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ABSTRACT 

Purpose: To investigate between-limb gait and muscle strength asymmetry in 

patellofemoral pain syndrome (PFPS) subjects and controls.  

Methods: Three-dimensional hip, knee, and ankle joint kinematics were collected during 

treadmill running. Maximum voluntary isometric contractions of the hip musculature 

were collected using a force dynamometer. PFPS subjects completed a 6-week 

strengthening program. Discrete variable asymmetry was calculated using analysis of 

variance and waveform kinematic asymmetry was calculated using coefficients of 

multiple correlation and root mean square error.  

Results: PFPS exhibited between-limb asymmetry of hip and knee transverse plane 

waveform kinematics, while controls exhibited asymmetry of hip frontal plane waveform 

kinematics. PFPS subjects exhibited decreased hip transverse plane and increased knee 

transverse plane waveform kinematic asymmetry following rehabilitation.  

Conclusion: PFPS subjects demonstrate a different pattern of gait asymmetry than 

controls. Increases in hip muscle strength results in between-limb asymmetry of PFPS 

subjects to more closely resemble that of healthy controls. 
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PREFACE 

 Chapter 3 is based upon the following manuscript which has been submitted for 

publication: 

Webber, T. R., Mills, K., Hettinga, B., Wiley, J. P., Ferber, R. (2013) Between-limb gait 

and muscle strength asymmetry in runners with patellofemoral pain syndrome and 

healthy controls. Clinical Biomechanics  
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CHAPTER ONE: INTRODUCTION 

1.1 Introduction 

 Patellofemoral pain syndrome (PFPS) is a musculoskeletal injury causing anterior 

knee pain in the absence of other specific pathology (Crossley, Bennell, Green, & 

McConnell, 2001). PFPS is one of the most common running-related musculoskeletal 

injuries, accounting for 46% of all knee injuries (Taunton et al., 2002). It is often 

experienced by runners and is more prevalent in females than males (Taunton et al., 

2002). PFPS can be a chronic and debilitating injury, limiting sports participation and 

activities of daily living (Fulkerson, 2002). While rehabilitation programs are typically 

used to improve a patient’s level of pain and function, as many as 75% of patients have 

recurring symptoms following initial successful treatment (Kannus, Natri, Paakkala, & 

Jarvinen, 1999; Nimon, Murrary, Sandow, & Goodfellow, 1998; Stathopulu & Baildam, 

2003; Witvrouw, Lysens, Bellemans, Peers, & Vanderstraeten, 2000). Given PFPS’ 

recurring nature, further investigation surrounding the injury may contribute to improved 

understanding of the injury.   

 Assessment and treatment of PFPS can be challenging given that the injury is not 

well understood. Although highly debated, the pain is thought to be the result of 

abnormal loading to the lateral patellofemoral joint (LPJ) (Powers, 2003). The aetiology 

of abnormal LPJ loading and subsequent PFPS is considered to be multifactorial, 

consisting of biomechanical and muscular strength causes (Appendix A). A number of 

biomechanical variables have been found to differ in PFPS subjects compared to healthy 

controls. Delayed timing of peak rearfoot eversion, increased rearfoot eversion at heel 
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strike, reduced rearfoot eversion range, greater knee external rotation at peak knee 

extension moment, and greater hip adduction were all identified during running in 

individuals with PFPS (Barton, Levinger, Menz, & Webster, 2009). However, only one 

of the studies examined in this review was prospective in nature and thus a cause and 

effect relationship cannot be determined. Changes in biomechanical variables are thought 

to alter mechanics at the knee, shifting the patella laterally and abnormally loading the 

LPJ; ultimately leading to PFPS. Abnormal loading to the LPJ may also occur as a result 

of hip muscle weakness. The hip abductor and external rotator muscles, such as the 

gluteus medius and piriformis, are responsible for controlling lower extremity movement 

in the frontal, transverse, and sagittal planes (Cichanowski, Schmitt, Johnson, & 

Niemuth, 2007). Weakness in these muscles could lead to increased femoral internal 

rotation and hip adduction during locomotion, placing the knee in a more valgus position 

and causing abnormal LPJ loading. Differences in muscle strength between healthy 

controls and PFPS subjects have been reported. Cichanowski et al. (2007) reported 

female collegiate athletes with PFPS to be significantly weaker in their injured limb 

compared with control subjects in 5 of 6 six hip muscles tested. The authors suggested 

that hip strengthening exercises should be incorporated for injury rehabilitation.  

 From a clinical standpoint, both biomechanical and strength variables can be 

involved in the assessment and rehabilitation of PFPS. However, the relationship between 

biomechanical and strength variables following rehabilitation is inconsistent. While 

strength is commonly found to increase following a strengthening intervention, a variety 

of different changes in kinematics have been reported (Earl and Hoch, 2011; Ferber, 
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Kendall, & Farr, 2011; Snyder, Earl, O’Connor, & Ebersole, 2009). For example, authors 

have reported significantly increased hip abductor and external rotator strength, yet 

concomitant changes in kinematics were only accompanied by significant changes in 

rearfoot eversion and hip adduction ranges of motion (Snyder et al., 2009). As 

rehabilitative outcomes are poor in PFPS subjects (Kannus et al., 1999; Nimon et al., 

1998; Stathopulu & Baildam, 2003; Witvrouw et al., 2000), further evaluation of 

differences in both biomechanical and strength variables pre- and post-rehabilitation are 

warranted.  

 The majority of current literature examines biomechanical and strength variables 

in PFPS in terms of differences between the injured limb and a control limb. While it 

may be accepted that the injured limb behaves differently than the uninjured in many 

unilateral musculoskeletal injuries, of clinical importance may be differences in between-

limb characteristics between injured and control subjects.  

 Differences in biomechanics or muscle strength between the right and left lower 

extremities result in asymmetry. Higher levels of asymmetry are associated with 

pathology and joint injury while lower levels of asymmetry are associated with healthy 

individuals (Sadeghi, Allard, & Duhaime, 1997, 2000; Sadeghi, Allard, Prince, & 

Labelle, 2000). Although gait and muscle strength asymmetries may be present in both 

pathological (Böhm & Döderlien, 2012; Creaby, Bennell, & Hunt, 2012; Hsu, Tang, & 

Jan, 2003; Kahn & Hornby, 2009; Shakoor, Hurwitz, Block, Shott, & Case, 2003) and 

normal populations (Karamandis, Arampatzis, & Bruggemann, 2003; Lanshammar & 

Ribom, 2011; Sadeghi, 2003; Sadeghi, Allard, & Duhaime, 1997, 2000; Sadeghi, Allard, 
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Prince, et al., 2000; Vagenas & Hoshizaki, 1991), asymmetry in patients with PFPS is not 

well understood. Furthermore, determining whether asymmetries present in a PFPS 

population persist following a rehabilitation program may gain insight into the recurring 

nature of the injury and prompt clinicians to modify their rehabilitation programs 

appropriately.  

1.2 Purpose 

1.2.1 Study One 

 The purpose of Study One was to investigate between-limb running gait and 

muscle strength asymmetry in runners with PFPS and healthy controls.  

1.2.2  Study Two  

 The purpose of Study Two was to investigate between-limb running gait and 

muscle strength asymmetry in runners with PFPS pre- and post-rehabilitation.  

1.3 Objectives 

1.3.1 Study One 

 The objectives of Study One were to compare between-limb running gait 

kinematics and hip muscle strength asymmetry in runners with PFPS and matched 

healthy controls. 
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1.3.2 Study Two  

 The objectives of Study Two were to compare between-limb running gait 

kinematics and hip muscle strength asymmetry in runners with PFPS pre- and post-

rehabilitation.  

1.4 Hypotheses 

In accordance with our objectives, we hypothesized that the PFPS subjects will exhibit 

1.4.1 Study One  

a different pattern of between-limb asymmetry of lower extremity frontal and 

transverse plane running gait kinematics when compared to healthy controls 

 

greater between-limb asymmetry of hip abductor, hip external rotator, and hip 

internal rotator muscle strength when compared to healthy controls  

1.4.2 Study Two 

a different pattern of between-limb asymmetry of lower extremity frontal and 

transverse plane running gait kinematics post-rehabilitation 

 

decreased between-limb asymmetry of hip abductor, hip external rotator, and hip 

internal rotator muscle strength post-rehabilitation 
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1.5 Thesis Outline 

 The following four chapters will discuss between-limb running gait kinematics 

and muscle strength asymmetry in runners with PFPS and healthy controls. In addition, 

the same variables will be examined in runners with PFPS pre- and post-rehabilitation. 

Chapter Two will address the current literature relevant to this thesis. The incidence and 

aetiology of PFPS as the most common running injury will be discussed along with both 

healthy and pathological between-limb gait and muscle strength asymmetry. Chapter 

Three will address between-limb running gait kinematics and muscle strength asymmetry 

in runners experiencing PFPS and matched healthy controls. Chapter Four will address 

between-limb running gait kinematics and muscle strength asymmetry in runners with 

PFPS pre- and post-rehabilitation. Chapter Five will address conclusions made from the 

above investigations and discuss possibilities for future research.  
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CHAPTER TWO: LITERATURE REVIEW 

2.1 Running Injuries 

 While easily accessible and greatly beneficial to one’s health and fitness, running 

is an activity that may result in injury. Acute injuries are possible; however, the majority 

of running injuries are the result of overuse (Hreljac & Ferber, 2006). Overuse injuries 

occur when the cumulative effect of fatigue overtime exceeds the capabilities of the 

musculoskeletal structure being stressed (Hreljac & Ferber, 2006). Conversely, strains of 

small magnitude, when below the tensile limit of a structure and with adequate rest 

between applications result in positive adaptations.  

 Risk factors related to musculoskeletal running-related injuries are generally 

divided into training, anthropometric, and biomechanical risk factors. As much as 60% of 

overuse injuries can be attributed to errors in training (Hreljac & Ferber, 2006). Common 

training associated risk factors include running distance, training intensity, or rapid 

increases in either of the two. While training related factors are more easily modifiable, 

anatomical and biomechanical risk factors impose limits on an individual’s 

musculoskeletal structure and thus are still crucial components to consider. 

Anthropometric factors are also related to anatomical alignment variables such as pes 

cavus or leg length discrepancies while the magnitude of loading or movement patterns 

are considered biomechanical risk factors. Each risk factor contributes to musculoskeletal 

injury via a unique mechanism.  
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 The mechanism by which risk factors may result in musculoskeletal injury can be 

demonstrated by examining the stress-frequency relationship (Figure 1-1). Increasing a 

training variable such as running distance, for example, would increase the frequency of 

applied stress due to an increased number of steps taken. The increased frequency of 

applied stress would thus shift the injury threshold curve further to the right on the stress-

frequency plot. In this portion of the curve, lower stresses are required for a given 

structure to become injured. Therefore, a runner increasing the distance that they run also 

increases the possibility of experiencing a musculoskeletal injury. On the other hand, 

when a musculoskeletal structure is subjected to a combination of stress and frequency 

that is close to the curve, yet below and/or to the left of the curve (a gradual increase in 

running distance, for example), positive adaptation may occur, shifting the curve upward 

and to the right. This provides a runner with a larger “injury-free’’ zone, serving as 

protection for musculoskeletal structures.  

 

 

 

 

 

 

Figure 2-1: The stress-frequency relationship (adapted from Hreljac & Ferber, 2006) 
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 While understanding the stress-frequency curve may aid clinicians in instructing 

runners to modify their training, clinicians are still faced with the occurrence of 

musculoskeletal injuries. Running associated musculoskeletal injuries are sustained by 

27-70% of runners each year (Hreljac & Ferber, 2006, Taunton et al., 2002, Taunton et 

al., 2003, Van Gent et al., 2007). Aside from costing Canadians an estimated 3 billion 

dollars (Van Gent et al., 2007; Gilmore, 2007; Knowles, et al., 2007; Macera et al., 1989; 

Statistics Canada, 2012), injuries also prevent individuals from engaging in physical 

activity, potentially contributing to the obesity epidemic (Appendix B). As running is a 

widespread participation sport in North America (Hreljac & Ferber, 2006), understanding 

running injuries is of utmost importance. The knee is the most commonly injured site, 

accounting for 32-42% of running-related injuries (Taunton et al., 2002, Taunton et al., 

2003).    

2.2 Running-Related Knee Injuries 

 Running-related knee injuries include, but are not limited to: PFPS, iliotibial band 

syndrome (ITBS), and patellar tendinopathy. Before continuing with our discussion, it is 

relevant to understand the anatomical structure of the knee. 

2.2.1 Anatomy 

 The knee (Figure 2-2) is one of the most complex joints in the body (Marieb & 

Hoehn, 2010). Its structure is comprised of three anatomical compartments: inner and 

outer compartments are formed where the femur and tibia meet with the third 

compartment, the patellofemoral joint, formed by the patella and femur. The entire knee 
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joint is surrounded by a joint capsule as well as ligaments both outside and inside the 

joint to provide stability and strength (Figure 2-2). There are two structures that assist in 

allowing the knee to make fluid movements; menisci and bursae. The menisci provide a 

smooth surface for the joint to move on, while bursae act as gliding surfaces that reduce 

friction of tendons. The quadriceps femoris, hamstrings, sartorius, gastrocnemius, 

gracilis, and plantaris muscles are all responsible for producing flexion or extension of 

the knee joint. The tensor fasciae latae steadies the knee and trunk on the thigh by making 

the iliotibial band taut. Because of its high reliance on nonarticular structures for stability 

and the fact that it carries the body’s weight, the knee is the most susceptible to sports 

injury of all body joints (Marieb & Hoehn, 2010).   
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Figure 2-2: Anatomy of the knee joint (Makris, Hadidi, & Athanasiou, 2011) with 

permission 

2.3 Patellofemoral Pain Syndrome  

 Of running injuries, PFPS is the most prevalent, accounting for 46% of all knee 

injuries (Taunton et al, 2002). PFPS is a musculoskeletal injury causing anterior knee 

pain in the absence of other specific pathology (Crossley et al., 2001). PFPS is thought to 

occur as a result of abnormal loading to the LPJ (Powers, 2003). Abnormal loading to the 

LPJ can result in pain from a number of sources: subchondral bone, synovium, 

retinaculum, skin, muscle, and nerve (Fulkerson, 2002). While there are a number of 
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factors which may affect these structures, patellofemoral malalignment is the most 

commonly stated reason for the development of PFPS (Fulkerson, 2002). The aetiology 

of abnormal LPJ loading and subsequent PFPS is considered to be multifactorial, 

consisting of biomechanical and muscular strength causes. Given the complex 

interactions of structures surrounding the patellofemoral joint, assessing patellofemoral 

injuries is complicated. 

