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Abstract 

Introduction: 

Knee osteoarthritis is a common and painful disease, and is one of the leading causes of 

disability in Canada. It is thought that one of the primary causes of disease progression is 

excessive knee joint loading. Thus, conservative treatments have aimed to reduce knee joint load, 

predominantly targeting the knee adduction moment – a valid proxy of tibial joint load 

distribution. Toe-in and toe-out walking are two such strategies which have proven effective in 

the short term at reducing the knee adduction moment, but still require longer-term assessment 

and a more thorough understanding of the ancillary effects at joints other than the knee prior to 

clinical implementation. The ankle joint in particular may be subjected to altered biomechanics 

during toe-in and toe-out walking. 

Purpose: 

The purpose of this thesis was to examine ankle biomechanics during toe-in and toe-out foot 

rotations in those with medial compartment knee osteoarthritis. 

Methods: 

Fifteen individuals with medial compartment knee osteoarthritis were recruited. In a single 

session, participants were instructed to walk in four conditions guided by real-time biofeedback 

of performance: 1) toe-in (+10°), 2) neutral (0°), 3) toe-out (-10°) and 4) toe-out (-20°). Ankle 

kinematics, kinetics and muscle activity were examined during over-ground walking. 

Results: 

Toe-out walking exhibited an increase (p=0.011) in peak ankle eversion compared to toe-in 

walking, while toe-in walking exhibited an increase in ankle inversion at heel strike (p<0.001) 

and frontal plane ankle angle excursion (p<0.01) compared to toe-out walking. No differences in 
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ankle kinetics were observed. Toe-in walking exhibited a significant increase (p=0.03) in lateral 

gastrocnemius root mean square muscle activity compared to 20° toe-out. Lastly, toe-in walking 

was rated as most difficult and least preferred, while neutral walking was rated as least difficult 

and most preferred. 

Conclusions: 

Toe-in and toe-out walking are effective strategies for reducing knee joint load. However, altered 

ankle biomechanics may increase the risk of adverse events for some individuals. Longer-term 

studies are required to properly assess the relationship between lower extremity discomfort, 

ankle biomechanics and altered foot rotation in those with knee OA. 
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Lay Summary 

Knee osteoarthritis is a painful and disabling disease often ending in joint replacement 

surgery. Conservative treatments (those not involving drugs or surgery) are being examined with 

the goal of slowing disease progression and improving symptoms. Toe-in and toe-out walking 

(turning the feet in or out) are potentially beneficial conservative treatments due to their ability to 

reduce the forces which pass through the inner side of the knee. However, the effects of these 

walking patterns on joints other than the knee are not known. Our findings indicate that, in 

addition to knee biomechanics, ankle biomechanics differ between toe-in and toe-out. Also, it 

was observed that discomfort did not differ between walking patterns, while toe-in walking was 

considered the most difficult and least preferred out of the four conditions examined. Longer-

term studies are required to determine whether the observed changes to ankle biomechanics are 

associated with lower extremity discomfort. 
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Chapter 1: Background 

1.1 What is Knee Osteoarthritis? 

Arthritic diseases are the most common cause of disability in Canada,  most often 

manifesting as osteoarthritis (OA) (Bombardier et al., 2011). Osteoarthritis is a chronic and 

progressive synovial joint disease, where damage to articular cartilage goes unrepaired, 

ultimately leading to the degradation of the articular cartilage and subchondral bone within 

the joint (Brandt et al., 2008; Lane et al., 2011). This disease has the potential to lead to 

significant reductions in quality of life and limitations in daily function, while placing high 

demand on health care systems (Bombardier et al., 2011; Salaffi et al., 2005; White et al., 

2015). 

The knee joint is comprised of the patellofemoral and tibiofemoral joints – both of 

which can be further characterized into medial and lateral compartments. The knee is also the 

weight bearing joint most commonly affected with OA in the body (Lawrence et al., 2008). 

Within the tibiofemoral joint, the medial compartment is typically most affected (Dillon et 

al., 2006), usually resulting in localized pain, joint stiffness, swelling and muscle strength 

deficits (Bennell et al., 2008; Hunter et al., 2009; Hunter et al., 2006). The high prevalence of 

knee OA may be due to the fact the knee is a load bearing joint, which endures chronic 

mechanical stressors in daily living leading to the breakdown of cartilage and subchondral 

bone. In a healthy joint, these mechanical stressors and damage to the articulating surfaces 

are attenuated by constant biological repair mechanisms which maintain cartilage integrity. 

However, under specific circumstances, these stressors can overwhelm the cartilage repair 

process, causing net cartilage degradation, contributing to the eventual onset of OA. 
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Structurally, knee OA presents with articular cartilage loss, osteophytic bone growths 

on the perimeter of the joint space and subchondral bone maladaptation. Notably, common 

patient reported outcomes like pain are not necessarily indicative of an individual’s structural 

disease state (Barker et al., 2004). That is, the relationship between structural changes and 

symptoms is still not clearly understood, demonstrating the complex nature of this disease. 

Due to this, knee OA is often diagnosed through the presence of both the aforementioned 

symptoms and structural severity (Figure 1.1), as graded using the Kellgren and Lawrence 

(KL) grading system (Kellgren & Lawrence, 1957).  

 

Figure 1.1: Radiographic presentation of knee OA. A posteroanterior standing semi-

flexed radiograph of knee joints, displaying bilateral structural signs of knee osteoarthritis. 

Note the significant joint space narrowing and prominent osteophytes on the margins of the 

joint. 
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Treatment strategies for knee OA have traditionally focused on pharmacological and 

surgical methods (Bombardier et al., 2011; Dieppe et al., 1999), which may be useful in 

managing symptoms or returning some function to the patient, but are also associated with 

significant potential side effects (Dieppe et al., 2004; Nilsdotter et al., 2009). Additionally, 

these treatments likely do not address a predominant cause of knee OA initiation or 

progression; that is, mechanical loading. As a preliminary strategy, conservative treatments 

(non-operative and non-pharmacological) are becoming more prevalent in the literature. This 

group of treatment strategies aims to improve pain and function, and slow disease 

progression all while reducing the economic burden placed on the individual and healthcare 

system (Reeves & Bowling, 2011). 

1.2 Knee Joint Anatomy and Function 

The knee joint is comprised of articulations between the femur, tibia and patella. The 

articulation between the distal femur and proximal tibia is composed of two compartments 

(medial and lateral), as is the articulation between the patella and distal anterior surface of 

the femur. For the purpose of this thesis, the knee joint will refer to the tibiofemoral joint 

only. The knee joint predominantly moves in the sagittal plane (flexion/extension), with 

significantly less motion in the frontal (abduction/adduction) and transverse planes (internal 

and external rotation). 

The tibial plateau provides a relatively flat boney surface for the rounded femoral 

condyles to articulate. Atop the tibia, the menisci create a shallow cup of fibrocartilage with 

a rimmed perimeter. The menisci deepen the articulation in which the femoral condyles 
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move, assisting in joint stability and distribution of forces to reduce compressive stress on 

the tibia. Two centrally located cruciate ligaments, as well as a number of peripheral 

ligaments and tendons act to further increase joint stability by opposing unwanted secondary 

joint motions. 

The articulating surfaces of the tibia and femur also have a thin layer of avascular 

hyaline cartilage consisting primarily of type II collagen matrix and proteoglycans arranged 

in distinct layers (Sophia Fox et al., 2009). These layers provide two major functions: to 

facilitate smooth joint motion and to attenuate force by distributing it over a greater surface 

area (Sophia Fox et al., 2009). The integrity of the most superficial layer of cartilage is vital 

to the conservation of the deeper matrix and the structures force attenuating properties 

(Sophia Fox et al., 2009). Chondrocytes are responsible for the upkeep of the matrix through 

the maintenance of equilibrate cartilage breakdown and synthesis. Though chondrocytes can 

repair the matrix to some degree, significant damage such as that associated with knee 

injuries will likely overwhelm this process. As mentioned above, damage of this nature that 

is left unrepaired will likely result in the beginning of osteoarthritic changes within the knee 

joint. 

1.3 Epidemiology of Knee OA 

Osteoarthritis is a highly prevalent disease within the North American adult 

population (Bombardier et al., 2011; Murphy & Helmick, 2012). A 2011 report by the 

Arthritis Alliance of Canada indicates that 13% of Canadian adults (>20 years of age) have 

OA, with a 30 year projection estimating an increase to more than 25.6% (Bombardier et al., 

2011). Furthermore, it is estimated that 1 in 100 Canadian adults experience or have 
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experienced moderate to severe pain resulting in limitations of daily activities due to OA 

(Bombardier et al., 2011). As age-related factors are implicated in the disease process, it is 

expected that the number of individuals with OA will continue to rise as our population ages, 

placing further demand on the health care system. Currently, the Canadian annual economic 

burden due to OA is estimated to total $27.5 billion with a cumulative total cost of $1,455.5 

billion over the next 30 years (Bombardier et al., 2011). These direct and indirect costs could 

be reduced if effective preventative and early stage disease management strategies aimed at 

slowing the progression of OA are implemented. 

As previously mentioned, the knee is the most commonly affected weight bearing 

joint, which is reflected in the most recent epidemiological data. Between 2007 and 2008, 

estimates of knee OA prevalence within the US population were 6.9% (13.7 million); this 

estimate rose to 7.3% (15.1 million) during a subsequent assessment in 2011 and 2012 

(Deshpande et al., 2016). Notably, these estimates are of symptomatic knee OA, and the 

numbers of individuals with radiographic signs but no reported symptoms are likely higher 

still. Expectedly, knee OA prevalence estimates increased with each age category, the 

highest percentage being in those 65 years or older (Deshpande et al., 2016). Furthermore, 

across all age groups and ethnicities, females consistently made up the majority of those 

affected (Deshpande et al., 2016). However, over half of those with symptomatic knee OA 

are under the age of 65, lending to the importance of identifying effective treatment 

strategies to manage pain and slow disease progression in younger individuals suffering from 

the disease. One could speculate that doing so would reduce the number of individuals 

needing costly treatment later in the disease. However, it is certainly a difficult task to 

develop such a treatment, as the causal factors associated with disease initiation and 
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progression are not completely understood, and likely interact in highly individual and 

complex ways. 

1.4  Etiology of Knee OA 

Osteoarthritis can present as a primary or secondary disease, the causes of which are 

typically multi-factorial in nature and involve local and systemic factors which combine, 

creating complex etiologies (Sharma et al., 2006). Knee OA initiation specifically, is 

suggested to be highly influenced by shifts in the load bearing regions within the knee onto 

regions which have not adapted to withstand such loading (Andriacchi et al., 2004). 

However, it has been proposed that cartilage degradation is not solely involved, as all tissues 

of the joint may be implicated in the initiation of OA (Brandt et al., 2006). That is, the 

ligaments, tendons, muscles, synovium and the nervous system, in addition to articular 

cartilage, may initiate mechanical changes within the knee triggering a cascade that may 

eventually result in joint degradation. Said another way, the initiation and progression of OA 

can be viewed as a system involving the interaction of biological/biochemical, biomechanical 

and structural factors (Andriacchi et al., 2015; Hunter et al., 2006). 

1.4.1 Risk Factors of Knee OA 

Proposed risk factors for the initiation and/or progression of the disease include, but 

are not limited to: previous menisci or anterior cruciate ligament injury (Lohmander et al., 

2007), obesity (Lementowski & Zelicof, 2008), quadriceps strength deficiencies (Slemenda 

et al., 1998), joint malalignment (Brouwer et al., 2007; Sharma et al., 2010) and excessive, 

unbalanced knee joint loading (Miyazaki et al., 2002). As noted earlier, these factors 
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commonly act together and may influence the existence or relevance of another, thus 

furthering the complex and individual nature of the disease. 

Previous knee joint injuries are a significant risk factor for the initiation of knee OA. 

A traumatic event resulting in injury to the knee joint has the potential to initiate 

biomechanical alterations leading to OA later in life. For example, cartilage or ligamentous 

injuries, such as the aptly named “Unhappy Triad”, can result in significant damage to the 

meniscus and surrounding joint tissues. Consequently alterations will likely occur within the 

knee over time (Lohmander et al., 2007), focalizing joint load on different, un-adapted or 

damaged regions; a suggested pathway for the initiation of knee OA (Andriacchi et al., 

2004). This notion is supported with longitudinal data from a number of studies (Ajuied et 

al., 2014; Blagojevic et al., 2010; Felson, 1990; Gelber et al., 2000; Hootman et al., 2003) 

It is well established that obesity is one of the main risk factors for developing knee 

OA (Lementowski & Zelicof, 2008). Mechanically, during gait the knee is subjected to large 

amounts of force, commonly equal to or greater than three times body weight (Taylor et al., 

2004). Therefore, modest increases in body weight can result in significant increases in force 

across the knee joint. Furthermore, in the presence of other risk factors (for example, 

previous knee injury), obesity raises the odds ratio (OR) of knee OA by over 150% (Coggon 

et al., 2001). Overall, a number of investigations have supported the claim that obesity has a 

significant role in elevating the risk of knee OA initiation (Blagojevic et al., 2010; Felson, 

1996; Felson et al., 1988; Reyes et al., 2016). 

Muscle strength deficits have also been implicated in knee OA initiation. Knee 

injuries may be a causal factor of eventual muscle weakness as they often result in disuse, 

immobilization and pain which can lead to muscle atrophy, commonly of the quadriceps 
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(Suter & Herzog, 2000). Though little data currently exists, two studies did identify 

associations between peak knee extensor strength and knee OA (Slemenda et al., 1997; 

Slemenda et al., 1998). Specifically, lower knee extensor strength was observed in those with 

knee OA compared to asymptomatic individuals (Slemenda et al., 1997). Longitudinal 

analysis of this cohort observed that women with knee extensor strength deficits at baseline 

were at greater risk for incident knee OA, while in men, strength deficits did not predict 

incident knee OA at the 31.3 month follow-up (Slemenda et al., 1998). Muscle atrophy likely 

contributes to knee OA development as well (Ikeda et al., 2005), which may be due to the 

relationship between less muscle mass and the presence of strength deficits (Frontera et al., 

1991). Like obesity, muscle strength is a modifiable factor, furthering the possibility that 

muscle strengthening could elicit a protective benefit in regards to preventing disease 

initiation, though it is suggested to be relatively less beneficial in prevention of disease 

progression (Bennell et al., 2008). 

As the mechanical environment within the knee is a key factor in knee OA 

(Andriacchi et al., 2004), it stands to reason that alignment of the joint could contribute 

biomechanically to the initiation or progression of the disease. Deviation from a neutral hip-

knee-ankle angle, a measurement of frontal plane alignment of the lower extremity (more 

varus or valgus), influences the relative position of the knee joint centre and the ground 

reaction force (GRF), thus altering load distribution across the knee joint (Andrews et al., 

1996; Sharma et al., 2001). Longitudinal investigations have supported this mechanism, as 

more varus static knee alignment has been associated with disease initiation and progression 

(Brouwer et al., 2007; Sharma et al., 2010; Sharma et al., 2001). Additionally, as structural 

disease severity progresses in medial knee OA, the medial compartment begins to narrow, 
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resulting in a more varus alignment and the possibility for further accelerating this 

mechanism. 

