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Abstract 
 
 Knee osteoarthritis (OA) causes more disability in community dwelling older 

adults than any other condition.  The high costs associated with treating this disability 

suggest that research needs to focus on ways of preventing the development and 

progression of knee OA using low cost interventions such as exercise and modifications 

to certain activities of daily living.  One such activity of daily living that has been 

implicated in the OA disease process is normal level walking or gait.  

Those with medial compartment knee OA are known to make certain 

modifications in their gait patterns in an attempt to unload the diseased compartment of 

their knee.  Two of these modifications include the tendency of those with knee OA to 

walk with an externally rotated foot, and to increase the activity of their lateral 

hamstrings, while decreasing the activity of their medial hamstring during gait.  

Therefore, this work attempted to clarify this relationship between foot position, lower 

extremity loading and hamstring muscle activation patterns during both level walking and 

lower limb exercise. 

First, the changes in lower extremity loading with both internal and external 

rotation of the foot during gait were investigated in a group of young healthy subjects.  It 

was discovered that internal rotation increased the magnitude of both the adduction 

moment and the medial-lateral shear force at the knee; while external rotation decreased 

both these measures.  This suggests that external foot rotation may be an effective 

compensation strategy for those with medial knee OA and internal foot rotation may be 

an effective compensation strategy for those with lateral knee OA.   

Second, the same study was then repeated in a group of knee OA subjects and age 
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matched healthy normal subjects; but in this work, hamstring EMG was also collected 

along with the external knee loads.  Hamstring EMG data was used to calculate the 

medial-lateral (M-L) hamstring activation ratio.  An increased M-L activation ratio would 

indicate an internal muscle moment tending to load the medial compartment more than 

the lateral; while a low M-L activation ratio would tend to unload the medial 

compartment.  Those with knee OA had an increased late stance knee adduction moment 

and a decreased M-L hamstring activation ratio as compared to the healthy control group.  

Also, external foot rotation decreased the late stance knee adduction moment, lateral-

medial shear force at the knee, and M-L hamstring activation ratio for both groups; but, 

internal foot rotation did not increase these measures. 

Lastly, since it is apparent that the hamstring may play a role in unloading the 

diseased knee compartment, the M-L activation ratio was calculated with changes in foot 

position during lower limb exercise in young healthy subjects to determine if selective 

activation of the medial or lateral hamstrings was indeed possible.  It was discovered that 

internal foot rotation increases the M-L hamstring activation ratio and external rotation 

decreases it.   

Foot rotation has the ability to shift the external loads on the knee to one side of 

the joint or the other, and it also has the ability to alter internal knee loads created by 

hamstring muscular activation.  Therefore, foot rotation during gait and lower limb 

exercise may be an effective intervention that could be used to delay the onset and 

progression of knee OA, keeping older adults active and healthy much longer.  
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Chapter 1 - Introduction 
 

 As we age our ability to perform basic activities of daily living declines [1-3].  A 

general decrease in both muscle strength and proprioception are two reasons for this 

deterioration. One symptom of this decline that accompanies aging is that customary 

motor tasks such as walking, climbing stairs, and rising from a chair require much more 

effort relative to our available maximal strength [4].  Thus, although the demands of the 

task have not changed, the loss of strength makes these tasks more taxing.  This makes 

the maintenance of an active, healthy lifestyle difficult for people as they age. 

 It is important not only to consider declines in strength as people age, but also the 

ability to properly activate the musculature.  Joint proprioception is, in part, the ability to 

coordinate appropriate muscular responses to external loads, and is also thought to 

decline with age [5, 6].  This coordination of muscle activity has commonly been linked 

to balance but also helps attenuate the loads passing through the joint’s soft tissue, saving 

them from unnecessary wear.  Therefore, a deficit in the ability to attenuate loads could 

lead to increased incidence of degenerative diseases such as osteoarthritis [7].  Although 

it is known that the capacity to coordinate muscular activity declines with age, we may be 

able to slow down this portion of the aging process using exercises and modifications to 

basic activities of daily living.  Through exercise, one could theoretically learn how to 

activate the appropriate musculature needed to attenuate the loads on the joints, which 

could help in delaying the onset and progression of these debilitating degenerative 

conditions.      

 The natural decline in function with age is exacerbated once symptoms of 
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degenerative joint disease (i.e. osteoarthritis) develop as pain and stiffness make 

remaining active and healthy extremely difficult.  These symptoms of degenerative 

disease, and the associated decline in activity levels, can be especially problematic if the 

disease affects the weight bearing joints of the lower limb, such as the knee joint.  With 

degenerative disease in these joints, normal everyday weight bearing activities, as well as 

leisure activities, can become increasingly difficult and painful.  This can lead to 

inactivity and a loss of independence that can affect one’s quality of life, as well as their 

physical and mental health.  

An example of an extremely common degenerative disease is osteoarthritis (OA), 

which is a group of monoarticular joint diseases that affect approximately 80% of people 

by the age of 55 [8, 9].  The most common joint affected is the knee joint with the 

majority of cases affecting the medial compartment in Western populations [10].  

Development and progression of knee OA has been associated with the mechanical 

loading of the joint with the knee’s adduction moment during gait being mostly 

implicated [11].  In the adduction moment, the ground reaction force acts medially to the 

axis of rotation of the knee in the frontal plane creating a moment that tends to adduct the 

tibia relative to the femur.  This produces a varus torque that is enlarged in those with 

medial compartment knee OA and therefore, it is believed this moment increases the 

loading on the medial compartment cartilage. 

Although the literature has predominantly examined the role of the adduction 

moment during gait in the breaking down of cartilage and the development of OA, there 

is also evidence that the shear stresses experienced in-vivo, during gait, may be important 

as well [12-14]. Simulator studies have determined that shear stresses are detrimental to 
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the health of both animal and cadaver cartilage in-vitro [15-18] yet the mechanism is not 

clear.  Some studies have implicated biochemical pathways [15-17] while others have 

developed mechanical explanations for the role of shear stress in the breaking down of 

cartilage [18, 19].    

Since it is known that mechanical loads play a role in the development and 

progression of knee OA, it is important to investigate ways of decreasing these loads or 

redistributing them to save the articular cartilage from unnecessary wear.  Appropriately 

coordinated muscle activity [20] and changes in joint mechanics with foot rotation [14, 

21] have both been suggested as ways of helping to attenuate the loads at the knee joint 

and decrease the stress on the joint.  An example of this is the tendency of people with 

symptomatic medial knee OA to externally rotate their foot while walking.  This may be 

an unconscious attempt to unload the diseased medial compartment [22] as it has been 

suggested that external foot rotation during gait simply moves the ground reaction force 

vector laterally, thus decreasing the moment arm length in the frontal plane [22]. 

Along with the rotation of the foot, another suggested method of attenuating the 

frontal plane loading on the knee joint during gait involves changes in the activation of 

lower limb musculature.  Those with medial compartment knee OA have increased lateral 

and decreased medial hamstring activity during gait, which has been suggested as another 

means of unloading the diseased compartment [20].  Increased lateral and decreased 

medial hamstring activity may produce an internal abduction moment at the knee to 

balance the large external adduction moment created during gait in those with medial 

compartment knee OA.   

 



 4

Since it appears that the relative activity in the medial and lateral hamstring may 

play a role in the attenuation of frontal plane loads at the knee joint, the inherent ability of 

these two muscle groups to produce torque at the knee becomes important.  Two factors 

that are known to affect the torque producing capacity of a muscle are the moment arm 

distance and physiological cross-sectional area.  The moment arm distance of the two 

medial hamstring muscles (semimembranosus, semitendinosus) have been found to be 

approximately double that of the lateral hamstrings (biceps femoris) [23]; this suggests 

that there may be an inherent mechanical imbalance between the medial and lateral 

hamstrings.  It has also been shown, in a cadaver study, that the combined physiological 

cross-sectional area of the two medial hamstrings was approximately 23.83 cm2, while it 

was found to be only 13.04 cm2 for the lateral hamstrings [24].  This also suggests that 

there may be an inherent mechanical imbalance favouring the torque producing capacity 

of the medial hamstrings over the lateral.  

The suggested inherent mechanical imbalance between the medial and lateral 

hamstrings is supported by epidemiological data examining the prevalence of 

degenerative disease.  It has been suggested that the medial and lateral hamstring have the 

potential to produce varus and valgus torques at the knee, respectively [20]; and therefore, 

the high levels of medial compartment knee OA seen in Western populations [10] 

supports the proposed hamstring muscle imbalance.  If, for example, with each hamstring 

contraction throughout a person’s life the medial hamstrings produce more torque about 

the knee joint than the lateral hamstrings, this would result in repeated net internal varus 

torques being applied to the knee joint.  Also, since the hamstrings play a role in the 

medial and lateral rotation of the knee [25], this imbalance may affect the shear forces 
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experienced by the knee cartilage as well.  Therefore, preferential activation of the lateral 

hamstrings during lower limb exercise and during everyday activities of daily living may 

help decrease this imbalance and relieve some of the stress on the knee joint.    

The aim of this current work is to examine the loading of the knee joint and 

hamstring muscular activation strategies in healthy older adults, healthy young, and knee 

OA populations; and to determine how these loads and activation strategies can be altered 

with a simple intervention like changing the foot progression angle.  Specific objectives 

include the following: 

1. To determine the effects of foot rotation on knee gait loads in healthy 

young, healthy older adult, and knee OA populations. 

2. To determine how alterations in foot position during gait can change 

lower limb muscle recruitment patterns in a healthy older adult and 

knee OA populations. 

3. To determine how foot rotation can alter lower limb muscle recruitment 

levels during standard lower limb exercise and whether medial and 

lateral musculature can be selectively activated.  

 

It is hoped that eventually this line of research will help in developing non-

invasive means of delaying the development and progression of degenerative disease in 

the large weight bearing joints of the lower limb and allow people to remain active and 

healthy longer. 
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Chapter 2 – Literature Review     
 

2.1 – Osteoarthritis 
 
 Osteoarthritis (OA) is a rheumatic disease affecting joint articular cartilage and 

subchondral bone.   In the western world, it is the most common disabling condition in 

humans [1] affecting 80% of individuals over the age of 55 [2].  It has been theorized that 

there are both biological and mechanical factors that contribute to OA development, and 

that the progression of OA is a dynamic process in which the mechanical loads applied to 

the articular cartilage, the joint’s shock absorber, produce damage that can not be repaired 

by the biological cartilage repair mechanism [3].  Eventually, the articular cartilage is 

destroyed, resulting in more stress on the underlying bone.  This additional stress causes 

damage which deforms the bone and changes joint alignment, leading to compromised 

joint function that includes pain as well as a decrease in muscle strength, joint range of 

motion and stability [3]. 

Due to its established relationship with load, the most common sites of OA are the 

large weight bearing joints of the lower extremity, i.e. the hip and knee [4].  Because 

these joints are needed for locomotion, those who become afflicted find weight bearing 

activities of daily living and leisure time activities increasingly difficult and painful and 

this can have an effect on their overall health and well-being.  OA of the knee and hip 

causes more disability in community dwelling adults than any other conditions [5] and the 

risk of disability from knee OA alone is as great as that of cardiovascular disease [6].  

Also, beyond its direct effects, knee OA increases the risk of disability resulting from 

other medical conditions involved with inactivity and obesity [7].   



 9

 

2.1.1 Biological Factors in the Osteoarthritis Process 

 

Cartilage 
 

Cartilage is a connective tissue that covers the articulating surfaces of bones in 

synovial joints [8].  It is composed of a network of collagen fibers (type II collagen) in a 

concentrated solution of proteoglycan molecules.  Collagen provides the strength while 

the proteoglycan molecules provide the shock absorption properties of the cartilage.  The 

space between the proteoglycan molecules is filled with water and accounts for 60-85% 

of the cartilage weight.  The movement of this water into and out of the extracellular 

matrix allows the cartilage to compress and expand in order to absorb repeated loads 

applied to the joint. 

The first stages of cartilage breakdown and OA involve edema, or swelling, in the 

extracellular matrix.  This increased water content in the cartilage leads to a softening of 

the tissue in some areas as the tissues becomes more porous and allows water to escape 

much more easily.  This reduced the stiffness of the tissue allows for faster deformation 

when loaded [9].  Often, the cartilage is not uniformly affected and areas of softness and 

stiffness are created adjacent to each other [10].  These areas with differing properties 

directly adjacent to one another lead to a cascade of events which results in the necrosis 

of some of the type II collagen fibers and a net loss of proteoglycan [8, 11].  The 

chondrocytes adjacent to those that are dying attempt to repair the damage by producing 

additional cartilage that contains type I collagen [12], which is mechanically inferior to 

the original tissue in its strength and ability to dissipate loads [11].  Therefore, once 
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degenerative changes begin, the mechanical properties of the cartilage begin to change 

and it loses its shock absorbing capabilities.   

 

Subchondral Bone 
 

The subchondral bone is the outer layer of bone in a synovial joint that is directly 

beneath the articular cartilage [13].  The role of subchondral bone is to attenuate forces, 

direct loads onto the rest of the bone, and to provide a source of nutrients to the deeper 

layers of cartilage [13].  Healthy subchondral bone has a great capacity to absorb load and 

helps in protecting the articular cartilage from damage due to excessive loading [13]; 

therefore, stiffening of the subchondral bone may initiate the OA process.  Microfractures 

in the subchondral bone are created by impulsive loads and the process of repair causes a 

stiffening of the tissue [14, 15].  This stiffening decreases the ability of the subchondral 

bone to absorb the forces placed on it and causes more stress to be borne by the articular 

cartilage[14, 15]. 

There is some debate regarding whether stiffening of the subchondral bone 

initiates the OA process.  Sclerosis, or hardening, of the subchondral bone is routinely 

identified as a radiographic feature associated with the early stages of the OA process 

[16] and one cross-sectional study found that the subchondral bone mass in those with 

OA is much lower than a group of healthy controls [17].  However, no longitudinal 

studies have tracked the stiffness of subchondral bone over time to determine if changes 

in its mechanical properties do actually precede the disease process.   
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2.1.2 Mechanical Factors in the Osteoarthritis Process 
 
 The general consensus is that the biological changes associated with knee OA are 

mostly triggered by mechanical factors.  Some examples of mechanical factors that have 

been implicated in the development and progressions of knee OA are the static joint 

alignment[18-20], the loading of the joint during level walking [21-24], muscle weakness 

[25], joint laxity [26, 27], and joint proprioceptive deficiencies [28, 29].    

 

Static Joint Alignment       
  

The mechanical axis of the lower extremity is generally considered as a line 

passing through the head of the femur at the hip and the middle of the talus at the ankle.  

This line generally falls medial to the knee joint centre in the frontal plane [30-34].  The 

alignment of the knee is most often defined as the hip-knee-ankle (HKA) angle; which is 

the angle between the femoral and tibial mechanical axes at the knee [30].  The 

mechanical axis of the femur is a line joining the centre of the femoral head at the hip 

with a mid-condylar point between the cruciate ligaments at the knee [35], while the 

mechanical axis of the tibia is a line joining from the interspinous intercruciate mid-point 

(middle of the tibial plateau) and the centre of the tibial plafond [36].  Healthy young 

adults have been shown to have an average alignment ranging between 1.0 and 1.7 

degrees valgus, where as a varus, or bowlegged, alignment is most often associated with 

medial compartment knee OA, and a valgus, or knock kneed, alignment is most often 

associated with lateral compartment knee OA [30, 32, 33].  Obtaining this HKA angle 

may not always be possible as this requires a radiograph of the entire lower-limb.  These 
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full length x-rays are technically more difficult to capture properly, require more time and 

resources, and expose the patient to larger doses of radiation.  Therefore, the HKA angle 

can be approximated using the angle between a line running through the distal femoral 

shaft and proximal tibial shaft (FSTS angle) at the knee.  This FSTS angle has been 

shown to be a valid approximation of the HKA angle in healthy [33, 37] and OA [38] 

populations.   

 In Western populations, the majority of knee OA cases involve the medial 

compartment and result in a varus alignment [4]; yet, in other parts of the world, these 

ratios are different.  For example, in China, lateral knee OA is more common in both men 

and women than it is in the USA [39].  It has been determined that 28.5% of women and 

32.3% of men in Beijing had lateral compartment knee OA[39], while only 11% of 

women and 8.8% of men in the Framingham study had lateral compartment disease[4].  It 

was also determined that the mean frontal plane alignment was more valgus in Beijing 

men as compared to the Framingham men, but no differences in mean alignment were 

discovered in women[39]. 

Gait Loading 
 
 

When attempting to study the loads during gait that may influence the 

development and progression of knee OA, the measure most commonly implicated is the 

knee’s adduction moment [22-24, 40-47]; although, recent research has also implicated 

the lateral-medial (LM) shear forces at the knee during gait in the breaking down of 

cartilage and the development of OA [23, 48].  The adduction moment during gait is 

produced by a ground reaction force that acts medially to the axis of rotation of the knee 

in the frontal plane and tends to rotate the tibia medially with respect to the femur, thus 
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closing the medial joint space and concentrating the loads in the medial compartment.  

This was demonstrated by Wada et al. (2001) [47] as they found that the bone mineral 

density of the knee’s medial and lateral compartments could be predicted by the 

magnitude of the adduction moment.  Since bone adapts to the loads placed on it by 

increasing its density in highly loaded areas, a large adduction moment causes more load 

to be borne by the medial compartment and hence, an increased bone density.  

Conversely, a small adduction moment would increase the loads and density of bone on 

the lateral side of the knee joint.  This finding was confirmed by work that associated a 

large adduction moment with medial compartment knee OA, and a small adduction 

moment with lateral compartment knee OA [23, 49].     

The adduction moment during gait has a typical biphasic pattern during the stance 

phase of gait with two distinct peaks.  An example plot of the adduction moment across 

the entire gait cycle is presented in Figure 2.1.  The first peak is associated with the early 

loading phase shortly after heel strike.  The second peak is associated with late stance 

when the whole foot is in contact with the ground in the moments leading up to toe off.  It 

is important to distinguish between these two peaks during the gait cycle as their 

magnitudes are determined by separate factors [41]and some interventions have been 

shown to have an effect on only one of these peaks and not the other [50, 51].       

 The shear forces at the knee during gait have also been implicated in the 

development and progression of knee OA.  Several in vitro studies have examined the 

role of shear stress in the breaking down of animal and cadaver cartilage [52-55] and all 

have found shear stress to be detrimental to cartilage health.  The mechanism for this 

detrimental effect is not clear since the studies have suggested many different 
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mechanisms.  Some studies have implicated biochemical pathways involving the release 

of nitric oxide (NO), which is thought to be initiated by shear forces [53, 54]; while others 

suggest that these shear stresses may cause a splitting or separation between the articular 

cartilage and the subchondral bone [15, 52].  This splitting would create small areas of 

stress concentration where cartilage degradation would begin with further loading, thus 

accelerating the rate of cartilage breakdown.  
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Figure 2.1 - Example of the adduction moment over the entire gait cycle from heel strike to heel strike. 



 15

  

Shear forces have also been identified during gait, as potentially being involved in 

the OA process.  One study discovered a correlation between the magnitude of the 

adduction moment and the lateral-medial (LM) shear force during gait [23].  Therefore, 

those with large adduction moments also had a large laterally directed shear force at the 

knee, and those with a small adduction moment also had a small laterally directed shear 

force.  It was also noted that a subject with a high adduction moment and shear force, 

while asymptomatic, went on to develop medial compartment knee OA over a follow-up 

period of approximately 8 years; in contrast, a subject with a low magnitude of adduction 

moment and shear force while asymptomatic went on to develop lateral compartment 

knee OA during that same period [23].  This suggests that there is a connection between 

these two measures that is associated with the breaking down of cartilage and 

development of knee OA that is not yet clearly understood.  

 Using principal components analysis (PCA) of all 9 gait curves (forces, moments 

and angles in three dimensions) along with 8 discreet measures, followed by descriminant 

analysis on the resulting PCA variables, another study identified the differences in gait 

patterns between a population with knee OA and a matched healthy population [48].  

They reported that the LM shear force explained the most variation of the first 

discriminatory feature, and also explained a large portion of the variation in the second 

discriminatory feature.  In comparison, the adduction moment contributed less than the 

LM force to the percent variation explained for the first discriminatory feature, and was 

not identified as a contributing factor to the second most discriminatory feature.   

Therefore, further investigation of the relationship between the adduction moment 
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and the LM shear forces and their relative contribution to the breaking down of cartilage 

and the development of OA is warranted.      

 

Muscle Weakness 
 
 Muscles perform various roles at a joint beyond simply providing the forces 

necessary for joint movement.  In the study of OA, it is important to consider the role of 

muscles in joint stability and in the dissipation of loads [56].  For example, quadriceps 

can play a large role of the in the eccentric dissipation of loads during the stance phase of 

gait.  Quadriceps weakness has been shown to increase the risk of developing 

symptomatic knee OA [25] and can also be used to predict function limitation in those 

with OA [57, 58].  Some believe that muscle weakness decreases our ability to dissipate 

the loads produced during locomotion thus increasing the stress on the joint’s soft tissues; 

therefore, increasing muscular strength should theoretically help in slowing the 

progression of OA.  Others have reported that in those with malaligned knees or those 

with excessive laxity in the knee joint, more quadriceps strength increased the likelihood 

of the development of tibiofemoral knee OA [59].  Therefore, simply strengthening the 

quadriceps muscle may not be the best option and other muscles, such as the hamstrings, 

need to be examined.   

Joint Laxity 

 
 Knee joint laxity has been defined as the displacement of the tibia with respect to 

the femur [60].  This is usually defined as either anterior-posterior laxity or varus-valgus 

laxity.  It has been shown that those with knee OA have greater varus-valgus laxity than 
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those with healthy knees [61], and AP laxity at baseline is not predictive of OA 

progression [62]; therefore, only varus-valgus laxity will be discussed further.   