2.3.1 Assessment of PFPS 

 Assessment of PFPS commonly includes anterior or retropatellar knee pain, with 

a severity of at least three on a 10-cm visual analogue scale (VAS), during at least two of 

the following activities within the past week: ascending and descending stairs, hopping 

and running, squatting or kneeling, and prolonged sitting (Boling, Bolga, Mattacola, Uhl, 

& Hosey, 2006). Insidious onset of symptoms unrelated to trauma, pain with compression 

of the patella, and pain on palpation of patellar facets are also exhibited by PFPS 

sufferers. Runners experiencing PFPS note that their pain tends to get progressively 

worse throughout a run due to repeated single-leg weight-bearing over a flexed knee 

(Dierks, Manal, Hamill, & Davis, 2011). Patients with meniscal or other intra-articular 

pathology, cruciate or other collateral ligament laxity, tenderness of the patellar tendon, 

ITBS or pes anserine, Osgood-Schlatter or Sinding-Larsen-Johanssen syndromes, 

evidence of effusion or a history of recurrent patellar subluxation or dislocation are 

commonly excluded (Earl & Hoch, 2011). Once diagnosed with PFPS treatment is 

rehabilitative in nature. 
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2.3.2 Treatment of PFPS 

 While there is evidence to support physical therapy in the treatment of PFPS, 

there is no conclusive evidence to support one intervention over another (Crossley et al., 

2001). Physical therapy usually consists of muscle strengthening and stretching, 

stretching the lateral retinaculum, kinetic chain balancing, orthotic devices, aerobic 

conditioning, and taping or bracing (Fulkerson, 2002). Muscle strengthening and 

stretching has historically focused on the quadriceps muscles, specifically vastus medialis 

obliquus (Crossley et al., 2001; Fulkerson, 2002). More recent developments have shown 

that strengthening the hip musculature is beneficial in improving lower extremity 

alignment and assists PFPS patients (Cichanowski et al., 2007; Earl & Hoch, 2011; 

Ferber et al., 2011; Finnoff et al., 2011; Ireland, Willson, Ballantyne, & Davis, 2003; 

Niemuth, Johnson, Myers, & Thieman, 2005; Prins & van der Wurff, 2009; Robinson & 

Nee, 2007; Souza & Powers, 2009a, 2009b; Tyler, Nicholas, Mullaney, & McHugh, 

2006). Eng and Pierrynowski (1993) found that patients who used corrective foot 

orthoses for 8 weeks had significantly less knee pain during activity when compared with 

patients who wore a flat insole. While this trial was limited by a short follow-up and 

potential effects of nonblinding, it provided some evidence of the usefulness of foot 

orthoses in addition to physical therapy in patients with rearfoot varus. Taping or bracing 

functions to manipulate the patella in order to prevent subluxation or modify tilt 

(Fulkerson, 2002). These techniques have also been found to improve knee extensor 

function during weight bearing activities (Ernst, Kawaguchi, & Saliba, 1999). Regardless 
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of the treatment chosen, it should be individualized such that each involved structure is 

targeted in a way that best addresses the patient’s specific pathology.  

2.4 Biomechanics and PFPS  

 The patellofemoral joint is particularly prone to injury due to biomechanical and 

alignment factors. Under the normal alignment of the lower extremity, the patella is 

predisposed to lateral forces. The two main forces acting on the patella, the resultant 

quadriceps vector and the resultant patellar tendon force vector are not aligned; such that 

a quadriceps muscle contraction results in a lateral force vector acting on the patella 

(Powers, 2003). Movement of the proximal and distal segments in both the frontal and 

transverse planes influence the patellofemoral joint and subsequently LPJ loading. 

 Distally, movement of the tibia relative to the femur can influence the 

patellofemoral joint. As a result of the relationship between the tibia and the rearfoot, 

tibial rotation can be influenced by motion of the subtalar joint. While excessive 

pronation has been purported to contribute to patellofemoral dysfunction (Earl & Hoch, 

2011; Dierks et al., 2011; Duffey, Martin, Cannon, Craven, & Messier, 2002; Messier, 

Davis, Curl, Lowery, & Pack, 1991; Powers, Chen, Reischl, & Perry, 2002), it is coupled 

with tibial internal rotation which actually decreases LPJ loading. However, in order for 

the knee to achieve extension in midstance via the screw-home mechanism, the tibia must 

externally rotate relative to the femur. Tiberio (1987) proposed that during excessive 

pronation, as a compensation mechanism for a lack of tibial external rotation, the femur 

would internally rotate to allow for knee extension. Femoral internal rotation would move 
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the patella medially with respect to the anterior superior iliac spine (ASIS) and the tibial 

tuberosity, in this way abnormally loading the LPJ during excessive pronation (Tiberio, 

1987). While some subjects in Powers et al.’s (2002) study exhibited the movement 

pattern as described by Tiberio (1987), other investigations have failed to find significant 

results (Earl & Hoch, 2011; Duffey et al., 2000; Messier et al., 1991), suggesting that the 

relationship between the distal segment and the patellofemoral joint is not uniform across 

all individuals.  

 Proximally, movement of the femur in the transverse plane influences the 

patellofemoral joint. Aside from abnormally loading the LPJ as mentioned above, 

femoral internal rotation can also influence patellar alignment and kinematics (Powers, 

Ward, Fredericson, Guillet, & Shellock, 2003). The patella is not required to follow the 

motions of the femur because it is attached within the quadriceps tendon. This is 

especially the case when the quadriceps muscles are contracted (Powers, 2003). Powers 

et al. (2003) found the patella and the femur to move independently during weight-

bearing activities. Additionally, femoral internal rotation was found to be the primary 

contributor to lateral patellar displacement during a single-leg partial squat; providing 

evidence that patellar subluxation may be a result of the femur rotating beneath the 

patella, as opposed to the previously held notion that it was the result of the patella 

moving on the femur.  

 Abnormal motion of the femur in the frontal plane can also influence the 

patellofemoral joint. Knee valgus would abnormally load the LPJ due to medial 

displacement of the patella with respect to the ASIS (Powers, 2003). Femoral adduction, 
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tibial abduction, or a combination of both may lead to knee valgus. Weakness of the hip 

abductors or excessive pronation may result in frontal plane movements leading to knee 

valgus. Structural abnormalities at the hip such as coxa vara or a wide pelvis may also 

predispose an individual to increased knee valgus, or influence other biomechanical 

factors associated with PFPS.  

 Biomechanical factors associated with PFPS have been reported in variation in 

the literature. Transverse and frontal plane kinematics such as knee internal rotation 

(Dierks et al., 2011; Noehren, Pohl, Sanchez, Cunningham, & Latterman, 2012; Powers 

et al., 2002; Willson & Davis, 2009), hip internal rotation (Bolga, Malone, Umberger, & 

Uhl, 2008; Dierks, Manal, Hamill, & Davis, 2008; Dierks, et al., 2011; Earl & Hoch, 

2011; Noehren et al., 2012; Powers et al., 2002; Souza & Powers, 2009a, 2009b; Willson 

& Davis, 2008, 2009; Willy & Davis, 2011), hip adduction (Bolga et al., 2008; Dierks, et 

al., 2008; Dierks, et al., 2011; Earl & Hoch, 2011; Souza & Powers, 2009a; Willson & 

Davis, 2008, 2009; Willy & Davis, 2011), and rearfoot eversion (Earl & Hoch, 2011; 

Dierks, et al., 2011; Duffey et al., 2000; Messier et al., 1991; Powers et al., 2002) are 

commonly linked with PFPS.  

 Willson and Davis (2008) examined kinematics of females with PFPS and healthy 

controls across activities of increasing demand. While differences in the variables of 

interest did not vary between single-leg squatting, running, and repetitive single-leg 

jumping, the PFPS group demonstrated 4.3° greater knee external rotation, 3.5° greater 

hip adduction and 3.9° decreased hip internal rotation with respect to the control group, 
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irrespective of activity. Thus, patients with PFPS exhibited abnormal mechanics across a 

number of activities regardless of the task’s demands.  

 In contrast to Willson and Davis’ (2008) study, PFPS patients were found to 

exhibit less peak knee flexion, peak hip adduction, eversion excursion, peak knee flexion 

velocity, peak hip adduction velocity, and peak hip internal rotation velocity when 

compared to healthy controls during a prolonged treadmill run (Dierks et al., 2011). 

Decreased knee flexion may be indicative of a pain reduction strategy by decreasing 

compressive forces at the patellofemoral joint. The other findings of the study were 

contradictory to what was expected. Where increases in eversion, knee valgus, and 

internal rotations of the hip, knee, and tibia are commonly associated with PFPS, Dierks 

et al. (2011) found the PFPS group exhibited less motion in the aforementioned variables. 

The authors proposed that the decrease in overall motion by the PFPS patients may be a 

strategy to reduce dynamic malalignment and pain. While this strategy may have been 

advantageous initially, increases in joint movement were seen at the end of the run when 

pain was the greatest, indicating that the compensation mechanism was not effective for a 

prolonged period of time. Further analysis found unique kinematic mechanisms exhibited 

by three distinct subgroups; a knee valgus group, a hip abduction group, and decreased 

hip and knee internal rotation group. The knee valgus subgroup showed increased knee 

valgus and decreased motion in other joints. The hip abduction group demonstrated less 

knee flexion and motion overall. Finally, the third subgroup displayed typical knee and 

hip frontal plane motion, while also exhibiting increased hip internal rotation and 

decreased knee internal rotation. Dierks et al.’s (2011) results indicate that there are a 



18 

 

number of kinematic mechanisms that may be related to PFPS that may be more apparent 

as a runner becomes fatigued. However, due to the cross-sectional nature of the study 

cause and effect are unable to be determined.  

 Stefanyshyn, Stergiou, Lun, Meeuwisse, & Worobets (2006) conducted a two part 

study examining patients with PFPS and healthy controls consisting of both retrospective 

and prospective components. They speculated that knee angular impulse, defined as the 

area under the moment-time curve, was related to injury. Retrospectively, they found 

patients with PFPS to have significantly greater knee abduction impulses when compared 

to healthy controls. Those who developed PFPS in the prospective study also had greater 

knee abduction impulses, yet significance was not found until comparisons were made 

with matched subjects who did not develop the disease. The increased knee abduction 

impulse may have been a result of increased muscle forces, increased soft tissue forces, 

or a combination of the two. If increases in these forces were greater than those generated 

by the vastus medialis, medial stabilization of the patella may have been inefficient. Lack 

of medial stabilization contributes to lateral tracking of the patella, abnormal LPJ loading 

and the potential development of PFPS. The importance of muscle strength, such as in the 

vastus medialis, for stabilizing the patellofemoral joint has been further been recognized 

as a component of injury aetiology.  

2.5 Muscle Strength and PFPS 

 The relationship between muscle strength and PFPS has included musculature 

both directly affecting the knee joint as well as proximal to the knee joint. Weakness of 
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the quadriceps femoris has been commonly associated with PFPS. Isometric strength, 

isokinetic strength, and endurance of the quadriceps muscles have all been investigated in 

patients with PFPS with varying results. Callaghan and Oldham (2004) investigated the 

relationship between quadriceps muscles atrophy and muscle weakness in patients with 

PFPS. Although differences in quadriceps muscles cross sectional area were not 

significant between PFPS patients and controls, significant differences in isokinetic knee 

extension strength were found (Callaghan & Oldham, 2004). PFPS subjects demonstrated 

an 18.4% difference between their injured and noninjured limbs while control subjects 

demonstrated a 7.6% difference between their dominant and nondominant limbs. 

Differences in peak torque in the absence of muscle size differences indicate muscle 

dysfunction and weakness (Callaghan & Oldham, 2004). However, whether weakness 

was a cause or effect of PFPS was unable to be determined due to the cross-sectional 

nature of the study.  

 In their study examining patients with unilateral anterior knee pain, Suter, Herzog, 

De Souza, and Bray (1998) found significantly lower knee extensor moments not only in 

the involved leg but also in the uninvolved leg compared to controls. Duffey et al., (2000) 

found similar results in that deficits in quadriceps strength were bilateral. In contrast to 

the aforementioned studies (Callaghan & Oldham, 2004; Duffey et al., 2000; Suter et al., 

1998), Messier et al. (1991) found no significant differences between limbs and 

suggested that muscular insufficiency contributed to muscular endurance differences 

between groups as opposed to the injury itself. 
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 More recently, the involvement of the hip musculature in the development of 

PFPS has been examined. The hip muscles function to help stabilize the pelvis in the 

frontal, sagittal, and transverse planes (Cichanowski et al., 2007). Weakness in the hip 

musculature, especially in the hip abductors and external rotators, may lead to increased 

femoral internal rotation, knee abduction, and consequent knee valgus during weight-

bearing (Fulkerson, 2002; Ireland et al., 2003; Piva, Goodnite, & Childs, 2005). The 

increase in femoral internal rotation during weight-bearing results in lateral patellar 

subluxation and abnormal LPJ loading, promoting the development of PFPS (Powers et 

al., 2003).   

 Hip external rotator weakness has been found to be linked with increased femoral 

internal rotation during weight-bearing in patients with PFPS compared to controls 

(Souza & Powers, 2009a). In studies where patients suffered from the symptoms of PFPS 

for a substantial period of time (Ireland et al., 2003; Robinson & Nee, 2007), it is 

plausible that muscle weakness developed as a result of disuse atrophy from reduced 

activity. Current pain level may also have influenced a patient’s strength output at the 

time of testing. As prevention or early intervention of an injury is preferable to treatment, 

establishing muscle strength variables that are risk factors in the development of PFPS is 

imperative.   

 A number of prospective studies investigating hip musculature and PFPS have 

found variable results. In a 2-year prospective study of 98 high school runners, it was 

found that stronger pre-injury hip abductors (particularly in relation to hip adductor 

strength) and weaker pre-injury hip external rotators (particularly in relation to hip 
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internal rotator strength) were associated with PFPS (Finnoff et al., 2011). Additionally, 

hip abduction and external rotation strengths were found to decrease from pre-injury to 

post-injury. The finding that strong hip abductors predisposed subjects to develop PFPS 

is contradictory to a number of other studies (Bolga et al., 2008; Cichanowsk et al., 2007; 

Earl & Hoch, 2011; Dierks et al., 2008; Ferber et al., 2011; Finnoff et al., 2011; Ireland et 

al., 2003; Niemuth et al., 2006; Prins & van der Wurff, 2009; Robinson & Nee, 2007; 

Souza & Powers, 2009a, 2009b; Tyler et al., 2006; Willson & Davis, 2009; Willy & 

Davis, 2011).  

 In contrast, a 10-week prospective study by Thijs, Pattyn, Van Tiggelen, 

Rombaut, & Witvrouw (2011) found no significant strength differences in any of the 

assessed hip muscle groups between runners who did and did not develop PFPS. While 

hip muscle strength was not identified as a causal factor for PFPS, it was thought that it 

may contribute to the persistence of disease symptoms. The authors speculated that a 

compensatory decrease in hip muscle strength, attributable to long term PFPS symptoms, 

may consequently lead to a decrease in dynamic control of the lower limb. By increasing 

the knee valgus angle during dynamic tasks in PFPS sufferers, hip muscle weakness may 

act as an important factor in PFPS injury perpetuation (Thijs et al., 2011). While other 

cross sectional studies have had similar findings (Cowan, Crossley, & Bennell, 2009; 

Piva et al., 2005) the association between hip muscle strength and PFPS remains 

complicated.  

 Due to the multifactorial nature of PFPS, treatment prescription can be 

challenging. As each individual may experience the injury as a result of a combination of 
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different risk factors, providing a standardized protocol is not viable. While surgical 

interventions are useful in extreme cases, the majority of patients look to physical therapy 

for relief. Although rehabilitation programs prove successful in some, PFPS reoccurs in 

75% of patients (Kannus et al., 1999; Nimon et al., 1998; Stathopulu & Baildam, 2003; 

Witvrouw et al., 2000). The chronic nature of PFPS, along with inconsistencies in the 

literature, lead one to believe that there may be an underlying risk factor that is not 

addressed in physical therapy and causes the injury to persist over time.  

 From a clinical standpoint, risk factors are of great importance in the 

understanding of an injury. Clinicians typically focus on the improvement of one, or a 

number of risk factors in the rehabilitation of an injured runner. However, in unilateral 

injuries the affected and unaffected limbs are often looked at in isolation. While it may be 

accepted that the affected limb behaves differently than the unaffected limb in many 

musculoskeletal injuries, of clinical importance may be the nature of the differences 

between the affected and unaffected limbs.  

2.6  Asymmetry 

 Differences between the right and left lower extremities result in asymmetry. 