Dynamic joint load likely affords a more applicable measurement regarding the 

mechanical environment during every day activities such as walking, compared to static 

measures. Walking, being a primary locomotor activity, has received significant attention as 

a means of evaluating joint loading patterns related to knee OA. Numerous investigations 

have reported strong relationships between higher dynamic joint load and knee OA disease 

severity. Though many are cross-sectional in design (Astephen et al., 2008b; Erhart-Hledik et 

al., 2015; Sharma et al., 1998), growing longitudinal evidence continues to support the 

hypothesis that dynamic load is related to knee OA progression (Bennell et al., 2011; Chehab 

et al., 2014; Miyazaki et al., 2002).  

1.5 The Biomechanics of Knee OA 

The use of gait as a model to investigate knee OA is ubiquitous within current 

literature and Andriacchi and Mundermann have outlined a theoretical model of knee OA 

initiation and progression based on gait biomechanics. The model states that healthy cartilage 

will continually adapt to the demands placed on the joint, maintaining a homeostatic 

equilibrium between cartilage synthesis and degradation, so long as the loading occurs in 

familiar regions within the joint (Andriacchi & Mundermann, 2006). Recent data have 

supported this, as variations in regional knee loading correlate with variations in regional 

cartilage thickness (Erhart-Hledik et al., 2015). When kinematic changes occur, due to a 

surgical intervention (for example, meniscectomy) (Erhart-Hledik et al., 2016; Titchenal et 

al., 2016), load is shifted away from the previously adapted cartilage to un-adapted regions 
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which may not have the integrity to withstand the altered load, and subsequent degradation 

begins (Andriacchi & Mundermann, 2006). However, this is not universal, as procedures like 

high tibial osteotomies (HTO) do result in load shifts away from the medial compartment and 

may offer improvements in symptoms and function (Birmingham et al., 2009). Once knee 

OA is initiated, further loading of the diseased cartilage can drive progression. Moreover, 

data exists indicating the possible relationship between kinematic changes at the knee and 

symptomatic progression in those with knee OA (Maly et al., 2008). Therefore, a thorough 

understanding of how joint loading, joint motion, cartilage degradation and patient reported 

outcomes relate to knee OA is necessary to properly target conservative treatment strategies. 

1.5.1 The Implications of Joint Loading in Knee OA 

Early research into the role of joint loading in articular cartilage degradation utilized 

animal models to understand this relationship. Radin et al subjected rabbits to repetitive knee 

loading over six weeks with aims to determine the relative sequence of tissue degradation 

due to repetitive loading. The resulting evidence indicated that such repetitive loading 

initiated subchondral bone stiffening prior to articular cartilage damage, which was then 

followed by metabolic up regulation (Radin et al., 1984). The stiffening of subchondral bone 

may diminish the force attenuating properties those structures possess, resulting in the 

cartilage sustaining higher proportions of the applied load. A later study by Chen et al 

utilized cultured canine articular cartilage which was subjected in vitro to either rapid or slow 

applications of repetitive loading. Cartilage damage was found to increase with greater 

applications of load and frequency, resulting in early signs of osteoarthritic changes in the 

cultured cartilage (Chen et al., 1999). These investigations presented compelling evidence for 

the mechanically instigated structural damage that may precede OA initiation. 
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While these initial studies provided important information relating cartilage load and 

cartilage health, they are limited by their inability to equate loading in vivo with cartilage 

health outcomes. As a result, new methods of measuring joint loading, particularly in 

humans, needed development. The role of dynamic gait analysis to achieve this has received 

significant attention in the research literature. 

1.5.2 The Knee Adduction Moment 

The most common outcome quantifying dynamic loading within the tibiofemoral 

joint in those with knee OA is the external knee adduction moment (KAM), a valid (Zhao et 

al., 2007) and reliable (Birmingham et al., 2007) proxy for the distribution of load across the 

tibial plateau during walking. Specifically, this moment tends to adduct the tibia relative to 

the femur and must be counteracted by an internal knee abduction moment (Schipplein & 

Andriacchi, 1991) which is predominantly generated by medial compartment compression. 

The KAM is primarily the product of the frontal plane GRF and the perpendicular distance 

between this vector and the knee centre of rotation (i.e. moment arm) (Figure 1.2). A study in 

2007 compared knee kinetics during walking via inverse kinematics and an implanted 

prosthesis in order to compare the internal (medial contact force) and external (KAM) 

loading environment of the knee (Zhao et al., 2007). In a single participant, the KAM was 

strongly correlated with medial contact force (R2=0.77) and medial-to-total contact force 

(R2=0.69) (Zhao et al., 2007). Therefore, we can be reasonably confident that increases in the 

KAM likely relate to increases in medial knee contact force, though other factors such as 

muscle forces are not accounted for. Nonetheless, the KAM is considered a useful outcome 

related to knee joint load, particularly in knee OA populations, and thus has been the focus of 

a number of investigations. 
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Figure 1.2: The external knee adduction moment. The GRF originates at the foot centre of 

pressure and is oriented approximately toward the total body centre of mass. It passes 

medially to the knee joint centre for most of the stance phase of gait, tending to adduct the 

tibia with respect to the femur in the frontal plane. The magnitude of the KAM is determined 

primarily by the length of the moment arm and the magnitude of the GRF.  

 

In recent years, the external knee flexion moment (KFM) has received increasing 

attention as an important variable in disease progression in addition to the KAM. Multiple 

cross-sectional studies have reported significant associations between the peak KFM and 

disease progression. A study of 180 individuals with varying degrees of knee OA observed, 

through principle component analysis, that individuals with knee OA walked with a reduced 
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KFM compared to asymptomatic individuals (Astephen et al., 2008a). This was replicated in 

a cohort of individuals with only moderate OA (Landry et al., 2007). A supporting 

investigation reported a more detailed description of this association (Erhart-Hledik et al., 

2015). Individuals with less severe OA walked with a higher (2.18 %BW*ht) KFM 

compared to those with more severe OA (2.04 %BW*ht) (Erhart-Hledik et al., 2015). 

Additionally, regression analysis found lower peak KFM magnitudes, were correlated (r=-

0.151) with posterior tibial cartilage thinning (Erhart-Hledik et al., 2015). It has been 

suggested, that abnormalities in the KFM have greater influence during early stages of the 

disease, while the KAM has greater influence in later disease states (Erhart-Hledik et al., 

2015). This differentiation could assist in improving early detection of the disease, and assist 

in targeting interventions at different stages of the disease. However, as the focus of this 

thesis is on ankle biomechanics, further examination of the KFM is beyond the scope of this 

document. 

1.5.3 The KAM and Disease Severity 

The implication of the KAM in the disease process has largely been based on cross-

sectional research over the past 30 years. Individuals with knee OA have been reported to 

exhibit a variety of distinct kinetic characteristics during gait. Though not universal, elevated 

KAM outcomes have been observed in those with symptomatic knee OA and include peak 

KAM (Baliunas et al., 2002), KAM impulse (Hall et al., 2017) and mid-stance KAM 

(Astephen et al., 2008a; Landry et al., 2007).  

A number of cross-sectional studies have been conducted with aims of determining 

how knee kinetics differs between individuals with and without knee OA. Sharma et al 

examined the relationship between the peak KAM and OA severity via structural and 
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metabolic markers in 54 individuals with symptomatic medial knee OA. Peak KAM 

magnitude was significantly higher in more severe (5.1 %BW*ht) compared to less severe 

knees (3.0 %BW*ht). After adjustment for age, sex and pain, peak KAM was found to 

strongly correlate with KL score (r=0.61, 0.71 for right and left knees, respectively) (Sharma 

et al., 1998). Specifically a strong negative correlation between joint space width (a marker 

of disease severity) and knee loading was observed; for every 1.0 %BW*ht of KAM increase 

(which equated to an approximate 29.4% increase in that cohort), joint space width was 

reduced 0.63mm (Sharma et al., 1998). Later, Baliunas et al. (2002) conducted gait analysis 

on 31 individuals with a range of disease severity and compared them to an equal number of 

age, weight and height matched controls. Though no discrete data were reported for the 

KAM, the authors indicated the presence of significantly higher peak KAM in those with 

knee OA compared to controls (Baliunas et al., 2002). Mundermann et al observed similar 

results when they evaluated lower extremity biomechanics in 42 patients with bilateral 

medial knee OA (Mundermann et al., 2005). The participants were grouped into 

asymptomatic, less severe (KL 1-2) and more severe (KL 3-4) knee OA. First peak KAM 

was reportedly 11.4% and 27.9% higher in more severe individuals compared to controls and 

those with less severe OA, respectively (Mundermann et al., 2005). More recently, using a 

similar stratification of severity, an investigation of 70 individuals indicated that the KAM 

was related to regional cartilage thinning within the knee joint. Peak KAM magnitude was 

0.59 %BW*ht higher (equating to a 21.8% difference) in the more severe group compared to 

less severe, and was moderately (R2=0.26) associated with medial-to-lateral cartilage 

thickness ratio, but only in the more severe group (Erhart-Hledik et al., 2015). These 
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investigations indicate that those in later stages of the disease present with elevated knee 

loading, which has the potential to further accelerate disease progression. 

A pair of studies (Astephen et al., 2008a; Astephen et al., 2008b) also investigated the 

relationship between gait biomechanics and knee OA severity. Gait analysis was conducted 

on 121 individuals grouped into asymptomatic (n=61), moderate (n=60) and severe OA 

(n=60). One of the studies (Astephen et al., 2008a) extracted discrete gait variables and 

observed that elevated mid-stance KAM was present in both OA groups compared to the 

asymptomatic group. The other study (Astephen et al., 2008b) conducted multivariate 

analyses to attempt to discriminate between the three severities of knee OA. All principal 

components of the KAM were found not to contribute to discrimination of any combination 

of asymptomatic, moderate and severe OA (Astephen et al., 2008b). The discrepancy 

between the studies may be due to the differing statistical methods utilized.  

Taken together, these cross-sectional studies suggest a possible link between 

increased KAM magnitudes and more severe structural disease. However, in order to more 

thoroughly understand the role knee kinetics have in structural disease progression, 

longitudinal studies must be considered. 

1.5.4 The KAM and Disease Progression 

Multiple longitudinal studies have investigated the role of knee joint loading and 

disease progression over time. A highly-cited study by Miyazaki et al followed a cohort of 

106 individuals with medial knee OA over six-years in which radiographic disease severity 

was evaluated at baseline and follow-up. It was observed that those with and without disease 

progression exhibited average baseline KAM values of 6.1 %BW*ht and 4.0 %BW*ht, 

respectively. On average, individuals experienced 1.4mm of joint space width loss, this 
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change was most strongly correlated (r=0.62) with baseline KAM magnitudes (Miyazaki et 

al., 2002), compared to knee alignment (r=0.41), pain (r=-0.37) and baseline joint space 

width (r=-0.25). Further regression analysis determined that for every 1.0 %BW*ht increase 

(approximately 25%) in KAM, the risk of disease progression was 6.46 times greater 

(Miyazaki et al., 2002). These results directly support the cross-sectional work which related 

both KAM and knee alignment to disease severity (Sharma et al., 1998; Sharma et al., 2001). 

Furthermore, in 16 individuals with medial knee OA, baseline peak KAM magnitudes were 

found to correlate with measures of cartilage thinning at a five-year follow-up assessment 

(Chehab et al., 2014). Specifically, baseline peak KAM magnitudes were associated with 

femoral (R2=0.40) and tibial (R2=0.41) medial-to-lateral cartilage thickness ratio, indicative 

of greater thinning of the medial compartment cartilage (Chehab et al., 2014).  

Bennell et al investigated KAM impulse, the area under the KAM-time curve 

(Nm*s/%BW*ht), as it related to disease progression measured via magnetic resonance 

imaging (MRI) in 144 participants. The measurement of KAM impulse is valuable as it takes 

into consideration the time under which a moment acts. Individuals with higher, compared to 

lower, KAM impulse at baseline exhibited greater cartilage volume loss at the 12-month 

follow-up (Bennell et al., 2011). Interestingly, peak KAM and KAM impulse were not 

associated with bone marrow lesion progression or cartilage defects (Bennell et al., 2011). 

After adjustment for a large number of confounders (age, gender and BMI among them), a 

regression analysis determined that for a 1.0% Nm.s/BW*ht increase (approximately 76.9% 

in this cohort) in KAM impulse a 29.2 mm3 loss of tibial cartilage volume was predicted 

(Bennell et al., 2011). Work by Chang et al reported similar findings in a cohort of 204 

individuals with medial knee OA over two years. Disease progression was determined in the 
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same manner, and investigators assessed bone marrow lesions, cartilage damage and regional 

cartilage thickness loss. Among a number of significant correlations, peak KAM and KAM 

impulse at baseline were both associated with tibial and femoral cartilage thickness loss 

(≥5%) in multiple sub regions (β range: 1.25-12.16) (Chang et al., 2015). KAM impulse 

alone was also associated with bone marrow lesion progression (OR range: 1.52-3.29) 

(Chang et al., 2015), a contrasting result compared to the earlier reported findings (Bennell et 

al., 2011). 

In further support of the relationship between higher knee loading and disease 

progression, Hatfield et al examined biomechanical predictors of disease progression (those 

who progressed to total knee arthroplasty (TKA)) over a 5-8-year period in 54 individuals 

with medial knee OA. Using principal component analysis, the authors reported increased 

overall KAM magnitude and decreased difference between early and mid-stance KAM 

magnitude in those that progressed to TKA compared to those that did not (Hatfield et al., 

2015). This is evidence that those with a greater risk of disease progression exhibit gait 

patterns indicative of increased overall medial knee loads and reduced mid-stance unloading, 

increasing the duration under which the knee experiences higher loads.  

Overall, fairly compelling evidence exists implicating higher dynamic knee load in 

OA pathogenesis. Though, in comparison to previously mentioned factors associated with 

OA (knee injuries, obesity, and static alignment), the dynamic loading environment of the 

knee is readily modifiable. Therefore, conservative treatments which aim to reduce the KAM 

are an important research and clinical objective. Thus, if treatment strategies can favourably 

modify the KAM, attenuating disease progression may be possible, which could delay the 

need for surgical or pharmacological interventions and benefit both the individual as well as 
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the health care system. Therefore, conservative treatments which aim to reduce the KAM are 

an important research and clinical objective.  

1.5.5 The KAM and Pain 

It is important to consider the entire disease state when discussing the characteristics 

of knee OA, particularly patient reported outcomes like pain or discomfort. Knee pain is the 

most common and debilitating of all symptoms in knee OA and is suggested to 

predominantly be of mechanical origin (Felson, 2005; Maly et al., 2008). Some aspects of 

disease progression, such as worsening of bone marrow lesions, a mechanically induced 

disease characteristic, could also increase the risk of pain occurrence (Felson et al., 2001). 

Thus, the relationship between knee pain and joint loading may have implications in how 

clinicians approach treatment.  

