to ASYM individuals during normal

walking.

Detailed in Table 5.1, similarities existed between groups for age, sex
distribution, and height. Individuals with knee OA additionally replicated characteristic
trends associated with knee OA, and commonly reported in the literature, where they
demonstrated a significantly a slower walking velocity, higher mass and BMI, and lower
KOOS scores compared to ASYM individuals (81,85), with more self-reported episodes
of giving way of the knee joint which affected their daily activity as determined by the
KOS. While a slower walking velocity was identified, the difference between individuals
with knee OA and ASYM individuals was less than the minimal detectable change (0.09
m/s) indicating the difference in walking velocity could likely be due to chance variation
(88) and not an influence on study results. With similar characteristics identified, the
selected knee OA cohort has been confirmed to be characteristic of individuals with mild

to moderate knee OA.

A known standard of reference for leg stiffness has not been identified within the
literature. Leg stiffness value discrepancies exist as computation methodology has been

shown to produce different values depending on how leg stiffness is calculated (139,140).
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Therefore, a reference value using the outlined leg stiffness calculation was first
established when using a dual-belt instrumented treadmill before proceeding to the
analysis of the effects of a 3 cm medial perturbation. To ensure consistent reference leg
stiffness measurements were calculated, baseline measurements after 6 minutes of normal
walking was compared to TO. ASYM individuals demonstrated a leg stiffness of
approximately 7.03 at both baseline and TO whereas individuals with knee OA
demonstrated a lower leg stiffness of approximately 6.41 at both baseline and TO (Table
5.2). No significant differences in leg stiffness were identified when comparing baseline
and TO leg stiffness (Figure 5.1) in both individuals with knee OA (p =0.904, d =0.021)
and ASYM individuals (p =0.919, d =-0.017), indicating that the proposed leg stiffness
computation can be used to identify possible changes in leg stiffness in response to a
surface translation. Additionally, no identified significant differences between the
baseline and TO leg stiffness measurements potentially indicates that the perturbation
does not have a lasting effect on leg stiffness and both groups are able to adapt a
“normal” measure of leg stiffness (168) during and following the 24-minute perturbation

protocol.

A significant time effect was identified when comparing leg stiffness at different
time intervals using a mixed model ANOVA. Dependent t-tests identified that both
individuals with knee OA and ASYM individuals significantly increased their leg
stiffness in response to a 3 cm medial perturbation (Table 5.2, Figure 5.1). An increase in
leg stiffness has previously been indicated as a necessary biomechanical adaptation to
maintain stability while accepting body weight (78,138). Additionally, leg stiffness has

been proposed to be maintained by two contributing factors — either through an increase
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in skeletal component by decreasing the flexion of the lower limb joints, or by increasing
the muscular component by increasing muscle activity and resulting joint moments
(78,167). Previous perturbation literature has demonstrated a significant increase in
muscle activity with no significant kinematic changes in response to a 3 cm perturbation
(81). Therefore, current results align with previous findings whereby leg stiffness is
increased in response to a perturbation via a resultant increase in muscle activity to
maintain stability during weight acceptance. This could indicate that during normal
walking, all individuals potentially have a lower active muscle stiffness (131,167) and

experience a greater metabolic cost (72) in response to a 3 cm medial perturbation.

A significant between group effect was also identified when comparing leg
stiffness at different time intervals between individuals with knee OA and ASYM
individuals using a mixed model ANOVA. Examining the components used to calculate
leg stiffness, it appears that ASYM individuals had a larger peak vGRF compared to
individuals with knee OA and minimal differences in change in leg length, indicating the
difference in vGRFs drives the changes seen in leg stiffness in this sample. Higher peak
vGRFs have previously been identified as a result of increased walking speed; therefore,
decreasing leg stiffness at slower walking speeds (77,78) in individuals with knee OA.
Further, an increase in leg stiffness has been demonstrated to indicate an increase in
functional performance during tasks of jumping (131,138,167). The lower leg stiffness
observed in individuals with knee OA compared to ASYM individuals could potentially
suggest a decrease in functional performance during controlled walking and in response
to the perturbation. Additionally, the decrease in leg stiffness could also relate to a lack of

