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Abstract 

Background: Patellofemoral pain syndrome (PFPS) also known as anterior knee pain is 

a common knee injury among runners. During running, people with PFPS demonstrate 

abnormal mechanics such as increased hip adduction and hip internal rotation (Dierks, 

Manal, Hamill, & Davis, 2008; Souza & Powers, 2009; Willson & Davis, 2008). Similar 

abnormal mechanics are also exhibited when people with PFPS perform a single limb 

squat (Crossley et al., 2011; Levinger et al., 2007; Nakagawa et al., 2012; Souza & 

Powers, 2009; Willson et al., 2008). The single limb squat (SLS) is a clinical assessment 

to examine the kinematics occurring during running. The mechanics during the two 

activities (SLS and running) are assumed to be related. However, the two tasks have 

never been directly compared in the same subjects. Hence, the current study examines the 

relationship between the hip and knee mechanics occurring during SLS and running. All 

previous studies identifying abnormal running kinematics have been cross-sectional in 

nature and only examined the kinematics after an injury such as PFPS has occurred 

(Bolgla et al., 2008; Crossley et al., 2011; Souza & Powers, 2009; Willson et al., 2008; 

Willson & Davis, 2008b). The current study examines running and SLS kinematics prior 

to an occurrence of anterior knee pain in subjects training to run a marathon. The aims of 

the current study are: 1) to determine if three-dimensional lower extremity kinematics 

during a SLS are associated with lower extremity kinematics during treadmill running, 2) 

to determine if three-dimensional lower extremity kinetic parameters of the single limb 

squat strengthen the relationship between medial-lateral and axial lower extremity 

running kinematics, and 3) to determine if either running or single limb squat kinematics, 
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or single limb squat kinetics will be associated with development of self-reported anterior 

knee pain during the course of a marathon training program? 

Methods: Forty four subjects were investigated prior to and during their training for a 

marathon. Prior to marathon training, an eight camera VICON motion capture system 

was used to obtain single limb squat and running kinematics. A Bertec force plate 

measured ground reactions forces while subjects performed a single limb squat. During 

marathon training, anterior knee pain questionnaires were administered at three different 

times to all subjects. Questions asked in the questionnaires included any experience of 

knee pain in the last 7 days, the location of the knee pain experienced, and the Kujala 

questionnaire. To focus on variables that best identify subjects with anterior knee pain, 

answers to only the questions in the Kujala questionnaire considered most related to 

PFPS were considered: 1 (limp), 4 (climbing stairs), 6 (running), 8 (prolonged sitting 

with knees flexed), 9 (pain) and 11 (abnormal painful patellar movement) (Kujala et al., 

1993). Anterior knee pain was classified as subjects responding yes to all three questions: 

1) having any knee pain in the last 7 days and 2) having anterior knee pain at least once 

and, 3) answering any of the non-pain free options to any of the subset of Kujala 

questions at least once.  

Results: There was no significant association between SLS knee abduction excursion and 

running knee abduction excursion. There was no significant association between SLS hip 

internal rotation excursion. However, univariate linear regression found significant 

association between peak knee abduction angle during a SLS and during running 

(Multiple R-squared = 0.62, Model p-value <0.05). Univariate linear regression found 
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significant association between peak hip internal rotation during a SLS and running 

(Multiple R-squared = 0.52, Model p-value<0.05). Multivariate regression found a 

negative significant association between net hip abductor muscle moment during SLS 

and knee abduction excursion during running (Estimate = -7.46, p-value <0.05).  

Logistic regression did not find a significant relationship between running and SLS 

kinematic excursions and the incidence of anterior knee pain during marathon training. 

While examining peak kinematic variables, backward stepwise logistic regression found 

a significant relationship between female gender and peak hip internal rotation angle 

during running to incidence of anterior knee pain during marathon training. Females were 

9 times more likely to experience anterior knee pain compared to males. Subjects with 

lesser peak hip internal rotation during running were 1.15 times more likely to experience 

anterior knee pain. Univariate t-tests found a significant association between higher peak 

knee abduction angle during SLS and anterior knee pain (p-value = 0.02). Similarly, there 

was a significant relationship between higher peak knee abduction angle during running 

and anterior knee pain (p-value = 0.04).  

Conclusion: There were no significant associations between SLS excursions and running 

excursions. These findings could be due to difference in the definition of excursion across 

ALA and running. Significant and strong associations between SLS and running peak 

kinematics imply that peak kinematics and kinetics during a SLS are representative of 

those during running. Thereby, the results support the use of a SLS as a clinical tool to 

understand the mechanics during running. These findings and related theory support that 
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the female gender and increased peak knee abduction angles are risk factors for anterior 

knee pain during marathon training.  
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RELATIONSHIP TO ICF MODEL 

 

The international classification of Functioning, Disability and Health (ICF) is a 

framework for describing functioning and disability. The current study examines subjects 

whose health condition is normal or healthy while they perform a marathon training 

activity. As the subjects are healthy, they do not have any participation restrictions while 

performing the activity of marathon training. However, knee pain caused during running 

has the potential to reduce a subject’s participation. The body functions and structures are 

normal before they start marathon training and may undergo some changes during 

training, which is being recorded as knee pain in the current study. The movements 

(single leg squat, running) measured at the activity level are tested for relationships with 

pain, and interference with participation. The personal factors of the subjects are similar 

across subjects as the subject population is comprised of college aged students. The 

subjects have facilitating environmental factors as they all attend the same University, 

and are required to run once a week as a group, where they build friendships, and 

motivate each other to complete the training program. The findings from the current 

study could potentially predict the development of knee pain and will be useful to make 

recommendations of interventions to try and reduce the potential for development of knee 

pain. If successful, new interventions may reduce the occurrence of pain and keep people 

participating in their preferred activities (such as the recreational activity of running).
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1 INTRODUCTION 
 

1.1 Background in running injuries 

Running has been a form of exercise that is gaining popularity (Scheerder, Noppe, 

& Vanreusel, 2007). Running attracts experienced and inexperienced people alike, as it is 

an accessible sport. However many runners sustain injuries during the course of training 

for races (Jacobs & Berson, 1986; Taunton & Ryan, 2003; Walter, Hart, McIntosh, & 

Sutton, 1989). The knee is the most injured site where, patellofemoral pain syndrome is 

the most frequent type of knee injury in runners (Devereaux & Lachmann, 1983; Taunton 

& Ryan, 2002, 2003; Walter et al., 1989). Studies conducted on runners identified 

between 42 to 68% of running related injuries occurred at the knee (Taunton & Ryan, 

2002, 2003; Walter et al., 1989). 

Patellofemoral pain syndrome (PFPS) and illiotibial band syndrome (ITBS) are 

the most common knee overuse injuries reported  as 39.3% and 19% of knee injuries 

respectively (Taunton & Ryan, 2002). As these injuries occur during or due to running, it 

is essential to examine if the running mechanics are related to the injuries. There have 

been studies that examined the running mechanics in subjects with history of knee 

injuries such as PFPS and ITBS. The mechanics that are distinctly different in subjects 

with these knee injuries have been in the frontal plane for the hip (Dierks, Manal, Hamill, 

& Davis, 2011; Souza & Powers, 2009; Willson & Davis, 2008a). People with a history 

of PFPS have been found to have weak hip abductors and greater hip adduction during 

running compared to healthy subjects (Bolgla, Malone, Umberger, & Uhl, 2008; Dierks 

et al., 2011; Souza & Powers, 2009; Willson & Davis, 2008a). Greater hip internal 
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rotation during running has also been observed in subjects with PFPS compared to 

healthy subjects (Souza & Powers, 2009).  

When runners visit a physical therapist with symptoms of knee pain, the single 

limb squat (SLS) is one of the common tests conducted on these runners (Plastaras & 

Rittenberg, 2005). The mechanics of running suggests that the person is going from right 

leg single limb support phase to the left leg single limb support phase and so forth during 

running. Hence, the SLS is a tool to simulate a phase of running that could be related to 

the injuries occurring in runners. It is utilized to evaluate lower extremity functional 

strength in patients with knee pain (Hollman et al., 2009; Nakagawa, Moriya, Maciel, & 

Serrão, 2012; Willson, Binder-macleod, & Davis, 2008; Youdas, Hollman, Hitchcock, 

Hoyme, & Johnsen, 2007; Zeller, McCrory, Kibler, & Uhl, 2003).The single limb squat is 

a measure of functional strength and control, thereby weakness in hip musculature may 

be displayed while performing the SLS (Crossley, Zhang, Schache, Bryant, & Cowan, 

2011; Plastaras & Rittenberg, 2005). It is speculated that inadequate hip muscle function 

will create abnormal mechanics, which in turn will lead to lower extremity injury 

(Ireland, Willson, Ballantyne, & Davis, 2003; Niemuth, Johnson, Myers, & Thieman, 

2005; Prins & van der Wurff, 2009).  

During unilateral support, hip weakness is more pronounced, shown by a 

trendelenberg sign (Powers, 2010). The trendelenberg sign is demonstrated by a drop of 

the contralateral pelvis along with excessive hip adduction and hip internal rotation. 

Abnormal hip and knee kinematics caused by weak hip muscles are theorized to be 

related to patellofemoral pain (Powers, 2003). Increased hip adduction, caused by weak 
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hip abductors, is theorized to increase the quadriceps angle through medial displacement 

of the patella relative to the anterior superior iliac spine (Powers, 2003). Excessive hip 

internal rotation during single limb squats is suggested to cause lateral patella tilt and 

displacement (Powers, 2010). Thus, greater hip adduction and greater internal rotation is 

most commonly observed when subjects with knee pain perform the single limb squat 

compared to healthy subjects (Crossley et al., 2011; Levinger, Gilleard, & Coleman, 

2007; Nakagawa et al., 2012; Willson & Davis, 2008a; Willy, Manal, Witvrouw, & 

Davis, 2012). The characteristics for poor performance during the SLS such as greater 

knee abduction, greater hip adduction, greater hip internal rotation, ipsilateral trunk lean 

and contralateral pelvic drop are seen in people with knee pain (Crossley et al., 2011; 

Nakagawa et al., 2012). 

1.2 Gap in Literature 

There has been extensive research conducted on abnormal mechanics in 

individuals with history of knee pain during functional activities such as a single limb 

squat (Crossley et al., 2011; Levinger et al., 2007; Nakagawa et al., 2012; Souza & 

Powers, 2009; Willson & Davis, 2008a, 2008b). Most of these studies agree on the hip 

and knee mechanics in subjects with knee injuries (Crossley et al., 2011; Levinger et al., 

2007; Nakagawa et al., 2012; Souza & Powers, 2009; Willson & Davis, 2008a, 2008b; 

Willson, Kernozek, Arndt, Reznichek, & Scott Straker, 2011). However, examining 

running mechanics in the same population does not bring about these abnormal 

mechanics that were seen in single limb squats (Dierks, Manal, Hamill, & Davis, 2008). 

Although studies have seen differences in hip adduction and hip internal rotation angles 
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between healthy and injured subjects during running, results have not been congruent. 

One study revealed that subjects with PFPS had greater peak hip internal rotation  than 

controls (mean± SD, 11.8°± 6.9° versus 4.2° ±3.4°) during running (Souza & Powers, 

2009). On the contrary, another study saw 3.9° lesser hip internal rotation in subjects with 

PFPS compared to controls (Willson & Davis, 2008a).  Similarly, Willson et al., saw that 

subjects with PFPS ran with 3.5 ° more hip adduction than controls (Willson & Davis, 

2008a). However, Dierks et al., were unable to observe this relationship until the subjects 

had performed a prolonged run, thus implying that fatigue caused an increase in hip 

adduction in subjects with PFPS   (Dierks et al., 2008). Inconsistencies in running 

mechanics in subjects with knee injuries require more research in this area.  

Although the single limb squat is considered to be a component of running, there 

has been limited research to support the relationship between single limb squat and 

running kinematics. Currently, there has been no published research correlating the 

kinematics between running and single limb squat performance. If a single limb squat is 

related to knee injury, and running mechanics are different in injured subjects; then single 

limb squat and running kinematics would be expected to relate to each other.  

 To complete the analysis of mechanics of a single limb squat, understanding the 

kinetics of subjects is essential. There has been very limited research on the ground 

reaction forces acting on the knee and hip during a single limb squat and more research 

would be beneficial.  

 Most research has been conducted after subjects are injured at the knee (Crossley 

et al., 2011; Souza & Powers, 2009; Willson & Davis, 2008a, 2008b).There is limited 
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prospective research on  kinematics and knee injuries. One of the biomechanical factors 

prospectively linked to running related injuries was passive range of motion (Buist, 

Bredeweg, Lemmink, van Mechelen, & Diercks, 2010). Future research on other 

kinematic variables related to running related injuries is needed.  

1.3 Significance 

A single limb squat is considered a valid clinical tool to measure functional hip 

strength because of significant relationships between strength measures and hip 

kinematics during this test.  Although it is commonly used in assessing injured runners, 

this test has not been correlated with running mechanics. If these kinematics are related, 

then we can successfully validate the use of the SLS for assessing running related 

injuries.  

  The unique nature of this study is that it will have both a cross-sectional and 

prospective study design in assessing the mechanics of a person’s running before they are 

injured. Thus, we can shed light on the cause and effect nature of the kinematic 

relationships. As previous literature has tested subjects who have already been injured, a 

study on mechanics of subjects before the occurrence of injury will add to the literature 

regarding the cause and effect relationship between mechanics and injury.  

1.4  Specific Aims and Hypothesis 

1.4.1 Specific Aim 1 

Determine if three-dimensional lower extremity kinematics during a SLS are associated 

with lower extremity kinematics during treadmill running. 
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Hypothesis 1 

1a Knee abduction excursion during a single limb squat will be significantly 

associated with (r
2 

= 20% or greater) knee abduction excursion during stance phase of 

treadmill running. 

1b Hip internal rotation excursion during a single limb squat will be significantly 

associated with (r
2 

=20% or greater) hip internal rotation excursion during treadmill 

running. 

1c Knee abduction excursion, hip adduction excursion and hip internal rotation 

excursion during single limb squat will be significantly related to (combined r2 =50% or 

greater) knee abduction excursion during treadmill running.  

 

1.4.2 Specific Aim 2 

Determine if three-dimensional lower extremity kinetic parameters of the single limb 

squat strengthen the relationship between medial-lateral and axial lower extremity 

running kinematics? 

Hypothesis 2a 

Knee and hip moments in the frontal plane occurring at peak knee abduction angle 

during a single limb squat will strengthen the association of running kinematics by at 

least 10% increase in the model r
2 

compared to the previous regression analysis.  
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1.4.3 Specific Aim 3 

Determine if either running or single limb squat kinematics, or single limb squat kinetics 

will be associated with development of self-reported anterior knee pain during the course 

of a marathon training program? 

Hypothesis 3 

3a A logistic regression model containing Q-angle, knee abduction excursion and hip 

internal rotation excursion during treadmill running will prospectively be 

associated with development of anterior knee pain during the course of a 5-month 

marathon training program.  

3b A logistic regression model containing Q-angle, knee abduction excursion and hip 

internal rotation excursion during single limb squat will prospectively be 

associated with development of anterior knee pain during the course of a 5-month 

marathon training program.  