A 2010 study by Henriksen et al demonstrated that experimental knee pain, induced 

via hypotonic saline injection to the infrapatellar fat pad of healthy participants can incite 

biomechanical alterations that reduce both frontal and sagittal plane knee moments 

(Henriksen et al., 2010). The reductions in KAM within the pain-induced healthy group were 

similar to the natural KAM magnitudes of the less severe (KL≤2) knee OA group (Henriksen 

et al., 2010). A follow-up investigation (Henriksen et al., 2012) in 137 individuals with 

symptomatic knee OA supported these findings. Those with less severe knee OA exhibited a 

negative relationship (β=-0.167) between pain intensity and peak KAM, indicating that lower 

KAM magnitudes were associated with greater pain (Henriksen et al., 2012). However, those 

with more severe OA (KL≥2) exhibited a slight positive relationship (β=0.081), though with 

KAM impulse (Henriksen et al., 2012). An investigation by Hurwitz et al corroborated these 

findings. It was observed that individuals with knee OA who reported an increase in pain 
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over a two-week period exhibited significant decreases in KAM, while those who reported 

decreases in pain exhibited a nonsignificant trend towards increases in KAM (Hurwitz et al., 

2000). These findings suggest that for those with less severe knee OA, the presence of pain 

may result in a protective feedback loop by altering the gait biomechanics of the individual 

in such a way that the KAM is reduced. The fact this relationship does not exist in those with 

severe knee OA may contribute to the elevated KAM magnitudes found in more severe 

cohorts, possibly leading to accelerated disease progression. Overall, these investigations 

suggest pain may have a protective effect on joint load though one can only speculate with 

this level of evidence.  

1.6 Treatment of Knee OA 

Three key treatment options have traditionally been proposed for those with OA: 

surgical interventions, pharmacological pain management and obesity reduction (Bombardier 

et al., 2011). With the exception of obesity reduction, these interventions are costly 

(Bombardier et al., 2011) and carry significant risks of side effects. A variety of surgical 

options are available to those with knee OA, particularly those who have reached end stages 

of disease (Richmond, 2013). A detailed description of these procedures is beyond the scope 

of this thesis; however, a brief list of common procedures is provided. Arthroscopic surgery 

may be a less invasive option, though it is predominantly indicated for the removal of loose 

cartilage bodies or the repair of meniscal tears as a result of disease progression (Richmond, 

2013). High tibial osteotomies have been indicated for more active individuals with medial 

knee OA, and involve the insertion of a bone wedge into the proximal tibia (Richmond, 

2013). In effect, this procedure restores some level of normal alignment within the knee, thus 
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resulting in a beneficial redistribution of knee load away from the medial compartment. 

Typically reserved for end stage disease and older individuals (>70 years of age), TKA is a 

significant surgery involving the replacement of the tibial plateau, femoral condyles, or 

(more commonly) both, with a synthetic joint surface. Patient satisfaction varies with TKA 

and a concern for a revision of the implant is present in younger patients opting for TKA, as 

the maximum lifespan of the implant is approximately 20 years (Richmond, 2013). However, 

this procedure has been generally successful in the short and long term (Ethgen et al., 2004; 

Nilsdotter et al., 2009).  

Pain management may be another treatment arm for those with knee OA. A large 

variety of drug types exist and are commonly prescribed for those with knee OA (Vaishya et 

al., 2016). Non-steroidal anti-inflammatory drugs (i.e. Ibuprofen), acetaminophen 

(Paracetamol) and even opioid drugs, among many others are used to manage the symptoms 

of osteoarthritis. However, side effects and complications are a risk when using these drugs 

and their use should be considered carefully (Dieppe et al., 2004; Vaishya et al., 2016). 

Furthermore, the possibility of increasing joint load may be another concern when using pain 

reducing medication (Schnitzer et al., 1993). 

Non-pharmacological and non-surgical options exist as well. Among generalized 

physical therapy and exercise aimed at muscle strengthening and weight loss, gait 

modification offers an attractive conservative approach to treating knee OA progression, with 

the potential to alter both joint biomechanics as well as pain, and is the focus of this thesis. 

Gait modification can involve many different strategies (Simic et al., 2010) which take 

advantage of different mechanisms to achieve a similar goal. These strategies have garnered 
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significant attention, due to their relative ease of implementation, low cost and effectiveness 

(Simic et al., 2010). 

1.6.1 Gait Modification 

Several gait modification-based interventions have been examined for their ability to 

reduce KAM magnitudes in people with knee OA. Typically, such approaches centre on 

indirectly reducing KAM by changing one or both of its primary component parts (moment 

arm or GRF). Crucially, the KAM is more strongly associated with the frontal plane moment 

arm about the knee joint than the peak frontal plane GRF (Hunt et al., 2006). This would 

suggest that alterations which predominantly function to reduce the knee frontal plane 

moment arm are likely more optimal and may provide a better value in KAM change for a 

given amount of patient burden. 

A variety of differing modifications have been investigated including trunk lean 

(Simic et al., 2012), medial knee thrust (Fregly et al., 2007), and foot rotation (Lynn et al., 

2008; Shull et al., 2013a) with wide ranging reductions in KAM magnitudes reported (Simic 

et al., 2010). Though these modifications have demonstrated favourable reductions of the 

KAM, they may not be equivalently feasible due to differences in comfort and ease of 

performance, or even aesthetics. Indeed, within the literature, changes in foot rotation have 

been the predominant method of gait modification for KAM reductions in people with knee 

OA (Simic et al., 2010), likely due to greater feasibility. 

Toe-in (TI) and toe-out (TO) foot rotation are measured as the angle of the long axis 

of the foot with respect to the global coordinate system of the lab (Simic et al., 2013), and 

when combined with the line of forward progression of the body, are sometimes used to 

calculate foot progression angle (Figure 1.3). Both TI and TO walking act by translating the 
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GRF vector closer to the centre of the knee joint via the lateralization of the centre of 

pressure of the foot (Chang et al., 2007), thus reducing the moment arm of the KAM (Reeves 

& Bowling, 2011). Typically, TO walking exhibits a reduction in late stance peak KAM, 

while TI walking can reduce early stance peak KAM (Reeves & Bowling, 2011). Though it 

is prudent to note that TO walking in particular, has the potential to increase early stance 

knee flexion moment magnitudes as well (Jenkyn et al., 2008), which should be considered 

when assessing the total loading environment about the knee joint. 

 

Figure 1.3: Foot rotation. An illustration of three foot rotations relative to the direction of 

walking. Toe-out foot rotation values are generally presented as negative, while Toe-in foot 

rotation values are typically presented as positive.  

 

Cross-sectional data from healthy participants has demonstrated a significant inverse 

correlation between KAM magnitudes and TO angles (Andrews et al., 1996). Specifically, 

Andrews et al observed a low, but significant, inverse correlation (r=-0.44), wherein those 

with greater TO angles exhibited lower KAM values during late stance (Andrews et al., 

1996). Another investigation in a healthy population observed significant decreases in late 

stance KAM and mediolateral shear force during TO walking (Lynn et al., 2008). 
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Specifically, during TO (mean foot rotation value of -40.2°, representing 40.2° in the 

direction of toe-out/external foot rotation) compared to normal (mean value of -18.5°) 

walking, group mean late stance KAM magnitudes were significantly reduced by 0.33 

Nm/kg, a very large 94% reduction (Lynn et al., 2008), though likely due to the large TO 

angle performed. This is likely not a feasible change in a disease population. Additionally, no 

difference was observed in early stance KAM during TI (mean foot rotation value of +9.1°,  

representing 9.1° in the direction of toe-in/internal foot rotation) or TO walking, while TI 

walking resulted in an increase in late stance KAM of 0.13 Nm/kg (31% in this cohort) 

compared to normal walking (Lynn et al., 2008). 

Subsequent studies on the effect of single-session gait modification showed more 

modest reductions in KAM magnitudes due to foot rotation changes. Guo et al investigated a 

pain free population, observing a 0.9 %BW*ht reduction (39% in this cohort) in the group 

mean second peak KAM while walking with increased TO (mean value of -18.6°) compared 

to natural (mean value of -2.0°) walking (Guo et al., 2007). In follow-up to their study in 

healthy individuals, Lynn and Costigan examined the effect of TI, natural and TO foot 

rotation on knee loading during walking in individuals with medial knee OA. Toe-out 

walking (mean of -17.1°) resulted in group mean late stance KAM reductions in this cohort 

of 0.09 Nm/kg (22.5%) and 0.08 Nm/kg (20.5%) compared to natural foot rotation (mean 

value of -7.5°) and TI walking (mean value of 4.4°) respectively (Lynn & Costigan, 2008). 

No reductions, particularly during early stance KAM were observed while TI walking, with 

respect to natural walking (Lynn & Costigan, 2008). Therefore, in both healthy individuals as 

well as those with medial knee OA, TO walking can reduce the KAM, while the benefit of TI 

walking remains unclear. 
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A study by Simic et al followed previous research with a more expansive assessment 

of five different foot rotation angles during walking. Twenty-two individuals with 

symptomatic medial knee OA were instructed to walk with +10° TI, neutral, -10°, -20° and -

30° TO, though participants reported difficulty reaching -30° (Simic et al., 2013). During TI 

walking (mean of +9.7°) compared to natural gait (mean of -4.5°) a 0.26 %BW*ht reduction 

(6.9% in this cohort) in group mean early stance KAM was observed, while late stance KAM 

and KAM impulse increased  (22% and 5.7% respectively in this cohort) (Simic et al., 2013). 

Conversely, TO walking (mean value of -12.6° and -20.8°) compared to natural gait elicited 

a group mean increase (4.8% and 9.4% respectively) in early stance KAM while reducing 

late stance KAM by 0.33 %BW*ht (15.6%) and 0.75 %BW*ht (35.5%) respectively, in this 

cohort. Furthermore, the authors observed larger TO angles reduced the KAM impulse with a 

dose response effect (Simic et al., 2013). Another 2013 study supported the findings 

regarding TI walking, wherein modest TI walking (5° from natural) reduced early stance 

KAM by 13% in this cohort (Shull et al., 2013a). These data suggest that TI and TO walking 

result in favourably altered frontal plane loading patterns within the knee. However, these 

modifications must be investigated over extended periods of time to better determine their 

feasibility, in addition to the effects on patient reported outcomes. 

Based on these previous investigations, initial research examining the implementation 

of multi-session gait modification programs provided the necessary confirmation that foot 

rotation was a viable conservative treatment for medial knee OA (Hunt & Takacs, 2014; 

Shull et al., 2013b). First, Shull et al performed a six-week TI gait retraining program in ten 

symptomatic individuals with knee OA. The authors utilized real-time haptic-feedback and a 

fading feedback design to guide the TI modification resulting in favourable alterations to 
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knee joint loading. From natural walking at baseline (mean value of -2.1°) participants 

achieved TI walking (mean value of +5.1°) after the six-weeks of training (Shull et al., 

2013b). At follow-up, the group mean early stance KAM was significantly reduced by 0.5 

%BW*ht (16.1% in this cohort) compared to baseline. Furthermore, at the one-month 

retention visit, group mean early stance KAM maintained a reduction of 0.4 %BW*ht (14% 

in this cohort) compared to baseline. Measures of pain and function were also all reduced at 

both time points compared to baseline. Therefore, TI walking has the potential to be an 

effective form of gait modification, though anecdotal evidence suggests it may be more 

difficult to perform, compared to TO walking. 

More recently, Hunt and Takacs conducted a ten-week TO gait modification program 

in 15 individuals with symptomatic medial knee OA. Real-time biofeedback in the form of a 

foot rotation trace projected on a screen was used to guide the TO modification. Participants 

were instructed to increase their TO by -10° (i.e. more TO), though on average an increase of 

only -6.7° was achieved by follow-up (Hunt & Takacs, 2014). A group mean reduction in 

late stance peak KAM of 0.30 %BW*ht (10.5% in this cohort) at follow-up was reported. 

Additionally, significant reductions in pain as measured by Western Ontario and McMaster 

University Osteoarthritis Index (WOMAC) (28.4% in this cohort) and numerical rating scale 

(NRS) (42.2% in this cohort) as well as function were exhibited after the ten-week program 

(Hunt & Takacs, 2014). Importantly, this study demonstrated that individuals with knee OA 

could feasibly perform this modification with relatively high confidence and reports of only 

moderate difficulty (Hunt & Takacs, 2014). These preliminary studies demonstrate evidence 

that TI and TO gait modification may be effective conservative treatment strategies for 

medial knee OA. However, these studies are limited by the fact they did not investigate 
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muscle activation patterns during their respective interventions. This is important as it does 

not take into consideration the influence muscle has on internal knee joint kinetics or the 

presence of elevated muscle activation which may indicate high demands placed on a given 

muscle due to the intervention. Furthermore, the effects of foot rotation alterations on joints 

other than the knee were not investigated. In particular, ankle joint biomechanics may be 

different due to a change in how the foot contacts the ground when walking. 

1.6.2 Ancillary Effects of Foot Rotation Modifications 

Foot rotation alterations have been associated with changes in activation patterns of 

some lower extremity muscles in both healthy populations and those with knee OA (Lynn & 

Costigan, 2008). Due to the implications muscle activation patterns likely have on knee joint 

loading (Schipplein & Andriacchi, 1991; Shelburne et al., 2006; Winby et al., 2009), it is 

logical that these patterns are also considered in joints other than the knee. Previous 

investigations of muscle activation patterns during foot rotation-based gait modifications are 

limited, and have only focused on the thigh and gastrocnemii muscles.  

The aforementioned study by Lynn and Costigan examined the difference in medial 

versus lateral hamstring activation while performing TO, natural and TI walking patterns (-

17.1°, -7.5°, and +4.4° respectively). Group mean medial to lateral hamstring activation ratio 

was observed to significantly decrease with TO (0.51) compared to normal walking (0.66) in 

this cohort, indicating a preferential activation of the lateral hamstrings (Lynn & Costigan, 

2008). More recently, Rutherford et al investigated the effects of instructing individuals to 

increase their natural TO by -10° (more TO) on muscle activation patterns of the upper and 

lower leg (Rutherford et al., 2010). Seventeen individuals with symptomatic knee OA and 20 

asymptomatic controls were compared. Those with knee OA increased their group mean TO 
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angle (-21.7°) from natural (-6.6°) while asymptomatic controls similarly increased to -21.6° 

from natural (-4.9°). Both groups within this cohort exhibited a shift of the gastrocnemius 

activation burst later into stance (Rutherford et al., 2010). Additionally, those with knee OA 

exhibited an increase in overall quadriceps activation as well as prolonged duration of 

activation (Rutherford et al., 2010). Consequently, modifications to foot rotation during 

walking may have significant effects on muscle activation requirements of the lower legs in 

those with knee OA. Apart from these investigations, little is known regarding muscle 

activation patterns of the lower leg, particularly the muscles which control the ankle and foot, 

and are therefore likely sensitive to changes in ankle and foot kinematics. 