When unloaded, the knee is stabilized by the ligaments and other soft tissues, but 

when loaded other factors contribute to joint stability.  These additional factors that help 

stabilize the joint under loaded conditions include condylar geometry and the tibiofemoral 

contact forces generated by both muscular activity and external forces [60]. Therefore, 

joint stability under loaded conditions depends heavily on proprioceptive feedback to 

appropriately control muscle activity and therefore joint position, motion and loading 

patterns [28].   

Joint laxity is an important factor in the development and progression of knee OA 

but it has recently been suggested that the effects of laxity are highly dependant on 

muscular strength.  There is some controversy regarding the relationship between joint 

laxity and muscular strength with regards to the development of OA and maintenance of 

functional abilities as two conflicting hypotheses have been presented.  The first 

hypothesis suggests that in those with high joint laxity the musculature needs to stabilize 

the joint to a greater extent to compensate for the ligaments; therefore, the muscles 

become more efficient.  This enhanced muscular efficiency in those with increased joint 

laxity would then help in the maintenance of better functional ability [63].  The opposing 

hypothesis is that with increased laxity, the muscle activity at the joint produces abnormal 

joint motions that increase the wear and tear on the articular cartilage and therefore 

accelerates the progression of OA [59].   
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Joint Proprioception 

     
 Proprioception is defined as the conscious and unconscious perception of limb and 

joint position and movement in space [28].  It is also thought that this ability is critical in 

coordinating appropriate muscular activity to stabilize a joint under dynamic conditions.  

Reflex and centrally driven muscular activity are needed to coordinate appropriate co-

contraction across a joint in order to attenuate the load across the articular cartilage [64]. 

There has been a clear link established between poor joint proprioception and 

joints with OA [29, 65-67], yet it is not currently known if the poor proprioception is a 

consequence or cause of the disease.  Longitudinal studies would be needed to determine 

if the poor proprioception precedes the disease or is a consequence of the cartilage loss 

and joint changes that occur with knee OA.  Also, most studies testing joint 

proprioception simply test the sense of the position or movement of a joint but do not test 

the coordination of appropriate muscular activity in response to dynamic external loads 

such as during gait.  

2.2 - Measuring Lower Extremity Loads 
 
 The development and progression of OA can be advanced by mechanical factors 

including “mechanical abnormalities that increase wear at the articulating surface” [68].  

Since knee OA has been linked to the loading of the joint, measuring these loads during 

different activities of daily living has become increasingly important in an attempt to 

understand the resulting disability.  The most commonly used method in the study of the 

loading at a joint during human locomotion is the Newton-Euler inverse dynamics 

approach [69].  This approach models the system of interest as several linked segments 
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connected by hinge joints [70] and uses segment inertial parameters, a kinetic input, and 

the kinematics of joint positions to compute the net joint forces and moments acting at a 

joint. 

 

 The segment inertial parameters include segment mass, locations of the centre of 

mass, and the segment moment of inertia.  These properties are usually obtained using 

estimates that have been derived from cadaver data [71].  The kinetic input during lower 

limb assessment usually comes in the form of a ground reaction force (GRF) vector 

measured with a force plate.  In order to be useful, this information then needs to be 

synchronized with the kinematic information both spatially and in time.  Most modern 

motion capture programs can link the kinematic and force plate information in time, but 

often a calibration is needed to transform both into the same coordinate system [69].   

The kinematic input to an inverse dynamics model includes the limbs’ linear and 

angular velocities and accelerations.  These are calculated using displacement data of 

limb markers that can be collected in several different ways.  One method is to use 

multiple cameras, each collecting the two dimensional coordinates of joint markers.  As 

long as at least two cameras can see each marker, the three dimensional coordinates of 

these points can be calculated using the direct linear transform (DLT) method [72].  Other 

methods used to collect three dimensional kinematic data include optoelectronic and 

magnetic sensor systems.  A problem with all three of these systems is that the markers, 

which are attempting to capture the motion of the underlying bone, are most often 

attached to the skin.  Due to the skin and other soft tissue, there is an artifact introduced 

related to the movement of the marker relative to the underlying bone during motion trials 
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[73].  Although the gold standard is to screw markers into the bone [74-76] this is highly 

invasive and not practical for most studies.  Therefore, much work has been devoted to 

developing the optimal marker placements and configurations that will minimize skin 

motion artifact.  The current consensus is that rather than placing the markers directly on 

the skin, it is preferable to attach the markers to a rigid structure and then attach that 

structure securely to the segment [77, 78].  It has also been noted that placing this rigid 

structure on the segment as distally as possible decreases artifact due to the decrease in 

soft tissue as you move distally along a segment [77, 78]. 

The kinematic information from the markers is also needed to determine the axis 

of rotation of the joint in three dimensions so that the moment arm distances can be 

calculated.  There are several methods used to calculate the joint center for the lower limb 

joints.  The simplest method involves taking 50% of the distance between the markers 

placed on the medial and lateral femoral epicondyles for the knee and the medial and 

lateral malleoli for the ankle; while the hip joint centre is estimated to be 25% of the 

distance between the right and left greater trochanter markers [69].  There has been little 

work done on developing more accurate non-invasive methods for determining the knee 

and ankle joint center, yet there has been some work done in developing better non-

invasive hip joint centre estimates [79-82].  Kirkwood et al. (1999) [83]determined that 

the most accurate estimate of the hip joint center is the mid point of a line connecting the 

pubic symphysis and the anterior superior iliac spine (ASIS) and then moving inferiorly 

by 2 cm. 

Link segment modeling calculates the external moments on a joint which are 

balanced by a set of internal moments which are equal in magnitude but opposite in 



 21

direction.  These internal moments are created by muscles, ligaments and other soft 

tissues.  Thus link segment analysis calculates only the net moments and forces acting at 

the joint and does not take into account factors such as co-contraction of antagonist 

muscles, ligament forces, and frictional forces [84].  This leads to an underestimate of the 

actual forces occurring at the joint [85]. 

Although moments and forces acting at the joint as calculated using inverse 

dynamics are estimates, their relative magnitudes as calculated during various activities 

are useful.  They can serve as indicators that can be used to rank activities based on their 

mechanical requirements at the joints [86].  This can be extremely valuable information in 

the designing of artificial joints and in the prescription of rehabilitation and exercise 

programs.   

2.3 - Lower Extremity Loads during Activities of Daily Living 
 

The most often studied activities of daily living in terms of the kinetics at the 

lower extremity joints are level walking and stair climbing.  Costigan et al. (2002) [87] 

performed a comparison between the three dimensional external forces and net moments 

at the knee and hip during level walking and stair ascent in a group of 35 healthy 

university students.  The maximum external forces and net moments at the knee and hip 

in this subject pool for all 3 directions are presented in Table 2.1. 

 
 
 
 
 
 
 
 



 22

 
 
Table 2.1 – Comparison of stair ascent and level walking curve maxima (From Costigan 
et al. (2002) [87]) 

Stair Ascent Level Walking Curve Parameter 
Avg. Peak SD Avg. Peak SD 

Knee PA Force 

(N/kg) 
4.73 0.70 3.22 0.50 

Knee LM Force 

(N/kg) 
1.32 0.48 1.45 0.53 

Knee DP Force 

(N/kg) 
9.87 0.79 9.99 0.53 

Knee Adduction 

Moment (Nm/kg) 
0.42 0.15 0.49 0.19 

Knee Flexion 

Moment (Nm/kg) 
1.16 0.24 0.54 0.14 

Knee Rotation 

Moment (Nm/kg) 
0.10 0.04 0.13 0.04 

Hip PA Force 

(N/kg) 
4.38 0.74 2.78 0.63 

Hip LM Force 

(N/kg) 
1.29 0.40 1.43 0.38 

Hip DP Force 

(N/kg) 
9.05 0.83 8.89 0.40 

Hip Adduction 

Moment (Nm/kg) 
0.80 0.12 0.95 0.14 

Hip Flexion Moment 

(Nm/kg) 
0.80 0.24 1.13 0.30 

Hip Rotation Moment 

(Nm/kg) 
0.31 0.07 0.15 0.06 

 PA = posterior-anterior (shear); LM = lateral-medial (shear); DP = distal-proximal 
(compression). 
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This comparison displays some interesting differences in terms of the mechanical 

requirements of these two activities.  One of these differences is the fact that the knee 

flexion moment is greater during stair climbing, but the hip flexion moment is greater 

during level walking.  An external flexion moment required at the knee would have to be 

balanced by an extension moment produced by the quadriceps muscle group, while an 

external flexion moment at the hip would have to be balanced by the much larger hip 

extensor muscles (i.e. gluteus maximus and hamstring muscle group). 

 This flexion or sagittal plane moment is usually considered to be an important 

kinetic measure as the moments in this plane have the largest magnitudes in most 

activities of daily living [88].  Also, the magnitude of this moment varies greatly between 

different activities.  Figure 2.2 displays the magnitude of the flexion moment and the knee 

and hip joints for walking, ascending stairs, descending stairs, getting up from a chair and 

jogging as presented by Andriacchi & Mikosz (1991) [88].  This is useful as the 

mechanical demands that are required to be produced by the extensor muscles for 

different activities can be evaluated using simple level walking as a basis for comparison.  

At the hip joint, it can be seen that there is not much variation in the mechanical demands 

required of the extensors.  Jogging produced the highest hip moments of all activities 

tested and there was only a 30% increase in the hip moments required for this activity as 

compared to level walking.  The ranges of moments required at the knee during these 5 

activities of daily living are much more varied than those at the hip.  The highest flexion 

moments required at the knee are during jogging and stair descent.  The magnitudes of 

these moments are almost 5 times that required for level walking suggesting that these 

two activities can be extremely difficult for those with knee joint pathologies. 
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Figure 2.2 - The flexion moments required at the hip and knee in order to complete 
different activities of daily living  (from Andriacchi & Mikosz (1991) [88]). 
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It is also important to quantify not just the moments but also the forces acting 

through the lower extremity joints.  Several studies have examined the magnitude of the 

compressive forces acting across joints during different activities of daily living.  Kuster 

et al. (1997) [89]quantified the loads at the tibiofemoral (knee) joint during level walking 

and downhill walking while also compiling a list of several studies that had quantified 

loads during different activities.  This list is shown in Table 2.2. 

 The forces at the hip have also been studied extensively.  Some studies have used 

an instrumented hip prosthesis in a small number of patients during activities of daily 

living in order to compare in vivo joint loads with the ones determined non-invasively 

using standard inverse dynamics approaches.  Table 2.3 presents the forces determined at 

the hip during various studies both in vivo, using instrumented implants, and using 

analytical methods such as the inverse dynamics approach [42].  It should be noted that 

the forces determined using the instrumented implants are, in general, lower than those 

calculated using analytical methods.  It has been suggested that this does not represent a 

flaw in the analytical model estimates but simply the fact that the forces in those with a 

pain free normal joint (i.e. those subjects tested in the analytical method studies) would be 

greater than in the subjects with a prosthetic joint [90]. 

It should be noted that Tables 2.2 and 2.3 represent only the compressive forces at 

the joint during various activities.  There are also significant shearing forces that occur at 

the lower extremity joints, though these are reported much less frequently.  The work of 

Costigan et al. (2002) [87] did report the shearing forces during level walking and stair 

climbing at the knee and hip and these results are shown in Table 2.1.    

Also, as can be seen in Table 2.2 and 2.3, the loads measured at the knee during 
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the same activity can vary greatly.  This variability may relate to different methods used 

for estimating these loads, making comparisons of loads using different methods difficult.  

However, comparing the loads calculated using the same methods across various 

activities can provide useful information regarding the relative mechanical demands on 

the lower limb joints during different tasks. 

 

 

Table 2.2 - Tibiofemoral joint compressive loads reported for different activities of daily 
living in several studies (Modified from Kuster et al. (1997) [89]).  
 

Author(s) Activity Tibiofemoral joint load (in 
times body-weight) 

Morrison (1970) [91] Level Walking 3.0 
Harrington (1976) [92] 3.5 ״ 
Kuster et al. (1995) [93] 3.9 ״ 
Collins (1995) [94] 3.9-6.0 ״ 
Jefferson et al. (1990) [95] 6.3 ״ 
Wyss et al. (1993) [96] 2.5-5.0 ״ 
Morrison (1969) [97] Stair Descent 3.8 
Andriacchi et al. (1980) [98] 6.0 ״ 
Morrison (1969) [97] Downhill Walking 4.5 
Kuster et al. (1995) [93] 8.0 ״ 
Ellis et al. (1984) [99] Rising from a chair 3.2 
Nissell (1985) [100] Isokinetic knee 

extension a 9.0 

Eriscon & Nissell (1986) [101] Cycling 1.2 
Dahlkvist et al. (1982) [102] Squat Descent 5.6 
Collins (1994) [103] Weightlifting b Up to 24.0 
a At 30 degrees per second. 
b Lifting 120 kg. 
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Table 2.3 - Peak hip joint contact forces determined using instrumented implants and 
analytical methods during various activities of daily living. (Modified from Hurwitz et al. 
(1997) [86]) 
 

Method Activity 

Load  
(in times 

body 
weight) 

Author(s) 

Instrumented Implant Walking 2.7 Kotzar et al. (1991) [104] 
  2.7-4.3 Bergmann et al. (1993) [105] 
  1.8-3.3 Rydell (1966) [106] 
 Stair Ascent 2.6 Kotzar et al. (1991) [104] 
  2.6 Davy et al. (1988) [107] 
  3.4-5.5 Bergmann et al. (1995) [108] 
 Stair Descent 3.9-5.1 Bergmann et al. (1995) [108] 
Analytical Methods Walking 4.8 Paul (1976) [109] 
  3.4 Brand&Crowninshield (1980) [110] 
  5.0 Crowninshield et al. (1978) [90] 
  5.5 Seireg&Arvikar (1975) [111] 
 Stair Ascent 7.2 Paul (1976) [109] 
  7.4 Crowninshield et al. (1978) [90] 
 Stair Descent 7.1 Paul (1976) [109] 
 Chair Rising 3.3 Crowninshield et al. (1978) [90] 

 

 
 

2.4 – Modifying Lower Extremity Loading with Altered Foot Position 
 

Those with symptomatic medial compartment knee osteoarthritis tend to adopt an 

out toeing gait pattern in an attempt to reduce the load on the knee’s diseased medial 

compartment [112].  Researchers hypothesize that foot rotation creates an inversion 

moment at the ankle and moves the ground reaction force vector laterally.  This, in effect, 

shortens the moment arm in the frontal plane and decreases the external adduction 

moment at the knee [112].   

 The external rotation of the foot does cause a significant decrease in the 

magnitude of the second adduction moment peak during gait, which is generally 
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associated with the late stance push off phase [41, 113, 114].  The first peak, or weight 

acceptance peak, is not affected by foot rotation and is more dependent on the static 

alignment at the joint [41, 113].  Although the effect of external foot rotation on the 

loading at the knee joint is clear, the effect of internal foot rotation has not previously 

been investigated.   

2.5 – The Role of the Hamstrings in Attenuation of Lower Extremity Loads 

 
 The musculature surrounding a joint helps attenuate dynamic loads reducing the 

stress on the soft tissues such as the articular cartilage [43].  This is especially true in the 

sagittal plane where the muscles are able to counteract the external moments and lessen 

the stress on the joint [15, 95].  For example, after heel strike, when the joint begins to be 

loaded, there is normally an external flexion moment created.  The corresponding knee 

bend is controlled by an eccentric contraction of the quadriceps muscle group.  It is this 

muscular contraction that absorbs most of the shock and lessens the load applied to the 

joint.  Unfortunately, humans do not have the ability to absorb shock as efficiently in the 

frontal plane, as the adduction moment at the knee during gait influences the development 

and progression of OA by increasing the stress on the medial compartment of the knee 

with every step [22, 23, 44, 46].  

 Recently it has been suggested that the lateral hamstrings, or biceps femoris, may 

provide some attenuation of the external adduction moment load during gait.   Hubley-

Kozey et al. (2006) [115] investigated the muscle activity during gait in subjects with 

moderate medial knee OA and in healthy controls.  They reported that the subjects with 

moderate knee OA had significantly higher muscular activity on the lateral side (biceps 

femoris) than on the medial side (semitendinosus and semimembranosus) hamstrings, 
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while there were no differences for the controls.  Also, the OA subjects recruited the 

lateral musculature to a greater level (percent maximum voluntary isometric contration) 

than did the controls; whereas the medial side muscle group was recruited to a lower level 

in the OAs when compared to the controls.  This suggests that the OA subjects are 

attempting to unload the diseased medial compartment by increasing the activity in the 

lateral musculature and decreasing it on the medial side [115].  Since the biceps femoris 

inserts into the head of the fibula on the lateral side of the joint [116], a contraction of this 

muscle will produce an internal valgus or abduction moment that tends to move the tibia 

laterally with respect to the femur, thus opposing the external adduction moment and 

unloading the medial compartment (Figure 2.3). 
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Figure 2.3 - Proposed mechanism by which the lateral hamstrings attenuate the 
frontal plane moments created during gait.   
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2.6 – Inherent Medial/Lateral Hamstring Muscular Imbalance 
 

 The torque producing capacity of a muscle is determined by many factors.  Two 

of the factors that are known to influence the amount of torque a muscle can produce are 

the moment arm distance and the physiological cross sections area.  It has been reported 

that the biceps femoris moment arm is approximately half that of the semimembranosus 

and semitendinosus across several degrees of knee flexion [117] and that the 

physiological cross section area of the medial hamstrings are approximately double that 

of the lateral hamstrings [118].  This suggests that the medial hamstring muscle group has 

a mechanical advantage over the lateral hamstrings.  This proposed mechanical advantage 

is supported by the athletic injury literature examining hamstring injury rates.   Several 

studies have reported that the biceps femoris, or lateral hamstrings, are consistently the 

most commonly injured hamstring muscle group [119-123], suggesting that in athletic 

competition, when the external loads applied to the hamstring muscles are extremely 

large, the weaker of the two muscles groups is the one that is most commonly injured.   

  Along with hamstring injury rates, the proposed medial/lateral hamstring muscle 

imbalance is also supported by the high incidence of medial compartment knee OA in 

Western cultures [4].  The typical pathogenesis of OA suggests that joint damage leads to 

increased pain and decreased activity levels.  This decreased activity causes the 

musculature to weaken, which then leads to increased joint damage due to diminished 

shock absorption capabilities [124].  However, it is also possible that muscle weakness 

and even inherent mechanical disadvantages may predispose the knee to OA.  The 

proposed mechanical advantage in the torque producing capacity of the medial and lateral 



 32

hamstrings muscles suggests that with every hamstring contraction throughout a person’s 

life, the medial hamstring would produce more torque at the knee than the lateral 

hamstrings, and the result would be a net internal varus moment at the knee.  This internal 

varus moment would increase the stress on the knee’s medial compartment and could be a 

contributing factor to the large prevalence of medial compartment knee OA [4].  It could 

then be suggested that exercises or modifications to basic activities of daily living that 

attempt to decrease this proposed medial/lateral hamstring imbalance could help delay the 

development and progression of knee OA.  

   

2.7 – Exercise and OA 
          
   Many studies have examined the use of exercise in the management of knee OA 

and the general consensus is that any kind of exercise, whether aerobic or strength 

training, has a positive effect on clinical symptoms and physical disability [125-128].  

However, the mechanism by which exercise improves function and decreases clinical 

symptoms is unclear.  It may be that strengthening the surrounding musculature allows 

for better attenuation of the joint loads, decreasing the stress on the diseased tissue [15].  

In addition, along with increased strength, exercise may improve the ability of the 

proprioceptive system to sense the position and movement of the joint and then 

coordinate the appropriate muscular activity during gait and other weight bearing tasks 

[129]again decreasing the stress on joint soft tissue. 

 Bijlsma et al. (2005) [130] points out that although exercise in general terms is 

effective for patients with knee osteoarthritis, there are clear gaps in the literature 

regarding our knowledge of specific forms of exercise that may be advantageous over 
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others.  Since quadriceps weakness has been identified in those with knee OA, exercise 

programs have traditionally concentrated on strengthening this muscle [25, 131, 132] 

even though recent work suggests that strengthening the quadriceps may be 

contraindicated in those OA subjects with high joint laxity and malaligned knees [59].  

Also, relatively little work has been done on examining the potential role of hamstring 

exercises in the treatment and prevention of knee OA. 

 Work by Hortobagyi et al. (2003) [133] revealed that patients with knee 

osteoarthritis display increased hamstring muscle activity during activities of daily living 

which they suggest, as Hubley-Kozey et al. (2006) [115] did, that this is a coping strategy 

used by those with OA to decrease pain and prevent further tissue damage.  They also 

suggest that exercise interventions should concentrate on improving not only quadriceps 

strength but also muscle balance at the knee. 

     

2.8 – Summary 
 

Since the activation of the hamstring muscles and the rotation of the foot both play 

a role in attenuating the loads and decreasing the stress on the knee joint during gait, more 

work needs to be done to understand the relationship between these two factors.  This 

may help in developing non-invasive interventions aimed at slowing the development and 

progression of knee OA.     
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Chapter 3 - Q-Gait and C-Motion Gait Analysis Systems  
 

3.1 INSTRUMENTATION 
 
 

3.1.1 Optoelectronic Motion Tracking System 
 

 During all level walking trials performed using both gait analysis systems an 

Optotrak 3020 3D-motion measurement system (Northern Digital Inc., Waterloo, 

Ontario) collected the kinematic data.  This system uses active, infrared emitting diodes 

(IREDs) from an 6-channel (QGait) or 16-channel (C-Motion) strober as markers (Figure 

3.1).  The position sensor, or camera (Figure 3.2), captures marker movement in all three 

directions as long as the markers remain in view and nothing interrupts the path of 

infrared light from the marker to the camera. 

 

3.1.2 Force Plates 
 

 AMTI (Watertown, MA) force plates embedded in the long walkway in both the 

HMRC (Human Mobility Research Centre at Queen’s University) human motion 

laboratory (QGait) and the Motor Performance Lab in the School of Rehabilitation 

Therapy (C-Motion) collected the ground reaction forces. Six channels of information 

were collected from the force plate giving forces in all three directions, and moments 

about all three axes.  For the QGait system used in HMRC, a seventh channel collected 

the signal from a handheld switch used to mark heel strike of the test leg with every step.  