skeletal component available to maintain stiffness in individuals with knee OA. While
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individuals with knee OA demonstrated significantly lower leg stiffness values, they were
able to proportionally increase their leg stiffness in response to the perturbation. This
could indicate that in response to the 3 cm medial perturbation, individuals with knee OA
are able to increase their leg stiffness sufficiently to maintain functional performance and
successfully respond to the perturbation despite walking with a lower leg stiffness.
Therefore, while individuals with knee OA are presenting with limitations and perceived
instability (20,22), their lower limb is able to successfully perform compensatory
mechanisms to maintain stability through an increase in leg stiffness similar to ASYM
individuals. This finding further supports that gait perturbation training may be feasible

in knee OA rehabilitation (85) to improve functional performance.

The results in this study must be interpreted considering certain limitations.
Individuals were included in data analysis if they completed at least 2/3 successful 3 cm
medial perturbations. By not including individuals who only completed one successful
3 cm medial perturbations, more significant changes in leg stiffness might be missed that
represent a more unstable group of individuals. These individuals potentially would not
be able to increase their leg stiffness in response to the perturbation due to further
advanced instability and a lack of ability to efficiently compensate. Additionally, while
leg stiffness was measured, individual joint stiffness measurements were not performed.
The literature has conflicting opinions over the relationship between joint stiffness and
leg stiffness whereby some have shown that leg stiffness is not determined by joint
stiffness (77) and others believe individual joint stiffness directly influences leg stiffness
(79). An investigation into hip, knee, and ankle joint stiffness in response to a 3 cm

medial perturbation could provide more insight into how the lower limb is increasing
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stiffness to maintain stability. Further, by using the pelvis to calculate leg length, an
accurate measurement of varying leg length might not have been obtained as opposed to
measuring from the greater trochanter. The pelvis was selected so contributions of the hip
to leg stiffness was included in this model. Additionally, stiffness associated with the
pelvis could have been introduced into the current model as motion was measured. While
differences in leg length could have changed the magnitude of leg stiffness, previous
literature has demonstrated the use of the pelvis did not substantially change their
conclusions in leg stiffness trends (72). Finally, walking velocity has been shown to
influence leg stiffness (77,78). By controlling walking velocity across both groups,
additional changes in leg stiffness may be identified as a direct result of knee OA and

could provide insight into their functional performance when responding to perturbations.

5.6 Conclusion

In summary, reference values for calculated leg stiffness were obtained when
using a dual-belt instrumented treadmill. Both individuals with knee OA and ASYM
individuals responded to a 3 cm medial perturbation by increasing their leg stiffness
directly after the perturbation. By comparison with baseline measurements, the leg
stiffness calculation used was able to produce a standard of reference and indicated that
leg stiffness returned to a baseline measurement at some time after the perturbation.
Therefore, an increase in leg stiffness was not maintained during and following
24 minutes of perturbed walking. Finally, individuals with knee OA were found to have a
significantly lower leg stiffness compared to ASYM individuals, but both groups
followed a pattern of increasing their leg stiffness after the perturbation. It is proposed

that this was done so via an increase in muscular control in response to the perturbation
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and individuals with knee OA can increase their functional performance when needed
similarly to ASYM individuals. Additionally, individuals with knee OA demonstrate a
lower leg stiffness potentially suggesting they are lacking a contribution of skeletal

stiffness which could contribute to episodes of instability.
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Chapter 6 — Discussion

Knee OA has been a leading topic of research over many years due to its highly
prevalent occurrence worldwide as well as significant impact it has on those suffering in
terms of physical limitations, associated pain, and resultant comorbidities. Within knee
OA literature, the knee joint specifically has been largely studied through gait analysis
methodologies to understand the knee joint impairments and limitations with the activity
of walking. Changes in knee kinematics, kinetics, and muscle activation patterns have
been found. Additionally, great strides are being made in classifying knee OA in a
controlled walking environment, but a disconnect in reported findings arise when an
individual moves into a real-world scenario where unpredictable walking conditions are
present, and an individual must respond to their surroundings. While studies of
individuals with knee OA in both controlled and unexpected walking environments
commonly report the effects on the knee, an integrated synergy of the entire lower limb is
required to support walking. Research is limited or non-existent when examining the
effect of knee OA on the entire lower limb, specifically when performing gait
perturbations. To better understand the effects of knee OA on the lower limb, the main
purpose of this thesis was to understand how ASYM individuals and individuals with
knee OA respond to unexpected surface translations as characterized by the response of
the lower limb. Two metrics that can characterize lower limb responses include the
support moment and leg stiffness, but these metrics have not been used to characterize

the response of the lower limb to a surface perturbation in individuals with knee OA.
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6.1 Objective 1