3c Hip abduction moment and knee adduction moment occurring at peak knee 

extension moment during single limb squat will strengthen the association of 

anterior knee pain by at least 10% increase in model r
2 

in combination with two 

strongest single limb squat kinematic variables.  
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2 LITERATURE REVIEW 
 

2.1 Background in Running Injuries 

Running as a form of exercise has gained popularity, thereby also increasing the 

number of running related injuries. Unfortunately, about 46% of runners will sustain a 

running related injury (Jacobs & Berson, 1986).  When entrants to a race were surveyed 

before running a 10,000 meter race, 46% out of 451 runners said they had sustained a 

running related injury (Jacobs & Berson, 1986). 42% of running injuries are located at the 

knee, with the most common injury being patella-femoral pain syndrome (Taunton & 

Ryan, 2002, 2003; Walter et al., 1989). Taunton and Ryan conducted a retrospective 

analysis of running injuries among runners who visited the same Clinic (Taunton & 

Ryan, 2002). Of the two thousand and two running injuries, it was seen that about 42.1% 

of them were related to the knee (Taunton & Ryan, 2002). Out of the 842 knee injuries 

analyzed, 331 of those injuries were people with patella femoral pain syndrome 

(PFPS).Women were 62% of the 331 PFPS injuries (Taunton & Ryan, 2002).  Another 

study by Taunton and Ryan was conducted in subjects who enrolled for a running 

training program and questionnaires about their injuries were asked at the beginning of 

training (Taunton & Ryan, 2003). Walter et al. conducted a similar study, where subjects, 

enrolled were participants in racing events such as a 2.5 mile race, 3.5 mile race, 10 mile 

race and a 14 mile race and followed up to a year (Walter et al., 1989). Walter et al. 

defined injury as being “severe enough to reduce the number of miles run, take medicine 

or see a Health professional” (Walter et al., 1989). On the other hand Taunton and Ryan 
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defined injury at the lowest level of severity by considering grade 1 injury; where even 

pain after exercise was considered as an injury (Taunton & Ryan, 2003). Both studies 

saw that the knee was the most commonly occurring injury site, where Taunton and Ryan 

saw 68% of the injuries occurring at the knee, and Walter et al. saw that among running 

injuries sustained by runners up to a year after running the race, 55% of these injuries 

were at the knee. The knee was  also the most common site to have new injuries after the 

race (Taunton & Ryan, 2003; Walter et al., 1989).  

   Middelkoop et al. conducted a survey among runners who ran a marathon and 

found that of the 726 runners, 195 reported a new injury in the month before or during the 

marathon (Middelkoop et al., 2008). Injuries were defined as those that caused a 

reduction in distance, speed, frequency or duration of running. Of the 195 new injuries,  

28.7% of them were knee injuries (Middelkoop et al., 2008). Previous literature has also 

supported that the knee is the most common injured site for runners, with 16 knee injuries 

out of 271 injuries in the study Caseli et al.  and 26 out of 90 injuries in the study by Wen 

et al.(Caselli & Longobardi, 1997; Middelkoop et al., 2008; van Gent et al., 2007; Wen, 

Puffer, & Schmalzried, 1998). Among types of knee injuries, patellofemoral pain, 

assessed by a rheumatologist, is the most commonly occurring injury in athletes 

(Devereaux & Lachmann, 1983; Taunton & Ryan, 2002). Deveaurx saw that 26% of the 

knee injuries among athletes were patellofemoral (Devereaux & Lachmann, 1983). Due 

to the high incidence of knee injuries in runners, there has been substantial research on 

the running mechanics between people with and without knee injuries (Dierks et al., 

2008; Souza & Powers, 2009; Willson & Davis, 2008a). 
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2.2 Running Kinematics in injured runners  

When running mechanics are tested in people after the occurrence of injuries, they 

depict different kinematics than healthy subjects (Dierks et al., 2008; Miller, Meardon, 

Derrick, & Gillette, 2008; Souza & Powers, 2009; Willson & Davis, 2008a; Willy et al., 

2012). One of the findings is that hip kinematics during running are distinctly different 

among the people with PFPS compared to controls (Dierks et al., 2008; Souza & Powers, 

2009; Willson et al., 2008; Willy et al., 2012). In the frontal plane, the most commonly 

found difference is greater hip adduction and greater contralateral pelvic drop during 

running (Willson et al., 2008; Willy et al., 2012). During the peak knee extension 

moment in running, subjects with PFPS ran with 3.5° more hip adduction than healthy 

controls (Willson & Davis, 2008a). Another study saw no significant difference in peak 

hip adduction between males with PFPS and healthy controls during the stance phase, 

however, females (19.2 ±3.0°) with PFPS had significantly greater hip adduction than 

males (12.9 ±3.4°) with PFPS during stance phase of running (Willy et al., 2012).  

 Dierks et al. tested subjects during a prolonged run at a self-selected pace until they 

reached either 85% maximum heart rate, a score of “very hard” on the rate of perceived 

exertion scale, or for the PFPS group, if they reached a score of 7 out of 10 on the visual 

analog score of pain (Dierks et al., 2008). Dierks et al. were unable to find significant 

differences in peak hip adduction angle, peak hip internal rotation and peak knee 

adduction angles between the controls and the PFPS. However, at the end of the 

prolonged run, there was a significant and strong relationship between the hip abductor 

strength and hip adduction angle ( r = -0.74) among the PFPS subjects (Dierks et al., 
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2008). It is insinuated that the exertion of running fatigued the abductor muscles and 

brought out the difference. A follow up study by Dierks et al. was conducted to examine 

the difference between healthy and subjects with PFPS (Dierks et al., 2011). It was 

observed that there were three different patterns of movement within the PFPS group in 

this population. Although the three sub groups were not significantly different from each 

other, some trends were observed. One sub-group of subjects demonstrated knee 

abduction during stance phase of running, another group demonstrated hip abduction 

during stance phase of running, and a third displayed typical knee and hip kinematic 

patterns. Although not significant, observing different patterns among the PFPS subjects 

sheds light on the inconsistency in this literature. Thereby suggesting more research 

needs to be conducted to shed light on the running mechanics in injured runners. 

Examining the contralateral pelvic drop among injured runners, two studies displayed 

greater contralateral pelvic drop in subjects with PFPS compared to healthy controls 

(Willson & Davis, 2008a; Willy et al., 2012). When contralateral pelvic drop was 

examined during the peak knee extension moment, subjects with PFPS had significantly 

3.5° greater contralateral pelvic drop than controls (Willson & Davis, 2008a). Similarly, 

when the stance phase of running was analyzed, males with PFPS (-6.5± 2.2°) ran with 

significantly greater contralateral pelvic drop than healthy males (-3.9± 2.3°) (Willy et 

al., 2012). Thus, we can suggest that contralateral pelvic drop will be greater in injured 

subjects compared to healthy. Studying the knee kinematics, males with PFPS (6.5 ±2.9°) 

demonstrated significantly greater tibial adduction than male controls (4.9 ±1.8°) during 

the stance phase of running (Willy et al., 2012). The femoral adduction did not differ 
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between the males with PFPS and controls. Consequently, females with PFPS (7.3 ±1.5°) 

ran with significantly greater femoral adduction than males with PFPS (4.4 ±2.4°), but 

did not differ in tibial adduction from males with PFPS. Thus, it is seen that males with 

PFPS adducted with their tibia, while females with PFPS adducted with their femur. This 

suggests there should be knee abduction occurring, however, the authors did not analyze 

knee abduction angle (Willy et al., 2012). Future research is required to understand the 

frontal plane knee mechanics during running in subjects with knee injury.  

Most of the studies discussed above are cross sectional and hence cannot conclude 

if differences in kinematics are due to the injury or cause the injury. Prospective studies 

having the best chance to demonstrate the cause or effect theory should be conducted on 

this population.   

Hip internal rotation has been suggested to be different in runners with injury, 

although the literature is not consistent. Souza and Powers compared females with PFPS 

to controls and observed significantly greater peak hip internal rotation in people with 

PFPS than controls (mean± SD, 11.8°± 6.9° versus 4.2° ±3.4°) during running (Souza & 

Powers, 2009). However, Willson et al. found contrasting results, where subjects with 

PFPS had significantly 3.9° lesser hip internal rotation compared to controls (Willson & 

Davis, 2008a). However, this might be due to Willson et al. observing the kinematic 

variables at the peak knee extensor moment, whereas Souza and Powers observed the 

peak hip internal rotation value throughout the gait cycle. So, the peak hip internal 

rotation might occur at other time points different than the peak knee extensor moment 

time stamp. Also, Willson et al. considered a person’s standing posture as zero position, 



14 

 

and calibrated the dynamic movement to zero position. So, this calibration might reduce 

the final magnitude during dynamic movement. For example,  if there was some hip 

internal rotation in the initial standing posture, it would be “zeroed out” and reduce the 

magnitude of the peak internal rotation value (Souza & Powers, 2009). Despite 

inconsistent findings of greater hip internal rotation in subjects with PFPS, there is 

evidence of weak hip external rotators  in these subjects when measured using a hand 

held dynamometer (Bolgla et al., 2008).  

Frontal plane running mechanics in subjects with ITBS has been minimally 

researched. An exhaustive run (up to 16 minutes) on subjects with ITBS saw an increase 

in the maximum knee internal rotation velocity at 16.4 ± 9.3 °/s compared to 10.3±4°/s in 

controls and minimum thigh flexion velocity (-29.5± 16.9°/s)  at the end of the run 

compared to the controls (-16.7± 8.2°/s) (Miller, Lowry, Meardon, & Gillette, 2007). 

However, frontal plane kinematics of the hip or the knee were not examined in the study 

by Miller et al.(Miller et al., 2007). Ferber et al., focused on these frontal plane 

kinematics and found that similar to PFPS subjects, people with ITBS also displayed 

higher peak hip adduction angle during running (Ferber, Cat, Noehren, Hamill, & Davis, 

2010). When subjects with ITBS ran over a force plate, they displayed greater peak knee 

internal rotation angle than controls, but no difference in peak hip abductor moment or 

peak knee external rotator moment (Ferber et al., 2010). Another prospective study found 

that greater hip adduction and knee internal rotation was found in the group of subjects 

who had IT Band syndrome (Noehren, Davis, & Hamill, 2007). On the contrary to these 

findings, similar hip adduction angle was seen in subjects with ITBS and controls in 
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another study where Principle Component Analysis was conducted on the kinematic 

variables (Foch & Milner, 2013). Although the studies by Ferber et al., Noehren et al., 

and Foch et al., examined only females, these inconsistent findings cannot be explained 

(Ferber et al., 2010; Foch & Milner, 2013; Noehren et al., 2007). More research needs to 

be conducted in this injury population to establish the relationship of lower extremity 

kinematics to ITBS.  

2.3 Hip muscle function in injured runners 

Weak hip abductor muscle strength measured using a handheld dynamometer has 

been found in subjects with PFPS (Bolgla et al., 2008; Dierks et al., 2008; Souza & 

Powers, 2009; Willson & Davis, 2008a). Greater hip adduction observed during running 

in subjects with PFPS has been demonstrated to be related to this weak hip abductor 

muscle strength (Bolgla et al., 2008; Dierks et al., 2008; Souza & Powers, 2009; Willson 

& Davis, 2008a). Souza and Powers found 14% less hip abductor strength in subjects 

with PFPS compared to controls, along with higher gluteus maximus activity in subjects 

with PFPS during running compared to controls (Souza & Powers, 2009). Similarly, 

Ireland et al., examined hip abduction strength and hip external rotation strength using a 

handheld dynamometers in females with PFPS (Ireland et al., 2003). Ireland et al., also 

found that females with PFPS had 26% lesser hip abduction strength and 36% lesser hip 

external rotation strength compared to controls (Ireland et al., 2003). A systematic review 

by Prins and van der Wurff analyzed 5 articles and saw that females with PFPS had weak 

hip abductor, hip external rotator and hip extension strength (Prins & van der Wurff, 

2009). Souza and Powers saw that the pelvic drop, hip external rotation, and side lying 
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abduction isometric strength was significantly lesser in subjects with PFPS compared to 

controls (Souza & Powers, 2009). Pelvic drop and hip extension isotonic strength was 

also lesser in subjects with PFPS compared to controls (Souza & Powers, 2009). Using 

Stepwise regression, isotonic hip extension was found to be a predictor of hip internal 

rotation during running (Pearson r = -0.451, p=0.02) (Souza & Powers, 2009). When 

comparing subjects with PFPS and healthy subjects before and after a prolonged run, it 

was seen that hip abductor strength, measured by a handheld dynamometer, declined for 

both groups, but PFPS subjects had significantly lower hip abductor strength at both time 

points than the healthy subjects (Dierks et al., 2008).  Therefore, we can see how the hip 

muscle function is weakened in subjects with PFPS.  

The hip abductor strength in subjects with ITBS does not have similar consistent 

findings as seen in subjects with PFPS. A study by Fredericson et al., saw that abductor 

torque of the injured females was 7.82% bodyweight*height versus 9.82% 

bodyweight*height for their noninjured limb and 10.19% bodyweight*height for the 

control group of female runners (Fredericson et al., 2000). On the contrary, Grau et al., 

did not find differences in hip abductor strength in subjects with ITBS (Grau, Krauss, 

Maiwald, Best, & Horstmann, 2008). Grau et al., examined muscle strength using an 

isokinetic instrument, while Fredericson et al., used a handheld dynamometer 

(Fredericson et al., 2000; Grau et al., 2008). As the handheld dynamometer is not held 

against a stable surface, it is a less accurate instrument to measure strength. The 

isokinetic instrument has fixed limbs that hold a segment in place irrespective of the 

strength of the individual; hence it will provide consistent results unlike the handheld 
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dynamometer which is dependent on the strength of the tester. The difference in the 

testing equipment could have brought about the contrasting results. Both the studies had 

different ratios of males and females in their studies (Fredericson et al., 2000; Grau et al., 

2008). Fredericson et al., examined 14 females and 10 males, while Grau et al., examined 

7 males and 3 females (Fredericson et al., 2000; Grau et al., 2008). As typically females 

have different strength measures than males, it could have affected the results of the two 

studies. Further research needs to be conducted on identifying if the hip muscle strength 

is related to the ITBS knee injury. 

In summary, we saw that running kinematics analyzed in injured subjects bring 

out hip related differences but are not consistent in other variables. Further research is 

needed to understand all the kinematic variables that are different in injured runners 

2.4 Single Limb Squat  

The Single Limb Squat (SLS) is a clinically reliable tool (80-87% agreement, κ = 

0.700-0.800) to identify people with hip movement dysfunction (Crossley et al., 2011). 

When scoring the performance of a single limb squat by visual assessment, three physical 

therapists had an agreement of 80-87% (Crossley et al., 2011). When runners go to 

clinicians with anterior knee pain or lower extremity running injuries, one of the common 

clinical tests conducted is the SLS (Plastaras & Rittenberg, 2005). The SLS kinematics 

are presumed similar to the lower extremity kinematics in the single leg stance phase of 

running, as the single leg is supporting the body weight , and also undergoes knee flexion 

during the stance phase of running. Hence, the SLS is used to simulate a phase of running 

that might be contributing to anterior knee pain symptoms. Many studies have utilized 
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this task to evaluate lower extremity alignment in patients with PFPS (Hollman et al., 

2009; Nakagawa et al., 2012; Willson et al., 2008; Youdas et al., 2007; Zeller et al., 

2003).  

As single limb squat kinematics are related to hip muscle dysfunction, and also 

used as a tool to assess rehabilitation status, it is important to have a clinical rating 

criteria that is reliable among raters. Studies have been conducted regarding this concern 

(Chmielewski et al., 2007; DiMattia, Livengood, Uhl, Mattacola, & Malone, 2005). 

Dimattia et al., used a specific criteria, where three conditions had to be met to be rated 

excellent. The three conditions were that hip flexion should not exceed 65°, hip adduction 

should not exceed 10°, and knee abduction should not exceed 10° (DiMattia et al., 2005). 

While Chmielewski et al., used two criteria, a specific method and a general method. The 

specific method scored each segment (trunk, pelvis and hip) separately based on their 

deviation from neutral, while the overall method categorized subjects as good, fair or 

poor. In the overall method, raters were asked to give an overall score for the trunk, 

pelvis and hip segments based on their deviation from neutral (Chmielewski et al., 2007). 

Crossley et al., attempted a similar endeavor and devised a key to rate performers based 

on their posture of trunk over pelvis, posture of pelvis, hip joint posture and movement, 

and knee joint posture and movement (Crossley et al., 2011) . 

Although Dimattia et al., and Chmielewski et al., devised a rating criteria, the one 

devised by Crosley et al., is more detailed and hence makes it easier for various raters to 

be consistent (Chmielewski et al., 2007; Crossley et al., 2011; DiMattia et al., 2005). 

Chmielewski et al’s rating criteria are specific to segments of the body, but only looks at 
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deviation from normal, and does not examine the knee (Chmielewski et al., 2007). 