This helped in the identification of the beginning and end of the particular gait cycle to be 

analyzed.   
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Figure 3.1 - The 6 and 16 channel Optotrak strober units and one infrared light emitting diode. 
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Figure 3.2 - The Optotrak position sensor cameras used to record the motion of the IREDs. 
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While using the C-Motion system in the Motor Performance Lab, a seventh channel 

collected a pulse that allowed for synchronization of the EMG and gait data. 

A 16-channel Data Acquisition Unit (Northern Digital Inc., Waterloo, Ontario) 

allowed for the simultaneous collection of all six channels from the force plate and the 

one extra channel for both gait systems. 

 

3.2 - QGAIT – GAIT ANALYSIS SYSTEM 
 

3.2.1 Lab Coordinate Systems 
 The force plate and optoelectronic motion capture system both have independently 

defined coordinate systems.  To link these two systems so that data collected from both 

could be used together, the Optotrak was registered.  This was necessary so that outputs 

from both systems were based on one common coordinate system.  To accomplish this 

task, a calibration frame consisting of 20 IREDs attached to a steel-framed cube was used.  

During calibration, the edges of the frame were aligned with the front edges of the force 

plate.  After the frame was properly aligned, a calibration program created a calibration 

data file.  This file was used following data collection to calibrate the 3D motion data and 

ensure data collected from both systems was based on the same coordinate system.  The 

X direction in this common coordinate system defined the direction of walking, the Y 

direction was side to side and the Z direction was the vertical direction.     

3.2.2 Gait Data Collection 
For the gait analysis six infrared emitting diodes (IREDs) were placed on the 
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patients’ test leg.  Four IREDs were placed on the lateral aspect of the leg at the greater 

trochanter, the lateral femoral epicondyle, the head of the fibula, and lateral malleolus at 

the ankle.  The other two IREDs were placed on small metal probes which were attached 

to the mid thigh and mid shank using medical tape.  This gave three IREDs per segment 

(thigh and shank), which were used to define a local limb coordinate system.  Figure 3.3 

shows the set up of the IREDs on one subject’s test leg as they walk along the walkway 

and over the force plate.  For the study presented in Chapter 4, the subjects also had 

markers attached to the foot to record the foot angle about the lab (global) coordinate 

system. 

Once fitted with the IREDs, the subject was asked to perform several level 

walking trials at their self-selected speed.  For the gait trials, the subject took several steps 

to attain normal walking speed before hitting the force plate with the leg of interest.  The 

step that was analyzed began with heel strike on the force plate and finished with the 

subsequent heel strike of the same foot.  The beginning of the step was defined by the 

loading of the force plate (the first frame which was <5% of the maximum vertical force 

loading peak and was positive).  The end of step was identified using the ankle marker 

displacement and velocity patterns at the beginning of the step as well as the hand held 

footswitch signal.  The point nearest the second footswitch signal that correlated best with 

the ankle marker displacement and velocity pattern of the beginning of the step was 

considered to be the end of the step.      

The subject was asked to walk repeatedly along the walkway until five good 

walking trials were collected per experimental condition.  A ‘good’ trial was defined as 

one in which the subject clearly stepped entirely on the AMTI force plate and all six 
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IREDs remained in view of the position sensor over the full course of the cycle to be 

analyzed. The data were collected for all level walking trials at 100 Hz for both the 

marker and force plate data.    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 - Subject outfitted with QGAIT set up walking along walkway and over the force 
plate with the test leg.  
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3.2.3 Anthropometric Data, Reference Position and Joint Centre Determination 
 
Following the collection of five ‘good’ walking trials, several subject specific 

anthropometrics measures were taken.  These measures included height and weight as 

well as the distance from the greater trochanter and the tibial plateau to the floor, the 

thigh and calf circumference, knee and ankle width, as well as the flexion and adduction 

angles while standing in double limb support.  The leg dimensions were used to calculate 

the location of the centre of gravity and kinetic properties of each segment [1].  The 

subject’s weight was used to normalize the calculated gait kinetics.   

Following this, the subject was asked to stand in a stationary reference position 

and the foot was rotated until it was determined that the patella was facing forward.  Once 

the local fixed body coordinate systems of the thigh and the shank are established, the 

correction vectors that determined the knee and ankle joint centre were calculated.  This 

allows for the correction vectors to be applied to the local coordinate system of the thigh 

and shank from the global coordinate system. Thus, the position of the thigh and the 

shank markers can be mathematically moved into the defined bone landmark for each 

frame, regardless of the position of the limb. Since there was no radiograph taken, the 

ankle and knee width were used, along with the flexion axis determined in the reference 

position, to estimate the joint centres.  The ankle and knee joint centres were defined as 

half the measured joint width along the flexion axis.   

Following the reference position trial, subjects were asked to perform some hip 

circumduction motions in view of the camera.  This allowed for the calculation of the hip 

joint centre in the local coordinate system of the thigh.  This method examines the three 

thigh segment markers as they are moving around in the circular motion.  It is then 
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assumed that the position of each of the three thigh markers are moving on the surface of 

three spheres with different sized radii that all have a common centre.  This is done by 

first computing the average radius of all points for a particular marker and then 

subtracting the radius computed in each frame from the average radius and then summing 

all these difference values to calculate the residual difference value.  The centre point is 

then adjusted in an attempt to minimize this difference. The Downhill Simplex Model 

[12] determines the residual difference score for four separate centre points, examines the 

centre point with the lowest value for this difference score and repeats the process with 

four more centre points adjusted accordingly.  The process is repeated until the residual 

difference score for all four points is the same, or as close as possible.  This process is 

then repeated for each individual IRED, giving us 3 different centre positions, which are 

then averaged together to give the hip joint centre.   

The reference position was used to correct for the misalignment of the thigh and 

shank probes about the z-axis (the leg’s longitudinal axis).  Thus, the probes were 

mathematically rotated into the XZ plane in the local coordinate system for both the 

shank and the thigh segments.   

Another use for the reference position file was to define the neutral position of the 

knee joint angle so that differences between the angles seen in the neutral position were 

subtracted from those found in the data collected during the gait trials and any offsets 

were eliminated.   

 

3.2.4 Gait Data Processing 
The gait data was then processed as described in the literature using a modified 

version of the Queen’s Gait Analysis in Three Dimensions (QGAIT) system [2-4].  The 
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only difference between the system used in Chapter 4 and the one in the literature is that 

no radiographs were taken of the subject’s leg; therefore, the internal bony landmarks 

were located using subject specific anthropometrics and calibrated motions, as described 

above. Following processing, the knee angles, forces and moments about the three 

principal axes (a total of 9 curves) were calculated.  The angle, force and moment data 

were all normalized to 100 percent of the gait cycle and the force and moment data were 

normalized by body weight.  Also, the data for all five walking trials for each condition 

were averaged for each subject and each curve to give 9 waveforms that represented the 

subject’s gait.   

The QGAIT program is a batch file that sequentially executes a series of 

programs.  It took the input of the Optotrak motion data, the force plate data, the 

reference position file data and anthropometrics data and produced the relevant output 

measures. 

This was accomplished by following a series of sequential steps.  First of all, the 

coordinate data were linearly interpolated to fill in any small gaps where markers may 

have gone missing during data collection.  Next, the coordinate data were filtered using a 

6Hz low-pass, double-pass Butterworth filter and the force plate data were filtered using a 

20Hz Butterworth filter.  The next step calculated the correction vectors for the marker 

data using the anthropometrics, reference position and calibrated motion trials.  Then the 

correction vectors were applied to move the external marker data into the joint centres.  

The thigh and shank probes were also adjusted at this point using the reference position 

data, as outlined above, and the centre of mass of the thigh and the shank were calculated 

using the anthropometric measures. 
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Next, the local coordinate systems of the thigh and shank were used in 

combination with a ‘floating axis’ [5] to determine the orientation of the segments 

relative to one another.  This allowed for the calculation of the flexion angle (using the 

AP axis and the longitudinal axis), the adduction angle (using the LM axis and the 

longitudinal axis), and the internal rotation angle (using the LM axis and the AP axis).   

Once all these steps had been taken, a link segment model was used to calculate 

forces and moments at the knee joint.  This was a standard link segment model except for 

the fact that the foot was considered to be part of the shank and thus ignored any motion 

at the ankle joint.   

Posterior-anterior (PA), lateral-medial (LM), and distal-proximal (DP) axes were 

used to describe all forces and moments.  The positive direction for the forces is denoted 

in the naming system (i.e. in the PA direction, a positive force point from the posterior to 

the anterior) and the moment direction is determined by the ‘right hand rule’, (Figure 

3.4). 

The temporal measures of stride velocity, time per step, cadence, step length, 

stride time, percent of time spent in stance and the amount of time spent in stance were 

calculated from the gait data. 
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Figure 3.4 - Coordinate system sign convention used in determination of angle, force, and moment 
positive and negative directions.  
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3.3 - C-MOTION GAIT ANALYSIS SYSTEM 
 
 This system was used for the study described in Chapter 5.  The main difference 

between the two systems is that the QGait system uses markers attached to the skin 

surface at anatomical landmarks while the C-Motion system attaches motion tracking 

markers to rigid bodies which are then securely attached to the segment of interest.   This 

new method of kinematic collection allows for the creation of a segment coordinate 

system from the rigid body markers and anatomical landmarks are then located in the 

coordinate system of the segment.  The current consensus is that rather than placing the 

markers directly on the skin, it is preferable to attach the markers to a rigid structure and 

then attach that structure securely to the segment [6, 7].  These marker sets, also referred 

to as marker arrays, must consist of at least three markers in order to reconstruct the three 

dimensional position and orientation of the segment to which they are attached [6].  It is 

assumed that anatomical landmarks are always in the same position in this local 

coordinate system, as long as these marker arrays do not move, and therefore can be 

located at any point during motion trials.  This method reduces the skin-motion artefact.  

3.3.1  Lab Coordinate System 
 In order to ensure that both the Optotrak ® and the force plates are in the same 

coordinate system, a special calibration cube was used (Figure 3.5).  This cube was first 

used to calibrate the space that was needed to get a full gait cycle in view of the cameras 

for both legs.  This was done by simply rotating the cube all through the desired space. 

Next, the cube was aligned with the edge of the first force plate and a one second 

trial is collected.  This set the origin of both the lab and force plate coordinate systems to 
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this corner.  The cube was then moved onto the corner of the second force plate and 

another one second trial was collected.  This allowed for the location of the second force 

plate in the coordinate system of the first plate.  A model of the two force plates is then 

created in C-motion.  The coordinate system created describes Y as the walking direction, 

X as the medial-lateral direction, and Z as the up and down direction (Figure 3.6).   

3.3.2 Gait Data Collection 
 The subjects were outfitted with rigid body arrays securely attached to the foot, 

shank, thigh of the test leg; as well as to the pelvis, and thoracic spine (Figure 3.7).  Each 

array had 4 Optotrak ® markers attached securely to them to define the local coordinate 

system of the segment and track segment motions during gait trials. 

 The subjects then walked at their own self selected walking speed along the 

walkway and their start position was adjusted to ensure that their foot hit the assigned 

force plate.  To ensure they were walking at a constant velocity, the subject took several 

steps before hitting the force plate.  Due to limitations in the lab set up, the step to be 

analyzed began with the toe-off before the force plate and ended with toe-off on the force 

plate.  The beginning and end of the stance phase was determined to be the time when the 

force recorded broke the threshold set at 5% of the peak vertical ground reaction force 

load.  The beginning of the step was identified automatically as C-motion matched the 

kinematic patterns to determine this point in time.  The C-motion animation (example 

frames in Figure 3.8) was also checked to ensure the accuracy of these gait event labels. 
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Figure 3.5 - Calibration cube used with C-motion gait analysis system. 
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Figure 3.6 - Force plate model developed in C-motion from trials taken with calibration cube on the corner 
of the two force plates. 
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The subject was asked to walk repeatedly along the walkway until five good 

Figure 3.7 - Subject outfitted with marker set up for C-motion gait analysis 
system. 
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walking trials were collected per experimental condition.  A ‘good’ trial was defined as 

one in which the subject clearly stepped entirely on the AMTI force plate and all IREDs 

remained in view of the position sensor over the full course of the cycle to be analyzed. 

The data were collected for all level walking trials at 100 Hz for the marker data and 2000 

Hz for the force plate data. 

 

3.3.3 Bony Landmarks, Reference Position, Anthropometric Data, and Joint 
Centre Determination 
  

After all walking trials were complete, it was necessary to identify the location of 

the bony landmarks in the segment coordinate systems created by the rigid body marker 

clusters.  Therefore, a specially designed probe was used to point at these specified 

locations (Figure 3.9).  The probe has 4 markers attached to it and therefore, as long as 

the 4 markers are in view of the camera, a specially designed algorithm could determine 

the position of the point of the probe in 3D space.  Table 3.1 describes the location of all 

the bony landmarks and the segment to which they are associated. 
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Figure 3.8 - Sample frames of the C-motion animations used to check data and help locate gait 
events. 
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Figure 3.9 - Specially designed probe used to locate anatomical landmarks in the C-motion gait 
analysis system. 
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Table 3.1 - Location of Bony Landmarks Identified with the Probe and the segment to which they are 
associated.   
 
Segment Bony Landmark 
Foot 1st metatarsal head 
 5th metatarsal head 
Shank medial malleolus 
 lateral malleolus 
Thigh medial femoral epicondyle 
 lateral femoral epicondyle 
 greater trochanter 
Pelvis MIC (Mid Iliac crest – directly vertical from greater trochanter) 
Thorax acromio-clavicular joint 
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 Once the landmarking trials were complete, the final trial involved the subject 

standing up straight with each foot pointing straight ahead.  This allows for the reference 

foot angle to be determined so changes from this angle can be monitored during gait as 

the foot progression angle. 

 The subjects’ height and weight are also taken and these are used in determining 

the segment specific anthropometric and inertial parameters for moment and force 

calculations.  These estimations were made based on the work of Hanavan et al. (1964) 

[8]. 

 Once all anatomical landmarks had been created, joint centres were estimated 

based on the location of these landmarks [9].  The ankle centre was estimated as half way 

between the medial and lateral malleolus.  The knee joint centre was determined the same 

way as it is estimated as the midpoint of the line joining the medial and lateral femoral 

epicondyles.  The hip joint centre was determined as a quarter of the distance between the 

greater trochanters. 

3.3.4 Gait Data Processing 
 The raw motion data was first linearly interpolated to fill in any missing markers.  

The maximum gap that was filled in was 10 frames of missing data (at 100 Hz = 1/10th of 

a second).  Following this the raw motion data and force plate data were filtered using a 

low pass Butterworth filter with a 6 Hz cut-off.  The location of the probe tip during 

landmarking trials was then determined in the lab coordinate system so that it can then be 

located in the local coordinate system of the segment to which it belongs.  These 

anatomical landmarks are then used to locate joint centre positions and define anatomical 

axes as outlined above. 
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Joint angles are calculated in C-Motion using the Cardan/Euler representation 

which finds the orientation of the distal segment with respect to the reference proximal 

segment using the x,y,z sequence of rotations [10, 11].  The axes as defined by C-motion 

are: Z = distal-proximal (axial rotation) with up being positive, Y = anterior-posterior 

(abduction/adduction) with anterior being positive, X = lateral-medial (flexion/extension) 

with medial being positive.  This sequence of rotations and coordinate system definitions 

has been shown to be equivalent to the ‘floating axis’ system [5] used in the QGait system 

described above. 

The filtered force plate and Optrak® motion data, the landmarking and reference 

position trials, and subject specific anthropometric measures were then input into a 

standard link segment model used to determine external net joint forces and moments.  

The forces and moments were calculated in the coordinate system of the proximal 

segment of the joint.  Therefore, the forces and moments calculated at the knee are in the 

local coordinate system of the thigh segment.  Forces directed from posterior to anterior, 

lateral to medial, and distal to proximal are positive and the right hand rule is used to 

determine positive moments: adduction, flexion, and internal rotation are positive.  All 

forces and moments were then normalized by subject’s body weight.  Temporal 

parameters were also calculated give information about speed, stride length and width, 

cycle time, and stance/swing time. 
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4.1 - Abstract 
 
It has been hypothesized that those with medial compartment knee OA tend to externally 

rotate their foot during gait in order to unload the diseased compartment.  This has been 

found to decrease the adduction moment at the knee during late stance; although, the 

effects of foot rotation on shear forces at the knee have not yet been determined.  Also, 

the effects of internal foot rotation on the knee during gait are not clear.  This study 

performed a gait analysis on 11 healthy participants (M:6; mean age 22.9 ± 1.8 years) in 

three conditions: (1) Natural foot rotation position, (2) internal foot rotation, (3) external 

foot rotation.  Three dimensional gait analysis calculated the knee adduction moment and 

lateral-medial shear force for all three foot rotation conditions.  Internal rotation of the 

foot increased the knee adduction moment and lateral-medial shear force magnitude 

during late stance, while external rotation of the foot decreased the magnitude of both 

these measures.  This implies that walking with an externally or internally rotated foot 

may unload the diseased compartment for those with medial and lateral compartment 

knee OA, respectively.  Also, the relationship of foot rotation angle to the adduction 

moment and lateral-medial shear force was strengthened when data were corrected for the 

subject’s normal walking condition.  Knee OA subject data published elsewhere revealed 

that they were able to reduce the knee adduction moment more than normal subjects 

during late stance, indicating that other factors besides the rotation of the foot requires 

investigation.  
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4.2 - Introduction 
Recently, there has been great interest in the mechanical factors that contribute to 

the development and progression of knee osteoarthritis (OA).  Since OA involves the 

degeneration of cartilage, it is believed that the interaction between functional, anatomical 

and biological factors should be considered when attempting to determine OA’s rate of 

progression [1].  However, it is generally accepted that abnormal loading of the articular 

cartilage over time contributes to cartilage wear and eventually to knee OA.  This 

suggests that the knee’s loading environment should be considered when evaluating 

strategies to delay or prevent the progression of osteoarthritis.  Two measures of cartilage 

loading that have been implicated are the knee’s adduction moment [2, 3]and lateral-

medial shear force created during walking [4, 5].  

In general terms, the knee’s adduction moment is due to the ground reaction force 

vector acting medially to the knee’s axis of rotation in the frontal plane, causing an 

external moment that would tend to rotate the tibia medially relative to the femur.  

Mechanically, a large adduction moment increases the load on the knee’s medial 

compartment and is a risk factor for medial knee OA if the resulting compressive force is 

abnormally high.  This is supported by studies that show that the magnitude of the 

adduction moment determines the load distribution between the medial and lateral 

compartments of the knee joint [2] and that its magnitude predicts the progression of OA 

[3].  Additionally, people with medial compartment knee OA have a higher knee 

adduction moment than normal controls [3, 6].  

It is possible that since an abnormally high adduction moment is a risk factor for 

medial OA, perhaps an abnormally low adduction moment is a risk factor for lateral OA. 

Historically, few studies have examined lateral knee OA as it was assumed to be a 
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relatively rare condition.  However, a more recent study has reported that lateral OA is 

more common in certain populations than originally thought [7].  Two recent studies have 

demonstrated the relationship between lateral OA and a reduced adduction moment. In 

both a cross sectional study of pre-operative medial (n=15) and lateral (n=15) OA [8], and 

in a longitudinal case-study that tracked the gait patterns of previously healthy, 

asymptomatic older adults over a 5 – 11 year follow-up period [4], subjects with lateral 

OA had significantly smaller adduction moments compared to normal controls.  

 Along with the adduction moment, shear loads at the knee might also need to be 

considered.   Several studies that have examined the effects of shear stress on animal and 

cadaver cartilage in vitro [9-12] and have determined that shear forces are detrimental to 

cartilage health.  The mechanism for the detrimental effect is not clear.  Some researchers 

have implicated biochemical pathways [9-11], while others have implicated mechanical 

factors [12, 13].  It has also been suggested that the shear forces experienced by the knee 

during gait may be important in helping to explain cartilage loss and the development of 

OA [4].  Also, a study using principal components analysis and descriminant analysis of 9 

gait curves (three dimensional forces, moments and angles) and 8 discrete measures, was 

able to successfully discriminate between an osteoarthritic and a normal population[5].  

The lateral-medial shear force was the variable explaining most of the variation in the 

first discriminatory feature and was also a factor in the second most discriminatory 

feature.  In comparison, the adduction moment contributed less than the LM force to the 

percent variation explained for the first most discriminatory feature, and was not 

identified as a major contributing factor to the second most discriminatory feature.  

Therefore, shear forces appear to be an important factor in the progression of knee OA.    



 72

Those with symptomatic medial OA often try to unload the diseased medial 

compartment by walking with an externally rotated foot [14].  This foot rotation decreases 

the adduction moment during late stance when the whole foot is in contact with the 

ground [15-18] and is thought to be an effective compensation strategy for those with 

medial compartment knee OA.  Conversely, it may be speculated that walking with an 

internally rotated foot might be an effective strategy to unload the lateral compartment in 

lateral knee OA, although this has never been investigated.  One study that examined the 

gait patterns of children aged 11-13, attempted to test the knee kinetics with an intentional 

toe-in and toe-out gait and compare that to their normal gait patterns [19].  They reported 

that the toe-in gait pattern increased the adduction moment but there were no differences 

between the toe-out condition and the normal foot position condition; yet this study did 

not perform separate analyses of early and late stance values. Also, Lin et. al. [19] did not 

find a difference between the toe-out condition and normal foot position condition which 

is in contrast to most current literature.  This may be due to the fact that they did not 

perform separate analyses of both early and late stance curve parameters. 