The first objective of this thesis (Chapter 4) was to determine whether the peak
support moment and percent contributions from the hip, knee, and ankle were altered in
response to an unexpected 3 cm medial walking surface translation during stance for
ASYM individuals and individuals with knee OA. Proposed hypotheses were partially
supported by results. Both individuals with knee OA and ASYM individuals were found
to increase their peak support moment in response to the 3 cm medial perturbation and
did so by using a similar control strategy. Both groups reorganized the contributions of
the major lower limb joints at T1 where the knee and hip contributions were significantly
reduced, and the ankle contribution was significantly increased. Study results partially
support the proposed hypotheses whereby both groups increased their peak support
moment in response to the perturbation, but both groups were found to respond using a
similar control strategy. This would suggest that while individuals with knee OA report
more episodes of buckling and giving away (Table 4.1) (40,55,58), the lower limb is able

to compensate and maintain stability in response to a perturbation.

Despite previous perturbation studies reporting that individuals with knee OA
were not found to biomechanically alter their gait in response to the perturbations at the
level of the knee (81,86,87), present findings demonstrate that when the lower limb is
analyzed, biomechanical differences are identified. These changes in support moment and
percent joint moment contributions are supported by previously identified elevated and
prolonged muscle activation patterns as a direct response to a perturbation greater than

2 cm (81,86,87). Overall, individuals with knee OA and ASYM individuals continue to
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demonstrate similar responses to a surface translation indicating individuals with knee

OA can maintain stability when challenged through perturbation walking.

6.2 Objective 2

The second objective of this thesis (Chapter 5) was to perform an exploratory
study to determine reference values for leg stiffness in individuals with knee OA and
ASYM individuals using a dual-belted instrumented treadmill. Additionally, to determine
whether leg stiffness was altered immediately after the application of an unexpected 3 cm
medial walking surface translation during stance for individuals with knee OA compared
to ASYM individuals. The proposed hypotheses were supported by results. The leg
stiffness calculation used was able to produce a standard of reference and indicated that
leg stiffness returned to a baseline measurement at some time after the perturbation as
baseline and TO measurements did not demonstrate significant differences for either
group. In response to a 3 cm medial perturbation, both individuals with knee OA and
ASYM individuals increased their leg stiffness directly after the perturbation. Finally,
individuals with knee OA were found to have a significantly lower leg stiffness compared
to ASYM individuals. Overall it can be concluded that while individuals with knee OA
are demonstrating a lower leg stiffness measurement, indicating a reduced ability to resist
deformation (131) and could potentially lead to instability, they are able to increase

performance in response to a perturbation through an increase in leg stiffness.

Despite previous literature not reporting a standard of reference of leg stiffness
(139,140), conclusions were able to be made within this study regarding the control of the
musculoskeletal system on the lower limb (78). Leg stiffness has been shown to be

influenced by walking speed (78), peak vGRF (77), and muscular control (167). These
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factors were not controlled in this exploratory study and results should be reviewed with
this consideration when comparing absolute values. Overall, individuals with knee OA
and ASYM individuals again demonstrated similar responses to a surface translation
indicating individuals with knee OA can maintain stability when challenged through

perturbation walking.