Higher levels of asymmetry are associated with pathology and joint injury while lower 

levels of asymmetry are associated with healthy individuals (Sadeghi, Allard & Duhaime, 

1997, 2000; Sadeghi, Allard, Prince, et al., 2000). Recognizing differences between 

inherent and disease related between-limb asymmetry can aid in clinical assessment. Left 

untreated, asymmetries have the potential to lead to new or recurring injuries.  
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2.6.1 Pathological and Injured Gait Asymmetry 

 Asymmetrical gait has been associated with a number of pathologies including 

osteoarthritis (Creaby et al., 2012; Shakoor et al., 2003), hemiplegia (Hsu et al., 2003), 

hemipareis (Kahn & Hornby, 2009) and cerebral palsy (Böhm & Döderlien, 2012), as 

well as overuse running-related injury (Zifchock, Davis, & Hamill, 2006). These patients 

may adopt and/or change asymmetrical gait patterns in response to a number of different 

factors, each of which is typically disease-specific. For example, between-limb 

asymmetry of lower-extremity gait mechanics during running has been suggested to 

increase stress to the musculoskeletal system and lead to tibial stress fractures (Zifchock 

et al., 2006). As running is a bilaterally cyclic activity, injury development on one side of 

the body suggests that unilateral exposure to some factor is increased relative to the non-

injured side. A retrospective study by Zifchock, Davis, Higginson, McCaw, and Royer 

(2008) compared within-subject and between-subject asymmetry of kinetic, kinematic, 

strength, and alignment as well as bilateral differences between injured and non-injured 

runners. Although they found injured runners to exhibit elevated hip internal range of 

motion and peak tibial acceleration on the side with a history of injury compared to the 

non-injured side, there were no asymmetry differences found between previously injured 

and non-injured subjects. When looking at bilateral values, hip internal range of motion 

and abnormal arch height index were found to be elevated in both limbs of the runners 

with a history of injury. The lack of significant findings may be the result of two main 

factors. Runners with high injury susceptibility may only begin to exhibit apparent 

asymmetries in a fatigued state, not reached with the study’s testing protocol. Also, the 
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runners in the study population presented with a diversity of running-related injuries. 

Although a number of running injuries have common mechanisms, the variability in 

results introduced by the assortment of injuries may have influenced the conclusions. 

Ultimately, the results of this study suggest that pathological characteristics on both sides 

of the body may influence unilateral injury risk and should be taken into account during 

clinical evaluation and rehabilitation of overuse running-related injuries. Further insight 

into the mechanism of between-limb asymmetry and injury may be gained by examining 

other pathological conditions.  

 Between-limb asymmetry in the gait of patients with osteoarthritis is thought to 

develop and persist through particular mechanisms (Creaby et al., 2012; Shakoor et al., 

2003). Creaby et al. (2001) found individuals with unilateral knee pain and either 

unilateral or bilateral structural disease to demonstrate gait asymmetry while patients 

with bilateral pain or who were asymptomatic showed relative symmetry. Shakoor et al. 

(2003) performed gait analysis on unilateral end-stage hip osteoarthritis patients pre- and 

post-total hip replacement surgery and found that significantly higher peak knee 

adduction moments and peak medial compartment loads in the contralateral knee 

persisted long after successful surgery. They proposed that gait asymmetry may initially 

occur in response to hip pain and structural disease that is then maintained by means of 

neuromechanical adaptations unaffected by surgery (Shakoor et al., 2003). Together, the 

results of these studies indicate that a combination of pain, structural disease, and 

neuromechanical adaptations may contribute to gait asymmetry in patients with 

osteoarthritis.  
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 Neuromuscular impairments post-stroke influence gait asymmetry in patients with 

hemiparesis (Kahn & Hornby, 2009) and hemiplegia (Hsu et al., 2003). Temporal and 

spatial parameters are the most commonly affected variables in these populations. More 

specifically, decreased duration of single-leg stance on the involved limb and decreased 

step length of the uninvolved limb versus the involved limb characterize gait asymmetries 

in patients post-stroke (Kahn & Hornby, 2009). Temporal and spatial parameters such as 

these are primarily influenced by the degree of spasticity of the affected ankle 

plantarflexors (Hsu et al., 2003). Fortunately, following 10 sessions of unilateral step 

training, patients with chronic hemiparesis were able to significantly improve their step 

length asymmetry; with changes retained for up to two weeks (Kahn & Hornby, 2009). 

However, it is unclear whether improvements in gait symmetry in this population 

represent functional gains or merely the ability to move at faster speeds.  

 Increasing movement speed to a running pace may uncover gait asymmetries that 

were previously masked during walking in certain populations. Böhm & Döderlien 

(2012) examined 22 spatio-temporal, kinematic, and kinetic variables in children with 

cerebral palsy during walking and running. They found a significant decrease of 

symmetry in 13 of the of 22 gait parameters in running compared to walking. It was 

proposed that since running may create higher loads on the musculoskeletal system, 

asymmetries in gait not detected during walking may become apparent (Böhm & 

Döderlien, 2012). 
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2.6.2 Muscle Strength Asymmetry 

 Differences in muscle strength between-limbs may furthermore contribute to 

injury. Strength of the lower extremity functions to stabilize the hips and trunk both 

statically and dynamically. During running an individual is subject to large external 

forces that have the potential to contribute to injury (Zifchock et al., 2008). Should the 

runner assume a malaligned posture in an attempt to control these large external forces, 

the musculoskeletal system may be submitted to abnormal stress that can result in 

muscular imbalances. Weaker injured limb hip abductors and external rotators 

(Cichanowski et al., 2007; Fredericson et al., 2000; Niemuth et al., 2006; Robinson & 

Nee, 2007) and quadriceps muscles (Callaghan & Oldham, 2004; Suter et al., 1998; 

Thomeé et al., 2005) have been found in a number of studies. All of the aforementioned 

studies, with the exception of two (Fredericson et al., 2000; Niemuth et al., 2006), 

examined patients suffering from PFPS. This suggests that there may be an association 

between between-limb muscle strength asymmetry and injury in this population. 

However, none of the aforementioned studies were prospective in nature and thus cause 

and effect cannot be determined. In addition, muscle strength asymmetry has been found 

not only in those who are injured or pathological, but also in healthy individuals 

(Lanshammar & Ribom, 2011) and thus the difference between the two groups needs to 

be distinguished.  



27 

 

2.6.3 Healthy Asymmetry 

 Symmetry of the lower extremity has often been assumed for simplicity in data 

collection and analysis (Sadeghi, Allard, & Duhaime, 2000). However, even within 

healthy populations asymmetries are a common occurrence. In fact, normal asymmetry in 

running gait ranges from 3% to 54% depending upon the parameter tested (Karamandis et 

al., 2003). Asymmetry in able-bodied individuals is an important consideration for 

clinicians when performing evaluations and providing rehabilitation programs for 

unilateral injuries. As the contralateral or unaffected limb is often used for comparison or 

as a method to determine progression in a physical therapy setting, understanding 

inherent between-limb differences is important for full recovery. Functional differences, 

lateral dominance, and lateral preference are all thought to contribute to asymmetry in 

healthy populations.  

 Gait asymmetry may be a result of functional differences of the lower extremities 

(Sadeghi et al., 1997). Locomotion requires coordination between tasks of propulsion and 

balance; to support the body against gravity while performing movements to propel the 

body forward (Winter, 2005). The right and left limbs are thought to have different 

contributions towards gait-related tasks (Sadeghi et al., 1997).  Sadeghi, Allard, and 

Duhaime (2000) found power patterns to be asymmetrical in healthy individuals due to 

different functions of the right and left limbs during stance. More specifically, the right 

limb contributed to forward progression (initiated from the hip in the sagittal plane at heel 

strike and throughout stance) and the left limb provided control (indicated by power 

absorption bursts at the hip and knee) while propelling the limb to a lesser extent 
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(Sadeghi, Allard, & Duhaime, 2000). According to Sadeghi et al. (1997), asymmetrical 

gait in able-bodied subjects should not be considered pathological but rather interpreted 

in terms of control and propulsion strategies. 

 Related to functional differences is lateral dominance; the functional 

specialization of either the right or left brain hemispheres (Hebbal & Mysorekar, 2006). 

Lateralization is thought to be established in early human development. Genetics 

determine 10-20% of lateralization, while environmental factors influence the remaining 

80-90% (Ashton, 1982). Task complexity, gender, and developmental characteristics may 

all contribute to body side choice (Carpes, Mota, & Faria, 2010). Between-limb 

differences may persist throughout a person’s lifetime, even with training (Teixeira & 

Teixeira, 2008). Generally, the left hemisphere is specialized for precise control of fine 

motor actions, while the right hemisphere is characterized by somatosensory spatial 

ability, emotional expression, and more gross motor functions (White, 1972). While 

lateral dominance may dictate functional differences between-limbs as described by 

Sadeghi et al. (1997), it can also influence limb preference.  

 Limb preference may also contribute to between-limb asymmetry. Limb 

preference refers to the preferential use of a hand or foot associated with a motor skill 

(Ivry & Swinnen, 2006). When examining healthy athletes, Lanshammar and Ribom 

(2011), found significant differences in leg muscle strength between the preferred and 

non-preferred legs. On the contrary, Vagenas and Hoshizaki (1991) found a lack of 

association between limb preference and isokinetic knee strength in their study. They 

proposed that functional bilateralism of the lower-extremity should be viewed as joint- or 
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task-specific as opposed to a general trend of dominance for the entire limb. Differences 

in these studies may be the result of varying subject populations. While Lanshammar and 

Ribom (2011) investigated soccer players who tend to have a distinct kicking leg, the 

study population used by Vagenas and Hoshizaki (1991) consisted of long distance 

runners who arguably exercise each limb to the same extent. The results of these studies 

challenge the concept of between-limb muscle strength asymmetry and its association 

with injury. Although between-limb muscle strength asymmetry may be present in 

healthy populations as a result of limb-preference, differences greater than 10% are 

thought to increase one’s risk of injury and should be taken into account during clinical 

assessment (Noyes, Barber, & Mangine, 1991). 

2.6.4 Methods to Calculate Asymmetry  

 A number of different ways to calculate asymmetry have been reported in the 

literature. The Symmetry Index (SI), Absolutely Symmetry Index (ASI), Limb Symmetry 

Index (LSI), Index of Asymmetry (IA), Asymmetry Index (AI), and statistical methods 

are among the many methods to calculate asymmetry (Appendix C, Appendix D). 

 The use of the SI was first proposed by Robinson, Herzog, and Nigg (1987) to 

assess symmetry in resultant ground reaction force. Equation (1) presents the SI 

calculated in percent; R being the right side parameter, and L the left side parameter. The 

SI reports between-limb differences against their average value, often not correctly 

reflecting the performance of either limb. For example, where some parameters have 

large values but relatively small inter-limb differences the index will tend to be lower and 



30 

 

reflect symmetry (Sadeghi, Allard, Prince, et al., 2000). Also, this formula is not useful if 

half of the sample presents a negative SI value and the other half present the same 

magnitude of positive SI value. If this were to happen, the group mean would be zero, 

reflecting perfect symmetry, when it is in fact not the case.   

SI% =            (1) 

 Karamandis et al. (2003) modified the SI for running assessment (equation (2)). 

The ASI is expressed in percentage; R being the right side parameter, and L the left side 

parameter. In this case, an ASI of zero means that R and L are identical.  

ASI% =            (2) 

 In examining functional performance tests in subjects with PFPS, Loudon, 

Wiesner, Goist-Foley, Asjes, and Loudon (2007) found statistically significant between-

limb differences in four out of five tests when calculating the LSI (equation (3)). The LSI 

has previously been used as a criterion for return-to-sport in patients with anterior 

cruciate ligament reconstruction (Barber, Noyes, Mangine, McCloskey, & Hartman, 

1990). The LSI is expressed as a percentage; where a score of 100 indicates perfect 

symmetry of the involved and uninvolved limbs.  

LSI%=                                                                                          (3) 

 Kinematic asymmetry in runners has also been investigated using an IA (Vagenas 

& Hoshizaki, 1992). Equation (4) was used to calculate lateral differences in kinematic 
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variables to percent asymmetries and trichotomized to reflect scores of +1 (superiority for 

left side), 0 (symmetry), -1 (superiority for right side). With L being the left side 

parameter, R the right side parameter, and max the maximal value found between limbs. 

The calculated asymmetries can be averaged considering the variables of interest and 

provide an overall measurement of kinematic asymmetries. It is appropriate when a 

number of variables are evaluated during a single trial (Vagenas & Hoshizaki, 1992). 

IA% =         (4) 

 Equation (5) provides information regarding the magnitude and direction of 

bilateral asymmetry. Chavet, Lafortune, and Gray (1997) initially used the equation to 

evaluate lower limb cushioning responses to impact. The equation has also been used to 

quantify functional asymmetry (Vagenas & Hoshizaki, 1991) and the effects of prior 

hamstring injury on runners (Silder, Thelen, & Heiderscheit, 2010). Their asymmetry 

index was also measured in percent with DO representing the dominant limb and ND 

representing the non-dominant limb.  

AI% =         (5) 

 Asymmetry can also be quantified using statistical procedures such as paired 

Student t-tests (Di Stasi & Snyder-Mackler, 2012; Sadeghi, 2003; Sadeghi et al., 1997; 

Shakoor et al., 2003), or analysis of variance (Cibulka et al., 2010; Creaby et al., 2012; 

Ferber, Osternig, Woollacott, Wasielewski, & Lee, 2004; Paterno, Ford, Myer, Heyl, & 
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Hewett, 2007). These procedures however, are not suitable when individual differences 

or the direction of asymmetry is of interest.  

While discrete variables are commonly investigated, temporal analysis of 

waveform variables can also be used to assess between-limb asymmetry (Ferber et al., 

2004) and provide information for the entire stance phase of gait. Coefficients of multiple 

correlation (CMC) provide an indication on the level of similarity between the shape of 

the waveform by providing an index between 0.0 (completely dissimilar) and 1.0 

(completely similar) (Equation (6)). Moreover, root mean square error (RMSE) provides 

insight into how the amplitude of the waveforms differ by determining the magnitude of 

difference between waveforms. Lower RMSE indicates greater similarity between 

waveform amplitudes (Equation (7)). 

CMC =                                                                          (6) 

Where: ryx1 = correlation coefficient between y and x1 

 ryx2 = correlation coefficient between y and x2 

 rx1x2 = correlation coefficient between x1 and x2 

 

 

RMSE =                                                                                                 (7) 
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 The abundance of methods in which one can calculate asymmetry and the lack of 

consensus in the literature ultimately leaves the choice of calculation method to the 

researcher. It may be more appropriate to frame the decision in the context of the research 

question. Regardless of the calculation method chosen, it is important to consider the 

clinical context in which between-limb asymmetry may be applied and present findings 

in way that serves to effectively transfer knowledge.  

2.7 Purpose 

 PFPS is a common musculoskeletal injury that affects many individuals. While a 

number of variables have been associated with PFPS, between-limb asymmetry in PFPS 

is poorly understood. As the injury commonly recurs after treatment, it would be of 

interest to identify potential modifications to rehabilitation programs based on kinematic 

and muscle strength findings. Between-limb asymmetry is associated with gait pathology 

and may be involved in the development of PFPS. To our knowledge, no studies have 

examined between-limb lower extremity running gait kinematics and muscle strength 

asymmetry in a population of runners with PFPS and healthy controls. Understanding 

differences in between-limb asymmetry can lead to the development of more effective 

assessment and rehabilitation of PFPS.  
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CHAPTER THREE: BETWEEN-LIMB GAIT AND MUSCLE STRENGTH 

ASYMMETRY IN RUNNERS WITH PATELLOFEMORAL PAIN SYNDROME 

AND HEALTHY CONTROLS 

3.1 Introduction 

 PFPS is a musculoskeletal injury characterized by anterior knee pain in the 

absence of other specific pathology (Crossley et al., 2001) and it accounts for 46% of all 

running-related injuries (Taunton et al., 2002). Despite its prevalence, the multifactorial 

nature of PFPS makes treatment challenging considering as many as 75% of patients 

continue to have symptoms even following initially successful rehabilitation programs 

(Kannus et al., 1999; Nimon et al., 1998; Stathopulu & Baildam, 2003; Witvrouw et al., 

2000). Given the chronic nature of PFPS, further investigation surrounding the injury 

may provide insight into the pathomechanics associated with the injury.  