However, Crossley et al., gives detailed criteria about each segment of the body, in all 

sagittal, frontal and transverse planes. Having a detailed rating form ensures that the 

clinicians or raters examine all planes of all the relevant segments. Thus, comparatively 

the rating form devised by Crossley et al., is the comparatively better form to use in a 

clinic (Crossley et al., 2011).  

When comparing agreement, Dimattia et al., and Chmielewski et al., had lower 

agreement among raters (Chmielewski et al., 2007; DiMattia et al., 2005). In Dimattia et 

al.,’s study, while rating the knee abduction variable, the investigators agreed 66% of the 

time (non-parametric κ = .28), and while rating hip adduction, they agreed  71.3% of the 

time (non-parametric κ = .016) (DiMattia et al., 2005). Agreement among the three raters 

varied from 32 – 41% for the specific method, and ranged from 41-64% for the overall 

method in the study by Chmielewski et al., (Chmielewski et al., 2007). Thus, Dimattia et 

al., had slightly better agreement. This might be due to the fixed guidelines that were 

mentioned in Dimattia et al’s rating form. Having a more fixed and in-depth rating form, 

Crossley et al., found 80-87 % agreement (κ = 0.700-0.800) among 3 clinicians (Crossley 

et al., 2011). 

Crossley et al., examined the construct validity of the ratings of the SLS (Crossley 

et al., 2011). Electromyographic activities of the anterior and posterior gluteus medius 

activity along with hip muscle strength measured by a handheld dynamometer were 

examined. Crossley et al., used independent sample t tests to differentiate the hip muscle 

function between the good and poor performers of the SLS. It was found that  people who 
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scored poorly on the SLS had lesser hip abduction strength and lateral trunk strength 

compared to people who scored “good” on the SLS rating scale (Crossley et al., 2011). 

Subjects, who performed poorly in the rating scale, also had delayed onset of anterior 

gluteus medius muscle activity. Thus, Crossley et al., were able to prove construct 

validity in their rating scale, as it was able to differentiate people based on their hip 

abductor strength (Crossley et al., 2011). Previous literature suggested that SLS 

assessment can identify people with hip muscle dysfunction (Ireland et al., 2003; 

Niemuth et al., 2005; Plastaras & Rittenberg, 2005). To see that this SLS rating scale was 

able to find group differences, gives promise to using the SLS assessment as a functional 

tool.   

2.5 Lower Extremity Mechanics. 

During unilateral weight bearing dynamic movements, it is suggested that as the 

foot is fixed on the ground during unilateral weight bearing movements, the movements 

of the hip in the frontal and transverse plane transfer distally, resulting in an abduction of 

the knee (Powers, 2010).  

Movements of the hip in the transverse plane with a fixed tibia on the ground was 

examined by Powers and Ward ( Powers & Ward, 2003). During a single limb squat, the 

authors saw the lateral patella to be tilted and displaced because of the rotation of the 

femur underneath the patella (Powers & Ward, 2003). Powers and Ward suggest that it is 

due to the attachment of the patella to the tibia via the quadriceps tendon. During the 

SLS, the quadriceps contraction anchors the patella to the stable tibia, thereby allowing 

the femur to rotate (Powers & Ward, 2003). This was concurred by the findings by Souza 
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and Powers who observed greater hip internal rotation in subjects with PFPS compared to 

healthy controls (Souza & Powers, 2009). Consequently, hip internal rotation is 

suggested to be a factor related to patellofemoral pain (Powers, 2010). Excessive hip 

adduction is also theorized to increase the quadriceps angle, as the patella would displace 

medially with respect to the anterior superior iliac spine (Powers, 2003). When the hip 

abductors are weak, a high external moment could exceed the strength capacity of the hip 

abductors resulting in hip adduction (Powers, 2003). Subsequently, abnormal mechanics 

that lead to lower extremity injury are suggested to be caused by inadequate hip muscle 

function (Ireland et al., 2003; Niemuth et al., 2005; Prins & van der Wurff, 2009) . 

The single limb squat is a unilateral weight bearing task, where the stance knee is 

bent to a certain degree, while the other leg is hanging in the air. This is also similar to 

the single limb step-down or single limb descent, as in these conditions, the stance leg is 

supporting the body weight and undergoing a squat like bend in the stance leg. Thus, 

previous literature about these tasks was considered in combination to shed light on the 

relationship between hip and knee kinematics and hip muscle function.  

Claiborne et al., studied 30 healthy adults while they performed the SLS and 

compared their kinematics using a Falcon system and hip muscle strength using a Biodex 

Isokinetic dynamometer (Claiborne, Armstrong, Gandhi, & Pincivero, 2006). The hip 

abduction, hip adduction, hip flexion and extension concentric and eccentric strength 

were tested at an angular velocity of 60 °/sec. The peak torque for each of these variables 

was obtained. When a linear regression analysis was performed, it was found that 

concentric hip abduction (r
2
 = 0.13), knee flexion (r

2
 = 0.18), and knee extension (r

2
 = 
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0.14) peak torque were significant predictors (p < 0.05) of frontal plane motion of the 

knee (peak knee abduction minus standing frontal plane motion of the knee) during a SLS 

(Claiborne et al., 2006). A moderate, significant relationship was found when a Pearson 

product moment correlation was conducted. Negative correlation was found between the 

concentric hip abduction (r = –0.37, p < 0.05), knee flexion (r = –0.43, p < 0.001), and 

knee extension (r = –0.37, p < 0.05) peak torque and frontal plane knee motion. Thus, 

Claiborne et al., were able to bring out the relationship between strong hip abductors and 

decreased movement of the knee towards an abduction direction (Claiborne et al., 2006). 

Similar findings were seen in a study by Crossley et al., who compared people who 

performed “poorly” in the SLS to those who performed “good”. The authors saw that 

participants rated as good performers exhibited greater hip abduction torque than poor 

performers (mean difference, 0.47 Nm/Body Weight; 95% CI, 0.10-0.83 Nm/Body 

Weight). Differences between the two categories of SLS performers were also seen in the 

electromyographic activity of the anterior and posterior gluteus medius muscles. Subjects 

who scored “good” on the SLS had significantly earlier onset timing of anterior gluteus 

medius (mean difference, –152 ms; 95% confidence interval [CI], –258 to –48 ms) and 

posterior gluteus medius (mean difference, –115 ms; 95% CI, –227 to –3 ms) 

electromyographic activity.  

Gluteus maximus muscle recruitment was also inversely related to knee abduction 

during a single limb step-down (Hollman et al., 2009). Hollman et al. saw that 20% of the 

variance in knee abduction was accounted for by the variance in gluteus maximus 

recruitment. The stronger the gluteus maximus muscle recruitment during the activity, the 
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lesser the knee abduction that will be produced during the single limb task. Gluteus 

maximus is mainly a hip extensor but it also assists in externally rotating the femur and 

abducting the hip. So, the gluteus maximus eccentrically controls the  internal rotation 

and adduction of the femur during single limb tasks which are related to creating an 

abduction moment about the knee (Hollman et al., 2009).  

Thus, we can understand how hip muscle strength ties into the frontal plane 

movement at the hips and the knees during single limb activities. Even the kinematics 

alone depicts that the variance in hip adduction accounted for 57% of the variance in 

knee abduction  during the single limb step-down (Hollman et al., 2009). This shows how 

the hip and knee are co-dependent in the frontal plane, which is why we see knee 

abduction in combination with hip adduction during the SLS task.  

The single limb squat is a clinical test that is commonly assessed visually or using 

a camera that records two dimensional data. The movement of the hip, pelvis and knee do 

not occur in a single plane, and so three dimensional analyses is required to accurately 

assess the movement of the body segments. Two dimensional analyses can often lead to 

misinterpretation due to projection angles. Ageberg et al., found this crucial difference, 

when the author compared two dimensional visual analysis to three dimensional analysis 

(Ageberg et al., 2010). Two examiners categorized subjects while they performed the 

SLS into (a) knee medial to foot category or (b) knee over foot category based on the 

position of the knee above the foot. When three dimensional analysis of this activity was 

conducted, it was seen that subjects in the “knee medial to foot” category had more hip 

internal rotation (10.6° ± 2.1) compared to the knee over foot category (4.8° ±1.8, 
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p=0.049) (Ageberg et al., 2010). However, the peak knee abduction angle was not 

different between the two categories. Thus, we can see how the hip internal rotation is 

perceived as knee abduction in two dimensional analyses, but three dimensional analyses 

depicts that the subject probably has more hip internal rotation. Hence, we can see that 

analyzing the SLS in three dimensions is more accurate than visual or 2D.   

2.6 Single Limb Squat in injured athletes. 

A single limb squat is a clinical test that resembles activities of daily living. It is a 

clinical tool that is easy to administer and simulates everyday activities, hence it is 

commonly used. Performance in this test will reflect hip muscle strength (Crossley et al., 

2011). We know that people with PFPS have weak hip abductor strength and weak hip 

external rotation strength (Prins & van der Wurff, 2009). Hence this clinical test should 

be able to bring out those weaknesses when tested on subjects with PFPS.  

Poor performance in the SLS is depicted by knee abduction, hip adduction, hip 

internal rotation, trunk flexion, trunk rotation, pelvic tilt, pelvic rotation, or center of the 

knee not directly over the center of the foot (Crossley et al., 2011). When compared 

during a single limb squat people with PFPS were seen to have higher femoral frontal 

plane angle than healthy controls (Levinger et al., 2007). The femoral frontal plane angle 

is formed by a line connecting the anterior superior iliac spine (ASIS) and the mid line of 

the femoral epicondyles and the line connecting the second toe and the middle of the 

malleoli (Levinger et al., 2007). The other kinematic variables related to poor 

performance in the SLS, such as significantly greater ipsilateral trunk lean (2.6°), 

contralateral pelvic drop (2.9°), hip adduction (4.0°) and knee abduction (3.4°) (also 
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called knee valgus) were seen when subjects with PFPS performed the SLS (Nakagawa et 

al., 2012). When subjects with PFPS completed stair descents, Bolgla et al., were unable 

to find differences in kinematics, but saw 24% less hip external rotator torque and 26% 

less hip abductor torque than the controls (Bolgla et al., 2008). This lesser hip external 

rotator torque, measured by a handheld dynamometer in the study  by Bolgla et al., could 

be related to greater hip internal rotation in subjects with PFPS while performing the SLS 

in the study by Souza and Powers (Souza & Powers, 2009). Nakagawa et al., also 

observed higher but not significant hip internal rotation in subjects with PFPS (~3.1°) 

(Nakagawa et al., 2012). On the contrary, Willson et al., observed significantly lesser hip 

internal rotation and 2.5° greater femoral external rotation in subjects with PFPS 

compared to the controls (Willson et al., 2008). 

With regards to hip adduction, Willy et al., saw that females with PFPS (10.4 ± 

4.2°) squatted with significantly greater hip adduction than males with PFPS (6.2 ± 4.4°) 

(Willy et al., 2012). Consequently, females with PFPS (-1.6± 4.8°) went into knee 

abduction while males went into knee adduction (6.0 ± 4.6°) during the SLS (Willy et al., 

2012). Willson et al., also found that the PFPS group demonstrated significantly higher 

hip adduction and 3.5° greater contralateral pelvic drop during squat compared to healthy 

controls (Willson et al., 2008). Stair descent should result in the lower extremity 

producing similar mechanics as when performing a SLS, as subjects with anterior knee 

pain had delayed onset and shorter duration of gluteus medius electromyographic activity 

during stair ascent and shorter duration of gluteus medius EMG activation during descent 

(Brindle, Mattacola, & McCrory, 2003). It appears that the gluteus medius activity might 
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have been changed either due to the injury or caused by it. This is one of the few studies 

to have found this observation. Further analysis is required to understand the mechanism 

of gluteus medius’s role in subjects who have PFPS.  

2.7 Single Limb Squat Kinetics 

Studies have been conducted to examine the differences in kinetics among 

subjects with knee injuries compared to healthy controls while performing the single limb 

squat (Willson et al., 2008; Willy et al., 2012). Willson et al., examined the knee 

extension moment at 45° knee flexion  during the SLS, and did not find significant 

differences between subjects with and without PFPS (Willson et al., 2008). While 

examining the frontal plane moments, external knee adduction moment was not 

significantly different among males with PFPS and healthy males (Willy et al., 2012). 

Previous studies demonstrated greater hip adduction in females with PFPS compared to 

males with PFPS (Willy et al., 2012). Another study that only tested females with PFPS 

found greater hip adduction than controls (Willson et al., 2008). Thus, suggesting that 

Willy et al., did not find differences in knee adduction moment as they analyzed male 

subjects alone. As excessive hip adduction along with knee abduction is observed while 

performing the SLS, examining the frontal plane hip kinetics along with knee kinetics in 

both males and females will provide valuable information about the hip and knee 

kinematics.  

2.8 Quadriceps angle in injured subjects 

The Quadriceps angle is formed in the frontal plane by intersection of a line from 

the tibial tubercle to the middle of the patella and another line from the anterior superior 
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iliac spine to the middle of the patella (Huberti & Hayes, 1984)  Studies have been 

conducted to examine the relationship between the angle of attachment of the quadriceps 

muscle and lower extremity pathologies. A study examined six healthy cadaver knees 

using a dynamic knee simulator (Mizuno et al., 2001). In order to study the anatomical 

variations due to different Q-angles, the same knees were positioned in the simulator in a 

manner where the Q-angles could be changed and patellar translations were recorded 

while the knee was flexed from 20° to 90° (Mizuno et al., 2001). During the knee flexion, 

the upper body weight was applied and the hamstrings and quadriceps were loaded, thus 

simulating real knee flexion during an upright activity. Normal Q-angle was 11± 4°, and 

when it was increased to 20 ±4°, there was a significant increase in lateral patellar 

translation (Mizuno et al., 2001).  

According to the literature, men with Q-angles greater than 15° and women with 

Q-angles greater than 20°are predisposed to knee pathologies (Aglietti, Insall, & Cerulli, 

1983; Hvid & Andersen, 1982). Aglietti et al., measured Q-angles in healthy (150) and 

subjects with chondromalacia (53) and saw that Q-angle was 20° in chondromalacia 

subjects, which was significantly higher than 15° in healthy subjects (Aglietti et al., 

1983). Livingston et al., measured Q-angles, unilateral and bilateral knee pain in 75 

young males and females using the anterior knee pain questionnaire and visual analog 

scale (Livingston & Mandigo, 1999). Subjects with knee pain consisted of subjects with 

both excessive Q-angles and Q-angles less than 10°. Livingston et al., observed that the 

Q-angle measure had a moderate relationship with presence of anterior knee pain (r = 

0.52) (Livingston & Mandigo, 1999). However, this correlation was stronger in subjects 
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with bilateral knee pain (r = 0.52)  than with unilateral knee pain (r = 0.42) (Livingston & 

Mandigo, 1999). Leg dominance could be a reason for this weak association with 

unilateral knee pain. However, this study demonstrates the relationship between Q-angle 

and knee pain (Livingston & Mandigo, 1999). Another study tried to relate Q-angle with 

knee abduction in healthy young subjects (Pantano, White, Gilchrist, & Leddy, 2005). 

Pantano et al., categorized people into high and low Q-angles, such that subjects who had 

less than 8° of Q-angle were in the low Q-angle group and those with Q-angles higher 

than 17° were in the  high Q-angle group (Pantano et al., 2005). It was seen that peak 

knee abduction during a single leg squat tended to be 3° higher in the high Q-angle 

group, but there was not a statistically significant difference (Pantano et al., 2005).  

To further examine the impact of varying Q-angles on the patella, Huberti et al., 

measured contact pressure on the patella during knee flexion up to 120°, while Q-angle 

was mechanically altered in 12 cadaver specimens (Huberti & Hayes, 1984).  During the 

SLS, 60° knee flexion is typically the position of interest, hence, the pressure under the 

patella  at 60° of knee flexion was examined in the study by Huberti et al (Huberti & 

Hayes, 1984). Contact pressure was measured using Pressure sensitive film, and found to 

be 4.1 megapascals under the patella at 60 ° of knee flexion, with subject’s physiological 

Q-angle (Huberti & Hayes, 1984). Increasing Q-angle  by 10 degrees from physiological 

Q-angle did not significantly change the patellofemoral contact pressure, at 60° of knee 

flexion (Huberti & Hayes, 1984). When Q-angle was decreased by 10°, there was a 41% 

increase in contact pressure at 60° knee flexion. Thereby, we see a weak link between 

increased Q-angle and patella contact pressure. In summary, we see some studies that 
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demonstrate a potential mechanistic link between Q-angle and knee pathology although 

not consistently in the literature. The current study was able to study this relationship by 

examining Q-angle with anterior knee pain.  