Alterations to foot rotation during the stance phase of walking likely influence ankle 

kinematics, though little is known in this regard. When the foot is rotated away from neutral 

during the stance phase of walking, the ankle is subsequently rotated and therein will 

undergo changes in joint motion as the foot contacts the ground differently. Frontal plane 

ankle motion in particular is likely influenced by TI and TO walking, as the frontal plane 

ground reaction force component is significantly different than during natural walking 

(Simpson & Jiang, 1999). Possible frontal plane ankle kinematic changes, particularly 

excessive eversion, may also cause foot or ankle discomfort. This was supported, though due 

to lateral wedges, wherein greater eversion (mean of -4.3°) of the ankle due to the lateral 

wedge was associated with more foot discomfort compared to (-3.3°) frontal plane ankle 

motion while walking without a wedge (Hatfield et al., 2016). Furthermore, a recent 

investigation observed that the presence of foot or ankle pain (particularly of the contralateral 

extremity), in those at risk of developing knee OA, was associated with an increased risk of 

developing knee symptoms and symptomatic knee OA (Paterson et al., 2016). Therefore, 
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possible foot or ankle pain brought on by foot rotation alterations may place individuals at 

risk of developing more knee symptoms in the contralateral limb. However, to the author’s 

knowledge, there is no research to date specifically examining ankle biomechanics during TI 

or TO walking.  

1.7 Thesis Rationale, Objectives and Hypotheses 

1.7.1 Thesis Rationale  

Gait modifications, specifically TI and TO walking, have elicited favourable knee 

joint load alterations for those with medial knee OA. However, considering the literature to 

date regarding this treatment strategy, a more thorough understanding of the biomechanical 

alterations that may occur at joints other than the knee is still needed. This is particularly 

important in order to identify possible adverse effects that could influence the successful 

implementation of TI and TO walking as a conservative treatment approach for medial knee 

OA. 

Specifically, given that foot rotation is inherently linked to foot and ankle movement, 

a better understanding of foot and ankle kinematics during foot rotation modifications will 

provide relevant information on any potential negative consequences of this gait 

modification, despite known mechanical benefits at the knee. Further, with little data 

regarding loading at the ankle, it is imperative that ankle joint loading characteristics are 

investigated during TI and TO walking, considering that there likely are kinematic 

differences. Lastly, knowledge of muscle activation requirements to perform these 

movements will assist in the development of supplementary exercise programs to enable 

patients to perform these movements successfully. 
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No known research exists regarding ankle joint kinetics during TI and TO walking. 

This is problematic as alterations of foot position during walking will likely affect the 

relative position of the GRF and the ankle joint centre, albeit to a lesser degree than the knee. 

It has been suggested that TO walking could alter the frontal plane ankle moment (Wang et 

al., 1990). However, the consequences of alterations in ankle joint loading, beneficial or 

otherwise, are largely unknown. Accordingly, investigating ankle joint loading during TI and 

TO walking is warranted to illuminate possible areas of interest in longer duration clinical 

investigations. 

Muscle activation of the lower leg has not been substantially investigated, specifically 

during foot rotation modifications. The sparse data that has been reported does indicate that 

differences in the gastrocnemii muscles may exist (Rutherford et al., 2010). With expected 

alterations in both lower leg kinematics and kinetics, it follows that activation patterns of 

other lower leg muscles will likely differ when TI or TO walking. 

The present study is the first to investigate lower leg biomechanics during a variety of 

foot rotation walking patterns specific to conservative treatment of medial compartment knee 

OA. It provides relevant data that has the potential to meaningfully inform the clinical 

implementation of these walking patterns. Moreover, the following results may assist in 

identifying supplementary treatment modalities such as targeted lower leg muscle 

strengthening, that have the potential to improve TI and TO walking performance while 

minimising adverse effects. 
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1.7.2 Objectives 

The primary objective of this investigation was to examine lower leg kinematics, 

kinetics and EMG during TI and TO walking patterns in those with symptomatic medial knee 

OA. Specifically, we sought to: 

i. Compare ankle kinematics during +10° toe-in, 0°, -10° and -20° toe-out walking 

in those with medial knee OA 

ii. Compare knee and ankle kinetics during +10° toe-in, 0°, -10° and -20° toe-out 

walking in those with medial knee OA 

iii. Compare lower leg muscle activation during +10° toe-in, 0°, -10° and -20° toe-

out walking in those with medial knee OA 

1.7.3 Hypotheses 

The hypotheses of the present study were based on the limited data in existence 

regarding ankle biomechanics during walking with altered foot rotations and general 

biomechanical rationale. Specifically, we hypothesized: 

i. While walking with increased TO angles, participants will exhibit altered ankle 

kinematics compared to 0° and +10° TI. 

a. Increased peak ankle eversion angle  

b. Increased ankle eversion angle excursion 

ii. While walking with increased TO angles, participants will exhibit altered knee 

and ankle kinetics compared to 0° and +10° TI. 

a. Decreased peak KAM and KAM impulse during the second half of stance 

(late stance); TI walking will elicit decreased peak KAM and KAM 

impulse during the first half of stance (early stance) 
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b. Increased ankle eversion moment 

iii. While walking with increased TO angles, participants will exhibit altered lower 

leg root mean square (RMS) and peak muscle activity compared to 0° and +10° 

TI. 

a. Increased RMS and peak peroneus longus (PL) and lateral gastrocnemius 

(LG) muscle activity; TI walking will elicit increased RMS and peak 

tibialis anterior (TA), medial gastrocnemius (MG) and soleus (SO) muscle 

activity 
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Chapter 2: Introduction 

OA is a painful, disabling disease and can result in significant reductions in quality of 

life (Salaffi et al., 2005). In Canada specifically, OA is a leading cause of long-term physical 

disability and the cause of significant economic impact (Bombardier et al., 2011). Nationally, 

more than 10% of adults are afflicted by OA with cumulative costs exceeding $28 billion 

annually (Bombardier et al., 2011). Osteoarthritis commonly occurs in the patellofemoral and 

tibiofemoral joints, though within the tibiofemoral joint the medial compartment is typically 

more affected (Hinman et al., 2014). Given the expected dramatic rise in the prevalence of 

OA in the coming years, there is an urgent need for treatments that can effectively manage 

symptoms and slow disease progression, all while minimizing economic costs and side 

effects.  

It is generally accepted that knee OA progression is influenced by excessive joint 

load (Andriacchi & Mundermann, 2006). The external knee adduction moment (KAM) in 

particular, is acknowledged as a surrogate of knee joint load distribution during walking 

(Zhao et al., 2007) and has received significant attention over the years, as its relationship 

with disease progression specific to medial compartment knee OA is well established 

(Bennell et al., 2011; Chang et al., 2015; Chehab et al., 2014; Hatfield et al., 2015). Notably, 

a 25% increase in KAM during walking has been associated with a 6.46 times greater risk of 

disease progression over six years (Miyazaki et al., 2002), while the area under the KAM 

curve (KAM impulse) has been associated with significant increases in tibial cartilage 

volume loss over a one year period (Bennell et al., 2011). Therefore, identification of load-

normalizing treatments may have the potential to slow disease progression 
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One approach involves the altering of foot rotation during walking. External (TO) 

and internal (TI) rotation of the foot has been shown to influence KAM magnitudes during 

single-session gait modification sessions (Simic et al., 2013). Longer-term studies with 

multiple training sessions have advanced these findings. Shull et al conducted a six-week TI 

gait modification program resulting in a group mean reduction of the early stance KAM by 

20% (based on mean TI increases of 7°), and clinically significant reductions in knee pain 

(Shull et al., 2013b). Hunt and Takacs conducted a ten-week TO gait modification program 

and reported a group mean reduction in late stance KAM of 10.5% with reductions in 

WOMAC pain and total scores (Hunt & Takacs, 2014). These studies provide initial 

evidence of the efficacy of TI and TO gait modification as a conservative treatment for knee 

OA that may provide beneficial biomechanical and clinical outcomes. However, altering foot 

rotation during walking, despite its positive influence on the knee joint, may have potentially 

deleterious effects on more distal joints of the lower leg, such as the ankle, which may 

detract from the overall benefits or require supplementary treatment approaches. 

Foot rotation changes during walking are likely to be associated with ankle joint 

biomechanics. However, to our knowledge, no data currently exists examining 

biomechanical changes at the ankle joint during TI and TO walking in people with knee OA. 

If gait modification strategies such as foot rotation changes are to be implemented clinically, 

it is important to more thoroughly understand how these modifications affect areas of the 

lower limb apart from the knee. Furthermore, if overall lower limb biomechanics, including 

muscle activation requirements, are altered in comparison to natural walking, targeted 

muscle strengthening exercises may be useful as a supplementary treatment and as a means 

of improving performance.  



34 

 

Therefore, the purpose of the present study was to provide a comparison of ankle 

joint biomechanics and lower leg muscle activation patterns while performing TI and TO 

walking patterns by people with medial compartment knee OA. We examined four different 

foot rotation conditions known to produce changes in the KAM in people with knee OA; 

+10° TI, 0°, -10° and -20° TO. Our specific objectives were to measure ankle joint 

kinematics, kinetics and EMG of the periarticular ankle muscles while walking in the four 

conditions. It was hypothesized that walking with a TO pattern will exhibit greater peak 

ankle eversion angles, eversion excursion, eversion moments, and peroneus longus and 

lateral gastrocnemius RMS muscles activation; when compared to 0° and +10° TI walking. 

Meanwhile, TI walking would exhibit increases in peak and RMS muscle activity of the TA, 

MG and SO, compared to TO walking. 
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Chapter 3: Methods 

3.1 Study Design 

This was a within-subject, repeated measures study examining lower leg 

biomechanics during 10° TI (TI10), neutral 0° (ZR), 10° TO (TO10) and 20° TO (TO20) 

walking in individuals with medial compartment knee OA. All participants were screened for 

the study by the candidate as per inclusion and exclusion criteria listed below in sections 

3.2.1 and 3.2.2, respectively. All eligible participants were issued a consent form prior to any 

data collection. The testing sessions occurred in a single testing session at the Motion 

Analysis and Biofeedback Laboratory, located within the University of British Columbia 

Hospital. Testing consisted of established biomechanical data measurement techniques 

capturing kinematics, kinetics and EMG during level over ground walking in four different 

foot rotation conditions in addition to natural (NT) self-selected walking. Data analysis was 

completed by the candidate. 

3.2  Study Participants 

All participants were initially screened via phone or email conversation by the 

candidate to determine their preliminary eligibility for the study. In-person, physical 

screening was then conducted to determine a prospective participant’s eligibility for the 

study, namely natural foot rotation angle (section 3.2.2-2) and any balance or coordination 

issues that could affect their performance of the foot rotation conditions or walking on a 

treadmill. Participants were then required to undergo radiographic imaging of the knee (if a 

radiograph in the last 18 months was not available) to confirm medial knee OA. Study limb 
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selection was based on the knee which presented with predominantly medial knee OA. 

However, in the event that an eligible participant had bilateral knee OA on radiograph, the 

most symptomatic knee was chosen. 

3.2.1 Inclusion Criteria 

Participants were deemed eligible if they met the following criteria: 

1. 50 years of age or greater 

2. Radiographic evidence of medial knee OA with a KL grade ≥2 (graded by Dr. 

Michael Hunt and Natasha Krowchuk) 

3. Knee pain on most days of the previous month 

4. Comfortable with walking on a treadmill 

5. Able to walk intermittently for 40 minutes 

3.2.2 Exclusion Criteria 

Exclusion criteria were predominantly aimed at ensuring participants did not have 

any comorbidities that could affect their walking performance. Criteria two below was aimed 

at excluding individuals who had a significant natural, self-selected TI or TO angle which 

could result in excessive difficulty or discomfort when attempting the foot rotation 

conditions at the other end of the foot rotation spectrum. Criteria seven was intended to 

reduce the risk of adverse effects during performance of the walking patterns being 

examined. Specifically, the exclusion criteria included: 

1. Greater radiographic KL grade in the lateral compartment compared to the medial 

compartment 

2. Foot rotation (TI or TO) during natural walking greater than ±15° 

3. Diagnosis of an inflammatory arthritic condition 
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4. History of TKA at any time, or arthroscopic knee surgery within the past six 

months 

5. Recent use of corticosteroids 

6. Requiring the use of a gait aid during walking 

7. Self-reported foot pain 

8. Cardiovascular disease that would prevent participation in a moderate intensity 

bout of exercise. 

9. Non-English speaking 

3.2.3 Sample Size 

No previous investigations to the candidate’s knowledge have directly compared 

ankle biomechanics across different foot rotations during walking. Therefore, studies which 

examined KAM differences during TI and TO walking of similar amounts to those used in 

the present study were utilized to inform a sample size calculation.  

Previous research has reported variable effect sizes regarding the effect of TI and TO 

walking on peak KAM. Specifically, effect sizes based on early and late stance KAM 

decreases during foot rotation alterations from natural walking range from 0.23 to 1.55 (Guo 

et al., 2007; Shull et al., 2013a; Simic et al., 2013). Due to the widely varying effect sizes 

reported in the literature, and the aim of the present study to investigate ankle, as opposed to 

knee biomechanics, a conservative effect size was most optimal. Therefore, the average of 

the lowest two effect sizes was calculated (0.35); which was utilized in the sample size 

estimation for use in the repeated measures analyses of variance (ANOVA) tests. With an 

effect size of 0.35 (α = 0.05, power = 0.80), it was determined that a minimum of 13 

participants was necessary (G*Power 3.1.9.2) (Faul et al., 2007).  
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3.3 Instrumentation 

Lower leg kinematic, kinetic and EMG data were collected synchronously from 

participants as they walked across a 10m level wooden walkway. Three-dimensional 

kinematic data were sampled at 100 Hertz (Hz) using a 14-camera motion capture system 

(Motion Analysis Corporation, Santa Rosa, CA). Forty-seven passive retroreflective markers 

(Figure 3.1) were initially affixed to the skin over various anatomical landmarks similar to a 

previously published marker set intended to measure similar outcomes (Hatfield et al., 2016). 

Bilaterally, markers were affixed to the anterior superior iliac spines (ASIS), anterior aspects 

of both thighs and shanks, lateral femoral epicondyles, lateral malleoli and the second 

metatarsal heads. A single marker was placed over the sacrum. Four rigid plastic plates with 

four markers each were affixed bilaterally over the lateral aspects of the thighs and shanks. A 

four-marker cluster was affixed bilaterally over the medial, lateral and posterior aspects of 

the calcanei (Figure 3.1, inset). Additionally, ten extra markers affixed bilaterally over the 

greater trochanters, medial femoral epicondyles, medial malleoli, and the first and fifth 

metatarsal heads were utilized during static calibration trials to estimate joint centres and 

establish marker orientations.  

One floor mounted force platform (Advanced Medical Technology Inc., Watertown, 

MA) sampling at 2000Hz, collected GRF data for a single foot strike during each walking 

trial. Additionally, two photoelectric timers were placed at fixed locations along the walkway 

and were utilized to track walking velocity during walking trials.  
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Figure 3.1: Marker placement. Forty-seven markers were affixed to the skin where 

possible to reduce movement artifact. The inset depicts a close up of the marker cluster 

placed on the calcanei. Ten markers were removed prior to walking trials. 

 

Lower leg muscle activity was measured using five wireless bipolar surface EMG 

electrodes (Delsys Inc., Natick, MA) sampling at 2000Hz. Electrodes were placed parallel to 

the muscle fibres over the midpoint of the muscle bellies of the medial gastrocnemius, lateral 

gastrocnemius, soleus, tibialis anterior and peroneus longus (Figure 3.2) in accordance with 

international guidelines (SENIAM) (Hermens et al., 2000). Electrode placement was 

validated via palpation and targeted isometric contractions. Prior to placement, each muscle 

site was marked, lightly shaved and cleaned using a 70% alcohol wipe.  
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Figure 3.2: Wireless electrode placement. Five wireless electrodes were affixed to the skin 

over the muscle bellies of five lower leg muscles. Tape was then utilized to secure the 

electrodes in place (not shown, for clarity). 