 A number of gait kinematic variables have been associated with PFPS but any 

differences between PFPS and controls have been inconsistent within the literature 

(Bolga et al., 2008; Dierks et al., 2011; Earl & Hoch, 2011; Ferber et al., 2011; Souza & 

Powers, 2009a, 2009b; Willson & Davis, 2009). Atypical secondary plane gait 

kinematics have been reported for runners with PFPS, including excessive hip and knee 

internal rotation, hip adduction, and rearfoot eversion. These atypical kinematics are 

thought to contribute to PFPS by placing the patella in a more lateral position, thereby 

abnormally loading the patellofemoral joint. However, most investigations have limited 

their variables of interest to the injured limb and a matched limb for the control group. 



35 

 

Further investigation into the between-limb transverse and frontal plane pathomechanics 

for runners with PFPS is therefore warranted. 

 While it may be clinically accepted that the injured limb behaves differently than 

the noninjured limb for many musculoskeletal injuries, of importance might be the nature 

of the difference between limbs. Moreover, side-to-side differences in muscular strength 

may be of clinical and scientific importance as reduced strength has also been associated 

with PFPS (Bolga et al., 2008; Cichanowski et al., 2007; Earl & Hoch, 2011; Ferber et 

al., 2011; Ireland et al., 2003; Robinson & Nee, 2007; Souza &Powers, 2009a, 2009b; 

Willson & Davis, 2009). However, no study has investigated both between-limb gait and 

muscle strength asymmetry in PFPS subjects and controls 

 Although between-limb gait asymmetry has been found in healthy individuals 

(Karamandis et al., 2003; Lanshammar & Ribom, 2011; Sadeghi, 2003; Sadeghi et al., 

1997; Vagenas & Hoshizaki, 1991), differences in both the injured and noninjured limbs 

have been linked with overuse running injury and may contribute to PFPS injury 

development and persistence (Zifchock et al., 2008). For example, although unilaterally 

injured runners were not found to be more asymmetrical than noninjured runners, these 

injured runners exhibited increased hip internal rotation range of motion and peak tibial 

acceleration on their injured limb compared to their uninjured limb (Zifchock et al., 

2008). Moreover, asymmetry in biomechanical gait patterns may be related to between-

limb differences in hip muscle strength. For example, weakness in the hip muscles, 

particularly the abductors and external rotators, may lead to increased femoral internal 

rotation and hip adduction during locomotion, placing the knee in a more abducted 
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position and abnormally loading the lateral patellofemoral joint (Cichanowski et al., 

2007; Ireland et al., 2003). Between-limb asymmetry in both healthy and injured 

individuals is an important consideration for clinicians when determining injury status 

and when providing rehabilitation programs for unilateral injuries. As the contralateral or 

unaffected limb is often used for comparison or as a method to determine progression in a 

physical therapy setting, understanding inherent between-limb differences is important 

for full recovery and prevention.  

 Therefore, the purpose of this study was to compare between-limb transverse and 

frontal plane running gait kinematics and hip muscle strength asymmetry in PFPS 

subjects and matched healthy controls. The discrete kinematic variables of interest 

included bilateral hip internal rotation (HIntRot), knee internal rotation (KIntRot), hip 

adduction (HAdd), and rearfoot eversion (RFEv) joint excursions. Waveform variables 

included hip transverse plane, knee transverse plane, hip frontal plane, and ankle frontal 

plane kinematics over the stance phase of gait. Bilateral maximum voluntary isometric 

contraction (MVIC) of the hip abductor (HABD), hip external rotator (HER), and hip 

internal rotator (HIR) muscles were investigated as strength variables of interest. 

Considering that healthy individuals naturally exhibit between-limb asymmetry (Sadeghi, 

2003; Sadeghi et al., 1997; Sadeghi, Allard, & Duhaime, 2000; Sadeghi, Allard, Prince, 

et al., 2000), we hypothesized that subjects experiencing PFPS would demonstrate a 

different pattern of between-limb asymmetry of lower extremity transverse and frontal 

plane running gait kinematics. We also hypothesized that PFPS would exhibit greater 

between-limb asymmetry of hip muscle strength when compared to healthy controls.  
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3.2 Methods 

3.2.1 Subjects 

 An a priori power analysis (Appendix E) was carried out in G*Power 3 (Faul et 

al., 2007). Using data from a previously published study (Robinson & Nee, 2007) an 

effect size of 1.33 was input as the between-limb difference in hip external rotator 

strength. Based on α=0.05 and power (1-β) of 0.95, 32 participants (16 per group) was 

calculated as sufficient power to detect significant effects in our primary outcome 

variables. As a part of a larger randomized controlled trial, data from 24 (12 females, 12 

males) runners with PFPS were gender matched to 24 (12 females, 12 males) healthy 

active individuals. All subjects were running for a minimum of 30 minutes 3 days per 

week at the time of testing. Subjects were recruited through the Running Injury Clinic at 

the University of Calgary. All subjects provided informed, written consent approved by 

the Conjoint Health Research Ethics Board of the University (Appendix F). One certified 

athletic therapist assessed PFPS patients for inclusion and exclusion criteria similar to 

that used in previous studies (Table 3-1) (Boling et al., 2006; Earl & Hoch, 2011). 

Control subjects were pain free at the time of testing, had no history of orthopaedic 

surgery, had not sustained a knee-related musculoskeletal injury in the past year, and did 

not meet any of the exclusion criteria.  
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Table 3-1: Inclusion and exclusion criteria for PFPS subjects 

Inclusion Exclusion 

o Age 18-55 years 

o VAS ≥ 2.5/10 

o Symptoms not related to trauma; lasting 

at least 4 weeks, but no more than 1 

year 

o Anterior knee pain during at least 3 of 

the following: 

o During or after activity 

o Prolonged sitting 

o Stair ascent or descent 

o Squatting 

o Pain with palpation of patellar facets or 

pain during step down from a 20-cm 

box or during a double-legged squat 

o Active at least 30 min/day, 3-4 

days/week for the past 6 months 

o Free of orthopaedic injury/surgery 

o Running or jumping sport 

o Comfortable walking and running on a 

treadmill 

o Meniscal or other intra-articular      

pathology 

o Cruciate or other collateral ligament 

laxity or tenderness 

o Patellar tendon, ITB, or pes anserine 

tenderness 

o Positive patellar apprehension sign 

o Osgood-Schlatter or Sinding-Larsen-

Johanssen syndromes 

o Evidence of effusion 

o Hip or lumbar referred pain 

o History of recurrent patellar 

subluxation or dislocation 

o History of surgery to the knee joint 

o NSAID’s or corticosteroid use within 

24 hours before testing 

o History of head injury or vestibular 

disorder within the last 6 months 

o Pregnancy 

 

3.2.2 Procedures 

 Three-dimensional gait analysis was performed using 9 mm diameter retro-

reflective spherical markers placed bilaterally on the lower extremity (Figure 3-1). 

Anatomical markers were placed on the 1
st
 and 5

th
 metatarsal heads; medial and lateral 

malleoli; medial and lateral joint line; and greater trochanters of each limb (Pohl, Lloyd, 

& Ferber, 2010). Technical marker clusters were placed on the pelvis and bilateral thigh, 

shank and feet to track motion during the running trials (Pohl et al., 2010). The marker 

clusters consisted of a rigid shell with three markers placed over the sacrum at the level 



39 

 

of the posterior superior iliac spines and rigid shells with four markers attached to the 

shank and thigh. Four technical markers for the foot were placed bilaterally on the shoes: 

two on the posterior calcaneus, one on the lateral calcaneus, and one on the hallux. All 

subjects wore standard laboratory shoes (Nike Air Pegasus, Nike Inc, Portland, USA) 

during testing. 

 

 

 (b)  

 

Figure 3-1: Posterior (a) and anterior (b) marker placement 
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 Eight cameras (Vicon, Oxford, UK) collected marker co-ordinate data at 200 Hz 

and three-dimensional co-ordinate data was filtered at 10 Hz using a low pass recursive 

second order Butterworth filter (Winter, 2005). Kinematic data were collected following 

a two-minute treadmill running period to allow the subject to accommodate (Fellin & 

Davis, 2009). Prior to the running trials, a standing calibration trial was collected. Upon 

completion of the static trial, the markers on the anatomical landmarks were removed. 

The subjects then ran on a treadmill (Bertec, Columbus, USA) at 2.7 m/s for 20 seconds, 

which provided approximately 30 strides for analysis.  

 MVIC values of the hip abductors (HABD), hip external rotators (HER) and hip 

internal rotators (HIR) were collected bilaterally using a strength testing bench and a 

force dynamometer (Model 01163, Lafayette Instruments, Lafayette, USA) stabilized 

with non-elastic straps. HABD force output was measured in a side-laying position with 

the dynamometer placed 5 cm proximal to the knee joint (Figure 3-2).  

                         

Figure 3-2: Hip abduction muscle strength measurement  
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 HER (Figure 3-3a) and HIR (Figure 3-3b) were measured in a seated position 

with the subjects’ lower legs at 90 degrees and the dynamometer placed immediately 

proximal to the medial malleoli and lateral malleoli, respectively.  

       (a)  (b)  

Figure 3-3: Hip external rotation (a) and internal rotation (b) muscle strength 

measurement 

 

 For each muscle group tested, subjects were given 1-2 submaximal practice trials 

to familiarize themselves with the test. Subjects were asked to push into the dynamometer 

as hard as possible for five seconds to record their MVIC. The MVIC was performed 

three times with 15 seconds rest between each effort. The average of 3 trials, having a 

coefficient of variation of less than 10%, were used for statistical analysis (Ferber et al., 

2011). Mean MVIC values were normalized to subject mass (kg) for analysis (Keating 

and Matyas, 1996). 
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 Pain was measured using a 10 cm VAS where 0 indicated no pain at all and 10 

indicated the worst pain imaginable. For the VAS scale, PFPS patients were asked to 

place a dash along a 10 cm horizontal line to indicate the average amount of pain 

experienced during the past week while running (Appendix G). Patient function was 

measured using the anterior knee pain scale (AKPS). The AKPS is a 13-item weighted 

questionnaire that assesses current knee function. Responses were summed to provide an 

overall measure where a score of 100 represents no disability (Appendix H). The 

reliability and validity of both scales has been demonstrated in individuals with PFPS 

(Crossley, Bennel, Cowan, & Green, 2004). The healthy control subjects were not 

required to complete the VAS or AKPS.  

3.2.3 Data Processing 

 Kinematic joint angles were calculated using 3D Gait Analysis Systems Inc. 

software (Calgary, Alberta Canada) for all trials in all three planes of motion (sagittal, X; 

frontal, Y; transverse, Z). Joint angle kinematics were analyzed for the stance phase and 

normalized to 101 data points. Stance phase was defined as initial heel contact to toe off 

(Zeni, Richards, & Higginson, 2008). Initial contact was identified as the point in time 

when the superior calcaneal marker moved from a positive to a negative velocity in the 

vertical direction, and toe off was defined when the peak knee extension occurs (Fellin, 

Rose, Royer, & Davis, 2010). Hip internal rotation (HIntRot), knee internal rotation 

(KIntRot), hip adduction (HAdd), and rearfoot eversion (RFEv) joint excursions 

calculated from touchdown to peak were extracted from each footfall/stance phase and 

averaged across 30 stance phases. Time-series curves of stance phase were used to 
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examine waveform characteristic of hip transverse plane, knee transverse plane, hip 

frontal plane, and ankle frontal plane kinematics over an equal number of stance phases.  

3.2.4 Statistical Analysis 

 SPSS (version 20.0; SPSS Inc, Chicago, USA) and Excel (version 7, Microsoft, 

Redmond, USA) were used to complete statistical analysis. All kinematic and strength 

variables were assessed for normality prior to analysis using a Shapiro-Wilk test. 

Repeated measures analysis of variance (ANOVA) was used to determine between-group 

differences in asymmetry for the discrete kinematic variables of interest (α=0.05), while 

multivariate analysis of variance (MANOVA) was used to determine between-group 

differences in asymmetry for the discrete strength variables of interest (α=0.05) as 

correlations among strength variables were found. Only (group x limb) interactions were 

of interest in accordance with the study hypothesis. Variables found to violate Levene’s 

Test of Equality of Error Variances were log transformed and then estimated marginal 

means were back transformed. Ninety-five percent confidence intervals (CIs) were used 

to assess discrete between-limb symmetry of in each of the experimental groups; 95% 

CIs not crossing 0 (i.e. either entirely >0, or <0) were considered indicative of 

asymmetry.  

 Similarities between kinematic waveforms of the different limbs were determined 

using CMC and RMSE. CMC provides an indication on the level of similarity between 

the shape of the waveform by providing an index between 0.0 (completely dissimilar) and 

1.0 (completely similar). RMSE provides insight into how the amplitude of the 
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waveforms differ by determining the magnitude (in °) of difference between waveforms. 

Lower RMSE indicates greater similarity between waveform amplitudes. 

 Asymmetry was defined as significant ANOVA or MANOVA results (Creaby et 

al., 2012) or CMC less than 0.75 (Derrick, Bates, & Dufek, 1994; Ferber et al., 2004). 

Pohl et al (2010) reported RMSE for lower limb kinematics determined from the marker-

model used in the current study while participants ran at 2.7 m/s. These values were 

subsequently used as thresholds to indicate RMSE beyond potential error;  >1.5° for hip 

transverse plane, 1.9° for knee transverse plane, 4.3° for hip frontal plane, or 2.1° for 

ankle frontal plane.  

3.3 Results 

 Subject demographics are presented in Table 3-2. Results of discrete kinematic 

variable ANOVAs ([HIntRot:F=0.04(1), P=0.84][KIntRot: F=0.26(1), P 

=0.61][HAdd:F=0.20(1), P=0.66][RFEv:F=1.918(1), P =0.17]) and discrete strength 

variable MANOVAs (λ=1.00.,F=0.17(3,90), P=0.92) indicated that there were no 

significant differences in between-limb asymmetry between groups. Ninety-five percent 

CIs further support a lack of between-group differences in discrete kinematic or strength 

variables analyzed (Figure 3-4 and 3-5).  
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Table 3-2: Mean (standard deviation) subject demographics of the PFPS and 

control groups 

 PFPS Control 

Height (cm) 170.31 (11.62) 171.63 (9.10) 

Mass (kg) 67.85 (11.75) 66.95 (12.48) 

Age (years) 33.96 (8.98) 33.17 (8.50) 

VAS 5.22 (1.87) n/a 

AKPS 72.47 (10.61) n/a 

Injured/Matched Limb 

Distribution 

8 Left, 16 Right 8 Left, 16 Right 

 

 Waveform analysis (Figure 3-6) revealed PFPS subjects’ hip and knee transverse 

plane waveforms were dissimilar in shape and amplitude (CMC=0.69 (0.20); 

RMSE=3.52° (2.49°) and (CMC=0.69 (0.26); RMSE=2.86° (2.25°) respectively). In 

contrast, controls only exhibited differences in hip and knee transverse plane waveform 

amplitude that was beyond error (CMC=0.82 (0.17); RMSE=2.76° (1.79°) and 

CMC=0.81 (0.17); RMSE=2.86° (1.94°)). Control subjects exhibited differences in 

between-limb hip frontal plane waveform shape (CMC=0.71(0.21); RMSE=1.88° 

(1.24°)), whereas PFPS subjects did not (CMC= 0.83 (0.19); RMSE=1.61° (1.37°)). 