In summary, we see that subjects with PFPS display more hip adduction, more 

knee abduction, more hip internal rotation, an ipsilateral trunk lean and a contralateral 

pelvic drop when performing the SLS (Crossley et al., 2011; Levinger et al., 2007; 

Nakagawa et al., 2012; Souza & Powers, 2009) Studies also depict a potential link 

between Q-angle and anterior knee pain (Huberti & Hayes, 1984; Livingston & Mandigo, 

1999; Mizuno et al., 2001; Pantano et al., 2005) 

2.9 Biomechanical Model 

Based on the literature, differences were seen between subjects with PFPS and 

healthy subjects while examining variables such as; contralateral pelvic drop, hip 

adduction, hip internal rotation, knee abduction and quadriceps angle (Crossley et al., 

2011; Levinger et al., 2007; Nakagawa et al., 2012; Pantano et al., 2005; Souza & 

Powers, 2009). To theorize how a few degrees of kinematic differences might affect or 

relate to PFPS, this biomechanical model is constructed.  

1) Q-angle – Pantano et al., categorized subjects into high and low Q-angles in a 

manner such that people with Q-angles greater than 17° were in the high Q-angle 

category (Pantano et al., 2005). It was also seen that on an average subjects had a Q-angle 

of 12.5°. As the subject population in the study by Pantano et al.is similar with regard to 

age distribution to the population to be investigated, these numbers are used to model 

potential effects of Q-angle differences (Pantano et al., 2005).  
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Mean quadriceps force during a squat at 60° knee flexion has been reported as 1174N 

(Besier, Gold, Delp, Fredericson, & Beaupré, 2008). For the biomechanical model, the 

assumption is made that the quadriceps force is considered to be the primary muscle force 

acting on the patella. When the lateral component of the quadriceps force is computed 

(perpendicular to the patellar tendon line), it denotes the lateral displacement force 

potentially acting on the patella. This lateral force component changes with the angle of 

the quadriceps force relative to the patellar tendon axis (Figure 1). 

If quadriceps force is 1174N, then at a Q-angle of 12.5°, the lateral component of 

force would be computed as Flateral = Fquad * Sin (Q-angle) (Figure 1). 

Flateral = 1174* Sin (12.5°) = 254.10 N. 

If the quadriceps angle was increased to 17° to compare how a high Q-angle would affect 

the patella, then the lateral force would be – 

Flateral = 1174 * Sin (17°) = 343.24 N.  

Relative Difference = {(343.24 – 254.10) / 254.10}* 100 

= 35%  

Thus, we can see that with this simulation, an increase of 5.5° in Q-angle increases the 

lateral force acting on the patella by 35%.  

2) Hip Adduction – Hip adduction is measured by the relative angle between the 

pelvis and the femur. Theoretically, if the femur is moving relative to the pelvis with the 

tibia fixed in weight bearing, biomechanically, hip adduction would directly impact knee 

abduction. In functional motion, the tibia is also able to move, however, knee abduction 

typically includes a component of femoral movement due to hip adduction (Figure 2). To 
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examine the amount by which femoral movement affects the knee, knee abduction can be 

studied, as knee abduction incorporates the movement of the femur relative to the tibia. 

Hip adduction will not be directly analyzed in the knee pain model, as it might be highly 

correlated with knee abduction. However, when examining single limb squat mechanical 

relationships to running, it is of interest to determine if femoral movements arising from 

hip adduction are a strong contributor to knee abduction. Hip adduction has been 

implicated in the literature as associated with knee pain (Dierks et al., 2008; Nakagawa et 

al., 2012). However, if hip adduction is not strongly associated with knee abduction 

during running, it suggests knee abduction is increased through foot pronation and tibial 

movement. 

3) Contralateral Pelvic drop – Pelvic drop relative to a laboratory reference frame 

provides information about the position of the ASIS and the PSIS, as well as results in 

hip adduction (Figure 2). Pelvic drop is a measure of pelvic movements in the laboratory 

reference frame and is also referred to as pelvic obliquity. During a single limb squat or 

single limb stance phase of running, the center of mass has to be contained over a narrow 

base of support, as the person is standing on a single foot. To accommodate this, a person 

may use different techniques to maintain balance (Figure 2). The techniques can be the 

knee moving into abduction coupled with hip (femoral) adduction while maintaining a 

level pelvis. A different strategy can be the pelvis dropping on the contralateral side 

coupled with hip adduction, but not increasing the knee abduction. Hence, it is not clear if 

pelvic obliquity is always coupled with knee abduction. However, since it’s only known 
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biomechanical impact would be in altering knee abduction, and knee abduction is already 

being directly measured, it will not be included in the model. 

 4) Knee abduction – Nakagawa et al., saw that subjects with PFPS had 9.2° of 

knee abduction while controls had 5.8° of knee abduction during a single leg squat 

(Nakagawa et al., 2012) 

As the Quadriceps force is transmitted down through the patellar tendon, the 

quadriceps force can again be used for computation in this scenario (Figure 3).  Similar to 

the previous computations, the lateral force acting on the patella for the healthy subjects 

is estimated as: 

Flateral = 1174N * Sin (5.8°) = 118.64 N 

When the knee abduction increases to 9.2°, the estimated lateral force increases to:  

Flateral = 1174N * Sin (9.2 °) = 187.70 N. 

Relative Difference = {(187.70 – 118.64) / 118.64}* 100 = 58 %.  

Thereby, we see an increase of 58% of the lateral force acting on the patella with an 

increase of 3° in knee abduction. A force of 70 to 120 N is reported as required to 

displace the patella laterally (Senavongse et al., 2003), and we saw all the previous 

calculations of lateral force were higher than 120N. Thereby we theorize that even these 

small changes in kinematics could cause changes in lateral force acting at the patella with 

enough magnitude to increase its lateral displacement (Laurin, Dussault, & Levesque, 

1979).  

5) Hip internal rotation – Powers et al., studied hip internal rotation and patellar 

displacement during a single leg squat in an open MRI on six females with PFPS (Powers 
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et al., 2003).  At 30° knee flexion during the SLS, subjects demonstrated about 5° hip 

internal rotation and 60% patellar displacement. Patellar displacement was defined as the 

percentage of the patellar width lateral to the midline (Figure 4). There are no values for 

healthy subjects, so this model can only make relative comparisons. However, the 

potential effect of hip internal rotation can be demonstrated. 

An assumption in this model is that the patella does not move with femoral 

internal rotation, which is a common theory with regard to patellar dysfunction. If the 

patella width is 1.6 cm, then the midline is 0.8 cm from the lateral patella.  When the 

femur rotates internally, towards the right in this depiction; then a line bisecting the 

center of the femoral groove (Figure 4), moves medially relative to the patellar midline 

by 0.3 cm. These measurements are taken from the image proportions provided in Figure 

10 by Powers et al (Powers & Ward, 2003) as no anatomical data is available. Thus, we 

see that there is 37% change ((0.3/0.8) * 100) in patella displacement with a 5° hip 

internal rotation change. This magnitude is again similar to those presented above based 

on quadriceps line of action changes. 

To assess the variables that are related to development of anterior knee pain, only 

those variables that have a direct effect on lateral pull on the patella and position of the 

patella in the biomechanical model were utilized. As Q-angle and static knee abduction 

are both related to position of the patella during standing, and both are measures of 

anatomical alignment, they are expected to be highly correlated. As such, the relationship 

between Q-angle and anterior knee pain was assessed. As knee abduction excursion and 

hip internal rotation excursion are related to pull on the patella and position of the patella 
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in the femoral groove during dynamic activities, the relationship between these variables 

and anterior knee pain were assessed.  

The variables to be utilized to examine the relationship between single limb squat 

and running are discussed below. Single limb squat is a clinical tool commonly used to 

asses runners with knee pain (Plastaras & Rittenberg, 2005). In some cases, because of 

ease of visual assessment, clinicians are using a single limb squat instead of examining 

running mechanics to indirectly assess the mechanics that may cause knee pain. Hence, 

this hypothesis is to study if single limb squat and running mechanics are similar. 

Common variables visually examined during a single limb squat are pelvic drop, hip 

adduction and knee abduction. In addition, hip internal rotation is of interest, though less 

easily assessed visually. Hence, according to the hypothesis, knee abduction excursion, 

hip adduction excursion and hip internal rotation excursion during single limb squat will 

be related to knee abduction excursion during running. The reason for selection of the 

single limb squat variables is discussed below. Based on the biomechanical model and 

literature (Hewett et al., 2005; Mizuno et al., 2001), there is likely to be association 

between, hip adduction during single limb squat and Q-angle. If statistical analysis 

confirms significant correlations (r >0.7) between hip adduction during SLS and Q-angle, 

then the variable that will be entered in the relationship regression model will be hip 

adduction. This is due to the reasoning that Q-angle is a static variable and not measured 

during the dynamic activity of interest. Hip adduction during SLS is also important to 

consider in this regression model (but not the pain regression model) as it provides 

information about how much hip movement is contributing to knee abduction apart from 
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tibial movement and foot pronation.  Hip internal rotation during SLS is also of primary 

interest with regard to the likely influence on the position of the patella with respect to 

femur. Knee abduction excursion during SLS will also be a variable of interest as it takes 

into account the movement of the tibia, but it will also likely be correlated with hip 

adduction angle. If the knee abduction and hip adduction are highly correlated (r> 0.8), 

then knee abduction will be applied in the model, as knee abduction takes femoral 

adduction into consideration. This model takes into account mainly the variables related 

to the hip. This is due to the reasoning that weak hip abductor strength has been 

associated with knee pain (Bolgla et al., 2008; Niemuth et al., 2005; Souza & Powers, 

2009). If it is demonstrated that hip kinematics are strongly associated with knee 

abduction, we can support the considering hip interventions to prevent or treat knee pain.  

In summary, how changes in kinematic variables might mechanistically contribute 

to development of knee pain and PFPS is illustrated. The small changes in kinematics 

that are seen in subjects with PFPS are illustrated to demonstrate their impact at the knee. 

Although the change in kinematics in the injured population varies by a small magnitude 

(3-5°), the estimated impact on the patella changes by 35- 50%. Thus, we can understand 

the importance of examining the hip adduction, knee abduction, and hip internal rotation 

angular variables. 

2.10 Gap in literature  

In summary, we saw that runners with knee injuries display similar kinematic 

alterations while running and during a SLS. During running, they show greater hip 

adduction and greater hip internal rotation  (Dierks et al., 2008; Souza & Powers, 2009a; 
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Willson et al., 2008b). Similar hip kinematic alterations were also found to occur when 

subjects with injuries performed the SLS. The SLS performance depicted greater hip 

adduction, more knee abduction, more hip internal rotation, contralateral pelvic drop, and 

ipsilateral trunk lean in those with PFPS (Crossley et al., 2011; Levinger et al., 2007; 

Nakagawa et al., 2012; Souza & Powers, 2009; Willson et al., 2008). So, we see similar 

mechanics being displayed overall during both the activities. However, the two tasks 

have never been directly compared in the same subjects. So, when a clinician conducts an 

analysis of the SLS, how strong is the relationship between a person’s performance on 

the SLS and their running kinematics? Based on how a person performs the SLS, can we 

reasonably predict if they will perform poorly during running? These are important 

considerations in need of further investigation.  

Finally, all studies to date have been cross-sectional in nature and only examined 

the kinematics after injury occurred (Bolgla et al., 2008; Crossley et al., 2011; Souza & 

Powers, 2009; Willson et al., 2008; Willson & Davis, 2008b). Thereby, the difference in 

kinematics is not known to be causative or compensatory. Prospective studies need to be 

conducted to bring out this difference. If kinematics in runners are examined before they 

get injured, we can determine if their kinematics were different before injury or changed 

due to the occurrence of an injury. 

When studying running kinematics, if we can find out if these frontal plane and 

rotational variables are different among runners that subsequently develop knee 

symptoms, we can use these kinematic assessments to predict the risk of injury. This 
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would be a major contribution to the understanding of lower extremity injury risk during 

running.   
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3 METHODS 

3.1 Subjects 

Forty four subjects consisting of 14 males and 30 females of ages ranging from 18 

to 32 (mean 20.56 ± 2.03 years) volunteered for this study and completed adequate 

follow-up testing for inclusion. Subjects were recruited from the “PE 1262- Marathon 

Training” Physical Education course that is conducted at the University of Minnesota 

Twin Cities campus. The criterion for enrollment in the class was a physician’s approval, 

the ability to run a 2-mile time trial (no requisite times, just completion), and 

commitment to complete a marathon and associated performance testing as an 

expectation of the class. The exclusion criteria for the class were information on the 

physical or injury history information indicating an inability to sustain the required 

training for the class. Students from the class were given an opportunity to volunteer for 

the study with no bearing on class performance Three-dimensional running and SLS 

activity was recorded for 70 subjects, who initially consented. Five subjects dropped out 

of the class and did not complete any of the follow up surveys. Knee pain follow up 

surveys were administered at three time points to the students enrolled in the class. Sixty 

three of the remaining subjects completed the follow up surveys at least once during the 

three time points. Forty four of the subjects enrolled completed the follow up surveys at 

all three time points. Forty eight subjects completed the surveys at least twice during the 

three time points.  Of these 48, four subjects were not processed due to technical issues, 

such as: force plate data not synchronized with camera system for three of those subjects 

and marker data missing for one anatomical marker for one subject. The study consisted 
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of 44 subjects who completed the follow up surveys at least twice and recorded 3D SLS 

and running kinematic and kinetic data. To define knee pain, reporting knee pain at least 

twice was one of the three criteria, to obtain subjects who had consistent knee pain, and 

include a greater number of subjects, compared to those subjects who reported knee pain 

at all three time points. There were only 11 subjects who reported knee pain at all three 

time points, whereas there were 27 subjects who reported knee pain at least twice. To 

include more subjects in the knee pain category and to balance the sample sizes in the 

pain and no pain groups, the criterion of reporting knee pain at least twice was used in the 

current study.  

There were 21 subjects who were not included in the analyses, and they had no 

history of PFPS or IT band syndrome. Among the 21 subjects not included in the 

analyses, only four subjects reported knee pain at least twice, 11 reported an anterior 

location of knee pain at least once, and 12 subjects answered the “non-pain free options” 

in the critical questions of the Kujala questionnaire at least once. Among the 21 subjects, 

four subjects would have been categorized in the pain group in the current study, as they 

had a) anterior location of knee pain at least once, b) answered the “non-pain free” 

options at least once and c) reported knee pain at least twice.  However, these subjects 

could not be included in the study as the force plate data was not obtained during SLS 

activity. 

Descriptive data for final sample demographics of the 44 subjects and anterior 

knee pain are presented in Table 1. Subjects were asked to fill out questionnaires 

regarding their demographics, injury history, use of orthotics, etc. (see Appendix A). The 
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physical activity level of the subjects was also recorded. Any history of lower extremity 

surgery or pathologies, such as patellofemoral pain syndrome, illiotibial band pain, 

anterior knee pain, or ankle instability, within the last 1 year was also recorded using the 

questionnaire. An informed consent form approved by the Institutional review board of 

the University of Minnesota and was signed by the participants (Appendix B).   

3.2 Instrumentation 

An eight camera motion analysis system (240Hz, Vicon Motion Analysis Inc., 

Oxford, UK) was used to obtain the three dimensional (3D) kinematics during the testing. 