 

3.4 Data Collection 

Participants first completed a general medical history questionnaire to rule out any 

previously withheld exclusion criteria. Next, participants completed a four-question NRS to 

assess knee pain and restrictions to daily activity during the week prior to testing (0 = “no 

pain or restriction”, and 10 = “The most pain or restriction possible”). Thereafter, the 

WOMAC questionnaire (Likert version; 0 = none to 4 = severe) was administered in order to 

characterize each participant’s pain (score range: 0-20), stiffness (0-8) and physical function 
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(0-68) during common activities (total score: 0-96). The WOMAC was developed in part for, 

and validated in, knee OA populations (Bellamy et al., 1988). Higher scores are indicative of 

more pain and stiffness, and physical dysfunction. It is often utilized for the characterization 

of a sample population in knee OA studies, but also as a marker of change. 

3.4.1 Initial Participant Preparation 

Preparation began with the placement of the five EMG electrodes on the study limb 

as outlined previously (section 3.3). In order to both verify the location of the sensors, as 

well as provide a measure of relative muscle activation, participants completed four 

maximum voluntary isometric contraction  (MVIC) motions, manually resisted by the 

candidate and according to established guidelines (Hermens et al., 2000). The motions 

utilized for the MVIC data collection included; 1) ankle eversion, 2) ankle dorsiflexion, 3) 

seated ankle plantarflexion and 4) standing single leg ankle plantarflexion. The first three 

MVIC motions were performed in high sitting with the knee joint at 90°; the fourth MVIC 

motion was performed while standing on one leg (study leg) and the hands resting on an 

adjacent table for balance with the study knee at approximately 0°. Each MVIC motion was 

performed first as a practice, followed by two recorded trials at maximal effort that lasted 

three seconds each. Ten to thirty seconds of rest were provided between MVIC trials to 

ensure the participant was recovered and prepared to provide maximal effort again. After 

each MVIC motion was completed, a single resting trial was conducted in which the 

participant was asked to lay supine and completely relax. Data from this trial provided a 

measure of ambient muscle activity (resting bias), theoretically in the absence of any 

voluntary activation. 
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Next, participants were fitted with 47 retro-reflective markers affixed according to the 

details provided previously (section 3.3). The heel marker group was further secured to the 

skin with tape in order to minimize the chance that these markers would fall off during the 

succeeding walking trials. Participant height and foot width were also recorded for use in 3D 

modeling. An initial static trial while standing on the force platform was conducted to 

determine joint centres and marker orientations, as well as to measure body mass. After the 

static trial, the ten extra markers (outlined above) were removed and a template trial was 

completed. The template trial permitted the display of segment kinematics in real-time. 

Thereafter, participants were directed to practice walking on the walkway in order to 

establish optimal start positioning and their starting step leg to ensure foot strikes would 

occur on the force platform (this intention was not revealed to the participant). All walking 

was performed barefoot. 

3.4.2 Natural Over Ground Walking Trials 

Participants were asked to walk across the platform in their natural walking pattern, 

and at a self-selected speed, until a minimum of five foot strikes were recorded. The average 

time to pass between the photoelectric timers among the five trials was calculated. All 

subsequent over ground walking trials were kept to within ±5% of this average time. Trials 

that were performed outside of this acceptable range were not analyzed.  

3.4.3 Gait Modification – Treadmill Training 

Thereafter, the treadmill was placed in the centre of the room and participants were 

provided with approximately 2-3 minutes to become accustomed to walking on the treadmill, 

while also determining the speed at which they felt most comfortable walking (speed was 

held constant across conditions). A custom-made protractor was then placed under the study 
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limb foot and aligned with the direction of the treadmill belt (Figure 3.3). The foot was 

aligned with the specific foot rotation angle required by the given condition and the motion 

capture-derived foot rotation angle magnitude in this static position was used as the target 

guideline during the treadmill training (Hunt et al., 2014). The guideline consisted of a single 

vertical line (Figure 3.4b) at the specific foot rotation magnitude required for the condition. 

Foot rotation angle was defined as the angle of the long axis of the foot (distal calcaneal 

marker to the second metatarsal head marker) in reference to the horizontal plane of the 

global coordinate system (the lab). Participants were familiarized with what the foot rotation 

angle signal looked like (Figure 3.4a) and the specific aspect of the signal corresponding 

with foot flat (Figure 3.4c) that they were to match with the guideline. Importantly, 

participants were instructed on how to manipulate the foot rotation angle signal in order to 

achieve the required target. 
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Figure 3.3: Foot placement on the protractor. The foot was placed on the protractor in line 

with the given condition’s required foot rotation angle. The foot rotation angle magnitude 

while the foot was in this position was then used to determine the guideline position on 

screen to direct treadmill training. 
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Figure 3.4: Treadmill walking set up. A participant walking on the treadmill with the foot 

rotation angle projected (a) on the screen in real time, the guideline (b) used to direct gait 

modification for each condition, and (c) the component of the signal during foot flat.  

 

Each training condition consisted of five minutes of treadmill walking to practice 

with the biofeedback followed by walking trials on the walkway in which participants were 

asked to reproduce the practiced foot rotation (see section 3.4.4). The four conditions 

consisted of +10° TI, 0°, -10° and -20° TO, and were performed in a randomized order. The 

order was determined by random number generation, used to sort the order of the four 

conditions for each participant in ascending order based on the random numbers. The 

randomization was performed for all participants prior to the first data collection.  

3.4.4 Gait Modification – Over Ground Walking Trials 

Following treadmill training for each condition, participants walked in both directions 

along the level walkway and trials were recorded until a minimum of five walking passes 
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satisfied all of the following requirements: 1) clean strike on the platform with the study 

limb; 2) walking velocity within ±5% of their natural velocity; and 3) the foot rotation angle 

was deemed accurate by the candidate. In regard to the third condition, the candidate utilized 

the real-time biofeedback signal and guideline (defined above) as well as visual assessment 

of the marker trajectories of the foot segment to approximate the accuracy of the participant’s 

foot rotation for a given condition. Verbal feedback was provided between walking trials to 

encourage a subsequent successful walking pass.  

3.4.5 Self-Reported Assessment of Modified Gait 

After each condition, participants were asked a series of questions on an 11 point 

NRS. Firstly, participants were asked to individually rate their ankle, knee and hip joint 

discomfort (0 = “no discomfort”, 10 = “most discomfort possible/imaginable”). Next, 

participants were asked to rate their overall self-perceived difficulty in achieving the given 

target angle for the condition (0 = “no difficulty”, 10 = “most difficulty 

possible/imaginable”). Upon conclusion of all conditions, participants were asked to select 

their “most preferred” and “least preferred” walking condition. 

3.5 Data Analysis 

All kinematic and kinetic data were normalized to a percent of the stance phase of 

gait, and EMG data were normalized to a percent of the total gait cycle to best illustrate the 

ensemble average. Stance phase was defined as the period between heel strike and toe-off of 

the study limb, while a gait cycle was defined as the period between a heel strike and the 

subsequent heel strike of the study limb. 
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3.5.1 Stride Selection 

All successful walking trials (including natural walking trials) were analyzed as part 

of standard post-processing. After data were filtered and modeled (see section 3.5.2 and 

3.5.3), the foot rotation angles during the period of foot flat were calculated for each trial. 

Foot flat was defined as the period between 15%-50% of the stance phase of a given stride, 

as previously suggested (Simic et al., 2013). All the trials were then sorted in ascending order 

according to each stride’s difference from the four target condition values, regardless of 

when the trial was performed. For example, a trial with -12° of foot rotation would be sorted 

higher (less difference, therefore more accurate) than -15°, when determining trials to include 

for analysis of the TO10 condition. All trials were considered for all conditions, as the 

primary goal of the present study was to examine ankle biomechanics during specific foot 

rotations, not to evaluate a participant’s ability to perform a given foot rotation immediately 

after training. After sorting, the five trials closest to a given condition’s requirement were 

selected for further analysis and ensemble averaging. A cut off of ±5° of difference was 

utilized, and a given trial was only utilized for one condition; thus, not all conditions had five 

trials for analysis for all participants. 

3.5.2 Kinematic Data 

Marker trajectories were filtered using a fourth order low-pass Butterworth filter (cut-

off frequency = 6 Hz) in Cortex (Motion Analysis Corp, Santa Rosa, CA). Data were then 

exported into Visual 3D (C-Motion Inc., Rockville, MD) for modeling of the foot, shank, 

thigh, and pelvis segments according to the joint coordinate system (Grood & Suntay, 1983). 

The rear-foot segment was defined by the lateral and medial calcaneal markers and the first 

and fifth metatarsal head. The shank segment was defined proximally by the medial and 
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lateral femoral epicondyles and distally by the medial and lateral malleoli. The thigh segment 

was defined by the medial and lateral femoral epicondyles, the ASIS and the hip joint centre 

(Bell et al., 1989). The pelvis segment was defined by the ASIS markers and the sacral 

marker. The orientation of the heel marker group, shank and thigh plate markers with respect 

to the segment definition markers were utilized to track motion of the specific segment 

during walking trials. 

Segment coordinate systems are illustrated in figure 3.5. The origin of the rear-foot 

coordinate system was located at the midpoint between the medial and lateral calcaneal 

markers. The anterior-posterior axis was oriented to the midpoint of the first and fifth 

metatarsal markers, the medial-lateral axis was oriented from the medial to lateral calcaneal 

markers, and the vertical axis was orthogonal to the other two axes. The origin for the shank 

coordinate system was located at the midpoint between the femoral epicondyle markers. The 

vertical axis was oriented to the midpoint of the lateral and medial malleoli, the anterior-

posterior axis was oriented orthogonal to the plane formed by the four segment definition 

markers, and the medial-lateral axis was oriented orthogonal to the other two axes. The 

origin for the thigh coordinate system was located at the hip centre. The vertical axis was 

oriented to the midpoint of the lateral and medial femoral condyles, the anterior-posterior 

axis was oriented orthogonal to the plane formed by the four segment definition markers, and 

the medial-lateral axis was oriented orthogonal to the other two axes. The origin of the pelvis 

segment was located at the midpoint between the two ASIS markers. The medial-lateral axis 

was oriented to the right ASIS marker, the vertical axis was oriented orthogonal to the 

medial-lateral axis, and the anterior-posterior axis was orthogonal to the medial-lateral and 

vertical axes. 
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All joint angles were computed as the distal segment relative to the proximal 

segment, with the exception of foot rotation. As previously outlined, foot rotation was 

calculated with respect to the horizontal plane of the global coordinate system. A Cardan 

XYZ sequence of rotations and six degrees of freedom were used for all biomechanical 

calculations (Grood & Suntay, 1983). 

 

Figure 3.5: Illustration of the segment coordinate systems. a) pelvis, b) thigh, c) shank, d) 

foot segment coordinate system as represented in Visual 3D. e) represents the kinematic foot 

segment coordinate system which was projected onto the horizontal plane of the lab to 

normalize ankle joint angles during the static calibration trial. 

 

Discrete outcome measures were extracted from the walking trials for each condition. 

Kinematic outcome measures included: ankle joint angles in the sagittal and frontal planes, 

and excursion in the frontal plane (defined as the difference between the frontal plane angle 
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at heel strike and the peak frontal plane angle during stance). Ensemble averages for the 

ankle sagittal and frontal plane angles were generated by averaging all time-normalized data 

from participants’ trials for each condition.  

Additionally, spatiotemporal outcomes were extracted including: gait velocity, stride 

length, and stride width. Gait velocity (m/s) was defined as stride length divided by stride 

time. Stride length (m) was defined as the distance between the proximal end position of the 

foot segment at ipsilateral consecutive heel strikes. Stride width (m) was defined as the 

mediolateral distance between the proximal end position of the foot at ipsilateral heel strike 

to the proximal end position of the foot at the next contralateral heel strike.  

3.5.3 Kinetic Data 

Raw GRF data were filtered with a fourth order low-pass Butterworth filter (cut-off 

frequency = 50Hz). External joint moments were computed within Visual 3D using inverse 

dynamics and were normalized to body mass (Nm/kg). External joint moments about the 

ankle and knee in the frontal plane were computed. Ensemble averages for ankle and knee 

moments were generated using the same methods utilized for kinematic data described 

above. 

3.5.4 EMG Data 

Processing of EMG data primarily occurred using a custom MATLAB script 

(Mathworks Inc., Natick, MA). Prior to determining peak MVIC magnitudes and computing 

outcome measures from the walking trials, all EMG data were filtered and quality checked. 

First, resting muscle activity was subtracted from all MVIC and walking trials. All EMG data 

were then converted from arbitrary units to volts, and the known 48 millisecond time delay 

between the sensors and the motion capture software was removed. Next, the signals were 
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bandpass filtered with a second order Butterworth filter from 20-500Hz. Thereafter, a 

frequency spectrum was plotted to quality check for noise in the signals. If noise was present 

in an EMG signal for a given muscle during a trial, that muscle’s data for that trial were 

excluded. Finally, the signals were full wave rectified and again filtered with a fourth order 

low-pass Butterworth filter at 25Hz. This process resulted in rectified and filtered EMG data 

which were then time and amplitude normalized. 

All walking trial EMG data were time normalized to a percentage of the gait cycle. In 

order to relate EMG data across participants, data from each muscle during each walking 

condition was calculated as a percentage of the respective muscle’s peak MVIC magnitude 

(%MVIC). To perform this normalization, EMG data from each MVIC trial were averaged 

using a 100ms moving window, from which the maximum average magnitude within a given 

100 millisecond window, for a given muscle, was taken as the peak MVIC for that muscle. 

This represented the maximum electrical activity detected under the electrode during the 

MVIC trials. Candidate inspection confirmed that the peak was due to muscle activity and 

not noise. Each walking trial was then amplitude normalized to the specific muscle’s peak 

MVIC magnitude previously calculated.  

The RMS and peak EMG magnitude for each muscle during each of the walking 

trials in a condition were averaged and exported. RMS was calculated by taking the sum of 

the squared individual amplitude points and dividing it by the time constant, followed by the 

square root of the sum. Peak EMG was then identified as the maximum signal magnitude of 

a muscle in a single trial. Ensemble averages were generated for each muscle in each 

condition. 

A list of all outcome measures used in this study are summarized in Table 3.1. 
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Table 3.1: List of outcome measures. Biomechanical and patient reported outcome 

measures assessed during over ground walking trials. 