Although the effect of foot rotation on the knee’s adduction moment has been 

investigated, to our knowledge, the effect of foot rotation on the shear forces has never 

been previously examined.  Therefore, the purpose of this study is to examine the effect 

of both internal and external foot rotation on the knee adduction moment (KAM) as well 

as on the lateral-medial force (LMF) created during level walking. 
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4.3 - Methods 

4.3.1 - Subjects 
 The participants were 11 (M:6) healthy university students with no previous 

history of lower limb trauma or surgery.  The University’s Research Ethics Board 

approved the study and the participants provided informed consent.  The average age of 

participants was 22.9 (1.8) years with an average height of 176.7 (11.5) cm and an 

average weight of 72.4 (14.4) kg. 

4.3.2 - Gait Analysis 
 Data were collected with a modified version of a three-dimensional gait analysis 

system that has previously been described and validated [20-22].  This system uses an 

optoelectronic motion tracking system (NDI, Waterloo, Ontario, Canada), an embedded 

force plate (AMTI, Newton, Mass, USA) and subject specific anthropometrics to 

calculate 3D net forces and moments at the knee. The only difference between the system 

described in the literature and the one used in the current study is that it requires x-rays to 

locate internal bony landmarks, while in this study simple anthropometric values were 

used to estimate these locations.    

Eight light emitting diodes (LEDs) were required to collect the kinematics of the 

test leg. Subjects walked barefoot with markers placed on their skin at the greater 

trochanter, the later femoral epicondyle, the head of the fibula, the lateral malleolus, the 

heel, and the head of the 5th metatarsal.  Additional markers were also applied to forward 

projecting probes attached at the mid thigh and the shank segment (upper tibia below the 

tubercle).  Motion and force data were collected synchronously at 100 Hz. 

 A standard link segment model that considered the foot to be part of the shank 

was used to calculate the net forces and moments at the knee joint. The forces and 
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moments were defined using the right hand rule in the tibia local coordinate system: the 

distal-proximal (DP) axis was parallel to the tibia’s long axis with an orthogonal axis 

running from the lateral to medial (LM) and another running from the posterior to anterior 

(PA). All forces were positive along the axis while moments were positive using a right 

hand rotation about the axis.  Therefore, a positive moment in the frontal place would 

tend to move the tibia medially with respect to the femur (an adduction moment). The 

computed force and moments were the external net forces and net moments not their 

internal counterparts.  A full detailed description of the gait analysis system is available in 

Chapter 3. 

 Three separate walking conditions were defined: normal foot rotation (NFR), 

maximum comfortable internal foot rotation (INT), and maximum comfortable external 

foot rotation (EXT). Each subject performed 5 trials in each condition for a total of 15 

trials. All 15 trials were presented in random order. To ensure consistent foot rotation 

angles across similar trials, each subject’s foot rotation was measured as they walked 

using their natural foot rotation position and then approximately 30 degrees was added to 

and subtracted from this angle to establish the EXT and INT conditions.  This angle is 

similar to values used in previous work on healthy subjects [19] although if subjects were 

unable to walk normally at this angle, they were asked to walk with the maximum amount 

of comfortable foot rotation.  As the foot rotates, the width of the foot as seen from the 

front changes. To ensure the subjects could reproduce the degree of internal and external 

foot rotation they achieved during practice trials, parallel lines of tape were placed on to 

the floor such that when walking the subject’s foot would have to fill the gap between the 

tape lines. The subjects were instructed to walk at their naturally chosen cadence with 
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their test foot inside the tape lines but filling the gap for the desired condition. Subjects 

were given several practice trials at the internal and external rotation conditions before 

data were collected.  They were also required to take several steps to reach a constant 

velocity before stepping on the force plate. 

 Once the foot angles, knee forces (LMF) and knee moments (KAM) were 

calculated for each trial, they were normalized by body weight and time normalized to 

100% of the gait cycle.  The five individual trials for each condition were averaged to 

produce a single representative trial for each subject at each foot rotation position. Early 

and late stance curve peaks were evident during the INT and NFR conditions for all 

subjects and these were used as outcome measures; however, these peaks were difficult to 

identify for 9 of the 11 KAM curves during late stance of the EXT condition.  Therefore, 

the magnitude of the KAM at the same time as the late stance ground reaction force peak 

was used for these nine EXT condition curves, as was done in previous work where this 

peak was not evident [17, 18].  Therefore, the resulting variables were early and late 

stance knee adduction moment (KAME & KAML) and lateral-medial shear force (LMFE 

& LMFL) values, as well as foot rotation angles for each subject in each of the three foot 

rotation conditions.   

 Standard time and distance gait parameters were also calculated for each trial to 

check if differences seen in the adduction moment or shear force could be attributed to 

changes in gait speed.   
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4.3.3 - Statistical Analysis 
Key outcome measures were the early and late stance knee adduction moment and 

lateral-medial shear force (KAME, KAML, LMFE, LMFL). Main effects and simple 

contrasts were tested across the three conditions using a repeated measures ANOVA with 

a Bonferroni correction based on the 12 knee gait kinetic comparisons that were made (3 

foot positions by 4 variables).   

 Similar repeated measures ANOVAs were used to test the main effect and simple 

contrasts between conditions for the average walking speed and foot rotation angle.  For 

these tests, the critical p-value was adjusted using a Bonferroni correction based on the 

three comparisons (3 foot positions) for each variable.  These tests were performed to 

ensure that there were no differences in gait speeds across the three conditions, as this 

would affect the measured knee gait kinetics, and to ensure that the foot position angles 

between conditions were statistically different.  

Regression analysis then determined the relationship between foot rotation and the 

adduction moment and shear force parameters. This was done two ways, first using the 

foot rotation and kinetic data as it was calculated and second, for each subject, the foot 

rotation and kinetic measures during the NFR walk were subtracted from the values 

obtained during the INT and EXT walks. The change score for the kinetic measures 

(relative KAM and LMF) were regressed against the change score for the foot rotation 

(relative foot rotation angle).  In the analysis of data relative to neutral, the neutral 

position data were set to zero and so it was not included. 

Data collected previously on medial knee OA patients [18] was used to determine 

if the relationship between foot rotation and the adduction moment found in our normal 

population was similar in this patient group.  This was done using the regression 
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equations calculated for relative foot position and the adduction moment in both early and 

late stance.  The foot position change score was obtained by subtracting the reported foot 

position during the external rotation condition from the reported foot position in the 

normal rotation condition [18]. The change score was then entered into the regression 

equation to estimate the magnitude of the adduction moment reduction. The predicted 

reduction was compared to the reported reduction. [18] 

 

4.4 - Results 
 Repeated measures ANOVA on the KAML and LMFL variables revealed a main 

effect for foot rotation and significance on all three individual contrasts; therefore all foot 

positions were significantly different.  Thus, external rotation of the foot significantly 

decreased the magnitude of the KAM and LMF curves during late stance while internally 

rotating the foot increased their magnitude (Figure 4.1 & Table 4.1).  There was no 

significant main effect for the KAME or LMFE.   

 The uncorrected KAML and LMFL revealed significant correlations with foot 

rotation while the early stance values were not significantly correlated.  Although these 

correlations were significant, the R2 values for all 4 of these comparisons were relatively 

low, ranging from 0.093 to 0.498 (Figure 4.2).  Once the data were corrected by 

subtracting the NFR values, all correlations increased and were significant with the late 

stance KAM and LMF displaying the strongest relationship with R2 values of 0.973 and 

0.864 respectively (Figure 4.3).  In addition, the regression results showed that foot 

rotation produced greater changes in late stance KAM and LMF as compared to their 

early stance counterparts. 
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 Substituting the results of Guo et al. (2006) [18] into the regression equations 

reported here showed that the relationship between the change in foot rotation and the 

change in the adduction moment was the same for our normal population and Guo’s knee 

OA population during early stance (Table 4.2).  However, during late stance, the knee OA 

population produced a greater decrease in the adduction moment than was predicted using 

the normal population equation (Table 4.2).   

 Finally, the ANOVA performed on the average velocities did not result in a 

significant main effect.  Also, the ANOVA performed on the foot progression angle 

revealed a significant main effect and all simple contrasts were also significant (Table 

4.1).   

4.5 - Discussion 
 The results demonstrate the previously described relationship between foot 

rotation and the adduction moment during the late-stance phase of gait [15-18] and they 

also extend the relationship to include the internal rotation of the foot.  They demonstrate 

that as the foot is rotated externally the adduction moment decreases and when the foot is 

rotated internally the adduction moment increases during late stance. The adduction 

moment is a good predictor of the ratio of medial to lateral bone mineral content [23]; 

suggesting that a high adduction moment increases the load on the medial compartment 

while a low adduction moment increases the load on the lateral compartment of the knee.  

Accordingly, it has been reported that those with medial knee OA walk with their foot 

more externally rotated to decrease the load on the diseased medial compartment [16, 17, 

24].  These results support such a mechanism and suggest that perhaps those with lateral 

compartment disease may want to internally rotate their foot to decrease the load on the 
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lateral compartment.  The results from recent longitudinal [4] and cross-sectional [8] 

studies suggest that a high adduction moment is associated with medial OA while a low 

adduction moment is associated with lateral OA, therefore, using the appropriate foot 

rotation during gait to normalize this moment and shift the load onto the non-diseased 

compartment may slow disease progression.     

This study quantified the magnitude of change in the adduction moment 

associated with a change in foot progression angle. It should be noted that this 

relationship is stronger when both the foot rotation and adduction moment measurement 

are relative to the subject’s ‘normal’ gait. Therefore, the magnitude of change in the 

adduction moment is dependant on the magnitude of change in foot position from normal 

and not the absolute foot position. 

 There were no differences in early stance adduction moment values across the 

three foot rotation conditions. This agrees with previous research suggesting that the early 

peak adduction moment is best predicted by static joint alignment and not foot position 

[17].  

Also, since gait speed alters the magnitude of the adduction moment [25], it is 

important to note that there were no differences in gait velocities between the three foot 

rotation conditions and therefore speed can be discounted as a factor in the observed 

changes in knee kinetics. 

 Although the literature has mostly concentrated on the adduction moment when 

examining gait variables that may affect the initiation and progression of knee OA, recent 

work has suggested that perhaps the shear forces experienced during gait should be 

considered as well [4, 5].  The current results show a similar relationship between foot 
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angle and the late-stance lateral-medial shear force as that for the adduction moment. 

Correlation analysis demonstrated a strong relationship between the change scores for 

foot position and the magnitude of lateral-medial shear force. Since shear forces have 

been shown to be detrimental to cartilage health in vitro [9-12], the relationship among 

the adduction moment, foot rotation and shear force needs to be examined further.  As we 

have limited options to produce appropriate muscle activity to counteract external 

adduction moments in the frontal plane, a large or small adduction moment may create a 

varus or valgus rotation at the knee, respectively. Such a rotation would alter the angle of 

the tibial plateau relative to the vertical load vector creating knee malalignment and, as a 

result, some portion of the vertical load would be transmitted as an increased shear stress.  

This may explain the results of Sharma et al. [26], as they found that subjects with 

increased quadriceps strength at baseline were at an increased risk for OA progression 

only when their knees were malaligned. Therefore, increased quadriceps strength 

combined with an abnormal alignment would mean the cartilage is exposed to increased 

shear stress.  This shear stress would be laterally directed for a large (varus) moment, and 

medially directed for a small (valgus) moment. Therefore, foot rotation during gait may 

reduce the shear stress by altering the external moment and maintaining the angle of the 

tibial plateau so that the cartilage experiences compression rather than shear.  

The relationships calculated on this normal population were also tested on data 

from the literature collected on a knee OA population [18]. The results show that during 

the early stance phase of the gait cycle the relationship between the adduction moment 

and foot rotation angle are the same for the normal and OA populations.  This is not 

surprising as foot rotation is not one of the mechanical factors that affects the early stance 
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adduction moment peak [17]. However, during the late stance phase, the knee OA group 

was able to decrease the adduction moment much more than was predicted by the 

equations developed from control population data.  This suggests that although foot 

rotation plays a role in decreasing the late stance knee adduction moment peak, in the 

patient population there are additional factors that need to be investigated.  One possible 

explanation for this difference could be that the OA subjects in Guo et al. [18] were 

walking faster than the subjects in the current work.  Perhaps the relationship between 

gait speed and foot rotation needs to be further examined.  Also, the patterns of muscular 

activity during gait are different between those with knee OA and healthy subjects [27] 

and while muscle activity was not measured in either this current work or that of Guo et 

al. [18], it may provide further insight into the effects of foot rotation on the loading 

environment of the knee.   

With the reported relationship between foot rotation and the medial-lateral shear 

force, it is apparent that more work examining the role of shear forces in the breaking 

down of cartilage both in vivo and in vitro is needed to understand its effect on cartilage 

health.  This may help to identify specific interventions that can minimize shear forces 

thereby allowing cartilage to remain healthy longer. Patients with medial compartment 

knee OA attempt to increase the activity of the lateral lower limb musculature to 

counteract the high external medial joint loads such as the adduction moment [27]. 

Therefore, future studies examining the neuromuscular changes associated with foot 

rotation during gait are warranted. It may be that foot rotation alters muscular activation 

thereby changing the knee’s loading environment and protecting the cartilage.  
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Figure 4.1 - Average Adduction Moment and Lateral-Medial Shear Force gait curves 
(n=11) for all three foot rotation conditions.   
Note: * = significant main effect for foot rotation at p<0.01. 
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Figure 4.2 - Relationship between Foot Rotation Angle and the two gait outcome measures 
(adduction moment and lateral-medial shear force) during early and late stance using 
uncorrected data. 
Note: -     * = significant correlation at p<0.01. 

- Negative foot rotation angles = internal rotation 
- Positive foot rotation angle = external rotation. 
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Figure 4.3 - Relationship between Foot Rotation Angle and the two gait outcome 
measures (adduction moment and lateral-medial shear force) during early and late 
stance using corrected data. 
Note: -     * = significant correlation at p<0.01. 

- Negative foot rotation angles = internal rotation 
- Positive foot rotation angle = external rotation. 
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5.1 - Abstract 
 
Objective:  To determine the effects of changing the natural foot progression angle 

during gait (both internal and external foot rotation) on the adduction moment, lateral-

medial shear force, and the ratio of medial-lateral (M-L) hamstring muscle activation in 

those with signs of knee osteoarthritis (OA) and an age matched healthy control group. 

Methods:  12 subjects with signs of knee OA and 12 age matched healthy control 

subjects were evaluated.  A 3-dimensional gait analysis system was used to calculate 

forces and moments at the knee during gait while the subjects walked in three different 

conditions: (1) normal foot rotation position, (2) external foot rotation position, (3) 

internal foot rotation position.  Medial and lateral hamstring EMG data were also 

collected simultaneously and used to calculate the ratio of M-L hamstring activation 

during the stance phase of the gait cycle.  Repeated measures ANOVAs were used to 

compare foot rotation conditions within each group; while between group comparisons 

were performed in the normal foot rotation condition only using t-tests. 

Results:   Those with knee OA had an increased late stance knee adduction moment and 

a decreased M-L hamstring activation ratio as compared to the healthy control group.  

Also, external foot rotation decreased the late stance knee adduction moment, lateral-

medial shear force at the knee, and M-L hamstring activation ratio; but internal foot 

rotation did not increase these measures. 

Conclusions:  Foot rotation has the ability to alter both the external loading of the knee 

joint and hamstring muscle activation patterns during gait.  This may have implication in 

delaying the onset and progression of knee OA.   
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5.2 - Introduction 
 
 The external adduction moment and the lateral-medial (LM) shear force, that can 

be measured at the knee while walking, are two factors in the development and 

progression of knee osteoarthritis (OA) [1-4].  A large adduction moment, produced by a 

ground reaction force vector acting medially to the knee‘s axis of rotation in the frontal 

plane, indicates an increased load on the knee’s medial compartment, while a reduced 

adduction moment indicates an increased load on the lateral compartment [3, 5-7]. Hence, 

the gait profile associated with medial compartment OA, the most common type of knee 

OA[8], includes a large external knee adduction moment. The second measure implicated 

in the development and progression of knee OA is the LM shear force [3, 4]. This force 

acts along the joint surface to push the femur medially across the tibial plateau. In vitro 

studies suggest that shear stress is detrimental to cartilage health [9-13] and those with 

medial compartment knee OA have been shown to exhibit a large negative LM shear 

force [3]. Clearly, strategies aimed at reducing the adduction moment and LM shear force 

are warranted. 

A simple strategy used by those with medial OA to reduce the associated pain is 

to walk with an externally rotated foot [14]. Walking with the foot rotated reduces the 

pain and also decreases the measured knee adduction moment [15-19] and LM shear 

force [20]. One study has shown this foot rotation strategy to be effective since those who 

walked with an increased toe-out angle during gait were less likely to have their medial 

compartment knee OA progress over an 18 month period as compared to those who 

walked with less of a toe-out angle [21]. Another strategy is to increase the activity of the 

lateral hamstrings and decrease the activity of the medial hamstrings during gait [22]. 
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This change in muscle activity may produce an internal muscular abduction (valgus) 

moment at the knee to counteract the external gait adduction (varus) moment [22].  This 

compensation strategy has not been examined as thoroughly as that of foot rotation, but 

the rapid application of a valgus or varus load to the knee is known to produce an increase 

in medial and lateral hamstring activity, respectively [23], which demonstrates the 

potential role of the hamstrings in absorbing frontal plane loads. The mechanism by 

which those with OA alter the activation of their medial/lateral hamstrings during gait is 

not clear, but foot rotation may play a role.   

It may be that the two compensation strategies discussed above, the rotation of the 

foot and alterations in medial-lateral hamstring muscle activation, are connected. Along 

with the common function of knee flexion in the sagittal plane, the medial and lateral 

hamstrings can also produce internal and external transverse plane rotations of the tibia 

[24].   Tibial rotation has been shown to affect the activation of the medial and lateral 

hamstrings during maximum isometric knee flexion [25]. However, to our knowledge, the 

connection between foot rotation and hamstrings activation has not been investigated 

during gait, and understanding this connection might provide insight into why foot 

rotation is a preferred compensation for those suffering from OA.  

Therefore, this study will examine the changes in hamstring muscle activation and 

knee loads during gait with changes in foot rotation in subjects with knee OA and an aged 

matched healthy control group. 

5.3 - Methods 

5.3.1 - Participants  
12 participants with knee OA (6M) were age and sex matched with a healthy 

control group who had no previous or current condition which restricted activity of the 
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lower back or lower extremities.  The average age of the OA subjects was 67.4 years (SD 

10.0), while the control subjects had an average age of 68.7 years (SD 8.4).  The OA 

subjects had an average height of 1.73 m (SD 0.11), weight of 81.3 kg (11.8), and BMI of 

27.3 (SD 3.8); while the control subjects had an average height of 1.71 m (SD 0.08), 

weight of 67.8 kg (SD 8.6), and BMI of 23.2 (SD 2.8).  The OA and control groups did 

not differ in age or height but the OA group was heavier and had a higher BMI (p<0.05).    

OA subjects were recruited from several sources including our database of knee 

OA subjects who had participated in previous studies, a local orthopedic surgeon’s 

waiting list for knee replacement surgery, advertisements placed in a local paper and 

posted with the local arthritis society, as well as through word of mouth.  Control subjects 

were recruited through advertisements placed in local papers and posted at a local senior 

centre, as well as through word of mouth.  All subjects signed a letter of informed consent 

approved by the Queen’s University Health Sciences and Affiliated Teaching Hospitals 

Research Ethics Board prior to their participation in the study. 

5.3.2 - Questionnaires 
 All subjects completed the Western Ontario and McMaster Universities 

Osteoarthritis Index (WOMAC ® ) to assess their OA symptoms  This is a validated [26], 

self-administered questionnaire that assess symptoms of knee OA . On a 5-point Likert 

scale from 0 (none) to 4 (extreme) participants are asked to rate the amount of knee pain 

(5 questions), knee stiffness (2 questions), and difficulty they have with various tasks due 

to the arthritis in their knees (17 questions).  A participant with no symptoms of OA 

would score a zero while the maximum possible score is 96.   

The Physical-Activity Scale for the Elderly (PASE) questionnaires assessed 
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participants’ current activity levels. The PASE is a self-administered questionnaire 

designed to assess occupational, household, and leisure activities typically performed by 

older adults [27]. The validity of the PASE has been established in community-dwelling 

older adults without physical limitation [28], and in older adults with knee pain and 

physical disability [29].  PASE scores are calculated from weights and frequency scores 

of 12 different types of activities and scores range from 0 to 400, with a higher score 

indicating an increased activity level. 

5.3.3 - Knee Alignment and Radiographic Evaluation 
 Each participant also had an anterior-posterior x-ray taken of their knee.  These 

were used to quantify the radiographic signs of OA and to measure the frontal plane 

alignment of the test limb.  In the OA group the test limb was the most arthritic limb; 

while for the control group, it was the same limb as was tested in their matched OA 

subject.  From the x-rays the radiographic signs of OA were quantified using a modified 

version of the Scott OA score [30]. This version scores only the most affected 

tibiofemoral compartment on a scale from 0 (no signs of OA) to 13 (extreme OA) [31].  

The grading involves scoring the following factors: 

 
Joint Space Narrowing – 0 to 3 
Femoral Osteophytes – 0 to 3 
Tibial Erosion – 0 to 4 (only graded if joint space narrowing is scored a 3 (i.e. bone on 
bone)) 
Subluxation – 0 to 3 
 
 
 Frontal plane knee alignment was also measure from the x-rays.  Since the x-rays 

did not include the full limb, alignment was measured as the angle between the femoral 

and tibial anatomic axes at the knee.  This angle, the femoral shaft-tibial shaft (FSTS) 
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angle, is calculated by drawing a line that bisects the distal femur and another that bisects 

the proximal tibia.  By convention, these angles are reported as negative for a varus 

alignment and positive for a valgus alignment; and normative data suggests that an ideal 

FSTS angle is positive 5 degrees (i.e. 5 degrees of valgus) [32]. 

5.3.4 - Gait Analysis 
 
 The gait analysis system used an optoelectronic motions tracking system (NDI, 

Waterloo, Ontario, Canada), and force plates (AMTI, Newton, Mass, USA) embedded in 

the walkway to collect kinematic (100 Hz) and ground reaction force (2000 Hz) data used 

to calculate the net forces and moments at the knee and the angle of the foot during gait.  