Ankle frontal plane waveforms were similar in shape and amplitude for both groups.  
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Figure 3-4: Ninety-five percent confidence intervals of mean differences between-

limbs for discrete kinematic variables in PFPS and control groups 

Figure 3-5: Ninety-five percent confidence intervals of mean differences between-

limbs for discrete strength variables in PFPS and control groups 

-4 -3 -2 -1 0 1 2 3 4 

RFEv Control 

RFEv PFPS 

HAdd Control 

HAdd PFPS 

KIntRot Control 

KIntRot PFPS 

HIntRot Control 

HIntRot PFPS 

Degrees ( ) 

-4 -3 -2 -1 0 1 2 3 4 

HER Control 

HER PFPS 

HIR Control 

HIR PFPS 

HABD 

Control 

HABD PFPS 

Strength (N/kg) 



47 

 

 

Figure 3-6: Coefficents of multiple correlation and root mean square error of 

temporal kinematic variables in PFPS injured (black solid line), PFPS uninjured 

(black dashed line), control injured (grey solid line), and control uninjured (grey 

dashed line) limbs 
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3.4 Discussion 

 This is the first study to investigate both between-limb transverse and frontal 

plane running gait kinematics and hip muscle strength asymmetry in PFPS subjects and 

matched healthy controls. Considering that previous studies have shown healthy subjects 

exhibit between-limb kinematic asymmetry (Karamandis et al., 2003; Lanshammar & 

Ribom, 2011; Sadeghi, 2003; Sadeghi et al., 1997; Vagenas & Hoshizaki, 1991), we 

hypothesized that PFPS subjects would demonstrate a different pattern of between-limb 

asymmetry of lower extremity transverse and frontal plane running gait kinematics and 

greater between-limb asymmetry of hip muscle strength when compared to healthy 

controls. 

 In support of the hypothesis, PFPS subjects exhibited greater asymmetry between-

limbs in hip and knee transverse plane waveform shape (CMC values) and amplitude 

(RMSE values) whereas control subjects only exhibited differences in waveform 

amplitude. While no previous study has investigated between-limb asymmetry for PFPS, 

these findings are consistent with previous studies that have reported increased hip 

internal rotation during running gait for PFPS subjects when compared with healthy 

controls (Noehren et al., 2012; Souza & Powers, 2009a, 2009b). In contrast, when 

examining a number of overuse running injuries, Zifchock et al. (2008) reported no 

differences in between-limb hip internal rotation when comparing injured and noninjured 

runners. It is possible that the results of the current study differ from the results of 

Zifchock et al. (2008) due to their diverse study population. Specifically, Zifchock et al. 

(2008) utilized a group of runners with various lower extremity injuries including ITBS, 
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tibial stress syndrome, plantar fasciiitis and runners with PFPS.  Moreover, these authors 

used a Symmetry Angle as compared to the statistical analyses used in the current study.  

The Symmetry Angle provides a standard scale to interpret results and does not require 

normalization to a reference value. However, Symmetry Angle values tend to be small 

and may not be considered clinically relevant (Zifchock et al., 2006). 

 While increased transverse plane motion at the hip for runners with PFPS has 

been consistently reported, increased knee internal rotation in PFPS subjects has been 

met with mixed results in the literature. Some authors have reported no significant 

differences in knee internal rotation excursion (Dierks et al., 2011) while others report 

decreased knee internal rotation excursion compared with healthy controls (Willson & 

Davis, 2009). Female recreational runners have also been found to exhibit less peak knee 

internal rotation compared to male recreational runners (Ferber et al., 2003). The 

population used in the present study consisted of equal numbers of male and female 

runners, while Dierks et al. (2011) utilized mainly female runners and Willson and Davis 

(2009) investigated only female runners. Further, the current study compared kinematics 

of the injured and uninjured limbs whereas previous studies have compared the PFPS 

limb with a matched limb from a control group. These methodological differences make 

comparisons between studies difficult.  

 In the current study, the control subjects demonstrated asymmetrical hip frontal 

plane waveform shape whereas PFPS subjects exhibited symmetry in this measure. As 

mentioned, there is a large amount of evidence suggesting healthy, able-bodied 

individuals typically demonstrate gait asymmetry (Karamandis et al., 2003; Lanshammar 
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& Ribom, 2011; Sadeghi, 2003; Sadeghi et al., 1997; Sadeghi, Allard, & Duhaime, 2000; 

Vagenas & Hoshizaki, 1991). Sadeghi, Allard, and Duhaime (2000) reported hip frontal 

plane asymmetry in healthy individuals and postulated that it was necessary due to 

different contributions to forward progression and stability of the right and left limbs 

during gait. Previous studies have also reported runners with PFPS demonstrate 

differences in hip frontal plane movement, however, between-limb differences have not 

been examined and comparisons are therefore difficult to make (Dierks, et al., 2008; 

Noehren et al., 2012; Willson & Davis, 2009). However, one possible reason for the 

discrepancy between results in the current and the aforementioned previous studies is that 

runners with PFPS may demonstrate hip frontal plane symmetry as a result of a pain-

minimization strategy whereby they alter pelvofemoral mechanics such that the hip 

assumes a more abducted position, matching that of the uninjured leg. This would 

effectively shift the ground reaction force vector medially, resulting in less abnormal 

loading to the lateral aspect of the patellofemoral joint. However, we did not measure 

ground reaction forces in the current study. 

 Our between-limb findings were inconsistent in that waveform running gait 

kinematics were found to be asymmetrical while hip muscle strength was found to be 

symmetrical. An inconsistent relationship between gait biomechanics and muscular 

strength has also been reported previously (Earl & Hoch, 2011; Ferber et al., 2011; 

Snyder et al., 2009). For example, an investigation involving healthy female runners who 

participated in a 6-week strengthening program demonstrated increases in hip muscle 

strength associated with changes in only two of six gait kinematic variables measured 
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(Snyder et al., 2009). A likely cause for the inconsistent findings between kinematic and 

strength variables in the present study are differences between discrete and waveform 

analyses. While there was a lack of significant findings when examining between-limb 

asymmetry of discrete kinematic and muscle strength variables, between-group 

differences in asymmetry of running gait kinematics were found using the waveform 

analysis method. It is also possible that there were between-limb differences in the rate of 

force generation, which could not be detected using dynamometry. Due to this, analysis 

of muscular strength via isokinetic strength testing, which permits examination of the 

magnitude and rate of force produced, could be a better measure of between-limb 

asymmetry and should be considered in future research.  

 Along with the potential limitation of not examining the temporal components of 

force production, this study has several other limitations. First, the runners with PFPS 

were all experiencing pain levels (VAS=5.22 (1.87)) that did not impact their weekly 

running program but did negatively influence their self-reported function (AKPS=72.47 

(10.61)). While pain has the potential to influence the ability to produce an MVIC, 

between-limb asymmetry of muscle strength was not detected for the PFPS runners, 

indicating that pain was not affecting these subjects to a significant degree. Regardless, 

further research concerning resolution of PFPS pain and gait mechanics is necessary to 

better understand this inter-relationship. Second, there is a lack of consensus in the 

literature supporting one of the multiple methods of calculating between-limb 

asymmetry. The results of the current study suggest that examining between-limb 

asymmetry using discrete variables is of limited value and must be used along with 
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measures of temporal waveform (Crenshaw & Richards, 2006). Finally, while asymmetry 

thresholds in the present study were defined based upon previous literature (Ferber et al., 

2004, Pohl et al., 2010) population-specific definitions of asymmetry need to be 

established to better understand between-limb asymmetry in runners with PFPS. 

3.5 Conclusion 

 This study is the first to examine both between-limb kinematic and strength 

asymmetry in runners with PFPS. Both PFPS subjects and healthy controls exhibit 

between-limb asymmetry of hip and knee transverse plane waveform kinematics, while 

controls also exhibit between-limb asymmetry of hip frontal plane waveform kinematics. 

Between-limb asymmetry in discrete kinematic of muscle strength variables were not 

significantly different between groups. Similar to previous work investigating asymmetry 

and overuse running injury, between-group differences in kinematic running gait and hip 

muscle strength in PFPS subjects and healthy controls are minimal (Zifchock et al., 

2008). Nonetheless, distinguishing even small variations in between-limb patterns of 

kinematic running gait asymmetry in PFPS subjects and healthy controls has the potential 

to improve understanding of running-related injury pathomechanics. 
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3.7 Bridge to Chapter  

 As differences between subjects with PFPS and healthy controls were found, the 

topic of between-limb gait and muscle strength asymmetry in the PFPS population 

warrants continued attention. While baseline differences may contribute to the 

development of the injury, changes in between-limb asymmetry following rehabilitation 

are furthermore of interest. The following study examines changes in between-limb gait 

and muscle strength asymmetry in a population of runners with PFPS at baseline and 

following a 6-week strengthening intervention in the hopes of gaining a better 

understanding of the injury. 
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CHAPTER FOUR: BETWEEN-LIMB GAIT AND MUSCLE STRENGTH 

ASYMMETRY IN RUNNERS WITH PATELLOFEMORAL PAIN SYNDROME 

PRE- AND POST-REHABILITATION 

4.1 Introduction 

 Despite its prevalence, the multifactorial nature of PFPS makes treatment 

challenging and as many as 75% of patients have continuing symptoms even following 

initial successful rehabilitation (Kannus et al., 1999; Nimon et al., 1998; Stathopulu & 

Baildam, 2003; Witvrouw et al., 2000). Physical rehabilitation programs are commonly 

used to treat PFPS and therapeutic exercises consisting of hip muscle strengthening have 

been met with positive results. For example, Earl and Hoch (2011) found significant 

increases in hip abductor and hip external rotator muscle strength following 8 weeks of 

strengthening exercises in women with PFPS. Furthermore, increases in hip abductor 

strength in PFPS patients have been found in as little as 3 weeks (Ferber et al., 2011). 

While these results appear promising, few studies have investigated concomitant changes 

in gait mechanics and muscle strength in injured runners. 

Changes in gait kinematics, as a result of increases in muscle strength, have been 

met with inconsistent results. For example, even though hip abductor and external rotator 

strength significantly increased, concomitant changes in kinematics were only 

accompanied by significant changes in two of six variables measured (Snyder et al., 

2009). Furthermore, hip adduction range of motion was actually found to increase 

following the 6-week strengthening protocol, contradicting the hypothesis that increased 
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hip muscle strength reduces hip adduction and better aligns the entire lower extremity 

when running (Cichanowski et al., 2007; Earl & Hoch, 2011; Ferber et al., 2011; Finnoff 

et al., 2011; Ireland et al., 2003; Niemuth et al., 2005; Robinson & Nee, 2007; Souza & 

Powers, 2009a, 2009b). On the other hand, women with PFPS who took part in an 8-

week proximal strengthening program were found not only to demonstrate increases in 

hip abductor and external rotator strength, but also a significantly reduced  knee 

abduction moment while running (Earl & Hoch, 2011). Additionally, Ferber et al. (2011) 

reported no change in peak knee abduction angle but instead found reduced stride-to-

stride knee kinematic variability compared with baseline in runners with PFPS who 

completed a 3-week hip abductor strengthening protocol. Therefore, due to 

inconsistencies surrounding strength-associated changes in kinematics and poor 

rehabilitative outcomes for PFPS subjects, investigations examining changes in gait 

kinematics, other than changes in peak angles of the involved limb, are warranted 

especially pre- and post-rehabilitation. 

Differences between the injured and uninjured limbs have been linked with 

overuse running injury and may contribute to PFPS injury persistence (Zifchock et al., 

2008). For example, although unilaterally injured runners were not found to be more 

asymmetrical than noninjured runners, they were found to exhibit increased hip internal 

rotation range of motion and peak tibial acceleration on their injured limb compared to 

their uninjured limb (Zifchock et al., 2008). Thus factors in both the injured and 

uninjured limbs appear to play a role in overuse running injuries. Between-limb 

asymmetry is also an important consideration for clinicians when performing evaluations 
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and providing rehabilitation programs for unilateral injuries. As the contralateral or 

unaffected limb is often used for comparison or as a method to determine progression in a 

physical therapy setting, understanding inherent between-limb differences is important 

for full recovery.  

From a clinical perspective, higher levels of asymmetry are often associated with 

pathology and joint injury while lower levels of asymmetry are associated with healthy 

individuals (Sadeghi et al., 1997; Sadeghi, Allard, & Duhaime, 2000; Sadeghi, Allard, 

Prince, et al., 2000). While healthy individuals have been found to exhibit between-limb 

gait asymmetry (Karamandis et al., 2003; Lanshammar & Ribom, 2011; Sadeghi, 2003; 

Sadeghi et al., 1997; Sadeghi, Allard, & Duhaime, 2000; Vagenas & Hoshizaki, 1991) 

asymmetry in PFPS is poorly understood and running gait kinematics and muscle 

strength asymmetries pre- and post-rehabilitation in runners with PFPS have yet to be 

examined.   

Therefore, the purpose of this study was to compare between-limb transverse and 

frontal plane running gait kinematics and hip muscle strength asymmetry in PFPS 

subjects prior-to (PRE) and following a 6-week rehabilitation protocol (POST). The 

discrete kinematic variables of interest included bilateral HIntRot, KIntRot, HAdd, and 

RFEv joint excursions. Waveform kinematic variables included hip transverse plane, 

knee transverse plane, hip frontal plane, and ankle frontal plane kinematics over the 

stance phase of gait. Bilateral MVIC of the HABD, HER, and HIR muscles were 

investigated as strength variables of interest. Based on the results of Chapter 3, we 

hypothesized that subjects experiencing PFPS would demonstrate decreased between-
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limb asymmetry of hip and knee transverse plane waveform kinematics, increased hip 

frontal plane waveform kinematics, and similar ankle frontal plane waveform kinematics 

POST. It was also hypothesized that POST, PFPS subjects would demonstrate between-

limb HABD, HER, and HIR muscle strength similar to PRE.  

4.2 Methods 

4.2.1 Subjects 

An a priori power analysis (Appendix E) was carried in G*Power 3 (Faul et al., 

2007). Using data from a previously published study (Earl & Hoch, 2011), an effect size 

of 0.7 was input as the between-limb difference in hip external rotator strength. Based on 

α=0.05 and power (1-β) of 0.95, 19 subjects would ensure sufficient power to detect 

significant effects in our primary outcome variables. As part a larger randomized 

controlled trial, data from 19 (13 females, 6 males) runners with PFPS were analyzed. All 

subjects were running a minimum 30 minutes 3 days per week at the time of testing and 

subjects were recruited through the Running Injury Clinic at the University of Calgary. 

All subjects provided informed, written consent approved by the Conjoint Health 

Research Ethics Board of the University (Appendix F). One certified athletic therapist 

assessed PFPS patients for inclusion and exclusion criteria similar to that used in 

previous studies (Table 4-1) (Boling et al., 2006; Earl & Hoch, 2011).  
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Table 4-1: Inclusion and exclusion criteria for PFPS subjects 

o Inclusion o Exclusion 

o Age 18-55 years 

o Symptoms not related to trauma; lasting 

at least 4 weeks, but no more than 2 

years 

o Anterior knee pain during at least 3 of 

the following: 

o During or after activity 

o Prolonged sitting 

o Stair ascent or descent 

o Squatting 

o Pain with palpation of patellar facets or 

pain during step down from a 20-cm 

box or during a double-legged squat 

o Active at least 30 min/day, 3-4 

days/week for the past 6 months 

o Free of orthopaedic injury/surgery 

o Running or jumping sport 

o Comfortable walking and running on a 

treadmill 

o Meniscal or other intra-articular      

pathology 

o Cruciate or other collateral ligament 

laxity or tenderness 

o Patellar tendon, ITB, or pes anserine 

tenderness 

o Positive patellar apprehension sign 

o Osgood-Schlatter or Sinding-Larsen-

Johanssen syndromes 

o Evidence of effusion 

o Hip or lumbar referred pain 

o History of recurrent patellar 

subluxation or dislocation 

o History of surgery to the knee joint 

o NSAID’s or corticosteroid use within 

24 hours before testing 

o History of head injury or vestibular 

disorder within the last 6 months 

o Pregnancy 

 

4.2.2 Procedures 

Three-dimensional gait analysis was performed using 9 mm diameter retro-

reflective spherical markers placed bilaterally on the lower extremity (Figure 3-1). 