6.3 Discussion

The support moment investigation proposed in objective 1 (Chapter 4) suggests
that both individuals with knee OA and ASYM individuals required more support from
the lower limb to maintain walking immediately after experiencing a 3 cm medial
perturbation. The greater peak support moment found in both groups would suggest a
strategy to resist gravity, prevent limb collapse, and perhaps, maintain stability was
adopted in response to the walking perturbation in the current study (158). Additionally,
an increase in support moment would suggest an increased load is being placed on the
lower limb in response to the surface translation, but individuals with knee OA have been
found to tolerate the increased load without an increase in reported pain (85), further
emphasizing the ability of the lower limb to maintain stability while not increasing the
mechanical load at the knee joint. Both individuals with knee OA and ASYM individuals
were found to significantly decrease the hip and knee contributions to the peak support
moment while increasing the ankle contribution from TO to T1. Therefore, individuals
with knee OA and ASYM individuals were found to respond in a similar way to the
surface translation as previously reported (81,83,85,86). Further, it is proposed that the
knee joint may not play a major role in maintaining support compared to the ankle and

hip in response to the medial perturbation. Both groups significantly decreased their knee
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joint contributions to a minimal threshold which could explain why individuals with knee
OA were able to successfully perform throughout the perturbation protocol.
Alternatively, the ankle was shown to dominate support which is proposed to be the
result of a strategy implemented to control the centre of mass that is further displaced by
a medial perturbation and generating a resultant dominating ankle joint moment (165).

Overall, a greater demand was put on the ankle in response to the walking perturbation.

The leg stiffness investigation proposed in objective 2 (Chapter 5) suggests that
both individuals with knee OA and ASYM individuals responded with an increase in leg
stiffness immediately after experiencing a 3 cm medial perturbation. A standard reference
value for leg stiffness for individuals with knee OA and ASYM individuals was
established and shown to be consistent when comparing baseline and TO measurements.
No identified significant differences between the baseline and TO leg stiffness
measurements potentially indicates that the perturbation does not have a lasting result on
leg stiffness and both groups are able to adapt a “normal” measure of leg stiffness (168)
following the 24-minute perturbation protocol. Both groups responded to the surface
translation with an increase in leg stiffness at T1. Previous perturbation literature has
demonstrated a significant increase in muscle activity with no significant kinematic
changes in response to a 3 cm perturbation (81). Therefore, current results align with
previous findings whereby leg stiffness could be increased in response to the perturbation
via the resultant increase in muscle activity to maintain stability during weight
acceptance. While both groups followed a similar pattern of increasing leg stiffness,
individuals with knee OA had an overall lower leg stiffness. This could indicate that

individuals with knee OA potentially have a lower active muscle stiffness (131,167) —
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resulting in reported instability — but are able to increase their functional performance in

response to the perturbation.

The investigation into both the support moment and leg stiffness additionally
demonstrated similarities in results. Individuals with knee OA demonstrated both a lower
magnitude of support moment and lower leg stiffness than ASYM individuals. This could
potentially be attributed to more self-reported instances of instability and related to
previously reported results where knee OA limits an individual’s function, both during
normal walking (20), and in response to the perturbation. Additionally, the peak vGRF
was identified to control to magnitude of leg stiffness in the current investigation. The
peak vGRF was identified in the early half of stance (approximately around 15 to 25 % of
stance phase), which was comparable to the position that the peak support moment was
identified. The support moment was then sustained at a higher magnitude through stance
phase at T1. This could suggest that in response to a perturbation, the entire lower limb
is responding during the loading response phase of gait (118) to increase both support and

stiffness.

The primary focus of this thesis was to investigate how individuals with MOA
and ASYM individuals respond to unexpected 3cm medial surface translations during
gait, characterized by the response of the entire lower limb during the stride following the
perturbation (response stride). While previous literature did not identify significant
changes in biomechanical differences in response to the perturbation at the knee, an
analysis of both the support moment and leg stiffness have provided insight into the
cooperative nature of the lower limb and overall suggests that the lower limb joints — hip,

knee, and ankle — work in unison to respond to walking surface translations. These
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responses are similar in individuals with MOA and ASYM individuals indicating that
individuals with MOA can adapt to environmental conditions despite limitations at the
knee joint through compensatory mechanisms of the lower limb to increase both support

and stiffness.