The accuracy and precision of the Vicon system depends on many variables such as 

camera position, lens distortion, camera configuration, set up volume, calibration 

procedure and so on. The accuracy of a Vicon 460 system in 2008 was found to vary 

between 76 to 129µm (Windolf, Götzen, & Morlock, 2008). The Vicon MX system used 

in this study is a newer system compared to the Vicon 460; hence the accuracy for the 

Vicon MX is expected to be higher. The cameras used in the Vicon system for this study 

have resolution of 4 megapixels.  Fourteen mm reflective markers were placed on the 

lower extremities. Anatomical markers were placed bilaterally on the anterior superior 

iliac spine, posterior superior iliac spine, greater trochanter, lateral and medial femoral 

epicondyle, lateral and medial tibial plateau, first and fifth metatarsal heads and lateral 

and medial malleoli (Wu et al., 2002). Tracking markers were placed at the heel of the 

shoe, a lateral part of the shoe approximately 1 inch below the lateral malleoli, the lateral 

aspect of the thigh and anterior tibia, to fulfill the kinematic requirement that at least 3 

markers should be placed on a segment to define a 3D reference frame (Zatsiorsky, 
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2002). The International Society of Biomechanics (ISB) recommends placing markers on 

the medial femoral epicondyle and medial malleoli, but the medial markers don’t stay on 

the skin as subjects run and so these markers were placed only for the static capture.  

The data capture volume encompassed a treadmill and a force plate behind it. To 

accurately obtain three dimensional data, the cameras were positioned around the 

treadmill and force plate to ensure that each reflective marker was seen by at least three 

cameras throughout the activities. This was verified by manually placing a dummy 

subject with markers doing the activities while examining the camera view for all the 

Vicon cameras. Prior to data collection, the origin of the volume, which defines the 

camera X, Y and Z axes was defined by placing the calibration wand at the center of the 

volume. When the subjects is standing on the treadmill, the origin of volume was set such 

that positive X axis was be the subject’s anterior axis, positive Y axis was the subject’s 

vertical axis, and positive Z axis was subject’s lateral axis.  The calibration wand was 

placed at a location such that all the cameras saw all the markers on the wand. The 

calibration wand is a modified version that can be used for static and dynamic calibration 

(Appendix 14-1). During static calibration, the long arm of the wand denotes the positive 

direction of the Y axis, while the short arm of the wand denotes the positive direction of 

the X axis. The wand has reflective markers attached on both the arms. During static 

calibration, this wand is placed at the point of origin to let the computer know the origin 

of the global coordinate system. Then, dynamic calibration is conducted using this wand 

by waving the wand in different directions and angles such that it covers the volume in 

which the subject was tested. While the calibration wand moves through the desired 
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volume, each camera sees the markers on the wand. The computer combines the 

information received by all the eight cameras to compute the location and position of the 

cameras in space. Once this calibration procedure was completed, the camera system was 

ready to collect data.  

Ground reaction force data was collected using a single Bertec Force plate 

(1080Hz, 0.5 mV/N sensitivity, 600x400x100 mm, Bertec Corp, Ohio). The Force plate 

was not embedded in the floor. The manufacturers do not recommend non-embedded 

force plates as they may move during large shear forces. As the single limb squat is not 

very dynamic and does not involve large shear forces, this set up was not believed to 

affect the accuracy of the force plate. Tape was placed to accurately locate the position of 

the Force plate and identify if there was any movement of the force plate. The single limb 

squat was performed on the force plate.  

The Vicon nexus software (version 1.7.1) was used to synchronize and collect 

both kinetic and kinematic data. The VICON Analog to digital converter was used to take 

in the analog data from the force plate and Vicon cameras to a single computer. During 

data collection, the Vicon nexus software combined both source data sets while triggering 

the start and stop. The Force plate data was collected at 1080Hz while the camera data 

was collected at 270Hz. The sampling rate of the force plate is a multiple of the camera 

sampling rate so that it is easier to synchronize.  

A goniometer was used to measure the Quadriceps angle (Q-angle). A Universal 

Dial caliper (Brown and Sharpe, RI, USA) was used to measure navicular height of 

subjects.  
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3.3 Protocol 

The protocol involved five visits by the subjects. During the first visit, the 

subjects were asked to run a timed two mile run. The time taken to complete the two 

miles was recorded as part of the training class. The total time was converted to a pace in 

miles/hour, assuming consistent pace.  Kinematic (single leg squat and treadmill running) 

and questionnaire data was collected during the second visit. During the second visit, 

subjects were provided with spandex shorts to wear during testing and a sports bra for 

women or no shirt for men. This helped in accurately placing reflective markers on 

anatomical locations. Subjects were asked to wear their own running shoes to simulate 

their normal running patterns.  

The quadriceps angles followed by navicular height were measured on both legs 

of each subject. Subjects were asked to stand in relaxed bilateral stance. The quadriceps 

angle was measured by placing the center of the goniometer on the center of the patella. 

One hand of the goniometer was aligned with the tibia while the other points to the ASIS 

(Herrington, 2013). To measure navicular height, subjects were asked to stand barefoot 

with equal weight distribution on both legs for accurate measurement while one end of 

the caliper was placed on the floor, and the other end was on the navicular tuberosity. 

This distance was recorded as the navicular height (Nilsson, Friis, Michaelsen, Jakobsen, 

& Nielsen, 2012). This was normalized by the subject’s foot length which was measured 

by drawing the subject’s foot print on paper. Following this, reflective markers were 

placed on the subject using double sided tape. To ensure that the markers stayed fixed, 
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the skin was shaved before taping the markers if necessary. After all the reflective 

markers were placed on the subject, the participant was asked to stand still for 3 seconds 

to obtain a static capture.  This static capture data was used to align the anatomical and 

tracking reference frames. 

The testing protocol involved the subjects performing two activities; a single limb 

squat and a treadmill run. For the single limb squat, the subject balanced on one leg and 

squatted down and returned to the starting position. The SLS was performed to 

approximately 60° of knee flexion (Claiborne et al., 2006; Nakagawa et al., 2012; Shields 

et al., 2005; Willson et al., 2008; Willson & Davis, 2008b). To ensure the subjects 

squatted to the desired angle of knee flexion, a goniometer was used to identify the 

desired angle in a practice trial. A setup shown in Figure 5 was used to standardize the 

degree of knee flexion for all subjects. A string was tied around the PVC pipes at the 

height of a subject’s gluteals when their knee flexion reached 60°. This string was 

adjustable for each subject. This set up ensured that all subjects were reaching to the 

same range of knee flexion.  

Subjects performed 3 non-continuous single limb squats, where the cadence was 

aided by a metronome set at 60 beats per minute (Wouters et al., 2012). Subjects squatted 

down during a 2 second period and returned to a standing position during a 2 second 

period (Nakagawa et al., 2012). After the SLS data was collected, subjects were provided 

with a brief rest (up to 5 minutes) and proceeded to the treadmill test. Subjects were 

asked to walk and subsequently run on a treadmill based on the pace of the subject’s 

previously assessed two mile run. Initially, subjects warmed up by walking on the 
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treadmill at 3.1 miles/hour for 1 minute, followed by jogging at a pace which was 65% of 

their two mile pace for 6 minutes. After the jog, subjects ran at 100% of their two mile 

pace for 3 minutes. Data were collected over the last 10 seconds of the running phase.  

The second visit ended by subjects filling out a questionnaire (Appendix C). During the 

third, fourth and fifth visits, subjects were asked to fill out only the questionnaires. The 

third visit was 8 weeks after the kinematic data collection. The fourth visit was 13 weeks 

after the kinematic data collection and the fourth visit was 20 weeks after the kinematic 

data collection.  

Reliability testing was conducted for measuring Q-angle and navicular height. Q-angle 

and navicular height were measured 3 times on 5 healthy subjects, who were not included 

in the overall study. The measures were taken in a single session, with a span of 5 

minutes between measures. To ensure that the tester was blinded to the readings, a piece 

of tape was used on the goniometer to occlude the tester from having knowledge of the 

reading. Since, the tester could not read the measurements, two readers were assigned to 

note down the measurements, so that subsequent measures could be taken with the same 

equipment. Reliability was examined using a Type 1,1 Intraclass correlation coefficient 

(ICC) and the standard error of measurement (SEM). The ICC model used a one way 

ANOVA (Analysis of Variance) with subjects as the factor, and the SEM was calculated 

as the square root of the within subject variance from the ANOVA model. The ICC for 

Q-angle was 0.94, indicating it was a highly reliable measure (Appendix 15-1). ICC for 

navicular height could not be calculated as there was no significant variance between 

subjects, and as the ICC is a ratio of between subject error and within subject error, the 
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ICC calculated would not accurately represent the reliability of the measure (Portney & 

Watkins, 2000) The standard error of measurement for navicular height was 4.37% of 

foot length in centimeters (Appendix 15-1).  

3.4 Data Analysis 

3.4.1 Treadmill running analysis 

Raw 3D kinematic data were processed using the VICON Nexus software 

(version 1.7.1). The raw kinematic data were processed with a 12hz  4
th

 order low pass 

Butterworth filter (Wouters et al., 2012). Missing marker trajectories were filled using the 

pattern method, where another marker having a similar trajectory was used as a source to 

predict the missing trajectory. After the 3D marker coordinate positions are obtained in a 

time history, local coordinate systems were created for the trunk, pelvis, thigh, and shank 

based on the ISB recommendations (Wu et al., 2002, 2005). Data were obtained on both 

left and right lower extremities. Since, analysis on both sides would provide non-

independent data, the left lower extremity was chosen to be analyzed based on higher 

incidence of knee pain compared to the right.  Motion Monitor C3D model builder 

(Innovative Sports Training, Chicago IL) was used to calculate joint angles. The software 

was provided with information regarding the markers that define a segment for each 

segment such as the foot, shank, thigh and pelvis. The static alignment file was used to 

build anatomical coordinate systems for each of these segments. Similarly, tracking 

coordinate systems were built for each segment during a movement trial. Motion monitor 

identifies the anatomical coordinate system in relation to the tracking coordinate system. 

The movement trials had the tracking coordinate system transformed to align with the 
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anatomical coordinate system. The joint angles between these segments were then 

computed to produce ankle angles, knee angles and hip angles in three dimensions, based 

on anatomically meaningful reference frames. 

For the thigh coordinate system, the hip joint center was calculated using the Bell 

method (T. P. Andriacchi, Andersson, Fermier, Stern, & Galante, 1980; T. Andriacchi, 

1982; Bell, Brand, & Pedersen, 1989; Bell, Pedersen, & Brand, 1990). The Bell method 

is a method of predicting the hip joint center based on the location of left and right ASIS 

markers and an equation expressed as a percentage of ASIS-ASIS separation (Bell et al., 

1989). The thigh coordinate system was then defined using the hip joint center, and the 

lateral and medial femoral epicondyle markers from the static capture (Appendix 14-3). 

A transformation matrix was computed for the movement trials by realigning the tracking 

frame with the anatomical frame (Zatsiorsky, 2002). 

To compute the joint angles, the order and sequence of rotation of the 

transformation matrix was Z, X’, Y”, meaning the matrix rotated about the sagittal plane 

first, then frontal plane (original axis orientation) and then transverse plane (original axis 

orientation). The 2
nd

 and 3
rd

 rotations are about axes that have already rotated. The angles 

α, β and γ are the degree of rotation about the X, Y, and Z axes respectively. The 

alignment of the X axis was positive in the anterior direction, the Y axis was positive in 

the superior direction and the Z axis was positive to the right side of the subject. 

The transformation matrices for each of the segments was calculated using the 

formula (Zatsiorsky, 2002) - 

R z, x, y (γ, β, α) =  
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[ (sin α)(sin β)(sin γ)+ (cos α)(cos γ), (sin α)(sin β)(cos γ) -  (cos α)(sin γ), (sin α)(cos β) ;                                                                                                                                 

(cos β) (sin γ),                              (cos β)(cos γ),                                       -(sin β)  ; 

(cos α)(sin β)(sin γ)- (sin α)(cos γ),  (cos α)(sin β)(cos γ)+ (sin α)(sin γ),  (cos α)(cos β)] 

Based on the transformation matrix, the Cardan angles were extracted using the 

equation 

When the transformation matrix is  

R z,x,y (γ,β,α) = [ r11, r 12, r13 

                           r21, r22, r23; 

                           r31, r32, r33] 

the angles can be extracted by  

β = arctan2 (-r31, √r2
11+r

2
21) 

α = arctan2 (r21/cos β, r11/cos β) 

γ = arctan2 (r32/ cos β, r33/ cos β) 

These angles provide us with the information regarding how much the segment moved in 

degrees (Reinschmidt, 1996).   

The conventions of 3D kinematic angles were defined by the right-hand rule, 

therefore, for the left lower extremity, hip abduction; hip external rotation, hip flexion, 

knee extension, knee external rotation, and knee abduction were positive rotations. The 

kinematic variables were normalized to the subject’s stance phase. The stance phase 

during running was defined from heel strike to maximum knee extension.  The vertical 

coordinate data of the reflective marker on the left heel was used to identify heel strike, 

as it reaches its lowest value at heel strike. During running, a toe marker could not be 
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placed as the marker would not stay on the shoe, so maximum knee extension was used 

to define the end of stance phase. Six stance phase cycles were obtained for the left leg. 

Excursion for each variable was defined by two time points, heel strike and maximum 

value of each dependent variable during stance phase. The rotation matrices of the hip 

and knee at these two points were obtained and displacement matrices were calculated by 

dividing the heel strike rotation matrix from the maximum value matrix. The angles 

extracted from the displacement matrix provided the excursion values for each variable. 

The excursion values were obtained for each of the 6 stance cycles and then averaged for 

each subject. To depict patterns of movement, multiple stance cycles were averaged at 

every 5% of the stance cycle for 6 stance cycles. This produced an ensemble average 

stance cycle for each subject and a similar method was used to obtain stance cycles for all 

subjects. The variables of interest from the running trials were hip adduction excursion, 

knee abduction excursion, and hip internal rotation excursion, during the stance cycle. 

Additional exploratory analysis was conducted to examine any effect of other 

variables on anterior knee pain based on the related literature. Variables of interest were 

knee abduction angle and hip internal rotation angle occurring at peak knee flexion 

during running. Peak knee flexion, knee abduction and peak hip internal rotation angles 

occurring during stance phase were also examined. 

3.4.2 Single limb squat analysis 

The 3D kinematic and kinetic data of the single limb squat were analyzed with a 

12Hz cut off frequency  4
th

 order low pass Butterworth filter (Wouters et al., 2012). The 

analysis of the single limb squat included the combination of the descent phase and the 
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ascent phase. The descent phase started when knee flexion changed by more than 2° and 

the ascent phase ended when maximum knee extension was attained by the subject. 

Excursion for each variable was defined by two time points, the static trial (when the 

subject was standing upright in double limb support and the knee was extended) and at 

the maximum value of each dependent variable during the squat cycle. Standing in single 

limb support with knees extended was not used as the initial time point of excursion as 

subjects simultaneously transitioned to single limb support and started the descent phase 

by flexing their knees. Hence a frame of subjects with single limb support and knees 

extended was not obtained to be used as the initial time point of excursion. The rotation 

matrices of the hip and knee at these two points were obtained and displacement matrices 

were calculated by dividing the static frame rotation matrix from the maximum value 

matrix. The angles extracted from the displacement matrix provided the excursion values 

for each variable. The excursion values were obtained for all three trials and then 

averaged for each subject. The variables of interest during the SLS were the hip 

adduction excursion, knee abduction excursion, and hip internal rotation excursion during 

the single limb squat.  

Force plate data were used to obtain hip and knee moments during the single limb 

squat. Inverse dynamic calculations were utilized to obtain moments from ground 

reaction forces (Winter, 2004). The known or calculated variables that were applied in 

the inverse dynamic calculations were: the ground reaction force (GRF) obtained from 

the force plate, the body weight obtained from the vertical component of the GRF, body 

segment weights and lengths calculated from standardized anthropometric measurements 
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(Winter, 2004), joint centers and accelerations of segments calculated from kinematics. 

The moments were normalized to body mass (BM) (Moisio, Sumner, Shott, & Hurwitz, 

2003; Riley et al., 2008). The moments were first computed on the distal segment such as 

the ankle and then translated proximally using a standard link segment inverse dynamic 

approach. Motion Monitor c3d model builder (Version 8.88, Innovative Sports Training, 

Chicago IL) software was used to obtain joint angles and joint moments.  The moments 

of interest were hip extension moment, hip abduction moment and knee adduction 

moment.  