Anatomical markers were placed on the 1
st
 and 5

th
 metatarsal heads; medial and lateral 

malleoli; medial and lateral joint line; and greater trochanters of each limb (Pohl et al., 

2010). Technical marker clusters were placed on the pelvis and bilateral thigh, shank and 

feet to track motion during the running trials (Pohl et al., 2010). The marker clusters 

consisted of a rigid shell with three markers placed over the sacrum at the level of the 
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posterior superior iliac spines and rigid shells with four markers were attached to the 

shank and thigh. Four technical markers for the foot were placed bilaterally on the shoes: 

two on the posterior calcaneus, one on the lateral calcaneus, and one on the hallux. All 

subjects wore standard laboratory shoes (Nike Air Pegasus, Nike Inc, Portland, USA) 

during testing. 

 Eight cameras (Vicon, Oxford, UK) collected marker co-ordinate data at 200 Hz 

and three-dimensional co-ordinate data was filtered at 10 Hz using a low-pass recursive 

second order Butterworth filter (Winter, 2005). Kinematic data were collected following 

a two-minute treadmill running period to allow the subject to accommodate (Fellin & 

Davis, 2009). Prior to the running trials, a standing calibration trial was collected. Upon 

completion of the static trial, the markers on the anatomical landmarks were removed. 

The subjects then ran on a treadmill (Bertec, Columbus, USA) at 2.7 m/s for 20 seconds, 

which provided approximately 30 strides for analysis. 

 MVIC values of the HABD, HER and HIR were collected bilaterally using a 

strength testing bench and a force dynamometer (Model 01163, Lafayette Instruments, 

Lafayette, USA) stabilized using non-elastic straps. HABD force output was measured in 

a side-lying position with the dynamometer placed 5 cm proximal to the knee joint 

(Figure 3-2).  

HER (Figure 3-3a) and HIR (Figure 3-3b) were measured in a seated position 

with the subjects’ hip and knee joints at 90 degrees and the dynamometer placed 

immediately proximal to the medial malleoli and lateral malleoli, respectively.               
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For each muscle group tested, subjects were given 1-2 submaximal practice trials 

to familiarize themselves with the test. Subjects were asked to push into the dynamometer 

as hard as possible for five seconds to record their MVIC. The MVIC was performed 

three times with 15 seconds rest between each effort and the average of three trials, 

having a coefficient of variation of less than 10%, were used for statistical analysis 

(Ferber et al., 2011). Mean MVIC values were normalized to subject mass (kg) for 

analysis (Keating and Matyas, 1996). 

Following the baseline data collection all PFPS patients underwent a 6-week 

muscle strengthening program consisting of 3-4 exercises per week (Table 4-2). The 

muscles targeted included the HABD, HIR, and HER. These exercises were performed 

using a 5-ft (1.52-m) piece of Resist-A-Band (Donovan Industries Inc, Tampa, USA) for 

three sets of 10-15 repetitions of each exercise, for each leg, daily over the course of the 6 

weeks. The patients were instructed to move the involved limb outward for 2 seconds and 

inward for 2 seconds (Earl, 2004). All PFPS patients were required to record their pain 

levels and program compliance on a weekly basis using the rehabilitation booklet 

provided (Appendix I). Patients met with the athletic therapist 3 times each week to log 

exercise program adherence, have their exercise technique assessed, and learn exercise 

progressions. If the exercises were being performed too easily, a piece of band providing 

greater resistance was given. PFPS patients were asked to refrain from any therapeutic 

treatments aside from the study-associated strengthening program, yet were encouraged 

to continue with their typical running schedule. 

 



61 

 

Table 4-2: Six-week proximal strengthening rehabilitative program 

Week 1: 3x10 reps 

o Standing Hip Abduction 

o Standing Hip-Core External Rotation 

o Seated Hip External Rotation 

o Week 2: 3x15 reps 

o Standing Hip Abduction 

o Standing Hip-Core External Rotation 

o Standing Hip-Core Internal Rotation 

o Seated Hip External Rotation 

o Week 3: 3x10 reps with a stronger band 

o Standing Hip Abduction 

o Standing Hip-Core External Rotation 

o Standing Hip-Core Internal Rotation 

o Two Leg Balancing on Airex Pad* 

o Week 4: 3x10 reps 

o Standing Hip-Core External Rotation 

o Standing Hip-Core Internal Rotation 

o One Leg Balancing on Airex Pad† 

o Standing Hip Gluteus Medius 

o Weeks 5-6: 3x15 reps 

o Standing Hip-Core External Rotation 

o Standing Hip-Core Internal Rotation 

o One Leg Balancing on Airex Pad*Ŧ 

o Standing Hip Gluteus Medius 

*45 seconds, †30 seconds, Ŧ60 seconds Week 6 
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 Pain was measured using a 10 cm VAS where 0 indicated no pain at all and 10 

indicated the worst pain imaginable. For the VAS scale, PFPS patients were asked to 

place a dash along a 10 cm horizontal line to indicate the average amount of pain 

experienced during the past week while running (Appendix G). Patient function was 

measured using the anterior knee pain scale (AKPS). The AKPS is a 13-item weighted 

questionnaire that assesses current knee function. Responses were summed to provide an 

overall measure where a score of 100 represents no disability (Appendix H). The 

reliability and validity of both scales has been demonstrated in individuals with PFPS 

(Crossley et al., 2004). The healthy control subjects were not required to complete the 

VAS or AKPS.  

 All subjects returned to complete kinematic running gait and muscle strength 

testing identical to that of the baseline collection 6 weeks following their initial visit.  

4.2.3 Data Processing 

Kinematic joint angles were calculated using 3D Gait Analysis Systems Inc. 

software (Calgary, Alberta Canada) for all trials in all three planes of motion. Joint angle 

kinematics were analyzed for the stance phase and normalized to 101 data points. Stance 

phase was defined as initial heel contact to toe off (Zeni et al., 2008). Initial contact was 

identified as the point in time when the superior calcaneal marker moved from a positive 

to a negative velocity in the vertical direction, and toe off was defined when the peak 

knee extension occurs (Fellin et al., 2010). HIntRot, KIntRot, HAdd, and RFEv joint 

excursions, calculated as the change in angle from touchdown to the peak angle, were 
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extracted from each footfall/stance phase and averaged across 30 trials. Time-series 

curves of stance phase were used to examine waveform characteristic of hip transverse 

plane, knee transverse plane, hip frontal plane, and ankle frontal plane kinematics over an 

equal number of stance phases.  

4.2.4 Statistical Analysis 

SPSS (version 20.0; SPSS Inc, Chicago, USA) and Excel (version 7, Microsoft, 

Redmond, USA) were used to complete statistical analysis. All kinematic and strength 

variables were assessed for normality prior to analysis using a Shapiro-Wilk test. 

Repeated measures ANOVA was used to determine differences, if any, across time (PRE 

vs. POST) in asymmetry for the discrete kinematic variables of interest (α=0.05), while 

repeated measures MANOVA was used to determine differences PRE to POST in 

asymmetry for the discrete strength variables of interest (α=0.05) as correlations among 

strength variables were found. Only (group x limb) interactions were of interest in 

accordance with the study hypothesis. Ninety-five percent CIs were used to assess 

discrete between-limb symmetry for each of the testing time periods; 95% CIs not 

crossing 0 (i.e. either entirely >0, or <0) were considered indicative of asymmetry.  

Similarities between kinematic waveforms of the different limbs were determined 

using CMC and RMSE. CMC provides an indication on the level of similarity between 

the shape of the waveform by providing an index between 0.0 (completely dissimilar) and 

1.0 (completely similar). RMSE provides insight into how the amplitude of the 
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waveforms differ by determining the magnitude (in °) of difference between waveforms. 

Lower RMSE indicates greater similarity between waveform amplitudes. 

Asymmetry was defined as significant ANOVA or MANOVA results (Creaby et 

al., 2012) or CMC less than 0.75 (Derrick et al., 1994; Ferber et al., 2004). Pohl et al 

(2010) reported RMSE for lower limb kinematics determined from the marker-model 

used in the current study while participants ran at 2.7 m/s. These values were 

subsequently used as thresholds to indicate RMSE beyond potential error;  >1.5° for hip 

transverse plane, 1.9° for knee transverse plane, 4.3° for hip frontal plane, or 2.1° for 

ankle frontal plane.  

4.3 Results 

Subject demographics are presented in Table 4-3. PFPS subjects experienced 

significant improvements in both pain and function (P<0.00) from PRE to POST. 

Subjects reported an average 65% decrease (PRE=4.22 cm (1.73 cm); POST=1.46 cm 

(1.17 cm)) in VAS scores, while AKPS scores increased 16% (PRE=81.58 (8.55 cm); 

POST=94.63 (4.50)) on average from PRE to POST.  
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Table 4-3: Mean (standard deviation) subject demographics of the PFPS group  

 Pre Post 

Height (cm) 169.45 (10.34) 169.45 (10.34) 

Mass (kg) 62.98 (7.77) 62.98 (7.77) 

Age (years) 30.42 (8.62) 30.42 (8.62) 

VAS (cm) 4.22 (1.73) 1.46 (1.17) 

AKPS 81.58 (8.55) 94.63 (4.50) 

Distribution of Injured Limb 13 Right, 6 Left 13 Right, 6 Left 

 

 Results of discrete kinematic variable ANOVAs (HIntRot:F=2.22(1), P=0.15; 

KIntRot: F=0.89(1), P =0.36; HAdd:F=0.02(1), P=0.90; RFEv:F=0.33(1), P =0.57) 

indicated that there were no significant differences in between-limb asymmetry across 

time, while discrete strength variable MANOVAs (λ=0.55.,F=4.41(3,16), P=0.02) found 

significant differences across time for multivariate limb and time interactions. However, 

upon univariate analysis no significant limb by time interactions were found 

(HABD:F=2.84(1), P =0.12; HIR:F=2.58(1), P =0.13; HER:F=1.50(1), P=0.24). Ninety-five 

percent CIs further support a lack of differences across time in discrete kinematic or 

strength variables analyzed (Figure 4-1 and 4-2).  

Waveform analysis (Figure 4-3) revealed between-limb asymmetry for hip 

transverse plane waveforms in both shape and amplitude PRE (CMC=0.74(0.20); 

RMSE=4.01° (2.58°)) which became more symmetrical POST (CMC=0.78(0.20); 

RMSE=3.02° (1.96°)). Asymmetry of knee transverse plane waveform shape was 
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demonstrated PRE and POST (CMC=0.64(0.26)) while waveform amplitude became 

more asymmetrical POST (PRE: RMSE=2.79° (1.74°); POST: RMSE=3.25° (2.03°)). 

Significant asymmetry of hip and ankle frontal plane waveform kinematics was not found 

either PRE (Hip: CMC=0.89(0.10); RMSE=1.46° (0.99°); Ankle: CMC=0.79(0.14); 

RMSE=1.42° (0.94°)) or POST (Hip: CMC= 0.85(0.19); RMSE=1.45° (1.06°); Ankle: 

CMC=0.78(0.15); RMSE=1.83° (1.19°)). 
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Figure 4-1: Ninety-five percent confidence intervals for between-limb asymmetry of 

discrete kinematic variables pre- and post-rehabilitation  

 

 

Figure 4-2: Ninety-five percent confidence intervals for between-limb asymmetry of 

discrete strength variables pre- and post-rehabilitation
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Figure 4-3: Coefficents of multiple correlation and root mean square error of 

temporal kinematic variables in pre-rehabilitaion injured (black solid line), pre- 

rehabilitaion uninjured (black dashed line), post- rehabilitaion injured (grey solid 

line), and post- rehabilitaion uninjured (grey dashed line) limb
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4.4 Discussion 

The purpose of the current study was to compare between-limb transverse and 

frontal plane running gait kinematics and hip muscle strength asymmetry in PFPS 

subjects pre- and post-rehabilitation.  

Runners with PFPS in the present investigation experienced an average 65% 

decrease in pain and an average 16% increase in function following rehabilitation. 

Additionally, 16 out of 19 subjects experienced a greater than 45% decrease in pain. 

These outcome results are similar to previous studies that also reported decreases of 43%-

88% in VAS pain scale ratings (Earl & Hoch, 2011; Ferber et al., 2011) and increases of 

around 18% in AKPS scores (Earl & Hoch, 2011) for PFPS subjects following a hip 

strengthening intervention. Furthermore, the decrease of 2.76 cm on the VAS pain scale 

and the increase of 13.05 in AKPS score demonstrated by the present study’s subjects is 

greater than the minimal clinical differences of 2 cm and 10, respectively, suggested by 

Crossley et al. (2004), indicating that hip strengthening interventions are effective in 

improving pain and function.  

This is the first study to investigate both running gait kinematics and hip muscle 

strength asymmetry in PFPS subjects pre- and post-rehabilitation. Based on the results of 

Chapter 3, we hypothesized that PFPS subjects would demonstrate decreased between-

limb asymmetry of hip and knee transverse plane waveform kinematics, increased hip 

frontal plane waveform kinematics, and similar ankle frontal plane waveform kinematics 

following rehabilitation. It was also hypothesized that following rehabilitation PFPS 
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subjects would exhibit between-limb hip abductor, hip external rotator, and hip internal 

rotator muscle strength similar to that of pre-rehabilitation.  

In support of the first hypotheses, PFPS subjects exhibited decreased between-

limb asymmetry of hip transverse plane movement in both waveform shape (CMC 

values) and magnitude (RMSE values) following rehabilitation. Although Earl and Hoch 

(2011) reported no changes, our results are similar to Snyder et al. (2009) who also 

reported a trend towards decreased hip internal rotation excursion after an 8-week 

strengthening protocol. While both studies had female study populations, variations in 

findings may be the result of differences between PFPS subjects (Earl & Hoch, 2011) and 

healthy subjects (Snyder et al., 2009). PFPS subjects are commonly found to demonstrate 

increased hip internal rotation (Noehren et al., 2012; Powers et al., 2002; Souza & 

Powers, 2009a, 2009b) when compared to healthy controls. However, because PFPS is 

multifactorial, differing study populations may have different causes for the injury as 

well as different results following rehabilitation (Earl & Hoch, 2011). Thus, future 

research should focus on ensuring homogenous populations of PFPS subjects are 

investigated. 

Contrary to the first hypothesis, between-limb asymmetry of knee transverse 

plane waveform shape did not change following rehabilitation, while waveform 

magnitude actually increased. These results are similar to those reported by Willy & 

Davis (2011) who reported increases in hip external rotation and hip abduction strength 

yet no differences in knee transverse plane kinematics during running or a single-leg 
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squat following a 6-week training protocol. These authors suggested that incorporating 

neuromuscular training such as that used by Noehren, Scholz, and Davis (2011) may be 

necessary to alter abnormal running mechanics at the knee as they only reported changes 

at the hip during a single-leg squat.  

In the frontal plane, between-limb differences in hip and ankle motion were 

similar pre-and post-rehabilitation. It was hypothesized that asymmetry of hip frontal 

plane motion would increase following rehabilitation based on the results of Chapter 3. 

However, hip frontal plane asymmetry was found to decrease following rehabilitation. 

Although studies involving healthy subjects have reported decreases in hip adduction 

excursion following a strengthening intervention (Snyder et al., 2009), Earl and Hoch 

(2011) reported no significant differences following a similar intervention. While it 

appears that a discrepancy exists between Chapter 3 and the aforementioned studies, 

Chapter 3 solely examined between-limb asymmetry and thus a comparison to unilateral 

changes following rehabilitation is difficult to make. Until asymmetry in overuse running 

injury becomes a more robustly investigated topic, including both unilateral and bilateral 

analyses in future asymmetry-directed research will aid in interpreting results and 

translating knowledge into clinical practice. Although significant differences in 

waveform kinematic asymmetry were detected, changes following a strengthening 

intervention were not substantial, suggesting that gait asymmetry be evaluated with 

caution in the resolution of PFPS pathomechanics.  
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In support of our second hypothesis and the results of Chapter 3, no significant 

changes in between-limb asymmetry of hip muscle strength were exhibited following 

rehabilitation. Aside from improving pain and function scores, hip strengthening 

interventions have been found to result in increased hip muscle strength (Earl & Hoch, 

2011; Ferber et al, 2011; Snyder et al., 2009; Willy & Davis, 2011). Furthermore, PFPS 

subjects have been found to exhibit differences in muscle strength between the injured 

and non-injured limbs (Cichanowski et al., 2007; Robinson & Nee, 2007). However, no 

previous studies have examined changes in between-limb asymmetry pre- and post-

rehabilitation. While increases in strength did occur, each limb was both exercised and 

strengthened to a similar extent resulting in comparable levels of between-limb 

asymmetry pre- and post-rehabilitation. Unilateral strength training has the potential to 

improve between-limb levels of muscle strength should clinically significant pre-

rehabilitation findings exist and should be considered in future research (Farthing, 

Krentz, & Magnus, 2009). 