6.4 Limitations

The results in this thesis must be interpreted considering certain limitations. As
the same study participants were used for the data analyses in both Chapter 4 and 5,
participant selection limitations applied to both studies. Individuals were filtered on the
premise that they were able to complete at least 2/3 successful 3 cm medial surface
perturbations. Every participant was able to complete the perturbation testing, however
crossing onto the other plate or grabbing the handrails in response to the perturbation was
deemed an unsuccessful trial. Theoretically, more failed attempts at completing the
perturbation could indicate that the individual is more unstable in response to a 3 cm
medial perturbation. By removing all individuals who only completed one successful trial
or did not successfully complete any trials, we are potentially missing changes in control
patterns of the lower limb, presented as a change in support moment / joint moment
contributions or leg stiffness, that could be utilized in a more unstable group. In regard to
the support moment and joint moment contributions, by removing trials where a person
was unsuccessful could be inadvertently manipulating the data set to show a more similar
pattern in movement between individuals with knee OA and ASYM individuals. In terms
of leg stiffness, these individuals potentially would not be able to increase their leg
stiffness in response to the perturbation due to further advanced instability and a lack of

ability to efficiently compensate. While it is assumed that individuals with knee OA
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would have fewer successful trials compared to ASYM individuals, the current
perturbation protocol has demonstrated that there were a similar number of unsuccessful
trials for both groups (81). Alternatively, Schrijvers et. al, has shown that individuals who
self report knee instability respond differently to perturbations (86). Within the current
sample, almost half the individuals with knee OA reported moments of instability
affecting their daily activities whereas no ASYM individuals reported episodes of
instability affecting their daily activities. Therefore, further exploration is warranted to
examine how individuals with knee OA who self-reported knee instability could elicit
further changes in the lower limb that does not align with how ASYM individual respond

to walking perturbations.

Another present limitation in both analyses is walking velocity was not controlled
for within this sample. An increase in walking velocity has been found to demonstrate
changes in the support moment and percent joint moment contributions (69) as well as
elicit changes in foot placement during walking (165). Additionally, walking velocity has
been shown to influence leg stiffness (77,78). Self-selected walking velocity and the
impact this may have on the lower limb in response to walking perturbations requires
further study in older adults and individuals with knee OA. While walking speed may
have a between group influence on lower limb measurement magnitudes, comparing the
response between TO and T1 could continue to produce similar results as the walking
velocity was consistent for each participant throughout the perturbation protocol.
Additionally, even though a slower walking velocity was identified, the difference

between individuals with knee OA and ASYM individuals was less than the minimal
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detectable change indicating the difference in walking velocity could likely be due to

chance variation (88) and not an influence on study results.

Finally, while leg stiffness was measured, individual joint stiffness measurements
were not performed. The literature has conflicting opinions over the relationship between
joint stiffness and leg stiffness whereby some have shown that leg stiffness is not
determined by joint stiffness (77) and others believe individual joint stiffness directly
influences leg stiffness (79). An investigation into hip, knee, and ankle joint stiffness in
response to a 3 cm medial perturbation could provide more insight into how the lower

limb is increasing stiffness to maintain stability.

6.5 Future Directions

Numerous future directions could be explored following the results of this thesis.
Chapter 4 examined the support moment in response a 3cm medial surface perturbation
using a dual-belt instrumented treadmill. While the support moment has been found to be
less variable than individual joint moments and more reproducible when comparing
across the literature (156,157), a reliability study of the support moment and percent joint
moment contributions would be useful to further strengthen conclusions made in this
thesis. A reliability study also has the possibility of investigating the large standard
deviations present in the joint moment contributions. Chapter 5 worked to explore the leg
stiffness calculation and develop a standard reference value of leg stiffness. Similarly, a
reliability study of leg stiffness would be useful to further support the reproducibility of
the measurement, confirm an accurate standard of reference has been established when

using a dual-belt instrumented treadmill, and strengthen the conclusion that both
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individuals with knee OA and ASYM individuals are returning to baseline leg stiffness at

some time post perturbation.