Additional exploratory variables of interest during the SLS cycle were knee 

abduction angle and hip internal rotation angles occurring at peak knee flexion. Other 

variables of interest were: Peak knee abduction and Peak hip internal rotation angles 

occurring during the single limb squat cycle, Hip frontal plane moment and knee frontal 

plane moment occurring at peak knee abduction.  

3.4.3 Covariates 

Covariates explored were sex, navicular height as a percentage of foot length, foot 

strike types and menstrual phase. Menstrual cycle was categorized into three phases 

(Follicular, Ovulatory and Luteal). Subjects filled out a survey mentioning their date of 

their last period. Follicular phase was defined by days 1-10 from first day of period. 

Ovulation was calculated as 14
th

 day from 1
st
 day of period and the Ovulatory phase 

includes 3 days prior to and including the 14
th

 day. Luteal phase was calculated as 15
th

 

day to the next period (Karageanes, Blackburn, & Vangelos, 2000). Menstrual cycle 

phase for each subject was calculated on the day of kinematic data collection.  Foot strike 
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type was categorized into two categories: 1) Rear foot strikers and 2) forefoot/midfoot 

strikers, as 3D video was not available to identify midfoot strikers. The categorization 

was based on vertical trajectory of heel and fifth metatarsal markers. Rearfoot strikers 

were defined by the heel marker striking the treadmill before the fifth metatarsal marker. 

Forefoot and midfoot strikers were defined by the fifth metatarsal marker striking the 

treadmill before the heel marker. 

3.4.4 Pain Classification 

Responses to the three follow up surveys were used to define knee pain 

classification. To focus on variables that best identify subjects with anterior knee pain, 

answers to critical questions: 1(limp), 4 (climbing stairs), 6 (running), 8 (prolonged 

sitting with knees flexed), 9(pain) and 11 (abnormal painful patellar movement) in the 

anterior knee pain survey were examined (Kujala et al., 1993). Subjects could respond to 

these questions with no pain or different degrees of pain, which varies for each question, 

hence, the response, can be notated as pain free or non-pain free options. These questions 

were selected as most distinguishing patella-femoral pain questions (Kujala et al., 1993) 

Subjects who fulfilled all of the following three conditions were categorized as being the 

anterior knee pain group: 1) Subjects who responded yes to experiencing knee pain in 

two or more follow up surveys, 2) Subjects who reported an anterior location of knee 

pain at least once during surveys, 3) Subjects who filled out the “non-pain free” options 

for the six critical questions in the Kujala questionnaire at least once. These three 

classifications were utilized to classify subjects who experienced anterior knee pain. 
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Subjects not meeting these criteria, but having completed all follow-up surveys were 

classified as the no-pain group.    

3.5 Statistical Analysis 

Descriptive statistics for all the lower extremity kinetics and kinematics were 

obtained. The running and SLS kinematics were normalized to the stance cycle and the 

squat cycle respectively. Running kinematics were normalized to 100% of the stance 

cycle. To determine the reliability of measuring the variables of interest in the SLS trials, 

and to determine the number of trials to analyze, Interclass correlation coefficient and 

standard error of measurement were measured on 5 SLS trials for 10 subjects Table 2.. 

The interclass correlation coefficient and standard error of measurement of the 5 SLS 

trials across 10 subjects demonstrated that the 5 trials produced similar results. This 

supported averaging three trials for the study should provide adequate representation of 

the five trials.   

Prior to running a regression analysis, tests were conducted to ensure that all the 

assumptions for linear regression were met.  During regression analysis, a plot of the 

outcome vs predictors was visually examined to test for linear relationship. Levene’s test 

was conducted to ensure homogeneity of the variances of the variables. Pearson’s 

correlation coefficient was computed to examine the independence of the variables. If 

variables had a correlation greater than 0.7, then those variables that had a stronger 

biomechanical relationship with the response variable were included in the model, and 

the other associated variables were removed from the model (Mukaka, 2012). Thus, all 
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the independent variables included in the regression model met the assumptions of 

linearity, constant variance and independence.  

Outliers were detected by standardized residual values greater than 3.29. If 

outliers existed, then Cook’s distance and leverage values were calculated to examine the 

influence of the outliers on the model. If the Cook’s distance was greater than 1 and the 

leverage value was greater than twice (K+ 1/n), then those variables were further 

examined as having an influence over the model. Here, K is the number of predictors, and 

n is the sample size of the model. If all these values indicated a subject was an outlier, 

then, they were further studied as to the reason for being an outlier. No outliers were 

detected to have an excess influence over the model in this study.  

 Variance inflation factor and tolerance statistics were computed to assess 

collinearity. If the average variance inflation factor is higher than 1, then the regression 

may be biased. Tolerance below 0.1 indicates a serious problem with collinearity (Field, 

Miles, & Field, 2012). These methods helped identify possible collinear variables in the 

regression model.  

Covariates such as sex, navicular height and foot strike types were added in the 

regression model if determined that they had an association with the dependent variables 

(r > 0.5). Sex and Foot strike types are dichotomous variables and were analyzed in a 

similar manner. Significant difference across the pain and no pain groups were tested 

using Pearson’s Chi-square test, and if the p value was less than 0.05, then the covariates 

were applied to the Specific Aim 3 models. Correlation between the dichotomous 

covariates and knee abduction excursion during running was tested using point biserial 



55 

 

correlation tests, a test used for correlations between dichotomous and continuous 

variables.  

3.5.1 Hypothesis testing 

Specific Aim 1: Determine if three-dimensional lower extremity kinematics during a 

SLS are associated with lower extremity kinematics during treadmill running. 

Hypothesis 1 (a-b) were tested using linear univariate regression models. The 

statistical model for Hypothesis 1a is – 

Running knee abduction excursion = SLS knee abduction excursion + Error 

Hypothesis 1(c) was tested using a multivariate regression model. Pearson correlation 

tests were conducted and the predictor variables of running knee abduction excursion 

were not correlated, higher than 0.70 with each other (Table 3).  

Specific Aim 2: Determine if three-dimensional lower extremity kinetic parameters of 

the single limb squat strengthen the relationship between medial-lateral and axial 

lower extremity running kinematics? 

      Hypothesis 2(a) was tested using multivariate regression. Based on 

the biomechanical model, hip abduction moment and knee adduction moment occurring 

at peak knee abduction angle during the SLS were applied in this regression model. 

However, knee abduction excursion and knee adduction moment were highly correlated 

(-0.86). To determine the variable to be included in the model, Pearson’s correlation test 

was conducted and knee abduction excursion during SLS had a higher correlation (r = 

0.18) to knee abduction excursion during running (outcome) than knee adduction moment 

at peak knee abduction angle during SLS (r = -0.01). So, the multivariate regression 
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model did not include knee adduction moment. The kinematic variables to potentially be 

included in the model were hip adduction excursion, hip internal rotation excursion and 

knee abduction excursion.  As the sample size was 44 subjects, and multivariate 

regression rule of thumb is 1 predictor for every 15 samples, only 3 predictors were 

included in this hypothesis (Brooks & Barcikowski, 2012). To restrict the number of 

predictors, the model was hypothesized to include only those two kinematic variables 

with the strongest association with running knee abduction excursion. Since, hip 

adduction excursion in SLS had the weakest relationship with running knee abduction 

excursion (r = 0.02); it was not included in the model.    

The multivariate regression equation is  

Running knee abduction excursion ~ SLS knee abduction excursion + SLS hip internal 

rotation excursion + Hip abduction moment at peak knee abduction angle + Error 

 

Specific Aim 3: Determine if either running or single limb squat kinematics, or single 

limb squat kinetics will be associated with development of self-reported anterior knee 

pain during the course of a marathon training program? 

Hypothesis 3(a-c) were tested using a logistic regression model. Levene’s test was 

conducted between knee pain and each of the predictor variables to test for homogeneity 

of variance. Pearson correlations assessing correlations between predictors are provided 

in Table 4.  For Hypothesis 3c, two strongest SLS kinematic variables were added to the 

model. As Q-angle (r = -0.03) and hip adduction excursion during SLS (r = 0.07) had 

weak correlations with knee pain, these kinematic variables were excluded from the 
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model. While including the kinetic variables, knee adduction moment occurring at peak 

knee extension moment during the SLS was highly correlated to knee abduction 

excursion during the SLS (r =-0.86). Point biserial correlations were conducted and knee 

adduction moment occurring at peak knee extension moment had stronger correlation 

strength (r = -0.21) to knee pain (outcome variable) than knee abduction excursion during 

the SLS (r = 0.17). Hence, Hypothesis 1c analysis did not include knee abduction 

excursion during SLS.   The multivariate logistic regression equation for Hypothesis 3c is 

Knee pain ~ SLS hip internal rotation excursion + hip frontal plane moment at peak KEM 

+ knee adduction moment at peak KEM + Error 

3.5.2 Exploratory Analysis 

As the previous hypotheses did not include some key variables proposed to have 

association to knee pain, an additional exploratory analysis was conducted. Stepwise 

regression analysis was conducted to determine any additional variables associated with 

knee pain. A backward stepwise method was conducted as a forward method has a higher 

risk of making a Type II error (Field et al., 2012). Forward stepwise methods are more 

likely to exclude predictors that have a suppressor effect (effect that occurs when a 

predictor has an effect but only when another variable is held constant). Prior to stepwise 

regression, Pearson's correlation tests were conducted to identify variables highly 

correlated with each other. If correlation strength higher than 0.7 existed, then, the 

variable with higher Point biserial correlation with the outcome variable was included in 

the model.  
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Previous studies have typically examined group comparisons, by comparing the 

kinematics and kinetics between subjects with patellofemoral pain or anterior knee pain 

and those without pain (Souza & Powers, 2009; Willson & Davis, 2008a; Willy et al., 

2012; Wirtz, Willson, Kernozek, & Hong, 2012). Univariate t-tests were conducted 

between the single leg squat variables and running variables between the pain and no pain 

groups. 
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4 RESULTS 
 

Demographic data of the subjects are provided in Table 1. Amongst the 44 subjects, 

68% were females. Two of the 44 subjects were fore/midfoot foot strikers, and both were 

in the no-pain category. Menstrual cycle information was acquired for 29 females and 16 

were in luteal phase, 10 in follicular phase and 3 in ovulatory phase on the day of their 

testing. Only three subjects reported a history of PFPS or IT band syndrome out of the 44. 

Of these three subjects, only one subject was in the pain category (Table 1).  

Summarizing knee pain incidence in the three follow up surveys, 26 of the 44 subjects 

reported experiencing knee pain at least twice during the marathon training. Eleven of the 

44 subjects reported experiencing knee pain at all three follow up surveys during training. 

Summarizing the anterior knee pain questionnaire, 27 subjects completed the 

questionnaire at the 1
st
 follow up, 25 subjects completed it at the 2

nd
 follow up and 18 

subjects reported it at the 3
rd

 follow up. Twenty-five subjects reported an anterior location 

of their knee pain at least once during their follow up surveys. Thirty-two subjects filled 

out the critical anterior knee pain questions at least once during the follow up surveys, 

with pain scores. The average numeric pain scale (0-10) reported during the 1
st
 follow up 

was 3.48, 2
nd

 follow up was 5.16, and 3
rd

 follow up was 4.23. Twenty subjects were 

classified in the anterior knee pain group, and 24 in the no pain group. 

Hip and knee running kinematics of all the subjects are depicted in Figure 6-11. 

The subject graphs are displayed based on sex and pain category. During the stance phase 

of running, the subjects in both pain and no pain categories and both sexes display similar 

patterns where, the hip is flexed at heel strike and continues extending and is in an 



60 

 

extended position at the 100 percent of stance phase (Figure 6). In the frontal plane, all 

subjects in both categories also display similar patterns, where the hip is slightly adducted 

at heel strike and goes into more adduction. The hip starts abducting shortly after peak 

knee flexion, and is close to a neutral position at 100 percent of stance phase (Figure 7). 

In the transverse plane, there is no discernable pattern across the sexes and pain 

categories. However, in most of the subjects the hip is internally rotated at heel strike and 

throughout the stance phase, the hip fluctuates between slight external rotation and slight 

internal rotation (Figure 8). At 100 percent of stance phase, the hip is externally rotated 

(Figure 8). Hip internal rotation at heel strike is contradictory to typical patterns of gait; 

hence recent literature was examined to ensure subjects in the current study are 

representative of the typical healthy population (Appendix J). Based on reviewing the 

literature, we see healthy subjects have similar patterns of hip internal rotation during 

heel strike as subjects in the current study. While examining knee sagittal plane motion, 

all subjects displayed similar patterns, where the knee is extended at heel strike and 

continues flexing until it reaches maximum knee flexion and then goes back to extension. 

The knee is fully extended 100 percent stance phase (Figure 9). In the frontal plane, not 

all subjects behave in the same manner, however for most of the subjects; the knee is 

slightly adducted at heel strike, and goes into knee abduction. At 100 percent stance 

phase, the knee is close to neutral (Figure 10). In the transverse plane, there is no 

discernable pattern across all subjects. Most of the subjects do depict the knee being 

externally rotated at heel strike and going into lesser external rotation after heel strike. At 

the 100 percent stance phase, the knee is more externally rotated (Figure 11). 
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Typical hip and knee kinematics of five subjects during a single leg squat are 

displayed in Figure 12-17. The subject graphs are displayed based on sex and pain 

category. During the single leg squat cycle, the subjects in both pain and no pain 

categories and both sexes display similar patterns where, the hip is extended at the 

beginning of the squat cycle, and goes into maximum hip flexion at the depth of the squat 

(Figure 12). The hip is extended at the end of the squat cycle. In the frontal plane, the hip 

is slightly adducted, and goes into increased adduction at the depth of the squat and back 

to slight adduction at the end of the squat (Figure 13). In the transverse plane, the hip is 

externally rotated at the beginning of the squat and goes into increased external rotation 

at the depth of the squat and back to slight external rotation at the end of the squat (Figure 

14). The knee is extended at the beginning of the squat and goes into knee flexion at the 

depth of the squat and back to extension at the end of the squat (Figure 15). In the frontal 

plane, the knee is slightly adducted at the beginning of the squat and goes into abduction 

at the depth of the squat and goes back to slight adduction at the end of the squat (Figure 

16). In the transverse plane, the knee is externally rotated at the beginning of the squat 

and fluctuates between lesser external rotation and more external rotation until the end of 

the squat (Figure 17).  

4.1 Aim1: Determine if three-dimensional lower extremity kinematics during a 

SLS are associated with lower extremity kinematics during treadmill running. 

Point biserial correlations conducted demonstrated that sex (r =-0.10), foot strike 

angle (r =-0.16) menstrual cycle (r= 0.28) and navicular height (r= -0.34) did not have 
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correlations to running knee abduction excursion, greater than 0.5 (Table 5). Hence, the 

covariates were not included in the models of Hypothesis 1 a-c.  

4.1.1 Hypothesis 1a:  

Knee abduction excursion during a single limb squat will be significantly associated 

with (r
2
 = 20% or greater) knee abduction excursion during stance phase of 

treadmill running. 

  Single leg squat knee abduction excursion was not significantly associated with knee 

abduction excursion during running (p = 0.44) (Table 6) (Figure 18).  The standardized residuals 

were high for some subjects in this model, however, the Cook’s distance was below 1 and 

leverage values did not indicate an influence over the model. Hence, no outliers were removed. 

The estimate for SLS knee abduction excursion was 0.07 and the model p value was 0.44. The 

standard error of the estimate (0.09) was higher than the estimate (0.07), identifying no 

association between knee abduction excursion in SLS and knee abduction during running.  

4.1.2 Hypothesis 1b: 

Hip internal rotation excursion during a single limb squat will be significantly 

associated with (r
2 

=20% or greater) hip internal rotation excursion during 

treadmill running. 