Our between-limb findings were inconsistent in that changes in between-limb 

asymmetry of running gait kinematics were found following rehabilitation while changes 

in asymmetry of hip muscle strength were not. An inconsistent relationship between gait 

biomechanics and muscular strength has also been reported previously in the literature 

(Earl & Hoch, 2011; Ferber et al., 2011; Snyder et al., 2009). A likely cause for the 

inconsistent findings between kinematic and strength variables in the present study are 

differences between discrete and waveform analyses. While there was a lack of 

significant findings when examining between-limb asymmetry of discrete kinematic and 
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muscle strength variables, between-group differences in asymmetry of running gait 

kinematics were found using the waveform analysis method. It is also possible that there 

were between-limb differences in the rate of force generation, which could not be 

detected using dynamometry. Due to this, analysis of muscular strength via isokinetic 

strength testing, which permits examination of the magnitude and rate of force produced, 

could be a better measure of between-limb asymmetry and should be considered in future 

research.  

Along with the potential limitation of not examining the temporal components of 

force production, several other limitations are acknowledged. First, the runners with 

PFPS were all experiencing pain levels (VAS=4.22 (1.73)) that did not impact their 

weekly running program. Although pain has the potential to influence the ability to 

produce a MVIC, between-limb asymmetry of muscle strength was not detected, 

indicating that pain was not affecting subjects to a great degree. Second, evaluating 

changes in between-limb asymmetry in control subjects following a hip strengthening 

intervention would contribute to understanding differences in intervention effects 

between groups. As no true control subjects were included in the present study, it is 

unclear what changes following the intervention were actually a result of hip 

strengthening. However, the information gained from this study serves as a pilot for 

future randomized controlled trials investigating potential changes in between-limb gait 

kinematics, muscle strength, and pain following a strengthening intervention in PFPS and 

healthy controls. Finally, while asymmetry in the present study was a priori defined based 
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upon previous literature (Derrick et al., 1994, Ferber et al., 2004), population and 

calculation specific definitions of asymmetry need to be established.  

4.5 Conclusion 

 This study is the first to examine both between-limb kinematic and strength 

asymmetry in runners with PFPS pre- and post-rehabilitation. The results indicate that 

PFPS subjects exhibited decreased between-limb asymmetry of hip transverse plane, 

increased between-limb asymmetry of knee transverse plane, and similar between-limb 

asymmetry of and hip and ankle frontal plane waveform kinematics following 

rehabilitation. Between-limb asymmetry in discrete kinematic and muscle strength 

variables were not significantly different across time. As the post-rehabilitation between-

limb movement pattern of waveform kinematic gait asymmetry does not change 

substantially following a strengthening intervention, we recommend that gait asymmetry 

be evaluated with caution in the resolution of PFPS pathomechanics.  
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4.7 Bridge to Chapter 5 

 The findings in both of the aforementioned studies provide evidence of the 

importance of between-limb asymmetry in runners with PFPS. Inconsistencies in the 

literature surrounding the injury at baseline and changes associated with rehabilitation 

suggest that further investigation of the injury is necessary for improved assessment and 

treatment outcomes. Between-limb asymmetry of running gait kinematics and muscle 

strength serves as an appropriate means by which to further examine the injury as 

between-limb differences have previously been associated with overuse running injuries 

(Zifchock et al., 2008). However, as this was the first study to examine between-limb 

running gait kinematics and muscle strength in runners with PFPS continued research is 

necessary. 
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CHAPTER FIVE: CONCLUSION AND FUTURE DIRECTIONS 

 This thesis was the first of its kind to investigate between-limb gait and muscle 

strength asymmetry in runners with PFPS. As healthy individuals have been found to 

exhibit gait asymmetry (Karamandis et al., 2003; Lanshammar & Ribom, 2011; Sadeghi, 

2003; Sadeghi et al., 1997, Sadeghi, Allard, & Duhaime, 2000; Vagenas & Hoshizaki, 

1991), and differences in both the injured and uninjured limbs have also been found to be 

associated with overuse running-related injuries (Zifchock et al., 2008), the purpose of 

this thesis was to determine if differences in asymmetry exist between healthy controls 

and runners with PFPS.  Based on our hypothesis that muscle strength asymmetry would 

be related to asymmetrical gait kinematics, the effect of a 6-week strengthening program 

for these injured runners was also examined.  

5.1 Conclusion 

 As presented in Chapter 3, the results of this thesis indicate that runners with 

PFPS and healthy controls exhibit between-limb asymmetry of hip and knee transverse 

plane waveform kinematics, while healthy controls also exhibit between-limb asymmetry 

of hip frontal plane waveform kinematics. PFPS subjects and healthy controls were found 

to demonstrate similar between-limb motion of ankle frontal plane waveform kinematics 

Additionally, from Chapter 4 it was determined that following a 6-week strengthening 

intervention runners with PFPS demonstrated decreased between-limb asymmetry of hip 

transverse plane waveform kinematics, increased between-limb asymmetry of knee 

transverse plane and similar hip and ankle frontal plane waveform kinematics. However, 
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no differences in discrete between-limb kinematic joint excursions or hip muscle strength 

were found when comparing PFPS subjects and healthy controls or pre- and post-

rehabilitation. Together, these two studies provide us the conclusion that PFPS subjects 

demonstrate a different pattern of between-limb kinematic gait asymmetry than healthy 

controls and hip strengthening interventions are only effective in changing between-limb 

movement patterns at the hip in PFPS subjects. Thus, clinicians should examine between-

limb kinematic asymmetry as a measure to determine the resolution of PFPS 

pathomechanics with caution. Furthermore, discrete variable analysis alone is unable to 

detect between-limb gait and muscle strength asymmetry in runners with PFPS and 

healthy controls and should be used in conjunction with measures of temporal waveform.  

5.2 Clinical Implications 

 The findings of this thesis have several implications for clinical practice. As a 

result of the cross-sectional nature of this thesis, differences between runners with PFPS 

and healthy controls found in Chapter 3 cannot aid in assessment of the injury. However, 

directing treatment such that a PFPS subject may adopt a movement pattern more similar 

to that of a healthy control is a logical approach. Notably, the lack of change in between-

limb asymmetry of knee transverse plane waveform kinematics following rehabilitation 

may lend insight into the chronic nature of the disease. While runners with PFPS’ pain 

and function improved following the strengthening protocol, asymmetrical movement at 

the knee persisted. Addressing knee transverse plane waveform asymmetry by means of 

neuromuscular training (Noehren et al., 2011) has the potential to return biomechanics to 
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a more ‘normal’ state long term. Alternatively, between-limb asymmetry may be dealt 

with via strength training with a unilateral emphasis. Farthing et al. (2009) found 

unilateral training to result in increased strength in the trained limb and maintained 

strength in the untrained limb of healthy subjects. Although the previous study only 

examined unilateral training in the context of strength, implementing a unilateral 

strengthening program has the potential to correct asymmetrical kinematics as changes in 

muscular strength have been associated with changes in kinematics (Ferber et al., 2011; 

Snyder et al., 2009). 

5.3 Limitations  

 It is acknowledged that various limitations are present in this thesis. There are 

many methods used to calculate and thus define between-limb asymmetry. Statistical 

analyses such as analysis of variance have been used previously (Cibulka et al., 2010; 

Creaby et al., 2012; Ferber et al., 2004; Paterno et al., 2007) and are considered an 

appropriate way to determine between-limb asymmetry of discrete variables. However, 

while adequate to answer the proposed hypotheses, information regarding the direction of 

asymmetry is not provided via this method and our understanding of discrete variable 

between-limb asymmetry was limited in that respect. Furthermore, defining asymmetry 

thresholds on a population-specific basis is also important. While one of the thresholds 

we chose was previously utilized to examine asymmetry, the threshold was based on a 

study consisting of subjects who were anterior cruciate ligament deficient (Ferber et al., 

2004) and healthy individuals (Derrick et al., 1994). Although comparable in that the 



 

79 

 

knee was the joint of interest, differences in movement patterns and thus asymmetry may 

have differed from that of the PFPS subjects involved in the current study. As well, the 

RMSE thresholds were based upon an investigation using the same lower extremity 

marker-model and treadmill speed, as to our knowledge, this was the most closely related 

methodology to the present study (Pohl et al., 2010). However, Pohl et al. (2010) did not 

examine between-limb asymmetry and thus the threshold values may not have indicted 

RMSE beyond potential error specific to this thesis. While differences in between-limb 

waveform kinematics were identified in the current study, comparable strength measures 

were not available and may have provided results of similar significance.  

 Due to the cross-sectional nature of the thesis, we are not able to determine 

whether levels of asymmetry in runners with PFPS are a cause or an effect of the injury. 

The runners with PFPS were all experiencing pain levels that did not impact their running 

program (Study 1:VAS=5.22 (1.87); Study 2:VAS=4.22 (1.73)). Moreover, unilateral 

pain has been shown to contribute to between-limb asymmetry of knee biomechanics in 

patients with knee osteoarthritis (Creaby et al., 2012). Thus, runners with higher levels of 

pain may have exhibited greater amounts of between-limb asymmetry. Vagenas & 

Hoshizaki (1991) also suggested that healthy individuals’ dominant and non-dominant 

limbs should be examined as using a left versus right limb investigative approach often 

masks actual between-limb asymmetry. Information regarding limb dominance would 

also have provided valuable information, yet was not recorded. Additionally, both studies 

examined a limited number of variables and would have benefitted from supplementary 

information provided by kinetic, muscular endurance, and muscular flexibility data 
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 Another limitation was that the PFPS subjects involved in the two studies were 

part of a larger international multi-centred randomized controlled trial (RCT) 

investigation that spanned 4 years. The RCT sought to compare pain, function, muscular 

strength, and core endurance between knee-based and hip/core-based rehabilitation 

protocols in 199 subjects with PFPS. Thus, multiple individuals took part in the data 

collection process, potentially influencing the reliability of the results and inter-tester 

reliability was not evaluated. Finally, Chapter 4 was not an RCT and therefore it is 

unknown what changes following hip strengthening may be related to the muscle 

strengthening intervention. 

5.4 Future Research Directions 

 Future research to determine if there is a cause and effect relationship between 

bilateral running gait and muscle strength asymmetry requires prospective investigation. 

Ideally, the effects of pain and limb dominance should also be considered to account for 

potential differences. Furthermore, intra- and inter-tester reliability should be evaluated in 

order to aid in data collection consistency. 

 In Chapter 4, only runners with PFPS were examined pre- and post-rehabilitation. 

Had healthy subjects also been involved in a similar strengthening program, a more 

robust understanding of the effect of bilateral strengthening on asymmetry may have been 

gained. A randomized controlled trial investigating the effects of unilateral rehabilitation 

and its effects on between-limb gait and muscle strength asymmetry including both PFPS 

subjects as well as healthy controls would thus provide clinicians with further 
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information surrounding PFPS-related asymmetry. Furthermore, including a long-term 

follow-up assessment would help determine whether changes in between-limb gait and/or 

muscle force output asymmetry are persistent over time once runners return to their 

normal activities and stopped performing the strengthening exercises.  

 Comparisons between the injured limb of runners with PFPS and a matched limb 

of healthy subjects were not made, nor were comparisons between the injured limb of 

PFPS subjects pre- and post-rehabilitation. This limitation reduced the ability to evaluate 

the present results in the context of previous literature. Insomuch, until asymmetry in 

overuse running injury becomes a more robustly investigated topic, including both 

unilateral and bilateral analyses in future asymmetry directed research will aid in 

interpreting results and translating knowledge into clinical practice.  

 Finally, and perhaps most pertinent, would be future studies to compare a number 

of different methodologies to calculate between-limb asymmetry of both discrete and 

temporal waveform biomechanical and strength variables in overuse running injury. 

Determining differences between methods is crucial to furthering asymmetry-related 

research. The ability to adequately interpret results of asymmetry-related investigations 

based on their use of asymmetry index or statistical analysis will greatly aid clinicians in 

translating research findings to clinical practice.  
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APPENDIX A: SELECTION OF VARIABLES OF INTEREST  

Biomechanical 

Variable 

Increased  Same Decreased  Bilateral Pre-Post 

Stride length 

variability 

[6]     [6]   

Stride length     [1]     

Cadence     [1]     

Velocity    [31] [1]     

Knee joint 

variability 

    [14]   [14] 

Knee flexion at peak 

KEM 

  [9]       

Peak knee flexion   [31] [11]     

Knee flexion ROM   [11][22][31]       

Knee flexion 

velocity 

    [11]     

Peak knee internal 

rotation 

[30] [1] [31] [11]     

Knee internal 

rotation ROM 

  [11][31] [9]     

Knee internal 

rotation velocity 

  [11]       

Knee external 

rotation at peak 

KEM 

[13]         

Peak knee external 

rotation 

  [15]     [15] 

Knee external 

rotation ROM 

[9]         

Peak knee adduction [11]  [12]       

Knee adduction 

ROM 

  [9][11]       

Knee adduction 

velocity 

  [11]       
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Biomechanical 

Variable 

Increased  Same Decreased  Bilateral Pre-Post 

Peak knee abduction   [14][31]     [14] 

Knee abduction 

ROM 

  [2][9][31]       

Peak hip flexion           

Hip flexion velocity   [11]       

Hip internal rotation 

at peak KEM 

    [9]    

Peak hip internal 

rotation 

[1][10][25][3

0] 

[12][15] [11][13][31]   [15] 

Hip internal rotation 

ROM 

  [2][11][22][3

1] 

      

Hip internal rotation 

velocity 

    [11]     

Average hip internal 

rotation 

[3] [21]       

Hip external rotation 

at peak KEM 

[9]         

Hip adduction at 

peak KEM 

[9]         

Peak hip adduction [12][13][25][

30] 

[2][10][15][3

1] 

 [11]   [15] 

Hip adduction ROM [22] [11][31]       

Hip adduction 

velocity 

    [11]     

Average hip 

adduction 

  [21]       

Peak hip abduction   [13]       

Hip abduction 

velocity 

          

Peak pelvic drop [25] [15][30]       

Pelvic drop ROM   [22]       

Peak rearfoot 

eversion  

  [1][4][8][25]

[30][31] 

[11] [4]   
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Biomechanical 

Variable 

Increased  Same Decreased  Bilateral Pre-Post 

Rearfoot eversion 

ROM 

  [2][4][8][31] [11][13][8]*

through 1st 

10% stance 

[4]   

Rearfoot eversion 

velocity  

  [4][8][11]   [4]   

Intralimb variability    [6]   [6]   

Strength Variable Increased  Same Decreased  Bilateral Pre-Post 

Hip abductor [23] [5][18][28] [2][3][10][1

2][14][15][1

6][17][20][2

1][22][24][2

5][29] 

[16][17][

29] 

[2][14][1

5] 

Hip adductor [16] [17][18][20][

23] 

  [16][17]   

Hip external rotator [15] [5][12][16][1

8][28] 

[2][3][17][2

1][22][23][2

4][25][29] 

[16][17][

29] 

[2][15] 

Hip internal rotator   [16][18][23] [17] [16][17]   

Hip extensor   [16][18][23] [3][10][17][

25][29] 

[16][17][

29] 

  

Hip flexor   [18][23] [16][17][20] [16][17]   

Knee extensor   [4][7][22] [8][19][26][

27] 

[4][8][19

][26][27] 

  

Knee flexor   [4][7][22] [8] [4][8]   
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APPENDIX B: COST OF RUNNING INJURIES 

 While running is a popular activity across North America, it may result in 

musculoskeletal injury. The costs of these injuries can be subdivided into three different 

categories: medical costs (medical visits and prescriptions), loss of productivity costs, 

and total economic costs. It has been determined that athletes with sports-related injuries 

incur $187 in medical costs, a loss of $651 in future earnings and $1708 in reduced 

quality of life costs
 
annually (Knowles et al., 2007). As 50% of runners report sustaining 

a running injury per year (Gent Van et al., 2006; Macera et al., 1989) and 20.8% of the 

Canadian population is either running or jogging recreationally (Gilmore, 2007) the 

overall costs of running injuries per year would total just over $3 billion.   
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 (Population)(0.208) = #of runners/joggers 

Estimated population of Canada 2010 (Statistics Canada, 2012): 34,880,500  

34,880,500 *0.208 = 7,255,154.4 runners/joggers 

(#runners/joggers)(0.50) = # of running injuries per year  

7,255,154.4 *0.50 = 3,627,577.2 running injuries per year 

(medical costs)+(loss in future earnings) = average annual cost per injury 

$187+$651 = $838 

(#injuries)(average annual cost per injury) = cost of running injuries per year  

3,627,577.2 *$838.00= $3,039,909,694 
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APPENDIX C: DEMONSTRATION OF SYMMETRY CALCULATION USING 

VARIOUS METHODS 

Where: asymmetry is calculated using 6° as the injured limb value and 3° as the 

uninjured limb value and symmetry is calculated using 3.5° as the matched injured limb 

and 3° as the matched uninjured limb. 