Category Outcome (units) 

Spatiotemporal  Gait velocity (m/s)  
 Stride length (m)  
 Stride width (m) 

Kinematics  Foot rotation angle during foot flat (°) 

 Ankle Joint  
 Sagittal plane angle at heel strike (°)  
 Frontal plane angle at heel strike (°)  
 Peak frontal plane angle during stance (°)  
 Frontal plane angle excursion (°) 

Kinetics Ankle Joint  
 Peak frontal plane moment (Nm/kg)  
Knee Joint  
 Early stance peak KAM (Nm/kg)  
 Late stance peak KAM (Nm/kg)  
 Total KAM impulse (Nm/kg*s)  
 Early stance KAM impulse (Nm/kg*s)  
 Late stance KAM impulse (Nm/kg*s) 

Electromyography RMS  
 LG, MG, SO, TA, PL muscles (%MVIC)  
Peak  
 LG, MG, SO, TA, PL muscles (%MVIC) 

Patient Reported 

Outcomes 
Discomfort 
 Ankle/foot, knee and hip (0-10)  
Difficulty 

  Difficulty of performing foot rotation (0-10) 

 

3.5.5 Statistical Analysis 

Descriptive statistics were reported as means (standard deviation (SD)) across 

participants. All data were screened for normality and sphericity using Shapiro-Wilk tests 

(Ghasemi & Zahediasl, 2012) and Mauchley’s test, respectively. If Mauchley’s test was 

violated, a Greenhouse-Geisser adjustment was performed. To examine the within-subject 

differences in outcomes (see Table 3.1) across the walking conditions, repeated measures 
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ANOVAs were conducted with an alpha level set at 0.05. Pairwise comparisons were 

conducted utilizing a post-hoc Bonferroni correction across the four conditions (k=6). 

Statistical analyses were performed using the Statistical Package for the Social Sciences 

software (SPSS V. 22; IBM Corp., Armonk, NY). 
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Chapter 4: Results 

4.1 Participant Demographics 

Participant demographic data are reported in Table 4.1. Fifteen individuals were 

recruited for the study between September 2016 and April 2017. All participants had bilateral 

(73.3%) or unilateral (26.7%) medial compartment knee OA as determined by radiographic 

assessment. A total of 46.7% of participants exhibited radiographic signs of knee OA 

severity indicative of a KL score of 2 and 53.3% had a KL score of 3; no participant had a 

KL score of 4. During NT walking participants exhibited a mean (SD) of -7.7° (8.1°) TO foot 

rotation. 
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Table 4.1: Demographic, questionnaire and radiographic data. Mean (SD) data for all 

participants included in the study.  

 
Outcome (n=15) 

Sex (M:F)  6:9 

Age (years)  67.9  

(9.4) 

Height (m)  1.67  

(10.7) 

Body Mass (kg) 
75.6  

(15.0) 

BMI (kg/m2)  26.7  

(3.7) 

Laterality (bilateral:unilateral) 11:4 

KL Score (n) 2 7 

 3 8 

 4 0 

NRS (0-10)  2.3  

(1.5) 

WOMAC Pain (0-20) 
4.4  

(2.2) 

 Stiffness (0-8) 
3.0  

(1.3) 

 Function (0-68) 
15.4  

(8.0) 

 Total (0-96) 
22.8  

(10.1) 

Natural foot rotation angle (°) 
-7.7  

(8.1) 

BMI, body mass index; KL, Kellgren and Lawrence grading scale of osteoarthritis severity; NRS, numeric 

rating scale of pain during walking in the last week; WOMAC, Western Ontario and McMaster University 

Osteoarthritis Index (higher scores = worse pain, stiffness or function)  
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4.2 Spatiotemporal Outcomes 

Spatiotemporal outcomes were examined for main effects across all conditions and 

are reported in Table 4.2. No significant main effects were observed between conditions for 

gait velocity (p=0.985) and stride length (p=0.738). However, a significant main effect 

(p=0.022) was observed for stride width. Pairwise comparisons revealed significantly 

increased stride width (p=0.020) in the TI10 condition compared to ZR. 

Table 4.2: Spatiotemporal data. Mean (SD) for spatiotemporal data for all conditions. 

Outcome 
Condition 

TI10 ZR TO10 TO20 

Gait Velocity (m/s) 
1.22 

(0.11) 

1.22 

(0.11) 

1.23 

(0.11) 

1.22 

(0.11) 

Stride Length (m) 
1.31 

(0.14) 

1.31 

(0.14) 

1.31 

(0.15) 

1.31 

(0.14) 

Stride Width (m) 
0.15 

(0.03)* 

0.12 

(0.03) 

0.12 

(0.03) 

0.12 

(0.03) 

*significantly different than ZR condition. Results are considered significant if p<0.05. 

 

4.3 Kinematic Outcomes 

Kinematic outcomes were examined for main effects across all conditions and are 

reported in Table 4.3. A significant main effect (p<0.001) was observed for foot rotation 

angles and pairwise comparisons indicated all the conditions were significantly different 

from each other (p<0.001). A significant main effect (p<0.001) for sagittal plane ankle 

angles at heel strike was observed. Pairwise comparisons revealed the TI10 condition 

exhibited significantly increased dorsiflexion angles at heel strike compared to both the ZR 

(p=0.004) and TO10 (p=0.014) conditions. The TO20 condition also exhibited increased 
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dorsiflexion angles at heel strike compared to both the ZR (p=0.003) and TO10 (p<0.001) 

conditions.  

A significant main effect (p<0.001) for frontal plane ankle angles at heel strike was 

also observed. Pairwise comparisons revealed the TI10 condition exhibited significantly 

increased inversion ankle angles compared to the ZR (p=0.004), TO10 (p<0.001) and TO20 

(p<0.001) conditions. The TO20 condition also resulted in significantly decreased inversion 

angles compared to the ZR (p=0.003) and TO10 (p=0.014) conditions; while the ZR and 

TO10 conditions did not differ from each other. A significant main effect (p<0.001) was 

observed for peak frontal plane ankle angles during stance. Pairwise comparisons revealed 

the TI10 condition exhibited significantly decreased ankle eversion compared to the TO10 

(p=0.011) and TO20 (p=0.011) conditions.  

Lastly, a significant main effect (p<0.001) for frontal plane ankle angle excursion was 

observed. Pairwise comparison revealed the TI10 condition exhibited significantly increased 

frontal plane ankle excursion compared to the TO10 (p=0.005) and TO20 (p<0.001) 

conditions. Additionally, the ZR condition resulted in significantly increased frontal plane 

ankle angle excursion compared to TO20 (p=0.004), but not TO10. Ensemble average curves 

for sagittal and frontal plane ankle angles are presented in Figure 4.1. 
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Table 4.3: Kinematic data. Mean (SD) for foot rotation (°) and ankle kinematic (°) data for 

all conditions. 

Outcome 
Condition 

TI10 ZR TO10 TO20 

Foot rotation angle (°) 
+10.1  

(1.6)*†‡ 

-0.1  

(2.1)§†‡ 

-10.3  

(1.3)§*‡ 

-20.0  

(0.9)§*† 

Sagittal plane ankle angle      

 

At heel strike (°) 
0.7  

(2.9)*† 

-1.4  

(2.8)§‡ 

-1.8  

(3.4)§‡ 

0.8  

(3.0)*† 

Frontal plane ankle angle     

 

At heel strike (°) 
7.1  

(4.1)*†‡ 

4.2  

(4.7)§‡ 

2.8  

(3.7)§‡ 

1.6  

(3.5) §*† 

 
Peak during stance (°) 

-1.5  

(3.1)†‡ 

-2.9  

(3.7) 

-3.5  

(3.0)§ 

-3.9  

(3.1)§ 

 
Excursion (°) 

8.6 

 (2.3)†‡ 

7.1  

(3.1)‡ 

6.3  

(2.9)§ 

5.4  

(5.6)§* 

§significantly different than TI10; *significantly different than ZR; †significantly different than TO10; 

‡significantly different than TO20; (+) values indicate toe-in, dorsiflexion and inversion, (-) values indicate toe-

out, plantarflexion and eversion; Results are considered significant if p<0.05. 
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Figure 4.1: Sagittal and frontal plane ankle angle ensemble averages. The (a) sagittal and 

(b) frontal plane ankle angle curves are presented as a percent of stance. Positive values 

indicate dorsiflexion and inversion while negative values indicate plantarflexion and 

eversion. 
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4.4 Kinetic Outcomes 

Kinetic outcomes were examined for main effects across all conditions and are 

reported in Table 4.4. A main effect (p=0.641) was not observed for peak frontal plane ankle 

moments. However, significant main effects for early (p<0.001) and late stance KAM 

(p<0.001) magnitudes were observed. Pairwise comparison revealed peak early stance KAM 

magnitudes were significantly different (highest: p=0.037, lowest: p<0.001) among all 

conditions; TI exhibited the lowest magnitude while TO20 exhibited the highest magnitude. 

Additionally, pairwise comparison revealed peak late stance KAM magnitudes were 

significantly different (highest: p=0.021, lowest: p<0.001) among all conditions; TI exhibited 

the highest magnitude while TO20 exhibited the lowest magnitude.  

No main effect (p=0.065) was observed for total KAM impulse, however early 

(p<0.001) and late stance (p<0.001) KAM impulse did elicit significant main effects. 

Pairwise comparisons revealed early stance KAM impulse was significantly different 

(highest: p=0.014, lowest: p<0.001) among all conditions; TI exhibited the lowest impulse 

while TO20 exhibited the highest impulse. Additionally, pairwise comparisons revealed that 

late stance KAM impulse was significantly different (highest: p=0.002, lowest: p<0.001) 

among all conditions except between TI and ZR (p=0.051); TI exhibited the highest mean 

impulse while TO20 exhibited the lowest mean impulse. Ensemble average curves for ankle 

and knee frontal plane moments are presented in Figure 4.2. 
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Table 4.4: Kinetic data. Mean (SD) for frontal plane ankle and knee moments (Nm/kg) and 

moment impulses (Nm/kg*s) for all conditions.  

Outcome 
Condition 

TI10 ZR TO10 TO20 

Ankle Joint     

 

Peak frontal plane moment 

(Nm/kg) 

-0.13 

(0.07) 

-0.13 

(0.07) 

-0.14 

(0.06) 

-0.14 

(0.06) 

Knee Joint     

 

Early stance peak KAM (Nm/kg) 
0.41 

(0.13)*†‡ 

0.46 

(0.15)§†‡ 

0.49 

(0.16)§*‡ 

0.53 

(0.16)§*† 

 

Late stance peak KAM (Nm/kg) 
0.50 

(0.14)*†‡ 

0.45 

(0.14)§†‡ 

0.39 

(0.13)§*‡ 

0.34 

(0.13)§*† 

 

Total KAM impulse (Nm/kg*s) 
0.20 

(0.07) 

0.20 

(0.07) 

0.20 

(0.07) 

0.19 

(0.07) 

 

Early stance KAM impulse 

(Nm/kg*s) 

0.08 

(0.03)*†‡ 

0.10 

(0.04)§†‡ 

0.11 

(0.04)§*‡ 

0.11 

(0.04)§*† 

 

Late stance KAM impulse 

(Nm/kg*s) 

0.11 

(0.04)†‡ 

0.10 

(0.04)†‡ 

0.08 

(0.04)§*‡ 

0.07 

(0.04)§*† 

KAM, knee adduction moment. §significantly different than TI10; *significantly different than ZR; 

†significantly different than TO10; ‡significantly different than TO20; (+) values indicate adduction and 

inversion moments, (-) values indicate abduction and eversion moments; Results are considered significant if 

p<0.05. 
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Figure 4.2: Frontal plane ankle and knee moment ensemble averages. The ankle (a) and 

knee (b) moment curves are presented as a percentage of the stance phase of gait. Positive 

values represent external inversion and adduction moments, while negative values represent 

external eversion and abduction moments. 
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4.5 EMG Outcomes 

Electromyographic outcomes were examined for main effects across all conditions 

and are reported in Table 4.5. A significant main effect was observed for LG (p=0.004) and 

MG RMS (p=0.008) muscle activity. Pairwise comparison revealed TI10 exhibited 

significantly increased (p=0.03) LG RMS muscle activity compared to TO20, however no 

significant pairwise comparisons were revealed for MG RMS. A significant main effect 

(p=0.001) was observed for peak MG muscle activity, however pairwise comparison did not 

reveal any significant differences between conditions. Ensemble average curves for the 

muscle activity of all five muscles are presented in Figure 4.3. 
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Table 4.5: Electromyographic data. Mean (SD) for the RMS (%MVIC) and peak 

(%MVIC) muscle activity of the MG, LG, SO, TA and PL muscles for all conditions. 

Outcome 
Condition 

TI10 ZR TO10 TO20 

RMS muscle activity     

 Medial Gastrocnemius (%MVIC) 
10.08  

(3.69) 

11.59  

(4.49) 

12.11  

(4.75) 

12.43  

(5.17) 

 Lateral Gastrocnemius (%MVIC) 
13.79  

(5.89)‡ 

12.32  

(6.07) 

10.84  

(5.23) 

10.11  

(5.02)§ 

 Soleus (%MVIC) 
16.11  

(4.85) 

15.49  

(4.72) 

14.80  

(6.32) 

15.74  

(6.15) 

 Tibialis Anterior (%MVIC) 
15.22  

(5.11) 

14.40  

(5.69) 

14.16  

(3.22) 

14.95  

(5.65) 

 Peroneus Longus (%MVIC) 
14.41  

(5.34) 

13.46  

(2.81) 

13.25  

(3.31) 

13.48  

(4.04) 

Peak muscle activity     

 Medial Gastrocnemius (%MVIC) 
31.47  

(11.44) 

34.02  

(13.69) 

39.26  

(15.27) 

39.55  

(15.98) 

 Lateral Gastrocnemius (%MVIC) 
41.86  

(17.10) 

40.18  

(19.32) 

36.75  

(15.85) 

35.21  

(16.71) 

 Soleus (%MVIC) 
50.39  

(23.57) 

42.90  

(12.04) 

43.71  

(18.34) 

48.63  

(16.77) 

 Tibialis Anterior (%MVIC) 
40.05  

(11.71) 

38.84  

(13.52) 

39.01  

(8.44) 

41.12  

(16.39) 

 Peroneus Longus (%MVIC) 
43.04  

(13.42) 

39.20  

(8.13) 

37.73  

(8.48) 

39.94  

(11.05) 

RMS, root mean square. §significantly different than TI10; ‡significantly different than TO20; Results are 

considered significant if p<0.05. 
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Figure 4.3: Muscle activation ensemble averages. The (a) MG, (b) LG, (c) SO, (d) TA and 

(e) PL muscle activation waveforms are presented as a percentage of the gait cycle for all 

conditions. 
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4.6 Patient Reported Outcomes 

Difficulty of performance, walking condition preference and discomfort were 

examined for main effects across all conditions and are reported in Table 4.6. A significant 

main effect (p=0.001) for the rating of difficulty performing the condition was observed. 

Pairwise comparison revealed participants rated TI10 as more difficult (p=0.006) compared 

to ZR; however, TI10 was not significantly more difficult that TO10 or TO20. The TI10 

condition was most frequently indicated as “least preferred” while TO20 was second most 

frequently indicated. The ZR condition was rated as the “most preferred” condition while 

TO10 was second most frequently indicated. No main effects (p>0.05) were observed for 

ankle/foot, knee or hip discomfort during walking. 
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Table 4.6: Patient reported data. Mean (SD) for patient reported outcomes for all 

conditions, except for preference which is the number of participants who indicated the 

condition as most or least preferred.  