There was no significant association between these hip transverse plane 

excursions during running and SLS (p = 0.73) (Table 7) (Figure 20). The estimate for 

SLS hip internal rotation excursion was -0.04 and the p value was 0.73. The standard 

error of the estimate (0.12) was higher than the estimate (-0.04), identifying no 

association between hip internal rotation excursion in SLS and hip internal rotation 

excursion during running. 
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4.1.3 Hypothesis 1c: 

 Knee abduction excursion, hip adduction excursion and hip internal rotation 

excursion during single limb squat will be significantly related to (combined r
2 

=50% or greater) knee abduction excursion during treadmill running. 

Pearson correlation tests conducted between knee abduction, hip adduction and 

hip internal rotation excursions during SLS revealed low correlation strength between the 

variables (Table 3). Average variance inflation factor for the model was 1 and tolerance 

was 0.9, hence there was no multicollinearity in the model. Thus, the predictors were 

included in the multivariate regression model to measure association to knee abduction 

excursion during running. Multivariate regression demonstrated no significant association 

between running knee abduction excursion and any of the SLS excursions (Table 8). The 

estimates for the variables ranged from 0 to 0.07 and p values ranged from 0.47 to 0.91.  

4.2 Aim2: Determine if three-dimensional lower extremity kinetic parameters of 

the single limb squat strengthen the relationship between medial-lateral and axial 

lower extremity running kinematics? 

4.2.1 Hypothesis2a:  

Knee and hip moments in the frontal plane occurring at peak knee abduction angle 

during a single limb squat will strengthen the association of running kinematics by 

at least 10% increase in the model r
2 

compared to the previous regression analysis. 

The two kinematic variables included in this model are SLS knee abduction 

excursion and SLS hip internal rotation excursion. The knee adduction moment at peak 

knee abduction angle during SLS (knee frontal plane moment) was initially considered 



64 

 

for inclusion in the model; however it was strongly correlated with SLS knee abduction 

excursion. So, the variable with stronger correlation to knee abduction excursion during 

running was included in the model. Hence, hip abduction moment occurring at peak knee 

abduction angle during SLS was the only kinetic variables included in the model.  

Hip abduction moments occurring at peak knee abduction angle in addition to 

knee abduction excursion and hip internal rotation excursion during SLS were examined 

to determine if they were associated with knee abduction excursion during stance in 

running (Table 9). Hip abduction moment at peak knee abduction angle was significantly 

associated with running knee abduction excursion (p value = 0.04). The estimate for hip 

abduction moment at peak knee abduction angle in SLS was -7.46, which suggests that as 

hip abduction moment decreases by 7.46 Nm/kg, running knee abduction excursion 

increases by one degree. There was no significant association between SLS kinematic 

variables and knee abduction excursion during running. Estimates for the kinematic 

variables ranged from 0.06 to 0.08 and p values ranged from 0.37 to 0.48. Average 

Variance Inflation Factor for this model was above 1 and Tolerance was above 0.9 for the 

model, indicating that multi collinearity was not of concern in this model. 

4.3 Aim3: Determine if either running or single limb squat kinematics, or single 

limb squat kinetics will be associated with development of anterior knee pain during 

the course of a marathon training program? 

Covariates were examined to determine if they had a correlation with anterior 

knee pain classification (Table 10). Pearson’s Chi Square test demonstrated no significant 

difference between groups for foot strike angle (p value = 0.18). Pearson’s Chi Square 



65 

 

test demonstrated no significant difference between groups for menstrual cycle (p value = 

0.62). Point biserial correlation between navicular height and knee pain classification 

demonstrated a weak correlation (r = - 0.13) between the two variables. Pearson’s Chi 

Square test for sex demonstrated no significant difference between groups (p value = 

0.12).  Hence, none of the covariates were included in the model. 

4.3.1 Hypothesis 3a: 

 A logistic regression model containing Q-angle, knee abduction excursion and hip 

internal rotation excursion during treadmill running will prospectively be 

associated with development of anterior knee pain during the course of a 5 month 

marathon training program.  

Levene’s test conducted between knee pain classification and each of the 

predictors displayed p values greater than 0.05, demonstrating homogeneity of variance. 

Pearson correlation tests demonstrated no significant relationship between the predictors 

(Table 4). Thus, logistic regression was conducted between Q-angle, knee abduction 

excursion and hip internal rotation excursion during stance in running and knee pain 

classification (Table 11). There was no significant relationship between knee pain and 

running variables. Odds ratio ranged from 0.98 to 1.01 and all confidence intervals 

crossed 1. P values ranged from 0.65 to 0.79. For this model, Average VIF was 1 and 

Tolerance was less than 1.  

4.3.2  Hypothesis 3b: 

A logistic regression model containing Q-angle, knee abduction excursion and hip 

internal rotation excursion during single limb squat will prospectively be associated 
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with development of anterior knee pain during the course of a 5 month marathon 

training program. 

Logistic regression was conducted between Q-angle, knee abduction excursion and hip 

internal rotation excursion during SLS and knee pain classification (Table 12). There was 

no significant relationship between pain classification and the predictors. Odds ratios 

ranged from 0.95 to 1.09 for the variables and all confidence intervals crossed 1. P-values 

ranged from 0.15 to 0.41 for the variables. For this model, Average VIF was 1 and 

Tolerance was less than 1. 

 

4.3.3 Hypothesis 3c:  

Hip abduction moment and knee adduction moment occurring at peak knee 

extension moment during single limb squat will strengthen the association of knee 

pain by at least 10% increase in model r
2 

in combination with two strongest single 

limb squat kinematic variables. 

The strongest kinematic variable included in the model was hip internal rotation 

excursion during SLS. Knee abduction excursion was excluded from the model as it was 

strongly correlated with knee adduction moment at peak KEM. Hence, logistic regression 

was conducted between hip internal rotation excursion, hip abduction moment occurring 

at peak KEM during SLS and knee adduction moment occurring at peak KEM during 

SLS and knee pain classification (Table 13). There was no significant relationship 

between knee pain classification and the SLS variables. Odds ratios ranged from 0.25 to 
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0.97 and all confidence intervals crossed 1. P values ranged from 0.26 to 0.65. For this 

model, Average VIF was 1 and Tolerance was less than 1. 

 

4.4 Exploratory Analyses 

To explore the association between knee pain and other biomechanical variables during 

SLS and running, a backwards stepwise regression was conducted with the exploratory 

variables. Prior to backwards stepwise regression, correlation amongst the variables was 

estimated (Table 14). If some variables had a moderate to high correlation with each 

other (r = 0.7 or higher), then the variable with higher association with knee pain was 

included in the stepwise regression model. The exploratory SLS variables were peak knee 

abduction angle, peak hip internal rotation angle, knee adduction moment at peak KEM 

and hip abduction moment at peak KEM. Amongst these 4 variables, hip abduction 

moment at peak KEM was not correlated with any other SLS variable (Table 14). Peak 

knee abduction during SLS was strongly correlated with knee adduction moment 

occurring at peak KEM (Table 14). To determine which variable would be included in 

the model, their association with knee pain was examined using point biserial correlations 

(Table 15). Peak knee abduction angle (r = -0.34) had stronger correlation to knee pain 

compared to knee adduction moment occurring at peak KEM (r = -0.21). Hence, peak 

knee abduction during SLS was included in the model. Peak hip internal rotation during 

SLS was not correlated r > .7 with either peak knee abduction or hip abduction moment 

at peak KEM. Thus, the SLS variables not correlated with each other and included in the 
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model are peak knee abduction, peak hip internal rotation and hip abduction moment at 

peak KEM.  

The exploratory running variables were peak knee abduction angle, peak hip 

internal rotation angle and peak knee flexion angle. The three running variables were not 

correlated with each other (Table 14). Thus, all three variables were included in the 

model.  

Combining the 3 SLS and 3 running variables, correlations amongst these 

variables were examined (Table 14). Peak knee abduction during SLS was highly 

correlated with peak knee abduction during running (r = 0.79). To determine which of the 

two variables would be included in the model, their association with knee pain 

classification was examined using point biserial correlations (Table 15). Peak knee 

abduction during SLS (r =0.34) had a stronger correlation to knee pain than peak knee 

abduction during running (r = 30). Hence, peak knee abduction during running was 

excluded from the model. Peak hip internal rotation angle during SLS was highly 

correlated with peak hip internal rotation angle during running (r = 0.73). To determine 

which of the two variables would be included in the model, their association with knee 

pain classification was examined using point biserial correlations (Table 15). Peak hip 

internal rotation angle during running (r = 0.37) had a stronger correlation to knee pain 

than peak hip internal rotation during SLS (r = 0.21). Thus, peak hip internal rotation 

during SLS was excluded from the model.  

In summary, the final exploratory stepwise regression model included sex, SLS variables 

namely: peak knee abduction during SLS, hip abduction moment occurring at peak KEM, 
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and running variables namely: peak hip internal rotation during running and peak knee 

flexion angle during running. There were no moderate or strong correlations between 

these variables that were included in the model (Table 16). Backward stepwise regression 

model yielded a model that retained sex and peak hip internal rotation angle during 

running (Table 19).  

Sex was significantly associated with knee pain (p = 0.01). The odds ratio of 9.00 

implies that incidence of knee pain increases for female subjects.  Peak hip internal 

rotation during running was significantly associated with knee pain (p =0.00). The odds 

ratio of 1.15 implies that incidence of knee pain increases as peak hip internal rotation 

increases. As hip internal rotation angle is negative in value for the left knee coordinate 

system, an increase in value signifies a decrease in hip internal rotation. 

To compare the univariate difference in variables between the pain and no pain groups, t-

tests were conducted across the single leg squat variables (Table 20) and running 

variables (Table 21). Peak knee abduction angle during SLS was significantly higher in 

the pain category (8.61±6.14) compared to the no pain category (4.97±3.75). While 

examining the running variables, peak knee abduction angle was significantly higher in 

the pain category (6.53±4.46) compared to the no pain category (4.13±2.96) (Table 21). 

Peak hip internal rotation during running was significantly lesser in the pain category (-

1.04±9.65) compared to the no pain category (-8.58±9.13). As hip internal rotation angle 

is negative in value for the left knee coordinate system, an increase in value signifies a 

decrease in hip internal rotation. 
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4.5 Summary of Hypothesis Testing  

 Hypotheses 1a-c were not supported. Single leg squat knee abduction and hip internal 

rotation excursion were not significantly associated with running knee abduction and 

hip internal rotation excursion respectively. Single leg squat knee abduction, hip 

adduction and hip internal rotation excursions were not significantly associated with 

knee abduction excursion during running.  

 Hypothesis 2a was supported. Hip abduction moment at peak knee abduction angle 

did strengthen the relationship between SLS kinematics and knee abduction excursion 

during running by increasing the Multiple R-squared from 0.02 to 0.11. Hip 

abduction moment at peak knee abduction angle was significantly associated with 

knee abduction excursion during running. 

 Hypotheses 3a-c were not supported. Single leg squat and running excursion 

kinematics and kinetics at peak KEM were not significantly associated with knee pain 

classification.  

 

4.6 Summary of Exploratory Analysis 

 Sex and peak hip internal rotation angle during running were significantly associated 

with knee pain incidence. 

 T-tests compared between pain and no pain categories found significant differences 

between peak knee abduction angles during SLS and running. Peak hip internal 

rotation during running was also significantly different across pain and no-pain 

groups. 
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5 DISCUSSION 
 

5.1 Aim 1: 

Injured runners are often evaluated by clinicians on their performance during a single leg 

squat (Plastaras & Rittenberg, 2005) to decipher their functional hip strength and 

movement abnormalities (Crossley et al., 2011; Munkh-Erdene, Sakamoto, Nakazawa, 

Aoyagi, & Kasuyama, 2011). When examining the effect of PFPS, researchers examine 

the kinematics of a single leg squat (Levinger et al., 2007; Nakagawa et al., 2012; 

Willson & Davis, 2008b; Willy et al., 2012). There has been limited research to 

determine the relationship between performance during SLS and running kinematics. 

Whatman et al. found a relationship between jogging kinematics and single leg knee bend 

kinematics (Whatman, Hing, & Hume, 2011). The single leg knee bend is similar to the 

SLS, where the subject is balancing on one leg, while performing a partial squat and 

bending at the knee and ankle until maximum ankle dorsiflexion is reached and then they 

return to standing. During the single leg knee bend, the trunk is maintained in neutral, 

while during the SLS, the trunk movement is not restricted. During the single leg knee 

bend, the focus is on the knee and ankle and not on the hip. When correlating the single 

leg knee bend kinematics and jogging kinematics, peak hip internal rotation during single 

leg knee bend had a high correlation with peak hip internal rotation during jogging 

(Pearson correlation = 0.89) (Whatman et al., 2011). Peak knee abduction during single 

leg knee bend had a moderate correlation with peak knee abduction during jogging 

(Pearson correlation = 0.70). Peak hip adduction was also moderately correlated between 
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the two activities (Pearson correlation = 0.73) (Whatman et al., 2011).  The current study 

was unable to observe a relationship between SLS and running excursion variables, and 

since previous studies have demonstrated relationships between peak kinematic variables, 

rather than excursion variables (Whatman et al., 2011) an exploratory analysis using peak 

variables was conducted.  

In this secondary analysis, peak knee abduction angle in SLS was significantly 

associated with peak knee abduction angle during running (R-squared = 0.62, r = .78) 

(Table 22) (Figure 19). Similarly peak hip internal rotation angle in SLS was significantly 

associated with peak hip internal rotation angle during running (R-squared = 0.52, r 

=0.72) (Table 23) (Figure 21).  Thus it is seen that hip and knee kinematics across SLS 

and running are correlated, similar to the findings of Whatman et.al. (Whatman et al., 

2011). Based on this, we see that there is association between peaks of variables but not 

between excursions of variables. This could be explained by the definition of excursion 

being different for the SLS and stance variables, in the current study. The excursion of a 

joint during the SLS was measured by subtracting the static position from maximum 

position reached during the activity. The static position, when a subject is asked to stand 

upright, is a measure of the anatomical alignment of the joints. Hence, excursion adjusts 

for the anatomical alignment and only measures how far the joint has moved, thereby 

standardizing the measure across subjects, irrespective of their alignment. Since it would 

be a standardizing measure, excursion was examined in the hypothesis, because Q-angle, 

which was also measured and tested, is an anatomical alignment measure for the knee. 

However, the measurement of excursion during running did not occur from the static 
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position, but rather from the heel strike position, as measured in previous literature 

(Willson & Davis, 2008a; Wouters et al., 2012). The position of the hip and knee during 

heel strike are not the same as that during the start of a SLS, the hip and knees are slightly 

flexed and the hip is typically internally rotated compared to the pelvis at heel strike 

(Slocum & James, 1968). Since the initial point of excursion for running is not similar to 

that during SLS, the excursions calculated might not represent the same amount of 

movement. This is likely the reason for not finding a relationship between the excursion 

variables between SLS and running. Examining excursion from single limb support prior 

to single limb squat descent would be an ideal measurement to compare SLS and 

running. The single limb support phase with knees extended prior to the SLS decent 

would simulate similar hip and knee mechanics as heel strike of running and thereby 

excursions between SLS and running would be examining similar amount of movement 

at the hip and the knee.  

 To understand if other kinematic variables during SLS are associated with 

running, peak knee abduction angle and peak hip adduction angle during SLS were 

included in a linear regression model to examine their association with knee abduction 

angle during running (Table 24). Similar to Hypothesis 2c, peak hip internal rotation 

during SLS was also initially considered for the model, however it was moderately 

correlated with peak knee abduction angle during SLS (Pearson =0.71), so it was 

subsequently excluded from the model. Peak knee abduction angle had higher correlation 

(r = 0.81) with running peak knee abduction angle compared to peak hip internal rotation 

(r = 0.71), so peak knee abduction was included in the model. This multivariate 
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regression demonstrated that only peak knee abduction angle during SLS was 

significantly associated with peak knee abduction angle during running.  Thus, we see 

that peak hip adduction angle during SLS (p value = 0.94) is not associated with peak 

knee abduction angle during stance phase of running, once peak knee abduction angle is 

considered, however hip internal rotation angle is associated. Since, SLS and running 

peak variables are highly associated, it supports the theory that single leg squat can be 

used as a clinical tool to examine what happens during running. However, the association 

to knee pain development was limited in the current analysis. This will be further 

discussed with Aim 3. 