Additionally, the analyses performed for both the support moment and leg
stiffness identify walking velocity as a possible influence on study results. Alternate
statistical analysis could be performed on each data set controlling for walking velocity
such a factorial ANOVA or an analysis of covariance. Further, both studies also
identified the possibility of varying results if individuals with knee OA who self-reported
knee instability was used. From the current study sample of individuals with knee OA, 16
out of 34 individuals reported that episodes of buckling or giving away (classified as
instability) affected their daily living (Table 4.1, Table 5.1). With almost half the
individuals with knee OA self-reporting instability, alternative or more drastic differences
in either support moment, percent joint moment contributions, or leg stiffness could be
identified in individuals with knee OA who self-report knee instability. Comparing
individuals with knee OA who self-report knee instability to individuals with knee OA
who do not report instability or ASYM individuals could help to better classify the
response of the lower limb. Finally, further analysis could also be used to examine other

influencing factors such as the degree of pain, the stage of knee OA, and a sex analysis.

Within Chapter 5, the literature was shown to have conflicting opinions over the
relationship between joint stiffness and leg stiffness whereby some have shown that leg
stiffness is not determined by joint stiffness (77) and others believe individual joint
stiffness directly influences leg stiffness (79). An investigation into the relationship
between individual joint stiffness measures and leg stiffness could be useful to further

understand the mechanisms by which the lower limb is increasing stiffness in response to
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the medial perturbation. Additionally, an analysis of joint stiffness could further support

the compensatory mechanism used in response to surface perturbations.

Finally, a long-term study using perturbed walking as a rehabilitation regime in
individuals with knee OA could be used to study the effects of perturbed walking over
time. Chapter 4 and 5, as well as previous literature, has suggested that individuals with
knee OA tolerate the perturbation protocol without an increase in pain and return to
baseline measurements following the perturbation. Therefore, gait perturbation training
may be feasible in knee OA rehabilitation (85) to improve functional performance in day-
to-day living. A long-term study using the perturbation protocol would be useful to test

the proposed rehabilitation benefits.

6.6 Concluding Remarks

The main aim of this thesis was to determine how individuals with moderate knee
OA and ASYM individuals respond to unexpected 3cm medial surface translations
during gait, characterized by the response of the entire lower limb following the
perturbation. Individuals with knee OA were found to respond similarly to ASYM
individuals in both measurements of the support moment and leg stiffness. Both groups
required more support in response to the perturbation and utilized a reorganized control
strategy with dominating ankle contribution. Both groups additionally required more leg
stiffness to maintain stability in response to the perturbation, with individuals with knee
OA demonstrating a lower leg stiffness when compared to ASYM individuals. By
increasing their leg stiffness measurement at T1, both groups demonstrated an increased
functional performance in response to the perturbation. Therefore, while individuals with

knee OA are presenting with limitations and perceived instability (20,22), their lower
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limb is able to successfully perform compensatory mechanisms to maintain stability
through an increase in both the support moment and leg stiffness similar to ASYM
individuals in response to a medial perturbation. These findings support that gait
perturbation training may be feasible in knee OA rehabilitation (85) to improve

functional performance.
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Appendix A — Inter-Subject Variability of Hip, Knee, and

Ankle Net Internal Sagittal Plane Moment Waveforms for all

Participants
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Figure A.1: Net internal sagittal plane moment ensemble averaged waveforms for ASYM

individuals for the hip (A), knee (B), and ankle (C), and individuals with knee OA for the

hip (D), knee (E), and ankle (F) at T0 time normalized to stance phase and amplitude

normalized to body mass. Hip and knee extension moments are positive and flexion

moments are negative whereas dorsiflexion moments at the ankle are positive and plantar

flexion moments negative.
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Figure A.2: Net internal sagittal plane moment ensemble averaged waveforms for ASYM
individuals for the hip (A), knee (B), and ankle (C), and individuals with knee OA for the
hip (D), knee (E), and ankle (F) at T1 time normalized to stance phase and amplitude
normalized to body mass. Hip and knee extension moments are positive and flexion
moments are negative whereas dorsiflexion moments at the ankle are positive and plantar

flexion moments negative.
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Appendix B — Component Plots Associated with Leg Stiffness
Calculation
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Figure B.1: A sample plot of the ground reaction force vs. percent stance phase.
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Figure B.2: A sample plot of the calculated leg length vs. percent stance phase.
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