Outcomes 
Conditions 

TI10 ZR TO10 TO20 

Difficulty (0-10) 
3.6  

(2.3)* 

1.2  

(1.4) 

1.9  

(1.6) 

2.8  

(2.0) 

Preference (participants)     

 Least 8 1 0 6 

 Most 1 8 4 2 

Discomfort (0-10)     

 Ankle/Foot 
0.7  

(1.3) 

0.5  

(1.3) 

0.5  

(1.0) 

0.6  

(1.1) 

 Knee 
0.8  

(1.5) 

0.8  

(1.0) 

1.1  

(1.4) 

1.3  

(1.1) 

 Hip 
0.3  

(0.5) 

0.2  

(0.4) 

0.3  

(0.6) 

0.1  

(0.4) 

*significantly different compared to the ZR condition. Results are considered significant if p<0.05.   
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Chapter 5: Discussion 

The purpose of the present study was to examine ankle biomechanics during single 

session TI and TO gait modification in those with medial compartment knee OA. The present 

study demonstrated that while walking with TI and TO foot rotation, the biomechanics of the 

ankle are indeed altered. Specifically, our first hypothesis was partially supported as group 

mean ankle eversion angles were increased (more everted) during TO10 and TO20 compared 

to TI10, but not compared to ZR. Additionally, frontal plane ankle excursion was 

significantly increased in TI10 compared to TO10 and TO20. Furthermore, we observed a 

significant increase in ankle inversion angle at heel strike in the TI10 compared to all other 

conditions, while TO20 was significantly decreased compared to all other conditions, while 

ZR and TO10 did not differ. The second hypothesis was also partially supported as group 

means for early stance KAM and KAM impulse were decreased during TI10 compared to all 

other conditions. Furthermore, group means for late stance KAM and KAM impulse were 

decreased during the TO10 and TO20 conditions compared to all other conditions. However, 

peak frontal plane ankle moments were not significantly different across all conditions. 

Finally, the third hypothesis was not supported as the few results were in direct opposition to 

our initial hypothesis. Specifically, TI10 exhibited significantly increased LG RMS 

compared to TO20.  

Overall, participants rated the difficulty of TI10 as significantly higher than ZR, 

however the other conditions were not significantly more or less difficult compared to one 

another. There were no differences in pain in any location across conditions. The preceding 

results would suggest that ankle biomechanics are altered during single session TI and TO 
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gait modification, however, there does not appear to be a consistent trend for a given 

condition, and the relevance of these alterations to possible adverse events are unclear. 

5.1 Interpretation of Findings 

Our findings partially support our primary hypothesis that during TO walking 

compared to TI walking, greater peak ankle eversion angles during stance would be 

exhibited. In opposition to our primary hypothesis, TI walking exhibited increased frontal 

plane ankle excursion compared to TO10 and TO20. This is the first study, to our 

knowledge, that has examined frontal plane ankle kinematics during TI and TO walking. 

Therefore, it is difficult to determine the implications in the small, but significant, observed 

differences between conditions. However, ankle eversion has been positively correlated 

(r=0.59) with decreases in KAM magnitudes (Levinger et al., 2013), therefore any 

hypothetically detrimental effects of increased eversion must be considered in this light. Our 

cohort exhibited a 33% and 39% increase in peak ankle eversion angle during TO10 and 

TO20 respectively, relative to ZR.  

The observed differences in eversion may be due to the specific lower extremity 

kinematics associated with TO walking. That is, when TO walking, the ankle joint is 

externally rotated along with the foot which likely results in the lateral aspect of the heel 

contacting the ground. Therefore, instead of the heel rocker action occurring primarily in the 

sagittal plane, a portion of the heel rocker action is transferred to the frontal plane of the 

ankle as the stance phase of gait progresses from heel strike to foot flat. The present study 

partially supports this through the decrease in the ankle inversion angle exhibited at heel 

strike during TO10 and TO20. Conversely, TI walking requires the internal rotation of the 
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ankle joint, likely resulting in a more medial contact point between the foot and ground. 

Therein a similarly altered heel rocker action likely occurs, but in the direction of inversion, 

instead of eversion. These speculations are likely further supported by the pattern of frontal 

plane ankle joint loading during loading response. Though we did not directly conduct a 

statistical analysis on such an outcome, Figure 4.2a shows a consistent trend towards more 

eversion with greater TO angles, while TI10 exhibits a clear increase in inversion moment at 

this point in stance. As such, during TO walking, the moment would tend to evert the ankle 

joint and during TI walking the moment would tend to invert the ankle. However, the clinical 

implications of alterations to frontal plane ankle kinematics are not yet clear. 

The connection between increased ankle eversion angles and clinically relevant 

implications such as discomfort are not clear, despite a connection being commonly 

suggested in the literature. Two systematic reviews and meta-analyses identified generally 

limited evidence supporting the link between static (Neal et al., 2014) and dynamic (Dowling 

et al., 2014) everted foot posture and the risk of lower extremity injuries, though the included 

studies typically consisted of younger healthy individuals. Those with knee OA often exhibit 

a more everted and less mobile rear-foot compared to their asymptomatic counterparts 

(Levinger et al., 2012) and the presence of flat foot postures conferred a 1.3 and 1.4 times 

greater risk of also having knee pain and knee cartilage damage, respectively, compared to 

more neutral or cavus foot postures (Gross et al., 2011). Lateral wedge insole use in those 

with knee OA may provide indirect support for the connection between greater ankle 

eversion angles and discomfort. Lateral wedge insoles have the potential to reduce KAM 

(Arnold et al., 2016), but also increase peak ankle eversion angles (mean difference 1.07°, 

0.77° respectively) and discomfort compared to a medially supported wedge condition 
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(Hatfield et al., 2016; Jones et al., 2013). The addition of a medial arch support to the lateral 

wedge insole, which reduced ankle eversion angles, also decreased discomfort (Hatfield et 

al., 2016; Jones et al., 2013). It has been suggested that the increased ankle eversion angles 

due to lateral wedge insoles are driving discomfort via increased medial ankle and 

longitudinal arch stress (Jones et al., 2013). In support, a cadaver study demonstrated that 

inversion and eversion of the ankle can decrease the contact area and increase the average 

pressure per unit area of the articulations between the talus and the distal tibiofibular surfaces 

(Calhoun et al., 1994), a possible mechanism for discomfort.  

The present study did not observe any significant differences in discomfort between 

walking conditions for any joint despite differences in ankle eversion angles of similar 

magnitudes (largest mean difference 1.4°) compared to the lateral wedge insole studies 

mentioned previously. This may be explained by the fact participants were walking in each 

condition for no more than 15 minutes, which was likely not a long enough time period to 

elicit detectable changes in discomfort, if any were present. As such, further investigation is 

required to determine whether increased peak ankle eversion angles associated with TO 

walking have the potential to cause ankle joint discomfort over the longer-term. However, in 

the interim, the prescription of TO walking to individuals already exhibiting ankle eversion 

should be done with care. 

Ankle inversion at heel strike was significantly increased during TI10 compared to 

ZR, TO10 and TO20 with mean differences ranging from 2.9° to 5.5°. Ankle inversion may 

be exhibited as a means of maintaining the required TI foot rotation position as the foot 

comes into contact with the ground. Though, it is not known whether increased ankle 

inversion is a consequence or product of TI walking. Furthermore, the implications of such 



72 

 

an increase in inversion during heel strike are not known. The observed increase in ankle 

inversion at heel strike likely drove the increase in frontal plane ankle excursion in the TI10 

condition compared to TO10 and TO20. However, this increase may not have significant 

implications, as the range of motion exhibited in the TI10 condition was within the 

physiological frontal plane range of motion of the ankle (Brockett & Chapman, 2016; Perry, 

1992).  

Though we did not offer a hypothesis regarding sagittal plane ankle kinematics, we 

did examine ankle flexion at heel strike. We observed that during TI10 and TO20, 

participants contacted the ground with less plantarflexion (slightly dorsiflexed) at heel strike. 

With no data that we know of that corroborates this finding; we may only offer a tentative 

explanation. Due to TI10 and TO20 being the furthest foot rotation conditions from our 

cohort’s natural foot rotation, the dorsiflexed ankle position may have been a result of trying 

to maintain a relatively foreign foot rotation position during heel strike and delay foot flat to 

ensure the foot was placed correctly. However, the differences in ankle angles are small 

(within 2°) and thus are likely not clinically relevant. 

Contrary to our secondary hypothesis, peak ankle joint moments did not significantly 

differ across conditions. Changes to mediolateral GRF properties can occur during TO 

walking (Simpson & Jiang, 1999), however the direct impact of altered GRF properties on 

ankle moments are not known. Although a shift in the centre of pressure of the foot is likely 

occurring during TI and TO walking (Jenkyn et al., 2008; Shull et al., 2013a), the ankle joint 

centre is in close proximity to the centre of pressure in early stance, thus the potential for a 

change in the ankle joint moment arm is quite small. Despite this, it has been reported that an 

increase in ankle eversion moments when walking with a lateral wedge insole can occur 
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(Chapman et al., 2015; Hatfield et al., 2016; Jones et al., 2013). However, the mediolateral 

centre of pressure changes due to lateral wedge insoles are lower (Maly et al., 2002) 

compared to TI and TO walking. Thus, difference in ankle eversion moments are likely due 

to another factor, such as medial displacement of the ankle joint centre. Of course, the centre 

of pressure was not measured in the present study and therefore we may only speculate. 

Nonetheless, a lack of change in ankle eversion moments across conditions is a positive 

result in regard to the use of TI and TO walking considering the role increased joint moments 

can play in joint diseases, such as knee OA. 

Our results provide continued support for the load altering effects of TI and TO 

walking at the knee joint. Similar to previous work (Guo et al., 2007; Lynn & Costigan, 

2008; Shull et al., 2013a; Simic et al., 2013), TI walking decreased the early stance peak 

KAM (group mean difference of 0.05 Nm/kg) while TO walking decreased the late stance 

peak KAM (group mean difference of 0.11 Nm/kg). Simultaneously, TI walking increased 

late stance peak KAM while TO walking increased early stance peak KAM, which is in 

agreeance with previous reports (Simic et al., 2013). The TO10 condition elicited greater 

reductions in knee kinetic outcomes (16.7% reduction in late stance peak KAM in this 

cohort) compared to TI10 (10.9% reduction in early stance peak KAM in this cohort) relative 

to ZR. Expectedly, the TO20 condition elicited an even larger decrease in late stance peak 

KAM (24.4% reduction in this cohort) compared to ZR. These values are similar, though 

generally smaller, compared to previously reported decreases in KAM outcomes due to foot 

rotation angle changes of similar magnitudes (Lynn & Costigan, 2008; Shull et al., 2013a; 

Simic et al., 2013). While Simic et al observed significant differences in total KAM impulse 

between TI and TO walking, we only observed a trend toward a main effect (p=0.065). We 
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did however observe a significant reduction in KAM impulse during early and late stance for 

TI and TO walking, respectively. As KAM impulse accounts for the duration of loading in 

addition to the magnitude of load, and is associated with disease progression (Bennell et al., 

2011), it is an equally important variable to target for reduction. Our study suggests that TI 

and TO walking both exhibit reductions in KAM impulse of similar magnitudes (0.02 and 

0.03 Nm/kg*s respectively).  

The mechanism driving KAM magnitude decreases has been hypothesized to be, in 

part, a result of shifting the centre of pressure at different time points during stance (Jenkyn 

et al., 2008). That is, TI walking likely reduces early stance KAM by shifting the heel 

laterally, displacing the centre of pressure laterally at heel strike (Shull et al., 2013a). This is 

supported by our observation, as well as previous observations (Simic et al., 2013), that 

stance width during TI walking was significantly increased. TO walking likely achieves 

similar reductions in late stance due to the lateral shift of the forefoot, displacing the centre 

of pressure laterally during mid- and terminal stance (Jenkyn et al., 2008). Overall, despite 

no differences in ankle joint kinetics, our results corroborate previous work regarding 

changes to knee joint kinetics due to TI and TO walking. 

As with ankle kinematics and kinetics, little data exists regarding muscle activation 

patterns of the lower leg in those with knee OA. Our tertiary hypothesis was not supported, 

as only a significant increase in LG RMS during TI10 compared to TO20 was observed. The 

difference in LG RMS during TI10 compared to TO20 constituted a 3.7%MVIC average 

increase. This increase may have been a response to the significantly increased inversion 

angles that occur at heel strike during TI walking compared to all other conditions. Since the 

LG has a significant inversion moment arm when the ankle is inverted (Lee & Piazza, 2008), 
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elevated activity may result; first to facilitate an inverted ankle position at heel strike and 

second to eccentrically decelerate ankle eversion as one progresses toward foot flat. 

However, it is not likely that such an increase is clinically significant.  

Our lack of EMG results overall may be due to the nature of a single session study. 

That is, without significant time for participants to adopt the walking pattern and develop a 

preferred method of performance, there may be a large degree of variation in muscle 

activation patterns each participant utilized to achieve the given foot rotation. Although 

unique muscle activation patterns have been associated with TI and TO walking, such as 

preferential activation of lateral thigh musculature (Lynn & Costigan, 2008) and a shift of the 

gastrocnemii activation later into stance (Rutherford et al., 2010), our data cannot 

corroborate these findings. A post hoc analysis of peak EMG location (as a percent of the 

gait cycle) revealed a main effect for MG (p=0.022), however pairwise comparison did not 

reveal any significant differences between conditions. Therefore, despite small differences, 

muscle activity patterns seem to be relatively similar between conditions. Though, as 

mentioned, the lack of observed differences may be a product of between-subject variation in 

muscle activity patterns due to the minimal time participants had to practice the walking 

patterns.  

No differences were observed between conditions with respect to discomfort in any 

joint. This is in support of previously reported single session TI and TO gait modification 

(Simic et al., 2013). Low ratings of discomfort during natural walking have been cited as a 

limitation in observing differences between conditions (Simic et al., 2013). Our cohort had 

even lower natural walking discomfort ratings (mean ankle/foot = 0.13, knee = 0.73, hip = 

0.00) thus presenting further difficulty in detecting differences. A cohort of individuals with 
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higher pain ratings may elicit detectable differences in discomfort between TI and TO 

walking. However, it is likely that the experience of discomfort is individual and may be 

driven by a number of factors, in addition to increased ankle eversion angles. Thus, it is 

difficult to speculate based on our results alone. 

Differences in difficulty are likely a clinically relevant outcome, particularly in 

relation to the successful implementation of TI and TO walking. To the candidate’s 

knowledge, this was the first investigation to directly quantify difficulty between TI and TO 

walking. Participants rated TI10 as more difficult than ZR but not TO10 or TO20. 

Additionally, TO20 trended toward being rated as more difficult compared to ZR (p=0.069). 

These results are likely explained by a mean NT foot rotation angle of -7.7°, therefore the ZR 

and TO10 conditions were likely similar enough to not require significant difficulty to 

perform. Difficulty ratings were low overall however, which was expected as the cohort 

recruited for the present study was relatively high functioning, as evidenced by WOMAC 

function scores which were 3.6 points lower than a cohort recruited for a similar study (Simic 

et al., 2013). 

This study has three key strengths. First, all trials with successful foot strikes, 

regardless of which condition they were produced in, were considered in the data analysis. 