Participants were fit with marker arrays containing infra-red light emitting diodes (LEDs).  

These marker arrays were secured to the foot, shank, thigh, pelvis (at the sacrum) and 

thoracic spine (just below the cervical spine) with Velcro bands and tape to ensure they 

did not move during testing.  Markers were attached to both legs but only the test leg was 

analyzed in the current work.   

 A Delsys Bagnoli-8 (Delsys Inc., Boston, MA, USA) 8 channel EMG system was 

used to collect all EMG data (differentially amplified with a gain of 1000, bandpass 20-

450 Hz, CMRR>80dB, input impedance>1015).  Following standard skin preparation, 

single differential surface electrodes (DE 2.1 silver surface, inter-electrode distance of 1.0 

cm, Delsys Inc., Boston, MA, USA) were applied in line with the muscle fibers over the 

biceps femoris (lateral hamstrings) and semimembranosus/semitendinosus (medial 

hamstrings) and the motor point was avoided.  A National Instruments 12-bit A/D 

(National Instruments, Austin, TX, USA) card was used to convert data from analog to 

digital form.  Specially designed LabView 6.1 (National Instruments, Austin, TX, USA) 
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software was used to collect EMG data at 2000 Hz and to emit a synch pulse when 

collection was started and stopped. This pulse was sent to the force plate data acquisition 

unit to allow the EMG and kinematics/kinetics data to be synchronized in later 

processing.  Before testing began, a one second resting EMG trial was collected and the 

EMG levels recorded during these trials were considered baseline noise and subtracted all 

other signals.  

 Once outfitted with all markers and EMG electrodes, participants walked along 

the walkway in view of the cameras in three conditions: (1) their natural foot rotation 

position (NFP), (2) with the test leg foot externally rotated (EXT) as much as possible (to 

where it felt abnormal but not uncomfortable), (3) with the test leg foot internally rotated 

(INT) as much as possible (to where it felt abnormal but not uncomfortable).  The order 

of the sets of trial was randomized but all trials for each condition were done together as 

sometimes the marker arrays needed to be repositioned to keep them in view of the 

camera with the different foot rotation positions.  Five good walking trials were collected 

for each of the three foot rotation conditions. 

 Following all gait trials the participant stood in view of the cameras and a series of 

one second reference position trials were collected.  A specially designed probe was used 

to locate bone landmarks on the segment so that joint centres could be approximated 

during processing.  The landmarks identified during these trials were: 1st and 5th 

metatarsal heads, medial and lateral malleolus, medial and lateral femoral condyles, 

greater trochanter, mid-iliac crest (iliac crest – directly vertical from the greater 

trochanter), and the acromio-clavicular joint.  A final reference position trial was 

collected with the subject standing up straight with the feet aligned straight along the lab 
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walking direction axis.   

 Once gait trials were completed the participant performed three repetitions of 

isokinetic (concentric and eccentric) maximum voluntary hamstring contractions on a 

Biodex System 3 isokinetic dynamometer (Biodex Medical Systems Inc., Shirley, NY, 

USA) while medial and lateral hamstring EMG data were collected.  These repetitions 

were performed at 60 degrees/second as this speed approximates the angular velocities at 

the knee during gait. The EMG data collected during the maximum voluntary 

contractions were used to normalize gait EMG activation to percent maximum voluntary 

contraction (%MVC).  

5.3.5 - Data Processing 
 
 Visual 3D (C-Motion Inc., Rockville, MD, USA) was used to process the walking 

trial data. Visual 3D combined the force plate and Optrak® motion data, the landmarking 

and reference position trials, and subject specific anthropometric measures (height and 

weight) to calculate the net external knee moments and forces, as well at the joint 

kinematics.  More details regarding how gait data was processed can be found in Chapter 

3. 

   The data for the EMG resting trials, the gait trials, and the MVC trials were full 

wave rectified and filtered using a 2nd order, low-pass, double-pass Butterworth filter with 

a 3 Hz cut-off frequency.  The peak activation value achieved during all MVC trials was 

then identified for both the medial and lateral hamstrings.  Gait EMG data then had the 

average of the resting EMG signal subtracted from it and was then divided by the peak 

activation during MVC trials to give gait EMG waveforms in %MVC units. 
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Once all the data were processed, the synchronization pulse (that defined the start 

and the end of EMG data collection) was used to align the gait and EMG data in time.  

Since the two were collected at different rates they were interpolated so that both files 

were the same length.  The test leg Z (vertical) force plate channel was then used to 

identify the stance phase of the gait cycle and data from both systems was cut and the 

waveforms representing this stance phase were then interpolated to 101 point (0-100% of 

the stance phase of the gait cycle). 

 For each participant the data were averaged across the five trials for each 

condition to give one representative curve for each subject from which variables were 

extracted for analysis.  For the adduction moment and LM shear force, the early and late 

stance peaks were used as outcome measures if they were evident. In some curves these 

peaks were not present.  For these curves, the value at the same point in time as the 

vertical ground reaction force peak was used, as has been done previously [15, 19].  To 

determine the foot progression angle, the angle of the foot in the global (lab) coordinate 

system was computed and averaged across the entire stance phase.  Also, the average 

EMG activation across the stance phase for the medial hamstrings was divided by the 

average EMG activation for the lateral hamstrings to produce the medial-lateral (M/L) 

hamstring activation ratio. 

5.3.6 - Statistical Analysis 
 
 Key outcome measures were the early and late stance adduction moment and LM 

shear force values as well as the ML hamstring activation ratio.  Other variables that were 

measured included gait speed, foot rotation angle, frontal plane knee alignment (FSTS 

angle), radiographic OA score, and the WOMAC and PASE scores.  
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OA vs. Control 
 Comparisons between the OA and Control groups were performed using 

independent samples Student t-tests on the frontal plane knee alignment (FSTS angle), 

radiographic OA score, WOMAC and PASE scores.  Additional t-tests compared the OA 

and control groups on the gait measures (gait speed, ML hamstring activation ratio, early 

and late stance adduction moment and LM shear force curves) in the normal foot rotation 

condition only. 

Foot Rotation 
 The effect of foot rotation on the ML hamstring activation ratio, as well as the 

early and late stance adduction moment and LM shear force variables were tested using 

repeated measures ANOVAs with appropriate Bonferroni corrections to adjust the critical 

significance level.  If there was a main effect for foot rotation, all simple comparisons 

were also tested to determine the individual differences between foot rotation conditions.  

 Repeated measures ANOVAs were also used to test for differences in gait speed 

and foot rotation angles across the three foot rotation conditions.  It is known that gait 

speed has an effect on knee kinetics [33] and muscular activity [34, 35] so it was 

important to determine if there were any differences in speed across foot rotation 

conditions and to ensure that our foot rotation angles were statistically different. 

5.4 - Results 
 
 Average radiographic OA scores, frontal plane knee alignment (FSTS angle), 

WOMAC and PASE scores are shown in Table 5.1 for both the OA and Control groups.  

It should be noted that the OA group had larger radiographic OA, WOMAC and PASE 

scores (p<0.05) than the Control group, but there were no differences between groups for 
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frontal plane knee alignment. 

 The average gait curves (adduction moment and LM shear force) and EMG 

profiles (medial hamstring and lateral hamstring) during the stance phase for both the OA 

and Control groups across all three foot rotation conditions are presented in Figure 5.1. 

Outcome measures taken from these curves, along with foot rotation angles and gait 

speeds, are presented in Table 5.2.  

The foot progression angle was different across all foot rotation conditions for 

both groups; but there were also differences in gait speed between conditions.  For the 

OA group, the internal and external foot rotation conditions produced slower gait speeds 

than the normal foot rotation condition; while, for the Control group, the gait speed for 

the internal rotation condition was slower than the normal foot position condition.     

The late stance peak adduction moment revealed a main effect for foot rotation for 

both the OA and Control groups; but, the internal foot rotation and normal foot rotation 

condition were not different for the late stance peak adduction moment in either group. 

The early stance peak adduction moment did not display a main effect for foot rotation in 

the OA group; but the early stance peak adduction moment for the internal rotation 

condition was different from both the straight and external rotation conditions in the 

Control group. Adduction moment comparisons between the OA and control group for 

the normal foot rotation position revealed an increased (p<0.05) late stance peak 

adduction moment for the OA groups but the early stance peak adduction moment was 

not different between groups (Table 5.2).       

 There were differences due to foot rotation in the late stance LM shear force for 

the OA group that were similar to those seen in the late stance adduction moment as the 
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magnitude of this curve decreased in the external rotation condition, but the internal and 

straight foot rotation conditions were not different (Table 5.2).  The same decrease in 

magnitude of the late stance LM shear force with external rotation is not present for the 

Control group.  There were also no differences between the OA and Control groups in the 

magnitude of either the early or late stance LM shear force for the normal foot rotation 

condition. 

External foot rotation decreased the ML hamstring activation ratio while internal 

rotation increased it, although not all comparisons between foot rotation conditions 

reached significance.  In the OA group, only the external and normal foot rotation 

conditions were significantly different; while for the Control group, the internal condition 

was significantly different than the external and normal foot rotation conditions, but the 

external and normal conditions were not statistically different.  The comparison between 

the OA and Control groups revealed that the ML hamstring activation ratio was lower for 

the OA group; therefore, the OA group favors the activation of the lateral hamstrings over 

the medial, while the opposite is true for the Control group.  

5.5 - Discussion  
 
 The main findings of this study are: (1) those with medial knee OA have a 

decreased medial-lateral hamstring activation ratio and increased late stance knee 

adduction moment during gait as compared to healthy controls; (2) the relative activation 

of the medial and lateral hamstrings during gait was altered with foot rotation; (3) 

external foot rotation decreased the late stance knee adduction moment and LM shear 

force in both groups, but internal rotation did not increase these two measures; (4) 

unexpected results suggest that more work is needed to determine the combined effects of 
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changes in gait speed and foot rotation on knee gait kinetics and hamstring activation 

patterns.     

These results support the theory that the activation of the medial and lateral 

hamstrings plays a role in the attenuation of frontal plane loading at the knee during gait; 

as the OA group had a smaller M/L hamstring activation ratio and larger late stance peak 

adduction moment than the Control group during the normal foot rotation condition 

(Table 5.2).  This smaller M/L hamstring activation ratio in the OA group indicates that 

they have an activation pattern that favours the activation of the lateral over the medial 

hamstrings.  Our results agree with previous work where medial OA subjects were found 

to have increased lateral hamstring activity and decreased medial hamstring activity as 

compared to a healthy control group [22].   Therefore, it appears those with medial OA 

attempt to produce an internal valgus moment at the knee in an attempt to balance the 

increased external varus moment created during the stance phase of the gait cycle.  The 

role of the hamstrings in attenuating frontal plane loads at the knee makes the ability of 

the individual hamstring muscles to exert a moment on the knee joint extremely 

important.    

Differences in the torque producing capacities of the medial and lateral hamstrings 

have, to our knowledge, not been previously examined in the literature.  It may very well 

be the case that there is an inherent imbalance in the torque producing capacity of the 

medial and lateral hamstrings that favours the medial hamstrings.  This is supported by 

data examining two factors that are known to affect the torque producing capacity of a 

muscle, the physiological cross sectional area and the moment arm distance.  It has been 

determined that the moment arm distance [36] and physiological cross sectional area 
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[37]of the lateral hamstrings is approximately half that of the medial hamstrings.  This 

suggests that, all other things being equal, with every hamstring contraction throughout a 

person’s life, a net muscular varus moment is produced at the knee joint.  This inherent 

imbalance could be a reason why medial compartment knee OA is much more common 

than lateral compartment disease in Western cultures [8] and the increased lateral 

hamstring activation seen in those with knee OA could be a compensation strategy 

attempting to overcome this imbalance to relieve the stress on the diseased compartment 

of the knee.  Since it appears that the hamstrings play a role in the frontal plane loading of 

the knee, and the inherent medial-lateral hamstring imbalance would suggest increased 

stress on the joint’s soft tissues, interventions aimed at decreasing this imbalance could 

help in the slowing the progression of knee OA.   

The current data also suggests that foot rotation during gait could help in 

decreasing the effects of the proposed medial-lateral hamstring imbalance on OA 

progression.  In both the OA and Control groups it appears that foot rotation was able to 

modify the relative activation of the medial and lateral hamstrings, as the general trend 

was a decreased ratio (favouring the activation of the lateral hamstrings) with external 

rotation and an increased ratio (favouring the activation of the medial hamstrings) with 

internal rotation, although not all comparisons reached statistical significance.   This lack 

of significance may be due to several factors such as the small sample size, the 

differences in gait speed noted between foot rotation conditions (Table 5.2), and the 

heterogeneity of both subject populations.  The mechanism by which foot rotation alters 

the activation of the medial and lateral hamstrings may have to do with the hamstrings 

role in the internal and external rotation of the tibia [24].  External rotation of the tibia 
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may pre-activate the lateral hamstrings and create increased tension that may enhance its 

responsiveness to external loads during the stance phase, while relaxing the medial 

hamstrings; and, internal rotation of the tibia would trigger the opposite response by pre-

activating the medial and relaxing the lateral hamstrings.  Therefore, this simple 

intervention may help in both decreasing external loads on the joint’s soft tissues and 

decreasing the effects of the proposed medial-lateral hamstring muscular imbalance. 

Differences in external knee gait kinetics with foot rotation also provided some 

interesting results.  As expected, external rotation of the foot decreased the late stance 

knee adduction moment in both the OA and Control population; and this agrees with the 

literature [15-17, 19, 20].  However, this peak was not different between the internal and 

normal foot rotation conditions for either group.  This contradicts the literature as internal 

foot rotation has been shown to increase the knee adduction moment during late stance 

[20]; but this was determined in healthy young subjects.  It has been suggested that 

internal rotation of the foot increases the strain on the knee’s medial compartment [20]; 

which may create and uncomfortable/unstable environment for older adults and cause 

them to make further compensations in their gait patterns.  This is supported by the fact 

that both the OA and Control groups walked at a slower velocity with their foot internally 

rotated then they did in their normal foot rotation condition (Table 5.2).   

Foot rotation had a similar effect on the LM shear force as it did for the adduction 

moment in the OA group; as the external rotation decreased the magnitude of the force in 

late stance as compared to the normal foot position condition, but there was no change 

with internal rotation.  This decrease in the magnitude of the LM shear force at the knee 

with external foot rotation may help in taking the stress off the medial compartment 
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articular cartilage [3, 20] and hence, help in delaying OA progression.  A similar pattern 

was present in the Control group yet there was no main effect of foot rotation in this 

group.  The reason foot rotation did not affect the LM shear force in the Control group 

should be examined further as it may be a function of several factors that such as muscle 

strength and balance, gait speed, static and dynamic knee alignment, and knee laxity in 

the frontal plane.  It is known that shear forces are detrimental to cartilage health [9-13] 

yet the LM shear force during gait has not been studied as extensively as the adduction 

moment to date; and therefore, its role in the development and progression of knee OA is 

not well understood.  

Differences in gait speed have an effect on both the external loading of the knee 

joint [33, 38-40] and the muscle activity of the lower limb [34, 35], although it is not clear 

how the differences in gait speed may have affected the results of this current work.  Chiu 

and Wang (2007) [34] demonstrated that increases in walking speed are associated with 

increased hamstring muscle activation but EMG data was only recorded from the biceps 

femoris (lateral hamstrings).  It is unclear how differences in gait speed would affect the 

ratio of activation between the medial and lateral hamstrings and future work should 

attempt to discern this relationship.   

The effect of gait speed on the frontal plane knee gait kinetics is also unclear.  

Studies investigating the relationship between gait speed and the peak adduction moment 

range from finding a weak/poor relationship [33] to a positive correlation that changes 

depending on the severity of OA in the population tested [39]; yet, these studies did not 

perform separate analyses for the early and late stance adduction moment peaks.  Those 

that did perform separate analyses for the early and late stance peaks have also presented 
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some conflicting results.  One study found a negative correlation between gait speed and 

both the early and late stance adduction moment peaks [38]; therefore, as gait speed 

increased, the peak adduction moments decreased.  Another study found a positive 

correlation between the early stance peak adduction moment and a negative correlation 

between the late stance peak [40].  Future work should attempt to clarify this relationship 

and also determine the combined effects of foot rotation and changes in gait speed on 

external frontal plane knee gait kinetics and hamstring muscle activation.  It is possible 

that some of the aberrant finding in this current work may be partially due to the 

differences in gait speed between conditions and therefore, it is essential that this 

relationship be clarified. 

The results of this current work suggest that the ratio of medial-lateral hamstring 

muscle activity may play a role in the attenuation of frontal plane loading at the knee and 

that the position of the foot during the stance phase of the gait cycle also has the potential 

to alter both the muscular and external loads implied on the knee joint.  This may have 

implications in the development of simple, non-invasive interventions aimed at slowing 

the development and progression of knee OA. 
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OA Group  Control Group 

Radiographic OA Score a , *  4.4 (2.4)  0.3 (0.9) 

 
Knee Alignment b  0.6 (4.9)  3.1 (2.6) 

WOMAC c , *  29.7 (14.0)  3.9 (6.3) 

PASE d , *  189 (66)  125 (52) 

     
     

Table 5.1 - Radiographic and questionnaire scores for OA (n=12) and Control (n=12) groups 
 

-    Number presented at mean (SD). 
- * = significant difference between OA and control group at p<0.05. 
- a = grading of signs of radiographic OA between 0 and 13 [31]. 

b = frontal plane femoral shaft-tibial shaft (FSTS) angle; negative values = varus, positive 
values = valgus.  Normal = 50 valgus [32]. 
c = knee pain, stiffness, physical function questionnaire between 0 and 96 [26]. 
d = physical activity scale between 0 and 400 [27]. 
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  OA  Control 

  EXT NFP INT  EXT NFP INT 

  
  
  

Foot Progression Angle (deg) 

 

17.1A 
(8.0) 

7.5B 
(5.9) 

-4.4C  
(6.4) 

 

22.5A 
(5.0) 

11.5B 
(4.7) 

2.5C 
(6.4) 

Gait Speed (m/s)  0.95A 
(0.27) 

1.04B 
(0.28) 

0.96A 
(0.29)  1.09A,B 

(0.15) 
1.11A 
(0.13) 

1.05B 
(0.14) 

         

KAM Early Stance (Nm/kg)  0.46 
(0.13) 

0.45 
(0.15) 

0.43 
(0.15)  0.36A 

(0.13) 
0.37A 
(0.11) 

0.32B 
(0.12) 

         

KAM Late Stance (Nm/kg) †    0.31A 
(0.13) 

0.40B 
(0.14) 

0.39B 
(0.14)  0.19A 

(0.14) 
0.27B 
(0.12) 

0.26B 
(0.09) 

         

LMF Early Stance (N/kg)  -0.77A 
(0.48) 

-0.89B 
(0.49) 

-0.84A,B 
(0.47)  -1.10 

(0.22) 
-1.10 
(0.23) 

-1.06 
(0.30) 

         

LMF Late Stance (N/kg)  -0.62A 
(0.41) 

-0.76B 
(0.45) 

-0.77B 
(0.47)  -0.90 

(0.36) 
-1.00 
(0.33) 

-0.99 
(0.38) 

         

M/L Hamstring Activation Ratio † 
 0.51A 

(0.34) 
0.66B 
(0.42) 

0.88A,B 
(0.67)  0.94A 

(0.41) 
1.19A 
(0.75) 

1.87B 
(1.39) 

 
 
 
 
 
 
 
 
 
 
 
 

-Different superscripts = significantly different simple comparisons between foot rotation conditions with 
appropriate Bonferroni corrections. 
- † = significant difference between the OA and Control groups for the normal foot rotation position (p<0.05). 
- EXT = external foot rotation position, NFP = normal foot rotation position, INT = internal foot rotation position. 
- KAM = knee adduction moment, LMF = Lateral-Medial Force, M/L = medial/lateral 
 

Table 5.2 - Gait parameters for the OA (n=12) and Control (n=12) Groups in all three foot rotation positions. 
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Figure 5.1 – Average Gait Parameters and Hamstring EMG activation curves for the OA (Fig. 
5.1A; n=12) and Control (Figure 5.1B; n=12) groups across the stance phase of the gait cycle. 
Note: - Add. Mom. = adduction moment; L-M force = Lateral-Medial Shear Force; MH EMG 
= medial hamstring muscle activation; LH EMG = lateral hamstring muscle activation, %MVC 
= % maximum voluntary contraction.   
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6.1 - Abstract 
Objective: To determine if the ratio of medial-lateral hamstring muscular activation can 

be altered with changes in foot rotation position (both internal and external rotation) 

during three standard lower limb exercises. 

Design: This study used a repeated measures design to determine if there were 

differences in the medial-lateral hamstring activation ratio between the three foot rotation 

conditions (1. straight foot position, 2. external rotation foot position, 3. internal rotation 

foot position). 

Setting: Biomechanics Laboratory. 

Participants: 13 (6M) healthy young adult subjects. 

Main Outcome Measures: Average medial and lateral hamstring electromyographic 

(EMG) data during the full exercise, as well as the concentric and eccentric phases, was 

used to calculate the medial-lateral (M-L) hamstring activation ratio for each exercise and 

foot position. 

Results: Internal foot rotation increases the M-L hamstring activation ratio while 

external foot rotation decreases this ratio.  

Conclusions: Altering the position of the foot during standard lower limb exercise can 

help selectively activate the medial or lateral hamstring muscle groups.  This selective 

activation may have implication in the treatment/prevention of knee osteoarthritis and 

hamstring injury, but longitudinal intervention studies would be needed to determine 

clinical utility.  Key Words: medial-lateral hamstring activation ratio, foot rotation, 

lower limb exercise, knee osteoarthritis, hamstring injury. 
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6.2 - Introduction 
 
 The external adduction moment produced at the knee during gait has been 

implicated in the development and progression of knee osteoarthritis [1-5]. For the most 

part, this moment is determined by a ground reaction force vector that acts medially to the 

knee center in the frontal plane creating a torque that tends to rotate the tibia medially 

with respect to the femur, thus, increasing the stress on the knee’s medial compartment.  