Name Equation Asymmetri

c 

Symmetric Definition 

Symmetry 

Index 

Xinjured-

Xuninjured/[(1/2)( 

Xinjured+Xuninjure

d)]*100% 

66.67% 15.38% 0=perfect symmetry; 

negative values indicate 

increased uninjured limb; 

positive values indicate 

increased injured limb; 

direction  

Symmetry 

Angle 

(45°-

arctan(Xuninjured

/Xinjured))/90°*

100% 

49.48% 49.21% 0=perfect symmetry; 

100=two values are equal 

and opposite in magnitude  

IF (45°-

arctan(Xuninjured

/Xinjuredt))> 90° 

      

(45°-

arctan(Xuninjured

/Xinjured)-

180°)/90°*100

% 

      

Asymmetry 

Ratio 

|1-

(injured/uninju

red)| 

1 0.17 0=perfect symmetry; 

negative values not possible; 

greater values indicate 

increased injured limb 

Difference (injured−uninj

ured) 

3 0.50 0=perfect symmetry; 

negative values indicate 

increased uninjured limb; 

positive values indicate 

increased injured limb; 

direction 

Absolute 

difference 

|injured−uninju

red| 

3 0.50 0=perfect symmetry; 

negative values not possible; 

greater values indicate 

increased injured limb 
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Name Equation Asymmetri

c 

Symmetric Definition 

Absolute 

Symmetry 

Index 

[|Xinjured-

Xuninjured|/[(1/2)

(Xinjured+Xuninjur

ed)]*100% 

66.67% 15.38% 0=perfect symmetry; 

negative values not possible; 

greater values indicate 

increased injured limb 

Index of 

Asymmetry 

[(uninjured-

injured)/max(u

ninjured, 

injured)]*100

% 

-50.00% -14.29% 0=perfect symmetry; 

negative values indicate 

increased injured limb; 

positive values indicate 

increased uninjured limb; 

direction 

Asymmetry 

Index 

(injured-

uninjured/injur

ed)*100% 

50.00% 14.29% 0=perfect symmetry; 

negative values indicate 

increased uninjured limb; 

positive values indicate 

increased injured limb; 

direction 

Limb 

Symmetry 

Index 

(injured/uninju

red)*100% 

200.00% 116.67% 100=perfect symmetry; <100 

indicate increased uninjured 

limb; >100 indicate 

increased injured limb; 

direction 

Ratio Index Xinjured/Xuninjured 2 1.17 0=perfect symmetry; 

<0=increased uninjured limb; 

>0=increased injured limb; 

direction  
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APPENDIX D: SELECTION OF SYMMETRY CALCULATION METHOD 

Name Equation Determination Cited By 

Symmetry 

Index 

Xright-Xleft/[(1/2)( 

Xright+Xleft)]*100% 

Perfect symmetry=0%, 

symmetry acceptable when 

SI<10% 

[25][26][32][34][36][3

7][38] 

Symmetry 

Angle 

(45°-arctan (Xleft/Xright)) 

/90°*100% 

Perfect symmetry=0%, 

100% indicates that the 

two values are equal and 

opposite in magnitude 

[4][5][23][27] 

IF (45°-arctan 

(Xleft/Xright)) > 90° 

(45°-arctan(Xleft/Xright)-

180°)/90°*100% 

Asymmetry 

Ratio 

|1-(affected/unaffected)| Greater ratio=greater 

asymmetry 

[14] 

Paired t-test ∑d/√[(n(∑d²)-(∑d)²/(n-

1)] 

Level of significance [2][9][10][11][13][20][

24][31][33][36][38] 

Difference (injured−uninjured) Perfect symmetry=0 [18][19][24] 

Absolute 

difference 

|injured−uninjured| Perfect symmetry=0 [16] 

95% CI x-

1.96(s/√n)<µ<x+1.96(s/

√n) 

CIs not overlapping 0 are 

considered indicative of 

asymmetry 

[17] 

Absolute 

Symmetry 

Index 

[|Xright-

Xleft|/[(1/2)(Xright+Xleft)]

*100% 

Perfect symmetry=0% [7] 

Index of 

Asymmetry 

[(L-R)/max(L, R)]*100 Trichotomized to reflect 

scores of +1 (left), 0 

(symmetry), -1 (right) 

[3][37] 

Asymmetry 

Index 

(dominant-

nondominant/dominant)

*100 

Perfect symmetry=0% [1][24] 

Limb 

Symmetry 

Index 

(involved/uninvolved)*1

00 

Perfect symmetry=100% [20][21][22][29] 

Ratio Index Xright/Xleft 1=perfect symmetry, +/-

=asymmetry 

[12][37] 

ANOVA   Level of significance [6][15][24][30][33] 

PCA     [8][9][10] 

  100-

(|unaffected/affected|*10

0) 

Perfect symmetry=0 [28] 
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Effect Size (right-left)/√((n-

1)(σ²right+σ²left))/(2n-2) 

Perfect symmetry=0 [36][37] 
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APPENDIX E: POWER ANALYSES 

 

STUDY 1  

 

Robinson, R., & Nee, R. (2007). Analysis of hip strength in females seeking physical 

therapy treatment for unilateral patellofemoral pain syndrome. Journal of Orthopaedic & 

Sports Physical Therapy, 37(5), 232-238. 

 

Variable- LSI 

(%) 

Control 

Mean 

(SD) 

PFPS 

Mean 

(SD) 

P 

Value 

Effect 

Size 

α 1-β G*Power 

n= 

Hip ER Strength  93 (5)  79 (14)   0.007 1.331824   0.05 0.95 32 

Hip ER Strength  93 (5)  79 (14)   0.007 1.331824   0.05 0.80 20 

Hip ER Strength  93 (5)  79 (14)   0.007 1.331824   0.01 0.80 30 

Hip ER Strength  93 (5)  79 (14)   0.007 1.331824   0.01 0.95 44 

Hip Abduction 

Strength 

101(9) 78(16) <0.001 1.771854 0.05 0.95 20 

Hip Abduction 

Strength 

101(9) 78(16) <0.001 1.771854 0.05 0.80 14 

Hip Abduction 

Strength 

101(9) 78(16) <0.001 1.771854 0.01 0.80 20 

Hip Abduction 

Strength 

101(9) 78(16) <0.001 1.771854 0.01 0.95 28 
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STUDY 2  

 

Earl, J. E., & Hoch, A. Z. (2011). A proximal strengthening program improves pain, 

function, and biomechanics in women with patellofemoral pain syndrome. American 

Journal of Sports Medicine, 39(1), 154-163. 

 

Variable Pre Mean 

(SD) 

Post 

Mean 

(SD) 

P 

Value 

Effect 

Size 

α 1-β G* 

Power 

n= 

Hip ER Strength (kg/kg
a
) 0.12(0.04)  0.14 (0.04)   0.03 0.7  0.05 0.95 29 

Hip ER Strength (kg/kg
a
) 0.12(0.04)  0.14 (0.04)   0.03 0.7  0.05 0.80 19 

Hip ER Strength (kg/kg
a
) 0.12(0.04)  0.14 (0.04)   0.03 0.7  0.01 0.80 28 

Hip ER Strength (kg/kg
a
) 0.12(0.04)  0.14 (0.04)   0.03 0.7  0.01 0.95 40 

Hip Abduction Strength 

(kg/kg
a
) 

0.34(0.07) 0.38(0.07) 0.008 0.8 0.05 0.95 23 

Hip Abduction Strength 

(kg/kg
a
) 

0.34(0.07) 0.38(0.07) 0.008 0.8 0.05 0.80 15 

Hip Abduction Strength 

(kg/kg
a
) 

0.34(0.07) 0.38(0.07) 0.008 0.8 0.01 0.80 22 

Hip Abduction Strength 

(kg/kg
a
) 

0.34(0.07) 0.38(0.07) 0.008 0.8 0.01 0.95 32 

Rearfoot Eversion ROM 

(deg) 

-15.2(5.3) -14.8(5.6) 0.58 0.1 0.05 0.95 1302 

Rearfoot Eversion ROM 

(deg) 

-15.2(5.3) -14.8(5.6) 0.58 0.1 0.05 0.80 787 

Rearfoot Eversion ROM 

(deg) 

-15.2(5.3) -14.8(5.6) 0.58 0.1 0.01 0.80 1172 

Rearfoot Eversion ROM 

(deg) 

-15.2(5.3) -14.8(5.6) 0.58 0.1 0.01 0.95 1785 

Knee Abduction ROM (deg) -1.46(1.0) -1.54(1.8) 0.86 0.1 0.05 0.95 1302 

Knee Abduction ROM (deg) -1.46(1.0) -1.54(1.8) 0.86 0.1 0.05 0.80 787 

Knee Abduction ROM (deg) -1.46(1.0) -1.54(1.8) 0.86 0.1 0.01 0.80 1172 

Knee Abduction ROM (deg) -1.46(1.0) -1.54(1.8) 0.86 0.1 0.01 0.95 1785 

Hip Adduction ROM (deg) 9.1(3.5) 9.7(3.2) 0.41 0.2 0.05 0.95 327 

Hip Adduction ROM (deg) 9.1(3.5) 9.7(3.2) 0.41 0.2 0.05 0.80 199 

Hip Adduction ROM (deg) 9.1(3.5) 9.7(3.2) 0.41 0.2 0.01 0.80 296 



 

106 

 

Variable Pre Mean 

(SD) 

Post 

Mean 

(SD) 

P 

Value 

Effect 

Size 

α 1-β G* 

Power 

n= 

Hip Adduction ROM (deg) 9.1(3.5) 9.7(3.2) 0.41 0.2 0.01 0.95 449 

Hip IR ROM (deg) 2.0(2.5) 3.2(2.9) 0.12 0.7 0.05 0.95 29 

Hip IR ROM (deg) 2.0(2.5) 3.2(2.9) 0.12 0.7 0.05 0.80 19 

Hip IR ROM (deg) 2.0(2.5) 3.2(2.9) 0.12 0.7 0.01 0.80 28 

Hip IR ROM (deg) 2.0(2.5) 3.2(2.9) 0.12 0.7 0.01 0.95 40 

aForce in kg normalized to body mass 
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APPENDIX F: PATIENT CONSENT  
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APPENDIX G: VISUAL ANALOGUE SCALE  

Subject Id#: _______________    Week: ______    Date: ____________ 

 

 

Visual Analog Scale 

 

 

 

     No pain           Most pain imaginable 

 

 

On the following 10cm scale, please place a mark indicating how much pain you 

experience, on average, during your weekly runs. 
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APPENDIX H: ANTERIOR KNEE PAIN SCALE  
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APPENDIX I: REHABILITATION  

Hip and Core Rehab Protocol Week 1 

 

   

Hip-Core external rotation 

 

Stand with feet side by side, band around the torso 

Move involved leg backward while externally rotating, 

keeping knee straight, tap toe down at 160° 

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 10 reps 

 

  

Hip External Rotator Strengthening - Seated 

 

In seated position, move leg outwards and return to starting 

position slowly.   

Keep knees together. 

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets; 10 reps 

 

Compliance: Check the box if you completed the FULL set of exercises for that respective 

day 

 

 

Monday         Tuesday Wednesday   Thursday  Friday  Saturday  Sunday 

 

 

 

 

  

Hip Abductor Strengthening - Standing  

 

Place opposite foot behind band 

Move involved leg outward, keeping knee straight. 

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 10 repetitions 
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Hip and Core Rehab Protocol Week 2 

 

  

Hip-Core external rotation 

 

Stand with feet side by side, band around torso 

Move involved leg backward while externally rotating, 

keeping knee straight, tap toe down at 160°  

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 15 reps 

  

Hip-core internal rotation 

 

Stand with involved knee externally rotated and behind you 

at 45, band around the torso 

Move involved leg forward while internally rotating, keeping 

knee straight or with slight “soft knee”.  

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 15 reps 

  

Hip External Rotator Strengthening - Seated 

 

In seated position, move leg outwards and return to starting 

position slowly.   

Keep knees together. 

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 15 reps 

 

 

  

Hip Abductor Strengthening - Standing  

 

Place opposite foot behind band 

Move involved leg outward, keeping knee straight. 

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 15 repetitions 
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Hip and Core Rehab Protocol Week 3 

 

 

 

  

Hip-Core external rotation 

 

Stand with feet side by side, band around torso 

 

Move involved leg backward while externally rotating, 

keeping knee straight, tap toe down at 160°  

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 10 reps 

  

Hip-core internal rotation 

 

Stand with involved knee externally rotated and behind you 

at 45, band around the torso 

Move involved leg forward while internally rotating, keeping 

knee straight or with slight “soft knee”.  

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets; 10 reps 

 

Core Stability – Two leg balancing 

 

Standing on Airex pad with both feet. 

Use light touch on a wall initially to help balance. 

 

 

3 sets: 45 sec 

 

 

 

  

Hip Abductor Strengthening - Standing  

 

Place opposite foot behind band 

Move involved leg outward, keeping knee straight. 

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 10 repetitions (stronger band) 
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Hip and Core Rehab Protocol Weeks 4-6 

 

  

Hip-Core external rotation 

 

Stand with feet side by side, band around one leg attached 

in front of you 

Move involved leg backward while externally rotating, 

keeping knee straight or with slight “soft knee”.  

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 10 reps week 4, 15 reps week 5-6 

  

Hip-core internal rotation 

 

Stand with involved knee externally rotated and behind 

you at 45, band around that leg attached behind you 

Move involved leg forward while internally rotating, 

keeping knee straight or with slight “soft knee”.  

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 10 reps week 4, 15 reps week 5-6 

 

Core Stability – One leg balancing 

 

Standing on Airex pad with one foot. 

Repeat for other foot. 

Use light touch on a wall initially to help balance. 

Perform with eyes closed for more difficulty. 

 

3 sets: 30 sec week 4 

3 sets: 45 sec week 5 

3 sets: 60 sec week 6 

  

Hip Gluteus Medius Strengthening - Standing  

 

Place opposite in front of band 

Move involved leg back to 45 degree angle, keeping knee 

straight. 

2 seconds out and 2 seconds in, control the motion 

throughout. 

 

3 sets: 10 reps week 4, 15 reps week 5-6 

 