Specifically, all trials were filtered according to foot rotation magnitude relative to each 

condition. Therein, we were able to examine biomechanical differences due to specific 

alterations (approximately 10° intervals) in foot rotation. This provides an advantage over the 

methods previously performed (Simic et al., 2013) which relied upon participants producing 

accurate foot rotations during each specific condition. This is a difficult task, as is supported 

by the differences in reported foot rotation data compared to the target foot rotation – 
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especially at larger TO magnitudes (Simic et al., 2013) – and anecdotal evidence. Second, 

this investigation evaluated lower leg kinematics, kinetics and EMG during TI and TO 

walking. Therein a more comprehensive dataset is provided to inform future investigations. 

Previous literature has focused primarily on knee biomechanics for obvious reasons, however 

extending the biomechanical understanding beyond the knee is an important step to inform 

the development and implementation of foot rotation based gait modifications. Third, the 

present study utilized real-time biofeedback to drive the foot rotation modifications during 

treadmill walking. As previously reported, real-time biofeedback for TO gait modification 

resulted in the lowest mean performance error (3.81° in that cohort) which was 28.4% and 

35.0% lower when compared to video and mirror based feedback respectively (Hunt et al., 

2014). As such, we were able to reduce the amount of time needed to alter gait during 

treadmill walking, while minimizing performance error. Additionally, during each over-

ground walking trial, a subjective analysis of foot rotation error could be determined and 

help guide the participant in performance, reducing the time walking with each condition 

even further. This may have been helpful in decreasing the cumulative discomfort or fatigue 

during the participant’s data collection session and therefore reducing the possibility of 

altered gait mechanics due to unnecessary increases in pain or fatigue. 

5.2 Limitations 

These results must be interpreted in the light of the limitations of this study. First, 

participants were exposed to each walking condition for only a short period of time. This 

likely did not allow each participant to become proficient with the walking pattern and 

develop a consistent, repeatable technique for achieving the given foot rotation. To counter 
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this limitation, we selected the five closest trials to the given condition for analysis, 

regardless of when they were produced. In effect, we were able to examine the differences 

between very specific foot rotation angles without concern for the significant acquisition 

time associated with gait modification and the inaccuracy of participants in a single session 

study setting. Indeed, the accurate performance was further assisted by the fact that our 

cohort was high functioning, as evidenced by the relatively low WOMAC physical function 

and total scores reported in the present study. However, this also constitutes a second 

limitation. Our participants were high functioning and also reported low knee pain ratings the 

week prior to and during the testing session. Therefore, we likely cannot extrapolate these 

results to lower functioning/higher pain cohorts due to the gait modifying effects of pain 

(Henriksen et al., 2012; Henriksen et al., 2010).  

A third limitation of the present study is that foot posture was not comprehensively 

assessed. Foot posture may confound the symptomatic response to foot rotation, especially 

since flat foot postures alone have been associated with knee pain (Gross et al., 2011). 

During the present study, we visually assessed the static alignment of the rear-foot during 

standing and found 53% of participants presented with everted rear-foot alignment, 27% with 

neutral alignment and 20% with inverted alignment. However, due to the small subgroup 

sample sizes, we cannot draw any significant interpretations from any subgroup analysis. 

A fourth limitation is that we controlled gait speed between conditions. As kinetic 

differences, namely increases in joint moments (Landry et al., 2007), occur with faster gait 

speeds, maintaining consistent speed is necessary for kinetic comparisons. However, it is not 

unreasonable to hypothesize that natural gait speed may differ between TI and TO walking 

patterns, particularly if an individual finds the pattern difficult or unnatural. A change in gait 
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speed could alter joint kinematics, kinetics, or muscle activity patterns in addition to that 

which occurs due to the foot rotation itself.  

A fifth limitation is that participants were asked to walk barefoot on a wooden 

walkway. Walking barefoot is known to alter lower extremity biomechanics (Shakoor & 

Block, 2006). In addition to this, the environment associated with in-lab gait analysis is 

typically foreign to the participant and most certainly different than their everyday walking 

environments. Although this provides control over study variables, it lacks external validity. 

An improvement, as technology allows, would be to measure similar biomechanical 

measures outside of the lab during daily activities. 

A sixth limitation is that electrode placement may have altered the observed EMG 

magnitudes. Small variations in individual muscle architecture could have resulted in the 

electrodes not being placed in the centre of the muscle belly. As such, the electrodes may 

have been subject to crosstalk from adjacent muscles. We attempted to minimize this via 

placement of the electrodes using standardized guidelines established by SENIAM.org 

(outlined in section 3.3) in addition to visual assessment of EMG waveforms during targeted 

exercise maneuvers.  

Lastly, the present study was cross-sectional in design and therefore we cannot make 

any judgement regarding cause and effect. Specifically, the cause and effect relationship 

between discomfort, ankle biomechanics and foot rotation modifications cannot be 

determined via the present study. Though, the observed differences do provide support for 

longitudinal investigations which can shed light on the relationships between these variables. 
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5.3  Clinical Implications 

Previous single session studies (Guo et al., 2007; Shull et al., 2013a; Simic et al., 

2013) have demonstrated the load modifying effects of TI and TO walking on the KAM. 

Additionally TI and TO gait modification in knee OA populations have been examined over 

short-term clinical trials and have resulted in clinically relevant improvements in pain and 

function (Hunt & Takacs, 2014; Shull et al., 2013b). The present study supports these 

findings, but builds upon the current literature in a small but meaningful way.  

We have demonstrated that ankle eversion angles increase with TO walking while 

ankle inversion at heel strike and frontal plane excursion increase with TI walking. Despite 

commonly suggested links between excessive ankle eversion and injury or pain, little data 

exists to support this. However, reports of those with knee OA exhibiting greater ankle 

eversion (Levinger et al., 2012) and/or flat feet (Levinger et al., 2010) may suggest that a 

further increase in ankle eversion is not ideal in regards to adverse events. However, due to 

the known association between increased ankle eversion and decreased KAM (a beneficial 

association); this statement is made with reservation. Therefore, a longitudinal assessment of 

the possible (if any) incidence of discomfort associated with TI or TO gait modification is 

needed. However, the adaptive capacity of soft-tissue to biomechanical changes which occur 

in a progressive and long-term manner cannot be dismissed. Therefore, it could be speculated 

that the small differences observed in the present study could be adapted to, if foot rotation 

modifications are applied progressively. However, as it is known that individuals with knee 

OA often present with immobile ankle joints, this population may not adapt as favourably to 

increases in frontal plan ankle motion. 
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Despite ankle kinematic differences, frontal plane ankle joint moments did not differ 

between conditions. This may suggest that TI and TO walking have less potential to alter 

joint load at the ankle comparatively to treatment strategies like lateral wedge insoles. 

Importantly, it is still unknown as to what (joint kinematics, kinetics or otherwise) may cause 

ankle joint discomfort, if any, making it difficult to definitively speculate. Therefore, TI and 

TO walking may be a treatment strategy with a lower chance of inciting ankle joint load 

alterations and the possible joint deterioration that can be associated with such load 

alterations, as is seen in knee OA. 

Increases in muscle activity patterns associated with gait modifications may indicate 

a greater demand placed on a given muscle. However, the present study only observed a 

small increase in the LG during TI walking, suggesting that lower leg muscle activity 

demands between TI and TO walking are generally not significantly different. However, 

examining muscle activity change over multi-month gait modification programs is warranted 

before a recommendation can be made. This is especially important as the present study may 

not have allowed adequate time for participants to integrate each walking pattern and 

practice their individual manner of achieving the specific foot rotation. Over time, as an 

individual becomes more practiced at TI or TO walking, muscle activity pattern changes may 

become more apparent. Generally, the present study would suggest that alternate or adjunct 

treatments to TI and TO walking (e.g. targeted muscle strengthening or stretching) are not 

necessary on the basis of altered muscle activity patterns. Though, more data are required. 

The method of delivery of a gait modification intervention is an important 

consideration when assessing the feasibility of implementation in the clinical setting. Despite 

real-time biofeedback being a strength in the present study, it is also a limitation in regard to 
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clinical applicability due to the exuberant associated costs and limited accessibility. Real-

time biofeedback does provide an advantage by minimizing the foot rotation error during 

teaching sessions compared to mirror or video based feedback, as mentioned previously. 

However, a difference of approximately 2° compared to mirror or video based methods is 

likely not meaningfully different, and clinicians should feel comfortable delivering gait 

modification via mirror based feedback. The present study utilized real-time biofeedback as 

the goal was to capture walking trials with very specific parameters for the purposes of 

comparing between different walking patterns. This level of accuracy is of course not 

necessary when providing treatment in a clinical setting. The small difference compared to 

mirror based feedback, and the specific parameters needed to successfully complete this 

study required real-time biofeedback, however the candidate believes this does not limit the 

clinical applicability of our results. 

In summary, TI and TO walking are an effective treatment strategy for decreasing 

knee joint loading and improving pain and function in those with medial knee OA. However, 

due to the observed differences in ankle joint kinematics, it may be important to assess 

foot/ankle function and baseline ankle kinematics prior to prescribing TO gait modification. 

However, a longitudinal examination of ankle eversion increases and the incidence of 

discomfort during TI or TO gait modification is necessary before definitive 

recommendations can be made. 

5.4 Future Directions 

The present study has provided initial data suggesting that ankle biomechanics may 

be altered during TI and TO walking, however more work is needed to determine the 
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implications of such alterations and whether they exist over long-term gait modification 

programs. Future investigations should aim to track discomfort longitudinally in the 

ankle/foot in addition to the knee. The present study was likely not long enough to elicit 

significant differences in discomfort. However, discomfort could very well exist after 

multiple weeks of walking with TI or TO foot rotations as an individual’s tissues and gait 

patterns are adapting to the new walking kinematics. If discomfort does result, determining 

whether it is typically transient or sustained will be an important outcome to examine. The 

ultimate goal is to provide a comprehensive gait modification strategy to clinicians with as 

many caveats and contraindications as possible to guide individual implementation, with 

hopes of maximizing success rates. Determining the nature of discomfort, if any, associated 

with TI and TO walking over time is an important step in achieving this goal. 

Foot posture may be an important variable to consider when prescribing TI or TO 

walking. A comprehensive examination of foot posture as it relates to the changes in ankle 

eversion angle during TO walking are likely warranted. Although, it was reported that static 

measurements of ankle alignment (everted or inverted) do not elicit differences in peak ankle 

eversion during walking (Cornwall & McPoil, 1994). However, this investigation was done 

in healthy individuals and may not apply to individuals with knee OA. A similar 

investigation should be done in a knee OA population to confirm this finding and inform 

whether or not foot posture is an important outcome in relation to TI or TO gait 

modifications. 

Reports of muscle activity changes due to TI and TO walking are limited and the 

present study observed a small increase in only the LG during TI walking. The lack of 

differences between conditions may be predominantly due to the single session nature of the 
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investigation which did not provide adequate time for participants to develop consistent and 

coordinated walking patterns. A longitudinal investigation examining muscle activity 

changes after weeks and/or months of TI or TO walking will likely provide more definitive 

information in this regard. 

Overall, gait modification seems to be a feasible and effective conservative treatment 

strategy for those with knee OA. However, a large barrier still exists in the delivery 

methodology currently reported in the literature. Despite mirror based feedback systems 

being a viable option, this method still places high demand on the clinician and does not 

provide a method of feedback or retention assessment outside of the specific training session. 

The delivery of gait modifications, especially TI or TO walking, via wearable sensor systems 

would likely solve both of these issues and open up the possibility to examine the walking 

habits of those with knee OA outside of the lab or clinic. This will be important to examine 

how TI and TO walking are integrated into daily living activities, but could also provide a 

means of delivering gait modification to patients while reducing clinician burden and 

possibly shortening the time that is required for an individual to assimilate the new walking 

pattern into their walking habits. The candidate believes that gait modification examined and 

delivered via wearable sensor systems is an important next step in advancing our 

conservative treatment approaches for individuals with knee OA.  
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Chapter 6: Conclusion 

Knee OA is a disabling and painful disease and traditional treatment methods do not 

directly address joint loading, which is a key factor in disease progression. Gait modification, 

specifically TI and TO walking, have exhibited favourable reductions in knee joint load 

compared to natural walking in those with knee OA and may offer a conservative treatment 

strategy to slow disease progression and improve symptoms and function. However, it is 

important that TI and TO walking are examined more closely to better understand possible 

ancillary biomechanical alterations that occur at joints other than the knee. To our 

knowledge, this was the first study which examined ankle kinematics, kinetics and EMG 

during TI and TO walking in those with knee OA. 

The present study demonstrated that TI and TO walking do indeed alter ankle joint 

kinematics. Specifically, TO walking increases peak ankle joint eversion angle during stance 

while TI walking increases ankle inversion angle at heel strike and frontal plane angle 

excursion. The implications of these changes are not known. However, the observed 

differences are small and individuals may be able to adapt to these changes if the gait 

modification is applied in a progressive manner. But this conclusion is speculative, as the 

relationship between increased ankle eversion and discomfort, pain or lower extremity injury 

is not yet clear. The present study did not observe any differences in discomfort between 

conditions, though this may be due to the limited time participants spent walking in a given 

condition and the relatively low pain ratings overall. A longitudinal study is warranted to 

determine if long-term increases in ankle eversion are associated with any discomfort.  

No differences were observed in peak ankle joint eversion moments while the 

observed differences in KAM magnitudes agree with previous findings. Therefore, TI and 
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TO walking may not place the ankle joint under elevated risk due to joint moment 

differences when compared to neutral walking; but still exhibit load modifying affects at the 

knee joint. Notably, decreases in early stance peak KAM were accompanied by increases in 

the late stance peak KAM, and vice versa. As it is likely that overall reductions in KAM are 

ideal, determining the foot rotation pattern which maximizes KAM reductions for an 

individual while minimizing the risks of adverse effects should be prioritized. 

Average muscle activation of the LG was significantly increased during TI walking. 

However, the change was likely not clinically significant. It is possible that the limited time 

each participant spent walking in a given condition resulted in, on average, less coordinated 

and more variable muscle activation patterns. Therefore, longitudinal assessment of muscle 

activation after TI or TO gait modification is warranted. 

Generally, participants did not experience significant differences in lower extremity 

discomfort across conditions. Due to the cohort being relatively high functioning with low 

overall pain ratings, we may have been limited in detecting discomfort differences. 

Participants did rate TI10 as significantly more difficult than ZR, but not compared to TO10 

or TO20. The overall low ratings of difficulty were again likely due to a high functioning 

cohort, with the potential to be higher in a cohort with more severe disease, higher pain or 

lower function. Notably, TI10 was most frequently rated as least preferred, though with our 

small sample size it is difficult to extrapolate this to the knee OA population at large. 

Overall, the results of the present investigation demonstrate that TI and TO walking 

alter ankle kinematics but not ankle kinetics. Additionally, increased average muscle activity 

in the LG during TI walking was observed but is likely not clinically significant. Our results 

support TI and TO walking as a viable conservative treatment strategy for medial knee OA 
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with generally low difficulty and perceived discomfort. However, the implications of 

increased ankle eversion angles during TO walking over longer periods of time are not clear 

and further investigations are needed. Moreover, lower extremity discomfort should be 

examined longitudinally during TI and TO gait modification programs to better inform 

whether lower extremity discomfort is transient or not, and what specific joints may be at 

risk. The present study suggests the ankle may be of interest in that regard.  
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