Because of our limited ability to produce a moment in the frontal plane to counteract this 

external moment using muscular contractions, it is difficult to control the increased stress 

placed on the articular cartilage.  Recently, however, it was reported that persons with 

medial compartment knee osteoarthritis have increased activity of the lateral hamstrings 

(biceps femoris) and decreased activity of the medial hamstrings (semitendinosus and 

semimembranosus) during gait as compared to healthy controls [6].  This may be an 

attempt to unload the diseased compartment and control (in this case reduce) the external 

knee adduction (varus) moment by manipulating hamstring activation to produce a 

counteracting internal muscular knee abduction (valgus) moment.  To our knowledge, the 

role of the hamstrings in attenuating the frontal plane knee moments at the knee has not 

been investigated previously. 

 Since the torque produced by the medial and lateral hamstrings may play a role in 

attenuating the frontal plane loading [6], the ability of these muscles to produce torque 

becomes important.  Due to their anatomical attachments at the knee [7], there is the 

potential for the medial and lateral hamstrings to produce internal knee varus and valgus 

moments, respectively. However, the capacity of the medial and lateral hamstrings to 

generate torque may not be equal. One reason is that the moment arm of the lateral 
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hamstrings is roughly half that of the medial hamstrings [8]; therefore, given the same 

force production the lateral hamstrings would produce a smaller moment.  A second 

reason relates to the ability of the hamstring muscles to produce force.  In a cadaver study 

[9], the physiological cross sectional area of the medial hamstrings (semitendinosus and 

semimembranosus) was reported as 23.83 cm2, while it was 13.04 cm2 for the lateral 

hamstrings (biceps femoris – long and short head). Therefore, given the same activation 

level, the lateral hamstrings again would produce a smaller moment. It would seem that 

there is an inherent imbalance favoring the medial hamstrings.   

This proposed inherent medial-lateral hamstring imbalance is supported by the 

athletic injury literature, where the biceps femoris has been consistently identified as the 

most commonly injured hamstring muscle [10-14]. Reasons given for the increased injury 

rate to the biceps femoris include differential innervation of the long and short heads, 

leading to asynchronous activation and the inability to produce the required torque to 

respond to external demands [15].  The different moment arm lengths and cross-sectional 

areas may also help to explain the failure to produce the required torque, something that 

has not been suggested in the literature.  

The suggested imbalance in the torque producing potential between the medial 

and lateral hamstrings may also help to explain why medial tibial-femoral osteoarthritis is 

more common in Western populations than lateral compartment disease [16].  If the 

adduction moment is a risk factor for the development and progression of knee 

osteoarthritis, then control of this moment would be important in countering the impact of 

knee OA. Weaker lateral hamstrings are unable to produce a strong counter-balancing 

abduction moment that would help unload the medial compartment and reduce the 
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damage that can be done by an excessive adduction moment. 

Appropriate muscle function occurs when the required postural and movement 

tasks are performed in a well coordinated manner so that there are no negative adaptations 

by the musculoskeletal system (i.e. muscular injury or cartilage wear) [17].  One way to 

counteract the proposed mechanical imbalance between the medial and lateral hamstrings 

and avoid these negative adaptations would be to design exercises that preferentially 

activate the lateral hamstrings.  It is known that the lateral hamstrings contribute to 

external rotation of the tibia and the medial hamstrings contribute to internal rotation of 

the tibia at the knee [7]; therefore, perhaps internal and external rotation of the foot during 

standard hamstring exercise may be able to selectively activate medial and lateral 

hamstrings, respectively.  Electromyographic (EMG) recordings taken during isometric 

manual muscle testing show that the medial and lateral hamstrings can be preferentially 

recruited using tibial rotation [18]; yet the relationship between foot rotation and 

medial/lateral hamstring muscle activation has not been investigated during standard 

hamstrings exercises.  Therefore, the purpose of this study is to investigate the change in 

EMG activity of the medial and lateral hamstring with foot rotation during three standard 

hamstring exercises. 

6.3 - Methods 
  

6.3.1 - Participants 
  

Participants were 13 (6M) healthy, active subjects with no history of serious lower 

limb trauma or surgery.  The University’s Research Ethics Board approved the study and 

the participants provided informed consent prior to participation.  The participants had a 
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mean age of 27.7 (SD 4.0) years, with a mean height of 1.72 (SD 0.14) m and a mean 

weight of 70.2 (SD 15.8) kg.  

6.3.2 - Instrumentation 
  

A Bortec AMT-8 (Bortec Inc., Calgary, AB, Canada) 8 channel EMG system was 

used to collect all EMG data (differentially amplified with a gain of 1000, bandpass 10-

500 Hz, CMRR=115dB (at 60Hz), input impedance of 10 Gohm).  Following standard 

skin preparation, silver-silver chloride electrodes were applied in a bi-polar configuration 

(3.0 cm centre-to-centre) in line with the muscles fibers over the biceps femoris (lateral 

hamstrings) and semimembranosus/semitendinosus (medial hamstrings) and the motor 

point was avoided.  Also, EMG data were collected from the vastus medialis, vastus 

lateralis, medial gastrocs, lateral gastrocs, and gluteus medius muscles but only the 

hamstring data was analyzed in the current work.  A National Instruments (National 

Instruments, Austin, TX, USA) 12-bit A/D  card converted the EMG data from analog to 

digital form and a customize LabView 6.1 (National Instruments, Austin, TX, USA) 

program collected the EMG at 1000 Hz.  Before data collection began, a quiet EMG trial 

was collected with the subject completely relaxed. The EMG levels recorded in these 

trials were considered baseline noise and later subtracted from the rest of the signals. In 

addition, a reference trial where the subject walked normally for several steps was 

collected and the EMG data collected during the exercises was normalized to these 

walking levels. 

During the exercise trials, kinematic data was collected with a Fastrak Liberty TM 

(Polhemus Inc., Corchester, VT, USA) electromagnetic motion tracking system.  Four 
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sensors were attached using Tufskin ® spray and stretchy fabric-based adhesive tape to 

the lateral aspect of the foot, shank, thigh and pelvis (mid iliac crest) as far away from 

EMG electrodes as possible.  Three-dimensional position and orientation data for each 

sensor was collected using specialized software created for the Liberty system.  Data were 

collected at 240 Hz.  Before each exercise was collected a one second reference position 

trial was collected so that subsequent joint angles could be set to zero for this position. 

The EMG and kinematic data were synchronized using a switch that sent a pulse 

to each system. The switch was turned on after both systems had begun collecting but 

before the subject began the exercise and was turned off after the exercise was complete.  

The pulse was sent, through a T connector, simultaneously to an extra channel on the 

breakout box that collected the EMG, and to the synch port on the Liberty system, which 

output a binary (on/off) channel along with position and orientation data.  

 

6.3.3 - Exercises 
  

Subjects performed three hamstring exercises while EMG and kinematic data was 

collected:  Hamstring curl (Figure 6.1), Hamstring bridge (Figure 6.2), One-legged 

deadlift (Figure 6.3).   

Subjects performed five trials (15 total reps) of each exercise in the three foot 

rotation conditions: (1) Straight foot (STR), (2) Externally rotated foot (EXT), (3) 

Internally rotated foot (INT).  For the hamstring bridge and the one-legged deadlift, tape 

marks were made on the floor marking the position of the 2nd toe for each of the three 

conditions.  For the hamstring curl, subjects were asked to internally and externally rotate 

as much as they comfortably could.  The weight used for the hamstring curl exercise was 
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self selected by the subject as a weight they felt they could comfortably handle for 15 

repetitions.  The order in which the exercises were performed was randomized and so was 

the order of the trials within each exercise.  Subjects were allowed sufficient time 

between each repetition to rest while data from the previous trial was being saved.  Also, 

before data collection was begun, the subject performed several practice trials and a 

metronome was set to their self selected pace.  The subjects then listened to the 

metronome while they performed each trial and they were then asked to maintain that 

same pace.  Any trial in which the subject did not maintain a consistent pace was 

disregarded and repeated.  This ensured that all trials for a specific exercise were 

performed at the same speed. 

6.3.4 - Data Processing 
 
 The orientation data from the Fastrak ® sensors attached to each segment (pelvis, 

thigh, shank and foot) during the exercise trials were processed by first referencing all 

orientations to the static reference position trial.  The floating axis method [19] was then 

used to calculate the hip (pelvis and thigh), knee (thigh and shank) and ankle (shank and 

foot) angles during the exercise trials.  The angle about the medial-lateral axis of the hip 

(Hamstring Bridge and One-legged deadlift) and knee (Hamstring curl) was used to 

calculate the range of motion during each trial.  These data were used to ensure that the 

exercise ROM was not different between foot rotation conditions.  

Raw EMG data for the quiet resting trial, the gait reference trial and all exercise 

trials were full wave rectified and filtered using a second order, low pass, double pass 

Butterworth filter with a cut-off frequency of 3 Hz.  Exercise EMG data then had the 

noise recorded during the resting trial subtracted from it and was divided by the mean 
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activity during the gait trial to express the exercise EMG as a percent of gait activation.  

Processed gait and motion data were synchronized using the switch channel.  

Since the EMG and kinematic data were collected at different rates, both were 

interpolated to 101 points (0-100% of the exercise cycle).  Kinematic data were used to 

define the exercise cycle and split the EMG into concentric and eccentric phases for 

separate analyses.  This was done by identifying the peak of the joint angular 

displacement data for each trial and then moving forward and backwards until the angular 

displacement dropped below 1 degree (cycle start and stop).  Therefore, the full exercise 

was defined as cycle start to stop and the concentric/eccentric phases were from cycle 

start to peak ROM and peak ROM to cycle end.  An example plot of this process is shown 

in Figure 6.4.  For each subject, foot condition and exercise the five 5 EMG trials were 

averaged to give a mean curve from which the peak EMG activity and the mean of the 

concentric and eccentric phases were computed.  

6.3.5 - Statistical Analysis 
 
 The EMG values were extracted from the average curves for the medial and 

lateral hamstrings for each subject and used to calculate the Medial-Lateral (M/L) 

hamstring activation ratio.  These activation ratios were then tested across the three foot 

rotation conditions using repeated measure ANOVAs with Bonferroni corrections to 

adjust the critical p-value for multiple comparisons using a significance level of p<0.05.  

If there was a main effect for foot rotation, all simple contrasts (INT-STR, EXT-STR, 

INT-EXT) were tested to determine the differences between individual conditions.  

Similar repeated measures ANOVA were conducted on the joint ROM values to ensure 

they were not different across conditions, and to test for differences in the M/L activation 
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ratio across the three exercises in the straight foot position only.  

6.4 - Results 
  

Average foot angles and joint range of motion data are shown in Table 6.1 for all 

three exercises across the three foot rotation conditions.  It should be noted that there was 

no effect of foot rotation on joint range of motion values for any of the three exercises.  

 Figures 6.5, 6.6 and 6.7 show the M/L hamstring activation ratios.  Figure 6.5 

displays these values for the full curve, or entire exercise; while Figure 6.6 and 6.7 

display these values for the concentric and eccentric phases of the exercise, respectively.  

The M/L hamstring activation ratio decreased in all subjects when the foot was externally 

rotated and increased when the foot was internally rotated; hence, there was a main effect 

for foot rotation in all cases (p<0.05) and all simple comparisons were significant with 

one exception.  The eccentric phase of the one-legged deadlift exercise (Figure 6.7) 

displayed the same trend as the other data and there was a main effect for foot rotation, 

but only one simple comparison (EXT-STR) was significant.  This was due to the large 

variability between subjects especially in the internally rotated foot position.     

 There was also a main effect for exercise in the straight foot position (p<0.05) as 

the M/L hamstring activation ratio was greater in the one-legged deadlift exercise than it 

was for the other two exercises.  This activation ratio for the straight foot condition was at 

or slightly below 1 for the hamstring curl and hamstring bridge exercise, but was greater 

than 1 (indicating that the relative activation of the medial hamstrings was greater than 

that of the lateral hamstrings) for the one-legged deadlift exercise.   
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6.5 - Discussion 
 

The main findings of this study were: (1) External rotation of the foot selectively 

activates the lateral hamstrings and internal rotation of the foot selectively activates the 

medial hamstrings; (2) The one-legged deadlift produced an increased ML hamstring 

activation ratio as compared to the other two exercises and was the only exercise to 

favour the activation of the medial hamstrings in the straight foot position; (3) The ML 

hamstring activation ratio during the eccentric phase of the one-legged deadlift exercise 

produced an unexpected result, as it was not significantly different from the normal or 

externally rotated positions 

During the hamstring exercises tested in this study, external rotation of the foot 

changed the ratio of medial-lateral muscle activation to favour the lateral hamstrings, and 

internal rotation changed the ratio to favour the medial hamstrings.  This change in 

hamstring activation patterns agrees with previous work [18] and could be used to control 

the proposed frontal plane moment imbalances.   By performing hamstring exercises with 

the foot in an externally rotated position, one could increase the force producing capacity 

of the lateral hamstrings more than the medial hamstrings, which could help overcome the 

smaller moment arm [8] and cross sectional areas [9] of the lateral musculature.  A 

change in the moment balance has implications in delaying the onset and progression of 

medial knee OA, and may help decrease symptoms in those already affected.  

Although the proposed imbalance suggests that in most people the lateral 

hamstrings are weaker than the medial hamstrings, this may not be the case in everyone.  

Recent epidemiological data suggests that in Asian populations the occurrence of lateral 

compartment knee OA is much more common than it is in Western populations [20].  It is 
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known that in lateral compartment disease the frontal plane knee moment during gait 

favours the loading of the lateral compartment [2, 21] and therefore, these patients would 

theoretically want to increase their internal knee adduction moment to take the stress off 

the diseased lateral compartment.  The current data suggests that this may be 

accomplished by performing hamstring exercises with the foot internally rotated as this 

selectively activates the medial hamstrings which could potentially increase the strength 

of this muscle group more than the lateral hamstrings and shift the moment balance 

towards the medial compartment. 

Another potential use for the alteration of the M/L hamstring activation ratio 

during lower limb exercise would be in the rehabilitation and prevention of hamstring 

injuries in athletic populations.  Since the prevalence of injury to the lateral hamstring 

(biceps femoris) is much higher than the medial hamstrings in athletic populations [10-

14], those prone to lateral hamstring injury may also benefit from performing hamstring 

exercise with the foot externally rotated to target the lateral hamstrings and potentially 

reduce the proposed medial-lateral hamstring imbalance.     

The reason for this change in hamstring muscle activation ratios with foot rotation 

may relate to the hamstrings’ role in producing transverse plane rotations at the knee (i.e. 

rotation of the tibia).  Along with the common function of sagittal plane flexion, the 

medial and lateral hamstrings can also produce internal and external rotations at the knee, 

respectively [7].  It may be that foot rotation prior to performing an exercise pre-activates 

the musculature and increases its responsiveness to the load applied during the exercise 

relative to its non pre-activated counterpart, which may  have to relax to allow the tibia to 

rotate into position.  
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Foot rotation produced similar changes in the hamstring activation ratio in all 

three exercises (increased ratio with internal rotation and decreased ratio with external 

rotation), but the one-legged deadlift provided some aberrant results when compared to 

the other two exercises.  For the straight foot position, the one-legged deadlift had an 

increased M/L activation ratio and was the only exercise where this ratio favoured the 

activation of the medial hamstrings (ratio greater than 1).  This may be because the one-

legged deadlift is the only exercise performed in weight bearing.  Under these conditions 

where the joint is loaded and balancing on one leg is required, there may be a tendency to 

activate the stronger muscle group (medial hamstrings) to stabilize the body.  If this is 

carried over to the single limb support phase of the gait cycle, then increased medial 

hamstrings activation may be counter productive to joint health.  Increased activation of 

the medial hamstrings during single limb support would produce a varus moment at the 

knee which would, along with the external varus moment produced during walking [22], 

increase the stress on the cartilage of the medial compartment. 

The eccentric phase of the one-legged deadlift exercise also produced the only 

simple comparison that did not reach significance, as the internal rotation condition was 

not different from the straight or external rotation conditions (Figure 6.7).  One reason the 

eccentric phase of the one-legged deadlift produced an anomalous result may be that it is 

the only one of the three exercises where the hamstrings are stretched beyond their resting 

length, as the initial phase of this exercise is an eccentric stretch of the hamstring muscles 

when the pelvis and trunk are rotated anteriorly during hip flexion.  The other two 

exercises involve an initial concentric shortening of the hamstring musculature followed 

by an eccentric return to resting length, therefore the hamstring muscles are never 
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stretched beyond their resting length in the hamstring bridge and hamstring curl.  This 

initial eccentric stretch may create differing muscular reactions depending on the 

hamstring flexibility of the subject.  Also, the internal rotation condition was most 

affected as the  M/L hamstring activation ratio for the one-legged deadlift exercise in the 

straight and the externally rotated foot positions already favoured the activation of the 

medial hamstrings (Figure 6.7); therefore, the increased activation of the medial muscle 

group caused by the internal rotation of the foot, along with the stretching of that muscle 

beyond its resting length may cause structures like the Golgi Tendon Organ (GTO) to 

produce some aberrant muscular activity in those subjects with tight hamstrings.  The 

GTO functions as a protective mechanism designed to save the muscle and its connective 

tissue from injury due to excessive load; they are stimulated by excessive tension in a 

muscle/tendon and bring about a reflex inhibition of the alpha motor neuron [23]. 

It is known that exercise is an important tool in the treatment and prevention of 

injury and disease.  For those with knee osteoarthritis, exercise has been shown to be an 

effective treatment strategy; although our knowledge of specific forms of exercise that 

may be advantageous over others is lacking [24].  This study has demonstrated that one 

can selectively activate the medial and lateral hamstring muscles during standard lower 

limb exercise by modifying the rotation of the foot.  It is not yet known, however, if this 

could be a useful tool in treating and/or preventing knee OA and hamstring injury.  

Longitudinal studies would be needed to confirm if the selective activation of the 

hamstring muscles during exercise could in fact be an effective intervention in the 

prevention and treatment of musculoskeletal injury and degenerative disease. 
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Table 6.1 - Average (n=13) Foot Rotation Angles and Joint Range of Motion Angles. 
 

  HamCurl  HamBridge  Deadlift 
  EXT STR INT  EXT STR INT  EXT STR INT 
             

Foot Angle 
(deg) 

 30.0 
(9.3) 

-1.0 
(2.5) 

-30.3 
(10.5) 

 19.3 
(5.0) 

0.0 
(1.1) 

-24.5 
(7.4) 

 17.8 
(6.9) 

-0.9 
(3.0) 

-17.4 
(4.9) 

             
Joint Range of 
Motion (deg)* 

 122.4 
(11.0) 

121.7 
(9.0) 

120.3 
(8.3) 

 32.6 
(5.6) 

31.6 
(6.1) 

32.0 
(6.3) 

 53.1 
(12.4) 

56.1 
(11.9) 

56.7 
(12.3) 

* = Joint range of motion is calculated at the hip for the HamBridge/Deadlift, and at the knee for the 
HamCurl. 
- Numbers are presented as mean (sd) in degrees. 
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Figure 6.1 – Hamstring Curl Exercise - subject lies prone on a standard hamstring curl machine and 
performs a knee flexion (concentric hamstring contraction) followed by a controlled knee extension 
(eccentric hamstring contraction) back to the starting position.    
Note: CON = concentric hamstring contraction; ECC = eccentric hamstring contraction. 
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Figure 6.2 - Hamstring Bridge Exercise – subject lies supine with the test leg knee at 90 
degrees, hips on the floor, and performs a posterior pelvic tilt (concentric hamstring 
contraction) to raise the hips up off the floor, followed by a controlled anterior pelvic tilt 
(eccentric hamstring contraction) to return to the starting position . 
Note: CON = concentric hamstring contraction; ECC = eccentric hamstring contraction. 
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Figure 6.3 – One-Legged Deadlift Exercise – subject stands on one leg with a dowel behind the back 
touching the head, thoracic spine, and sacrum (to ensure motion comes from the hip) and performs an 
anterior pelvic tilt (eccentric hamstring contraction) creating hip flexion, followed by a controlled 
posterior pelvic tilt (concentric hamstring contraction) extending the hip back to the starting position . 
 
Note: CON = concentric hamstring contraction; ECC = eccentric hamstring contraction. 
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Figure 6.4 – Plot of one trial of data (hamstring curl) showing how the motion data was used to 
define the full cycle, concentric and eccentric phases of the exercise for separate analysis. 
 
Note:  - For the hamstring curl and bridge, the first phase was concentric and the  

second eccentric; while for the one-legged deadlift the first phase was  
eccentric and the second concentric. 
- For the hamstring bridge and one-legged deadlift, the phases were defined using the hip 
range of motion; while for the hamstring curl, the knee range of motion was used. 
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Figure 6.5 – Medial-Lateral hamstring activation ratios for the full exercise cycle (error bars 
represent ± 1 SD). 
 Note: - Different letters = significant differences at p<0.05. 
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Figure 6.6 – Medial-Lateral hamstring activation ratios for the concentric phase (error bars 
represent ± 1 SD). 
 Note: - Different letters = significant differences at p<0.05. 
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Figure 6.7 – Medial-Lateral hamstring activation ratios for the eccentric phase (error bars represent 
± 1 SD). 
 Note: - Different letters = significant differences at p<0.05;  
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Chapter 7 – General Discussion 
 
 Knee OA is the most common cause of chronic disability in North America [1], 

yet strategies to delay or even prevent the onset and progression of this condition are 

lacking.  It has been estimated that approximately 700,000 Canadians live with knee OA 

[2] and as the population ages, this number can only be expected to increase.  With this 

increase in the older adult population, the burden on health care systems will be dramatic 

if nothing is done [3].  Knickman and Snell (2002) [4] suggest that one of challenges we 

will face in averting this health care crisis is to find ways of keeping the elderly as active 

and healthy as possible.  Since activity rates and general physical health are known to 

decline with the onset of knee OA [2], decreasing the prevalence of knee OA with 

preventative measures would clearly be an effective method of improving the overall 

health of older adults and lessening the burden on health care systems.     

In 1979, the Canadian Task Force on the Periodic Health Examination released a 

report suggesting that targeting the detection, prevention and control of specific 

conditions or risk factors was likely to be more effective than the routine physical 

examination [5].  This report eventually led to the development of the Canadian Guide to 

Clinical Preventive Health Care which had the following goals: 

- To identify the main killing or disabling conditions, unhealthy states and 
unhealthy behaviours affecting Canadians and to determine which could 
possibly be prevented according to present knowledge. 

- To consider the evidence for the benefit of early detection or prevention of 
killing or disabling conditions, unhealthy states or unhealthy behaviours in the 
noncomplainant individual. 

- To define groups in the population at high risk for specific preventable 
conditions, states and behavious. 
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- To design health protection “packages” shown to be effective that should be 
part of periodic health examinations at defined ages and for defined 
populations [5]. 

 
There were 78 conditions reviewed as part of this task force and they included several 

rheumatic diseases such as ankylosing spondylitis and rheumatoid arthritis; but 

surprisingly, osteoarthritis was not included.   This report has been updated several times 

and, by 1994, 19 additional conditions were added but once again osteoarthritis was 

excluded [6].  There were two inclusion criteria that determined which 

diseases/conditions were included in these reports: (1) burden of suffering, (2) the 

effectiveness and acceptability of preventative maneuvers.  Considering the amount of 

disability created by OA [2], it would seem that the reason OA was excluded was because 

of a lack of effective preventative maneuvers. 

 The goal of this thesis was to begin the process of developing non-invasive 

measures aimed at delaying the onset and progression of knee osteoarthritis.  Since the 

loading of the joint has been repeatedly implicated in OA progression [7], examining 

compensation strategies employed by those with knee OA to unload the joint and 

decrease pain provided us with insight into potential methods of preserving cartilage 

integrity and preventing OA.   The two compensations identified in OA populations that 

led to the research questions examined in this thesis were the tendency of those with OA 

to walk with an externally rotated foot [8] and increased activity of the lateral hamstrings 

[9].  Therefore, the specific objectives of this current work were: 

1. To determine the effects of foot rotation on knee gait loads in healthy young, 

healthy older adult, and knee OA populations. 
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2. To determine how alterations in foot position during gait can change lower 

limb muscle recruitment patterns in a healthy older adult and knee OA 

populations. 

3. To determine how foot rotation can alter lower limb muscle recruitment levels 

during standard lower limb exercise and whether medial and lateral 

musculature can be selectively activated.  

  The results of this study indicate that it is indeed possible to alter knee loads and 

hamstring activation patterns using foot rotation during gait and standard lower limb 

exercises.  This information has great potential in allowing for the identification of those 

asymptomatic individuals predisposed to developing OA and then in developing non-

invasive prevention strategies.  Hopefully, expanding on this current work will allow OA 

to be included in future editions of the Canadian Guide to Clinical Preventive Health Care 

and help save our health care system from the crisis that is looming.  

7.1 - Identifying those Predisposed to OA 
 
 The first step in the development of prevention strategies is to be able to identify 

those predisposed to developing OA before the onset of clinical symptoms.  Two possible 

methods of early identification suggested in the current study would be the knee gait 

kinetics and medial-lateral (M-L) hamstring activation ratio. 

 One knee gait kinetic measure examined in this thesis that has also been 

implicated in the development and progression of knee OA is the external net adduction 

moment [7, 10, 11].  The importance of this moment in the pathogenesis of knee OA was 

once again demonstrated in the current work as our knee OA population had a larger late 

stance peak adduction moment than did our Control group in the normal foot rotation 
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position (Chapter 5).   Although this moment was higher in the OA group, it could not be 

ascertained from this current cross sectional study whether this was the cause or the result 

of the disease process.  However, the literature does suggest that the abnormal gait 

patterns may in fact precede the disease process.  The first study to make this suggestion 

examined the gait patterns of knee OA subjects before and after giving them a non-

steroidal anti-inflammatory drug with analgesic properties to decrease the pain they felt in 

their knee during gait [12].  The adduction moment increased following administration of 

the drug, which suggests that these patients were making compensations in their gait 

patterns because of the pain to decrease the adduction moment at the knee and hence the 

stress on the diseased compartment of the knee.  It can also be suggested that the gait 

pattern they presented after administration of the drug, with the increased adduction 

moment, may be the natural gait pattern that originally caused the development of knee 

OA.  However, this study was also a cross sectional design and, therefore, we conducted a 

longitudinal study attempting to determine if in fact OA progression could be predicted 

by gait patterns before the presence of clinical symptoms [11].  This longitudinal study 

re-called a group of older adults who were previously healthy and asymptomatic 5-11 

years after their initial testing.  Interestingly, the subject with the highest knee adduction 

moment during initial testing returned with symptomatic medial OA (MOA); while the 

subject with the lowest adduction moment returned with lateral compartment disease 

(LOA) – See Figure 7.1.  This was the first longitudinal evidence suggesting that 

abnormal gait pattern may precede the disease process and could therefore be used as a 

screening tool in identifying those at high risk of developing knee OA before symptoms 

begin; although, a more well controlled longitudinal study following subjects more 
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closely and testing them at more regular intervals would be needed to confirm this 

finding. 

 The problem with using three-dimensional gait analysis as a screening tool for OA 

is that it requires expensive equipment not available in most health care facilities.  

Therefore, if it was determined that progression of knee OA could in fact be predicted by 

the knee adduction moment before clinical symptoms appear, research could then focus 

on finding surrogate measures more easily obtainable in a clinical setting.  One such 

measure could be the side to side (lateral-medial) component of the ground reaction force 

during gait.  It has been determined that there is a large correlation between the adduction 

moment and the LM shear force calculated at the knee using inverse dynamics [11]; and it 

can be assumed that the LM shear force at the ground is correlated with the LM shear 

force calculated at the knee.  Therefore, one way to obtain the LM shear force during gait 

in a clinical setting would be with simple pressure measurement systems.  These pressure 

measurement systems only provide the vertical component of the ground reaction force, 

but the LM component of the ground reaction force has been predicted from the vertical 

component using artificial neural networks [13].  Obviously, there is much work to be 

done before gait analysis could be used as a screening tool for predicting the progression 

on knee OA before symptoms develop; therefore, simpler measures such as muscle 

activation patterns may be of better use. 

 Another potential method for identifying those predisposed to the development of 

knee OA is using surface electromyography (EMG) and more specifically the M-L 

hamstring activation ratio introduced in the current work.  It has been suggested that the 

hamstrings have the ability to attenuate frontal plane loads at the knee [9] and therefore, it 
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could be suggested that a large M-L hamstring activation ratio (one favouring the 

activation of the medial hamstrings) during gait could predict the progression of medial 

knee OA.  The M-L hamstring activation ratios for all OA and Control subjects from 

Chapter 5 are presented in Table 7.1.  Ten of the twelve OA subjects have M-L activation 

ratios less than 1 suggesting that most are making compensations in their hamstring 

activation patterns during gait to unload the diseased compartment.  However, two 

subjects (SRO14 and GMO15) have ratios substantially greater than 1 which suggests that 

perhaps these two subjects are not making the necessary compensations and therefore, 

their medial compartment knee OA may be progressing faster than that other subjects.  

Using the same logic, it can be suggested that several of the Control subjects may be on 

the road to developing knee OA based on their M-L hamstring activation ratio.  Control 

subjects RPC9, BSC10 and GSC14 all have large ratios suggesting that the medial 

compartment cartilage is being placed under large amounts of stress while they walk.  It 

would be interesting to follow these OA and Control subjects to see if those with large M-

L hamstring activation ratios have an increased rate of OA progression in the medial 

compartment as compared to those with ratios closer to 1. 

 It was also demonstrated in Chapter 6 that the one-legged deadlift exercise 

produced increased M-L hamstring activation ratios as compared to the other two 

exercises tested.  This may be because only this exercise is one done in weight bearing 

conditions, where the body may preferentially activate the muscle group with the greater 

mechanical advantage (i.e. the medial hamstrings) to provide adequate balance and 

stability.  It can also be hypothesized that an extremely large M-L hamstring activation 

ratio during this exercise would suggest an increased tendency to load the medial 
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compartment cartilage during ambulation and may be able to predict OA progression.  

The M-L hamstring activation ratios for the one-legged deadlift from Chapter 6 are 

presented for each subject in Table 7.2.  From these scores it could be suggested that 

perhaps those subjects with large ratios (subjects # 2, 3, 6, 7, and 11) would be at 

increased risk of developing medial compartment knee OA as compared to the other 

subjects. 

 While both large knee adduction moments and M-L hamstring activation ratios 

would suggest a tendency towards the development of medial knee OA, it can also be 

hypothesized that a low adduction moment and M-L hamstring activation ratio may 

indicate a predisposition towards lateral compartment disease.  Since lateral compartment 

disease has recently been found be much more common in certain populations than has 

previously been reported [14], identifying the “safety zone” for both the adduction 

moment and M-L hamstring activation ratio in asymptomatic individuals would be 

important.  Low adduction moments and M-L hamstring activation ratios may indicate an 

effective compensation strategy in those with medial compartment knee OA, but it also 

may indicate a tendency towards lateral compartment disease in those not currently 

presenting with OA symptoms.        

 Both knee gait kinetics and the M-L hamstring activation ratios may potentially be 

able to predict OA progression in asymptomatic individuals; yet more work would need 

to be done before either method could be considered for use in clinical practice.   

Longitudinal studies would be needed to determine whether either of these measures can 

actually predict OA progression in asymptomatic individuals.      
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7.2 - Foot Rotation as a Knee OA Prevention Strategy 
 
 Once it has been identified that an asymptomatic individual is predisposed to 

medial or lateral knee OA, intervention strategies aimed at unloading the cartilage being 

placed under extreme stress would be warranted.  The three studies that are part of this 

current work (Chapters 4-6) all suggest that foot rotation would be an appropriate strategy 

to accomplish this goal.  External foot rotation was shown to decrease the adduction 

moment and LM shear force magnitudes on the knee (Chapters 4 and 5), and it was also 

shown to shift the M-L hamstring activation ratio in favour of the lateral hamstrings 

(Chapter 5 and 6).  All these things have been suggested as potential ways of unloading 

the medial compartment knee cartilage [9, 11, 15, 16].  Internal foot rotation was also 

shown to increase all three of these measures in young asymptomatic individuals 

(Chapters 4 and 6).  This suggests that internal foot rotation may be an effective 

intervention strategy for those predisposed to lateral compartment disease as this would 

shift the load off the lateral compartment.  Although changes in the external loading and 

muscle activity patterns suggest that foot rotation might be an effective intervention 

strategy, much more work is still required.  Two potential uses for the information 

presented in this thesis are in the prescription of exercise with the foot in different 

positions and actually retraining gait patterns to walk with the foot in a rotated position.   

       Future work examining the potential of hamstring exercise with the foot in a 

rotated position would involve intervention studies examining whether performing 

exercises with the foot in the appropriately rotated position (external rotation for medial 

OAs and internal rotation for lateral OAs) could alter the M-L hamstring activation ratio 

during gait.  If it is possible to alter the hamstring activation ratio during gait with 
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exercise, a longitudinal study would then need to determine whether this change in ML 

hamstring activation ratios during gait could help slow cartilage break down and the 

development of knee OA.  

 Training people to walk with their foot in an abnormal rotation position may also 

help unload the cartilage and slow the knee OA process.  Further investigation would be 

needed to determine if training people to walk with an abnormal foot rotation position 

would indeed be beneficial.  It would also need to be ensured that walking with an 

abnormal foot rotation did not produce deleterious effects at the ankle, hip or low back 

before this intervention could implemented in clinical practice. 

 Longitudinal studies examining the effectiveness of these intervention strategies at 

delaying the progression of knee OA would also benefit from better ways of tracking the 

progression of the disease.  Radiographic measures that have traditionally been used to 

track OA progression such as joint space narrowing, subchondral sclerosis, and 

osteophyte formation may not be sensitive enough to track changes produced by these 

interventions.  Recently, MRI images have been used in several studies to track OA 

progression [17-22].  MRI has great potential as it is possible to measure small changes in 

cartilage volume that would be extremely useful in intervention studies such as those 

suggested above. 

 Some limitations of the current work include: 

(1) The definition of both the OA and Control groups for the study presented in 

Chapter 5.  Our definition of OA involved the presence of both radiographic signs 

of OA and some clinical symptoms (as assessed with the WOMAC ® 

questionnaire).  Following testing, it was clear that we had a wide range of knee 
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OA participants, from those who are really active and are only experiencing a 

small amount of discomfort in their knees, to those who are on a surgeon’s 

waiting list or have had a total knee arthroplasty since participating in our study.  

Currently there is no clear definition of the stages of OA that could be used for 

research purposes to ensure subject populations are as homogeneous as possible.   

Also, it is extremely difficult to find older adults with absolutely no signs of 

degenerative disease in their knees.  Although all control subjects had little to no 

radiographic signs of OA under the scoring system we used, the majority of them 

had sign of subchondral sclerosis in their knee joints.  This is believed to be the 

beginning stages of knee OA and is an inevitable consequence of the aging 

process.  Again, being better able to define the stages of OA development would 

help in ensuring subject populations are more homogeneous.  

(2) Due to timing and availability of equipment, two different gait analysis systems 

were used in this current work.  Although many results were as expected, there are 

differences in the way the two systems calculate knee gait kinetics and it is not 

known how this may have affected results.  This is a problem encountered often in 

the literature as different labs use different gait analysis systems, making the 

comparison of results across studies difficult.  Until a “gold standard” gait 

analysis system is developed and employed world wide, this will continue to be a 

problem. 

(3) The collection of surface electromyographic (EMG) data can often have certain 

errors associated with it.  There were problems with noise in the EMG data that 

were collected for the studies presented in Chapter 5 and 6.  This noise was 
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filtered out of the signal but you can never be certain you are filtering out only the 

noise and not part of the muscle signal as well.  There was also the potential for 

cross-talk when collecting surface EMG data on the back of the thigh.  We believe 

the calculation of the medial-lateral (M-L) hamstring activation ratio helps make 

this a moot point, however, as any common signal between the two electrodes 

would be divided out in the ratio. 

(4) Joint moments were normalized by body weight, which is a commonly used 

technique to account for individuals of different sizes and to compare different 

groups [23].  Although this is the case, it has recently been determined that 

perhaps normalizing by body weight*height might reduce more of the variability 

in joint moments due to individuals of differing size [24]. 

(5) This thesis only collected information on the mechanical factors relating to OA 

development and progression.  Brandt et al. [25] (Figure 7.2) suggests that the OA 

process involves not only mechanical insult on the joint, but also the ability of the 

biological cartilage repair mechanism to diminish the damage done by these loads.  

A more complete picture of the factors responsible for the development of clinical 

OA would involve both measures of the mechanical loading of the joint and the 

biological cartilage repair mechanism.      
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Table 7.1 – Medial-Lateral Hamstring Activation Ratios during gait for each subject in the OA and Control 
groups from Chapter 5 across all three foot rotation conditions. 
 

 OA Group   Control Group 

 EXT NFP INT   EXT NFP INT 

BKO1 0.19 0.35 0.69  FSC1 0.68 0.88 1.30 

JKO4 0.65 0.85 1.19  PLC2 1.02 1.37 1.57 

CBO5 0.40 0.47 0.71  MBC3 0.97 1.08 1.54 

JHO6 0.15 0.23 0.20  HGC5 0.27 0.37 0.50 

MMO7 0.33 0.46 0.45  DOC6 0.94 0.75 1.60 

DRO8 0.24 0.26 0.32  JGC7 0.96 0.47 1.33 

RPO9 0.41 0.41 0.62  JMC8 0.83 1.18 2.00 

CBO10 0.16 0.18 0.25  RPC9 1.27 2.17 2.36 

IDO12 1.10 1.08 1.27  BSC10 1.71 2.18 2.82 

SRO14 1.07 1.18 1.47  RBC12 0.56 0.57 0.83 

GMO15 0.77 1.34 2.54  BMC13 0.57 0.63 0.79 

APO16 0.71 1.08 0.83  GSC14 1.51 2.63 5.74 
 
Note:  EXT = external foot rotation condition 
 NFP = normal foot position condition 
 INT = internal foot rotation condition 
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Table 7.2 – Medial-lateral hamstring activation ratios for all subjects from Chapter 6 in the one-legged 
deadlift exercise. 
 

   Deadlift  

Subject  EXT STR INT 

1  0.33 1.21 2.63 

2  0.96 3.35 8.51 

3  1.08 2.39 4.53 

4  0.33 1.20 1.71 

5  0.36 1.09 1.50 

6  1.27 2.90 4.32 

7  2.68 4.91 6.00 

8  0.16 0.59 1.90 

9  0.14 0.64 2.01 

10  0.27 0.96 4.03 

11  1.19 2.34 2.68 

12  0.78 1.81 2.50 

13  0.61 0.76 1.57 
 

Note: EXT = external foot rotation condition 
STR = straight foot rotation condition 
INT = internal foot rotation condition 
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Figure 7.1  - Adduction Moment curves across the entire gait cycle for two subjects that were previously 
healthy during their initial visit and went on to develop medial compartment knee OA (MOA) and lateral 
compartment knee OA (LOA) during the follow up period of approximately 8 years.  For comparison, the 
adduction moment of all those subjects who remained healthy over the follow-up period are presented in 
grey.  Taken from Lynn et al. (2007) [11].   
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Figure 7.2 – Modified model of the concept of the OA process involving both joint insult (or mechanical 
loading) and slow repair (or the efficiency of the biological cartilage repair mechanism).  Adapted from 
Brandt et al. (1997) [25]. 
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Summary  
 
 This study examined the effect of foot rotation on lower limb kinetics and 

hamstring muscular activity in those with knee OA as well as in young and older adult 

healthy populations during gait and lower limb exercise.  A summary of some of the 

important results include: 

(1) External foot rotation decreases the magnitude of the external knee adduction 

moment and lateral-medial shear force during gait; while internal foot rotation 

increases the magnitude of both of these measures.  Although this was generally 

the case across all populations tested, the knee OA and healthy older adult 

population did present with some unexpected results.  This suggests that there are 

other factors, not measured in this current work that would be needed to help 

explain the relationship between the rotation of the foot and the external loading 

of the joint during gait. 

(2) External rotation of the foot decreases the medial-lateral (M-L) hamstring 

activation ratio, which causes a shift in activation levels that favours the lateral 

hamstrings.  Internal rotation of the foot increases the M-L hamstring activation 

ration, which causes a shift in activation levels that favours the medial hamstrings.  

This was found both during gait and during standard lower limb exercise and may 

have great potential in the development of non-invasive interventions aimed at 

slowing the development and progressions of knee OA. 
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Appendix 1 - Consent Forms 
 

 
Hamstring Activity and Lower Extremity Loading in Knee 

Osteoarthritis: The Effect of Foot Rotation. 
 

Study # 1 – The relationship between foot rotation and medial/lateral 
hamstring muscle activity during lower limb exercises. 

 
 

Background Information 
 
 
You are being asked to participate in a research project, entitled “The relationship between foot rotation and 

medial/lateral hamstring muscle activity during closed chain lower limb exercises.”  This study has the 

primary goal of investigating the changes in medial and lateral hamstring activation with changes in foot 

position during standard lower limb exercises.  It is hoped that this comparison may help in eventually 

developing alterations to standard exercises that can help in delaying the onset and progression of knee 

osteoarthritis.  This study has been reviewed for ethical compliance by The Queen’s University Health 

Sciences and Affiliated Teaching Hospitals Research Ethics Board. 

 
 

Investigators 
 Scott Lynn    533-2658 (School of K&HS) 
 Dr. P. Costigan   533 6603 (School of K&HS) 

 
 

 
 
 
 
Details of the Study  
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Study Rationale: 
 
Osteoarthritis (OA) can be a debilitating disease that affects all segments of society spanning all socio-

economic boundaries in many regions of the world.  It is the most prevalent cause of disability of any 

chronic joint disorder.  The knee is one of the most common sites for OA and accounts for more pain and 

disability than in any other joint.  It is thought that there are several mechanical factors in the development 

and progression of OA in the knee that would be present long before they begin to experience any pain or 

disability.  This study is attempting to discover exercises that may work as preventative measures and 

possibly save people from developing symptomatic OA. To account for preparation, interview and all 

measurements, four hours of your time will be required. 

 

Procedures 
 
 
Clinical Examination. You will be asked some questions related to your general health and will also be 

asked to fill out some activity questionnaires to determine your current activity level.  Some simple 

anthropometrics, such as height and weight, will also be measured. 

  

EMG Analysis. You will be asked to perform a series of standard lower limb exercises with EMG surface 

electrodes and a standard goniometre (tom measure knee angles) attached to the skin surface using tape. 

Neither the electrodes nor the tape are harmful, unless you have an allergy to adhesives.  If you present with 

such an allergy you will be excused from the study. 

 
 
Statement of Risks Involved 
 
 
Discomfort or incapacity is minimal and only associated with the physical exertion involved in performing 

the exercise.   You will be required to perform an adequate warm-up and will be instructed prior to 

performing the exercise on proper technique.  You will also be monitored while performing the exercise to 
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ensure proper technique.   

No long-term discomfort is expected. 

In the event that you are injured as a result of the study procedures, medical care will be provided to you 

until resolution of the medical problem.   

By signing this consent form, you do not waive your legal rights nor release the investigator(s) and sponsors 

from their legal and professional responsibilities. 

 

 
Maintenance of confidentiality 
 Your identity is recorded only once by the research assistant at the time of filing the subject 

consent forms. These files are accessible only to the research assistant and principal investigators. All 

subjects are assigned a record number that is linked to this file. All data recorded in computer files, through 

interviews, and on written questionnaires contain this number, rather than your name.  The written 

documents are kept in a secure location to which only the principal investigator and researcher have access 

and the computer files are kept on a password protected computer.  

 In all cases of publication, only summary data are used and this is done in such a way that no 

individual can be identified. 

 

 
Expected Benefits 
 
 Subjects may benefit from learning new lower limb exercises and/or learning the correct technique 

of performing these exercises.  No other direct benefits to the subject are expected. 

 

 
Right to Withdraw from Study 

 
 Participation in the study is voluntary.  You may withdraw from the study at any point without 

affecting your present or future care.  You are also not obliged to answer all the questions in the clinical 
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interview and activity questionnaires.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
CONSENT  FORM        CODE:____________ 

 
  
I, __________________________________________________________, have read and understand the 
information sheet/consent form regarding the rationale for exercise testing involved in the study of “The 
relationship between foot rotation and medial/lateral hamstring muscle activity during closed chain lower 
limb exercises.”   I have had the purposes, procedures and technical language of this study explained to me.  
I have been given sufficient time to consider the above information and to seek advice if I chose to do so.  I 
have had the opportunity to ask questions which have been answered to my satisfaction.  I am voluntarily 
signing this form.  I will receive a copy of this consent form for my information.  
Should I have concerns about this study I am free to ask any of the research investigators involved, as well 
as:  

 Dr. J. Cote, Head of the School of Kinesiology and Health Studies, 533-6601  
 
If I have questions regarding my rights as a research subject I can contact: 
 
Dr. Albert Clark, Chair, Queen’s University Health Sciences and Affiliated Teaching Hospitals Research 
Ethics Board, 533-6081 
 
By signing this consent form, I am indicating that I agree to participate in this study. 
I also acknowledge the receipt of my copy of this form. 

 
Volunteer: __________________________________ 
 
 
Witness: ___________________  ________________________ 
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        Signature     Date 
 

STATEMENT OF INVESTIGATOR: 

 
I, or one of my colleagues, have carefully explained to the subject the nature of the above research study.  I 
certify that, to the best of my knowledge, the subject understands clearly the nature of the study and 
demands, benefits, and risks involved to participants in this study.  
 

 ____________________________  _________________ 

 Signature of Principal Investigator  Date 

 
 It is also the intent of the investigators to potentially use the data collected during 
this study in future studies intended to create a computer model the knee joint in an 
attempt to determine if certain interventions, such as exercise, are effective in the 
prevention and treatment of knee OA.  Therefore, your data may be used in future studies 
such as this.  As always, full confidentiality will be ensured and under no circumstances 
will my identity be revealed unless I consent specifically and separately to this. 
 
 I, ________________________________________________________, agree 
that the information collected during this study may be used in future research endeavors. 
  
 
Volunteer: _____________________________________ 
 
 
Witness: ____________________________  __________________ 
  Signature      Date 
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Hamstring Activity and Lower Extremity Loading in Knee 
Osteoarthritis: The Effect of Foot Rotation. 

Study # 3 – The relationship between hamstring muscular activity and 
external adduction moment with changes in foot progression angle during 
gait in healthy older adults and those with medial compartment knee 
osteoarthritis. 

 
Background Information 
 
 
You are being asked to participate in two research projects, entitled “The relationship between foot rotation 

angle and medial / lateral hamstring muscle activity during standard hamstring strengthening exercises in 

healthy older adults and those with medial compartment knee osteoarthritis” and “The relationship between 

hamstring muscular activity and external adduction moment with changes in foot progression angle during 

gait in healthy older adults and those with medial compartment knee osteoarthritis.”  These studies have the 

primary goal of investigating the changes in medial and lateral hamstring activation and the resultant torque 

output with changes in foot position during standard lower limb exercise and during level walking; and also 

investigating the differences observed in these measures between a population with knee osteoarthritis and 

an age matched healthy population.  It is hoped that this comparison may help in eventually developing 

alterations to standard exercises and activities of daily living that can help in delaying the onset and 

progression of knee osteoarthritis.  This study has been reviewed for ethical compliance by The Queen’s 

University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board. 

 
Investigators 
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 Scott Lynn    533-2658 (School of Phys. Ed.) 
 Dr. P. Costigan   533 6603 (School of Phys. Ed) 

 
 
Details of the Study  
 
  
Study Rationale: 
 
Osteoarthritis (OA) can be a debilitating disease that affects all segments of society spanning all socio-

economic boundaries in many regions of the world.  It is the most prevalent cause of disability of any 

chronic joint disorder.  The knee is one of the most common sites for OA and accounts for more pain and 

disability than in any other joint.  It is thought that there are several mechanical factors in the development 

and progression of OA in the knee that would be present long before they begin to experience any pain or 

disability.  This study is attempting to discover exercises and alterations to activities of daily living that may 

work as preventative measures and possibly save people from developing symptomatic OA. To account for 

preparation, interview and all measurements, four hours of your time will be required. 

 

Procedures 
 
 
Clinical Examination. You will be asked some questions related to your general health and will also be 

asked to fill out some activity questionnaires to determine your current activity level.  Some simple 

anthropometrics, such as height and weight, will also be measured. 

EMG Analysis. You will be asked to perform a series of standard lower limb exercises with EMG surface 

electrodes and a standard goniometre (tom measure knee angles) attached to the skin surface using tape. 

Neither the electrodes nor the tape are harmful, unless you have an allergy to adhesives.  If you present with 

such an allergy you will be excused from the study. 

Gait Assessment. You will be asked to walk on level ground with small light emitting 

diodes (LEDs) placed on selected joint landmarks of your leg. The LEDs will be attached 
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to you with double-sided sticky tape.  Neither the LEDs nor the tape are harmful, unless 

you have an allergy to adhesives.  If you present with such an allergy you will be excused 

from the study. 

 
 
Statement of Risks Involved 
 
 
Discomfort or incapacity is minimal and only associated with the physical exertion involved in performing 

the exercise.   You will be required to perform an adequate warm-up and will be instructed prior to 

performing the exercise on proper technique.  You will also be monitored while performing the exercise to 

ensure proper technique. 

The gait assessment is not harmful and will not cause pain. The amount of walking is not enough to cause 

excessive fatigue.  There will also be ample opportunity for you to rest between trials.   

No long-term discomfort is expected. 

In the event that you are injured as a result of the study procedures, medical care will be provided to you 

until resolution of the medical problem.   

By signing this consent form, you do not waive your legal rights nor release the investigator(s) and sponsors 

from their legal and professional responsibilities. 

 
Maintenance of confidentiality 
 Your identity is recorded only once by the research assistant at the time of filing the subject 

consent forms. These files are accessible only to the research assistant and principal investigators. All 

subjects are assigned a record number that is linked to this file. All data recorded in computer files, through 

interviews, and on written questionnaires contain this number, rather than your name.  The written 

documents are kept in a secure location to which only the principal investigator and researcher have access 

and the computer files are kept on a password protected computer.  

 In all cases of publication, only summary data are used and this is done in such a way that no 

individual can be identified. 
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Expected Benefits 
 
 Subjects may benefit from learning new lower limb exercises and/or learning the correct technique 

of performing these exercises.  No other direct benefits to the subject are expected. 

 

 
Right to Withdraw from Study 

 
 Participation in the study is voluntary.  You may withdraw from the study at any point without 

affecting your present or future care.  You are also not obliged to answer all the questions in the clinical 

interview and activity questionnaires.   

 

CONSENT  FORM        CODE:____________ 

 
  
I, __________________________________________________________, have read and understand the 
information sheet/consent form regarding the rationale for exercise testing involved in the study of “The 
relationship between foot rotation angle and medial / lateral hamstring muscle activity during standard 
hamstring strengthening exercises in healthy older adults and those with medial compartment knee 
osteoarthritis” and “The relationship between hamstring muscular activity and external adduction moment 
with changes in foot progression angle during gait in healthy older adults and those with medial 
compartment knee osteoarthritis.”   I have had the purposes, procedures and technical language of this study 
explained to me.  I have been given sufficient time to consider the above information and to seek advice if I 
chose to do so.  I have had the opportunity to ask questions which have been answered to my satisfaction.  I 
am voluntarily signing this form.  I will receive a copy of this consent form for my information.  
Should I have concerns about this study I am free to ask any of the research investigators involved, as well 
as:  

 Dr. J. Deakin, Head of the School of Physical & Health Education, 533-6601  
 
If I have questions regarding my rights as a research subject I can contact: 
 
Dr. Albert Clark, Chair, Queen’s University Health Sciences and Affiliated Teaching Hospitals Research 
Ethics Board,  533-6081 
 
By signing this consent form, I am indicating that I agree to participate in this study. 
I also acknowledge the receipt of my copy of this form. 
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Volunteer: __________________________________ 
 
 
Witness: ___________________  ________________________ 
        Signature     Date 
 

STATEMENT OF INVESTIGATOR: 

I, or one of my colleagues, have carefully explained to the subject the nature of the above research study.  I 
certify that, to the best of my knowledge, the subject understands clearly the nature of the study and 
demands, benefits, and risks involved to participants in this study.  
 

 ____________________________  _________________ 

 Signature of Principal Investigator  Date 

 
 It is also the intent of the investigators to potentially use the data collected during 
this study in future studies intended to create a computer model the knee joint in an 
attempt to determine if certain interventions, such as exercise, are effective in the 
prevention and treatment of knee OA.  Therefore, your data may be used in future studies 
such as this.  As always, full confidentiality will be ensured and under no circumstances 
will my identity be revealed unless I consent specifically and separately to this. 
 
 I, ________________________________________________________, agree 
that the information collected during this study may be used in future research endeavors. 
  
 
Volunteer: _____________________________________ 
 
 
Witness: ____________________________  __________________ 
  Signature      Date 
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Appendix 2 - Questionnaires 
 

PHYSICAL ACTIVITY SCALE FOR THE ELDERLY ( P A S E )  
1991 New England Research Institutes, Inc.  

New EnglandResearch Institutes, Inc. 

9 Galen Street Watertown, MA 02472 (617) 923-7747  

INSTRUCTIONS:  

Please complete this questionnaire by either circling the correct 

response or filling in the blank. Here is an example:  

During the past 7 days, how often have you seen the sun?  

[0.] NEVER [1.] SELDOM [2.] SOMETIMES [3.] OFTEN (1-2 DAYS) (3-4 DAYS) 
(5-7 DAYS)  

Answer all items as accurately as possible. All information is 

strictly confidential.  

LEISURE TIME ACTIVITY 1. Over the past 7 days, 

how often did you participate in sitting activities such as reading, 

watching TV or doing handcrafts? [0.] NEVER [1.] SELDOM [2.] 
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SOMETIMES [3.] OFTEN  (1-2 DAYS) (3-4 DAYS) (5-7 DAYS) GO TO 

Q.#2 1a. What were these activities? 

_________________________________________________ 1b. 

On average, how many hours per day did you engage in these 

sitting activities? [1.] LESS THAN 1 HOUR [2.] 1 BUT LESS THAN 2 

HOURS [3.] 2-4 HOURS [4.] MORE THAN 4 HOURS 2. Over the past 7 

days, how often did you take a walk outside your home or yard for 

any reason? For example, for fun or exercise, walking to work, 

walking the dog, etc.? [0.] NEVER [1.] SELDOM [2.] SOMETIMES [3.] 

OFTEN � (1-2 DAYS) (3-4 DAYS) (5-7 DAYS) GO TO Q.#3 2a. On 

average, how many hours per day did you spend walking? [1.] LESS 

THAN 1 HOUR [2.] 1 BUT LESS THAN 2 HOURS [3.] 2-4 HOURS [4.] 

MORE THAN 4 HOURS3. Over the past 7 days, how often did you 

engage in light sport or recreational activities such as bowling, golf 

with a cart, shuffleboard, fishing from a boat or pier or other 

similar activities? [0.] NEVER [1.] SELDOM [2.] SOMETIMES [3.] 

OFTEN � (1-2 DAYS) (3-4 DAYS) (5-7 DAYS) GO TO Q.#4  3a. What 

were these activities? 
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_________________________________________________ 3b. 

On average, how many hours per day did you engage in these light 

sport or recreational activities? [1.] LESS THAN 1 HOUR [2.] 1 BUT 

LESS THAN 2 HOURS [3.] 2-4 HOURS [4.] MORE THAN 4 HOURS 4. 

Over the past 7 days, how often did you engage in moderate sport 

and recreational activities such as doubles tennis, ballroom 

dancing, hunting, ice skating, golf without a cart, softball or other 

similar activities? [0.] NEVER [1.] SELDOM [2.] SOMETIMES [3.] 

OFTEN � (1-2 DAYS) (3-4 DAYS) (5-7 DAYS) GO TO Q.#5  4a. What 

were these activities? 

________________________________________________ 4b. On 

average, how many hours per day did you engage in these moderate 

sport and recreational activities? [1.] LESS THAN 1 HOUR [2.] 1 BUT 

LESS THAN 2 HOURS [3.] 2-4 HOURS [4.] MORE THAN 4 HOURS5. 

Over the past 7 days, how often did you engage in strenuous sport 

and recreational activities such as jogging, swimming, cycling, 

singles tennis, aerobic dance, skiing (downhill or cross-country) or 

other similar activities? [0.] NEVER [1.] SELDOM [2.] SOMETIMES [3.] 
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OFTEN  (1-2 DAYS) (3-4 DAYS) (5-7 DAYS) GO TO Q.#6 5a. What 

were these activities? 

_________________________________________________ 5b. 

On average, how many hours per day did you engage in these 

strenuous sport and recreational activities? [1.] LESS THAN 1 HOUR 

[2.] 1 BUT LESS THAN 2 HOURS [3.] 2-4 HOURS [4.] MORE THAN 4 

HOURS 6. Over the past 7 days, how often did you do any exercises 

specifically to increase muscle strength and endurance, such as 

lifting weights or pushups, etc.? [0.] NEVER [1.] SELDOM [2.] 

SOMETIMES [3.] OFTEN  (1-2 DAYS) (3-4 DAYS) (5-7 DAYS) GO TO 

Q.#7 6a. What were these activities? 

________________________________________ 6b. On average, 

how many hours per day did you engage in exercises to increase 

muscle strength and endurance? [1.] LESS THAN 1 HOUR [2.] 1 BUT 

LESS THAN 2 HOURS [3.] 2-4 HOURS [4.] MORE THAN 4 HOURS 

 

HOUSEHOLD ACTIVITY  
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7. During the past 7 days, have you done any light housework, such as dusting 
or washing dishes?  

[1.] NO [2.] YES  

8. During the past 7 days, have you done any heavy housework or chores, such 
as vacuuming, scrubbing floors, washing windows, or carrying wood?  

[1.] NO [2.] YES  

9. During the past 7 days, did you engage in any of the following activities?  

Please answer YES or NO for each item.  

NO YES  
 a. Home repairs like painting, wallpapering, electrical work, etc. 1 2  
 b. Lawn work or yard care, including snow or leaf 1 2 removal, wood 
chopping, etc.  
 c. Outdoor gardening 1 2  
 d. Caring for an other person,such as children, dependent 1 
 

2
 spouse, or an other adult  

 
WORK-RELATED ACTIVITY  

10. During the past 7 days, did you work for pay or as a volunteer? [1.] NO [2.] 

YES  
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10a. How many hours per week did you work 
for pay and/or as a volunteer? 
_______________ HOURS  

10b. Which of the following categories best describes the amount of 
physical activity required on your job and/or volunteer work?  

[1] Mainly sitting with slight arm movements.[Examples: office worker, 
watchmaker, seatedassembly line worker, bus driver, etc.] 

[2] Sitting or standing with some walking.[Examples: cashier, general office 
worker,light tool and machinery worker.] 

[3] Walking, with some handling of materials generally weighing less than 50 
pounds. [Examples: mailman, waiter/waitress, construction worker, 
heavy tool and machinery worker.]  

[4] Walking and heavy manual work often requiringhandling of materials 

weighing over 50 pounds.[Examples: lumberjack, stone mason, farm orgeneral 

laborer.  

THANK YOU FOR TAKING THE TIME AND EFFORTTO 

COMPLETE THIS QUESTIONNAIRE! 
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Womac ® Questionnaire 
 
 

INSTRUCTIONS TO PATIENTS 
 
 

In Sections A, B and C questions will be asked in the following format and you should 
give your answers by putting an “X” in one of the boxes. 
 
NOTE: 
 
1. If you put your “X” in the left-hand box, i.e. 

None Mild Moderate Severe Extreme 

 
then you are indicating that you have no pain 
 

2. If you put your “X” in the right-hand box, i.e. 
None Mild Moderate Severe Extreme 

  
 then you are indicating that your pain is extreme 
 
3. Please note: 
 

• that the further to the right you place your “X” the more pain you are 
experiencing 

• that the further to the left you place your “X” the less pain you are 
experiencing 

• Please do not place your “X” outside the box 
 

You will be asked to indicate on this type of scale, the amount of pain, 

stiffness or disability you are experiencing.  Please remember the further you 

place your “X” to the right, the more pain, stiffness or disability you are indicating 

that you experience. 
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None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

 

Section A 

 

INSTRUCTIONS TO PATIENTS 

 

The following questions concern the amount of pain you are currently 

experiencing due to arthritis in your hips and/or knees.  For each situation, please 

enter the amount of pain recently experienced.  (Please mark your answers with 

an “X”) 

 

QUESTION:  How much pain do you have? 

 

1. Walking on a flat surface. 
 

 

 

2. Going up or down stairs. 
 

 

 

3. At night while in bed. 
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None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

 

 

 

4. Sitting or lying. 
 

 

 

5. Standing upright. 
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Section B 

 

INSTRUCTIONS TO PATIENTS 

 

The following questions concern the amount of joint stiffness (not pain) 

you are currently experiencing in your hips and/or knees.  Stiffness is a sensation 

of restriction or slowness in the ease with which you move your joints. (Please 

mark your answers with an “X”) 

 

1. How severe is your stiffness after first wakening in the morning? 
 

None Mild Moderate Severe Extreme 

 
 
2. How severe is your stiffness after sitting, lying or resting later in the day? 
 

None Mild Moderate Severe Extreme 
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None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

Section C 

INSTRUCTIONS TO PATIENTS 

 

The following questions concern your physical function.  By this we mean 

your ability to move around and to look after yourself.  For each of the following 

activities, please indicate the degree of difficulty you are currently experiencing 

due to arthritis in your hips and/ or knees. (Please mark your answers with an 

“X”) 

 

QUESTION:  What degree of difficulty do you have with: 

 

1. Descending stairs. 
 

 

 

2. Ascending Stairs. 
 

 

 

3. Rising from sitting. 
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None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

 

4. Standing. 
 

 

 

5. Bending to floor. 
 

 

 

6. Walking on flat. 
 

 

 

7. Getting in / out of car. 
 

 

 

8. Going shopping. 
 

 

 

9. Putting on socks/stockings. 
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None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme 

 

 

10. Rising from bed. 
 
11. Taking off socks/stockings. 

 

 

 

12. Lying in bed. 
 

 

 

13. Getting in/out of bath. 
 

 

 

14. Sitting. 
 

 

 

15. Getting on/off toilet. 
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None Mild Moderate Severe Extreme 

None Mild Moderate Severe Extreme  

16. Heavy domestic duties. 
 

 

 

17. Light domestic duties. 
 

 

 

 

 

 

 

 

 

 

THANK YOU FOR COMPLETING THE 

QUESTIONNAIRE 
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Appendix 3 – Data Collection Sheets 
 

Exercise Study (Chapter 6) Data Collection Sheet 
 
 
Name:  Subject #:  Set Order: hambridge 2 
Sex:  Date:   squat 4 
DOB:  Leg Tested:  lunge 5 
Height:     hamcurl 3 
Weight:     deadlift 6 
     calfraise 1 
       

1 Quiet Stand Ref Pos     
2 Lying down Ref Pos.     
3 Gait Trial      

       
       

Set#1 Set #2 Set#3 Set #4 Set #5 Set#6  

ext4 ext3 str1 str5 int4 ext3  

str5 ext4 ext2 str1 str3 ext2  

int2 int4 int2 int2 ext3 ext4  

str1 str5 int4 str2 ext2 str2  

str3 int3 ext5 int5 int3 int5  

int3 ext1 ext4 ext4 str2 int2  

str4 int2 int5 str4 str4 str4  

ext2 str2 str2 str3 ext5 ext5  

str2 ext5 int3 ext5 str5 ext1  

ext5 int5 ext1 int4 int1 int1  

ext3 ext2 str5 ext3 str1 str1  

int4 str1 str4 int3 ext1 int3  

ext1 str4 int1 ext2 ext4 str5  

int1 int1 ext3 ext1 int2 int4  

int5 str3 str3 int1 int5 str3  
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Gait Study (Chapter 4) Data Collection Sheet 
 
Files Ext:  _______________     Date:    
 _______________ 
Subject #: _______________     Visit #: 
 _______________ 
Knee #:    _______________     Date of Birth:  
_______________  
Knee:   R L     Gender:  M
 F 
KGH CR #:  _______________ 
 
 
Anthropometrics: 
 
Floor to Greater Trochanter (mm):  _______________ 
Floor to Tibial Plateau (mm):   _______________ 
Upper Thigh Circumference (mm):  _______________ 
Calf Circumference (mm):   _______________ 
 
Knee Width (mm):    _______________ 
Ankle Width (mm):    _______________ 
 
Height (mm):     _______________ 
Weight (kgs):     _______________ Shoe Weight (kgs): 
______________ 
 
Reference Position: 
 
Flexion angle (flex is +ve):   _______________ 
Adduction angle (add is +ve):  _______________ 
Foot rotation:     _______________ 
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Gait Study (Chapter 5) Data Collection Sheet 
 

KNEE OA STUDY 
DATA COLLECTION SHEET 

 
Participant Code:______________    Date of Birth:  _______________       Age:    ______  
 
Weight (kg): _____________     Height:  ________________      Leg Tested: ___________ 
 
Gait Data Collection: 
 

   Optotrak Trial # Comments 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  
  

 