Amongst the covariates, navicular height was significantly associated with knee 

abduction excursion during running (Table 5). The correlation coefficient was -0.34, 

indicating that an increase in knee abduction excursion was significantly correlated with a 

decrease in navicular height. Navicular height is a measure of static foot alignment or 

arch height. Lesser navicular height or lower arches are associated with increased foot 

pronation during gait (Franco, 1987). Since the lower extremity joints are linked during 

gait or running, any exertion at the ankle will affect the knee or hip (Tiberio, 1987). 

Hence, when the foot pronates, it causes a compensatory internal rotation of the lower 

extremity, thereby increasing the quadriceps angle and causing the patella to track 

laterally (McPoil, Warren, Vicenzino, & Cornwall, 2011; Tiberio, 1987). The findings of 

the current study support this mechanism as there was an association between increasing 

knee abduction and lower arch heights. Thus, we comprehend that the knee abduction 

that is associated with anterior knee pain in the literature (Herrington, 2014; Nakagawa et 
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al., 2012; Petersen et al., 2013; Willson, Ireland, & Davis, 2006), can be caused by 

abnormalities at the foot and also at the hip. Thus, further research should take into 

consideration the multitude of factors at the hip and the foot to understand the causative 

factors of anterior knee pain.  

As most clinicians do not have access to 3D motion capture systems to analyze 

running mechanics, and visual assessment of natural speed running is challenging, they 

often use visual assessment of a SLS to understand what happens at the hip and knee 

during running. This study supports the theory that SLS mimics the events occurring 

during the stance phase of running with regard to peak (position) values, but not 

excursion (motion values). If the same initial position was able to be used for both 

comparisons, it is anticipated that excursion values would have been associated. 

5.2 Aim 2: 

While examining the relationship between hip and knee frontal plane moments to 

running knee abduction, knee adduction moment was significantly associated with SLS 

knee abduction excursion, and so was not included in the model. Thus, we could not 

observe the association of knee adduction moment and knee abduction excursion during 

running in that model. Table 26 demonstrates that knee adduction moment at peak knee 

abduction angle during SLS was not significantly associated with knee abduction 

excursion during running. However, it was significantly associated with peak knee 

abduction angle (R-squared = 0.25) (Table 27). This could be due to the fact that knee 

adduction moment was examined at the peak knee abduction angle time point, and hence 

would be associated with peak knee abduction angle. An estimate of -6.72 suggests that 
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as knee adduction moment decreases by 6.72Nm/kg, peak knee abduction angle increases 

by one degree. As knee adduction moment is negative in values for a left knee coordinate 

system, a decrease in value means an increase in moment. This negative linear 

relationship informs us that as the abduction angle increases, the net “muscle” moment 

also increases. In the case of the knee joint, moments are likely supported by ligaments 

and other passive tissues and not completely by muscular activity. Thus, the current study 

demonstrates the linear relationship between net “muscle” moment and movement at the 

knee. This is insightful, as it has been shown that increased knee adduction moment is 

linked to PFPS (Myer et al., 2014; Stefanyshyn, Stergiou, Lun, Meeuwisse, & Worobets, 

2006; Witrouw, Lysens, & Bellemans, 2000), the current study explains the mechanism 

for an increased knee adduction moment; an increase in knee abduction angle.  

Hip abduction moment at peak knee abduction angle in SLS was significantly 

associated with knee abduction excursion during running (Table 9). There was a negative 

linear relationship between the variables, an estimate of -7.46 implies, as running knee 

abduction excursion increases by one degree, hip abduction moment decreases by 7.46 

Nm/kg. This negative linear relationship suggests that a decrease in net hip abductor 

muscle moment leads to an increase in knee abduction excursion during running. A 

relationship between a decrease in net hip abductor muscle activity and increase knee 

abduction, suggests that weak hip abductor muscles are related to an increase in knee 

abduction. This relationship is supported by previous studies that demonstrated that as 

hip abductor strength increased, knee abduction decreased during a SLS (Claiborne et al., 

2006). Clinicians and researchers are examining this relationship and aiming to decrease 
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knee abduction by strengthening hip abductor muscles, and the current study supports the 

mechanism, as weak hip abductor muscles are associated with increased knee abduction 

(Leavey, Sandrey, & Dahmer, 2010; Snyder, Earl, O’Connor, & Ebersole, 2009; Willy & 

Davis, 2011). 

In summary, hip abductor moment and knee adduction moment during SLS are 

related to knee abduction during running and are informative measurements for clinicians 

while examining a SLS and its relation to running kinematics.  

5.3 Aim 3:  

Logistic regression was conducted to determine association between 

biomechanical variables and development of anterior knee pain. Since previous studies 

observed that subjects with PFPS demonstrated increased Q-angle, knee abduction and 

hip internal rotation, and these variables fit a sound biomechanical theory for potential 

development of pain, the current study sought to determine the combined contribution of 

these hip and knee variables to anterior knee pain. However, there was no significant 

association of the modeled variables and knee pain classification. The lack of significant 

relationship could be due to a number of reasons.  

First, as previously identified, the definition of excursion during SLS was from 

the static bilateral support position to peak value during the SLS, similar to Nakagawa et 

al., (Nakagawa, 2012). However, while Nakagawa et al., observed higher hip adduction 

and knee abduction angles in subjects with PFPS; the current study was unable to 

determine any association between the excursion variables and development of anterior 

knee pain. The static frame in the current study was not standardized for all subjects, and 
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it lead to subjects standing with varying degrees of toe out angle, thereby leading to 

variation in hip rotation angles at static position. Thus, although the excursion definition 

was similar to previous studies, the current study was unable to observe similar results.  

Another reason for the lack of significant association between anterior knee pain 

and the biomechanical variables in the current study could be the definition of knee pain, 

as knee pain in the current study was self- reported and not diagnosed by a physician. 

Subjects were asked to draw on a diagram of the knee if the pain was located anteriorly, 

medially or laterally, and fill out the Kujala questionnaire that focuses on anterior knee 

pain. Based on this information, anterior knee pain was classified as 1) subjects who 

responded yes to experiencing knee pain in two or more follow up surveys, and 2) 

subjects who reported an anterior location of knee pain at least once during surveys, and 

3) subjects who filled out the “non-pain free” options for the six critical questions in the 

Kujala questionnaire at least once. These criteria were designed to be as stringent as 

possible in the current study to be most representative of patellofemoral pain, while still 

allowing an adequate number of cases occurring to allow for logistic regression analysis. 

However, self-reporting pain cannot replace a physician examining the location of knee 

pain and the various tests they conduct to diagnose PFPS.  

Subjects who reported anterior knee pain at least once, may have lateral or medial 

pain in combination with anterior pain, thereby the pain classification has included 

subjects who do not have anterior knee pain alone. This could cause misclassification of 

anterior knee pain and could be the reason for having no association with the 

hypothesized kinematics and kinetics.  
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Since the current study only analyzed 44 subjects out of the 65 subjects who 

completed at least one follow up survey, there might be knee pain cases that were lost in 

those remaining subjects. Of the 21 subjects, not included in the study, 4 subjects 

reported knee pain at least twice, 11 reported anterior location of knee pain at least once, 

and 12 subjects answered the “non-pain free options” in the critical questions of the 

Kujala questionnaire at least once. Hence, according to the pain classification in the 

current study, only four of these other subjects would have been included in the pain 

group. However, these 4 subjects could not be included as the force plate data was not 

obtained during testing. Apart from these four subjects, since most of the 21 subjects did 

not fill out the follow up surveys at all three time points, it is not known if the subjects 

has pain or were pain free during marathon training. Of the subjects who filled out the 

surveys twice, seven subjects reported knee pain only once. Thus, there were subjects 

who reported no pain and if they had completed the third survey, it would be known if 

those subjects were pain free or had an incidence of knee pain. Since these subjects did 

not fill out all the follow up surveys, they were not included in the study, and the current 

study lost subjects who could have been included into either the pain or no pain category. 

Hence, addition of these subjects might have highlighted any association between 

anterior knee pain and the hypothesized biomechanics.  

Logistic regression is examining the association between events of pain and 

biomechanics. The recommended ratio for the number of predictors per event of pain is 

one predictor for 10 cases of pain (Peduzzi, Concato, Kemper, Holford, & Feinstein, 

1996). In the current study, there were 20 subjects with pain and hence the recommended 
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number of predictors for the logistic model should ideally be only 2. The hypothesized 

models in Aim 3 included a minimum of 3 predictors for 20 subjects with pain. If the 

current study had more cases of knee pain, then an association between the 3 predictors 

may have been detectable. Thus, having a higher sample size would have increased the 

number of pain cases in the study, and thereby improved the chance of observing 

associations between the biomechanics and anterior knee pain.  

The current study was unable to find association between SLS and running 

kinematics and kinetics and knee pain. However, Dierks et al., also was unable to find an 

association between running variables and PFPS until the subjects were fatigued (Dierks 

et al., 2008). Since, the kinematics and kinetics on the subjects in the current study were 

obtained while they were not fatigued, it could be a reason for not finding an association 

between knee pain and biomechanics.  

5.4 Exploratory Analysis 

To ensure the study hypotheses did not exclude any crucial variables that might 

be associated with knee pain, an exploratory logistic regression was conducted and 

analyzed. The exploratory analysis determined a significant association between sex as 

well as peak hip internal rotation during running and anterior knee pain classification 

(Table 19). The odds of knee pain occurring increased as peak hip internal rotation angle 

increased. Being negative in value, an increase in peak hip internal rotation means a 

decrease in hip internal rotation angle. These findings are similar to that of Willson et al. 

(Willson & Davis, 2008a) who saw lesser hip internal rotation during running in subjects 

with PFPS and lesser hip internal rotation during walking in subjects with PFPS (Powers, 
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Chen, Reischl, & Perry, 2002). However, this finding contradicts the biomechanical 

theory and previous literature, where increased peak hip internal rotation during running 

was associated with subjects with PFPS (Souza & Powers, 2009). The biomechanical 

modeling of association between increased hip internal rotation and  PFPS is related to 

the lateral pull on patella  (Powers et al., 2003; Souza & Powers, 2009).  

During weight-bearing movement like SLS or stance phase of running, the tibia is 

relatively stable compared to the femur, thus, when the knee flexes and the femur rotates, 

some studies indicate that the patella does not move with the femur, and thereby is 

displaced laterally (Powers et al., 2003). The biomechanical rationale is that the patella 

moves with the tibia rather than the femur, but this may not always be the case. In the 

current study, there is anterior knee pain associated with lesser femoral internal rotation; 

it suggests that any pain due to patellar displacement might be originating from tibial 

rotation. This could be why lesser hip internal rotation was observed in subjects with 

PFPS during running (Willson & Davis, 2008a),  and during walking (Powers et al., 

2002). The studies identifying lesser hip internal rotation in symptomatic subjects 

attribute the association to be related to the high variability across subjects in their study 

or a compensatory mechanism of subjects with PFPS (Powers et al., 2002; Willson & 

Davis, 2008a). In the current study, peak hip internal rotation angle during running 

ranged from -18.96 to 16.66 in the pain group and from -30.31 to 7.33 in the no pain 

group. Negative values are hip internal rotation and positive values are hip external 

rotation, hence the range demonstrates that both groups have subjects who externally 

rotate and internally rotate their hips during running. Powers et al., also saw a wide range 
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of hip internal rotation in each group (Powers et al., 2002). When measuring 3D 

kinematics, rotations about the transverse plane are smaller in magnitude and highly 

variables and are not easy to measure, compared to sagittal and frontal plane rotations 

during dynamic movements (Novacheck, 1998). Using skin markers to measure 

transverse plane rotation could cause rotation errors, as the skin might not rotate the same 

amount as the segment (Benoit et al., 2006; Ryu, 2012). Transverse plane rotations are 

typically most susceptible to skin motion artifact. Hence, these factors could be the 

reason for high variability in hip internal rotation in the current study. Thus, these results 

of lesser hip internal rotation in subjects with pain are not consistent with some of the 

past literature and the theorized biomechanical model.     

Further analysis was conducted on knee rotation to shed light on the relationship between 

hip rotation and anterior knee pain. There was no significant association between peak 

knee rotation during SLS and incidence of anterior knee pain (Table 17). There was also 

no significant association found between peak knee rotation during running and incidence 

of anterior knee pain (Table 18).  

The exploratory logistic regression also demonstrated a significant relationship 

between female sex and incidence of anterior knee pain (Table 19). An odds ratio of 9, 

suggests that females were 9 times more likely to develop anterior knee pain than males. 

This finding is similar to previous literature (Boling et al., 2010). The rationale for 

females being at higher risk for PFPS is theorized to be related to structural differences 

between females and males that manifest at the hip and knee during dynamic movements, 

such as higher dynamic knee and hip alignment, weaker muscle strength in the lower 
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extremities, higher Q-angle, menstrual cycle phase, increased knee laxity and wider 

pelvis (Deie, Sakamaki, Sumen, Urabe, & Ikuta, 2002; Ferber et al., 2003; Fulkerson & 

Arendt, 2000; Malinzak, Colby, Kirkendall, Yu, & Garrett, 2001; Wojtys, Huston, 

Lindenfeld, Hewett, & Greenfield, 1998).  

While examining these variables in the current study, females did have 

significantly higher Q-angles than males (Table 28), similar to previous literature 

(Herrington & Nester, 2004; Tella, Ulogo, Odebiyi, & Omololu, 2010). Having a higher 

Q-angle implies that the lateral pull on the patella is higher, and hence at higher risk for 

anterior knee pain (Mizuno et al., 2001). However, the current study was unable to find a 

significant relationship between Q-angle and anterior knee pain (Pearson r = 0.03, p value 

= 0.82) (Table 10). This finding is similar to previous literate of inconsistent results, 

while some studies have failed to see this relationship (Huberti & Hayes, 1984; 

Livingston & Mandigo, 1999), a few studies have detected the relationship between Q-

angle and subjects with chondromalacia and PFPS  (Aglietti et al., 1983; Kaya & Doral, 

2012). Q-angles greater than 20 in females are considered to be associated with knee 

injuries (Aglietti et al., 1983). There was only one subject with Q-angle of 21, and that 

subject was in the no pain category. Since the average Q-angle in the current study is 11 

degrees, it might not have been easy discernable to find an association with knee pain. 

 Females in the current study had similar results compared to previous studies, 

such as higher peak knee abduction angle during SLS than males, although not significant 

(p value = 0.11) (Table 28) , Nakagawa et al., observed significantly higher knee 

abduction excursion in females than males during SLS (Nakagawa et al., 2012). Similar 
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to previous studies, females in the current study had lesser peak knee flexion during 

running than males, that approached but did not reach significance (p value = 0.11) 

(Table 28) (Malinzak et al., 2001).  

There were no significant differences in the excursion variables across sex in the 

current study, similar to a study by Willson et al., where the authors found differences 

between males and females in knee abduction and hip adduction angles at initial contact, 

but not in joint excursions (Willson, Petrowitz, Butler, & Kernozek, 2012). This could 

indicate that the amount the joint moves might be similar across sex, but the peaks 

attained by the joint are what differentiate them. This suggests future studies should focus 

on peak values as they are more distinctive than joint excursions. 

 Females had significantly lesser hip internal rotation excursion during SLS than 

males, which is contradictory to previous literature (Nakagawa et al., 2012) (Table 28). 

Females typically have higher hip internal rotation during running and during SLS 

(Ferber et al., 2003; Nakagawa et al., 2012). However, the number of females (n=30) is 

higher than the number of males (n=14) in this study; hence the sex comparison may not 

be representative.  

Other factors that make females at a higher risk for anterior knee pain are 

discussed: Menstrual cycle in females is associated with knee joint laxity, and thereby 

affecting knee injury risk (Deie et al., 2002; Wojtys et al., 1998). There was no 

significant association between menstrual cycle phase and knee pain in the current study 

(Table 10). These results are supported by Chaudhari et.al., who did not find an 

association between menstrual cycle and knee and hip joint loading (Chaudhari et al., 
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2007). The lack of association in the current study could be due to the method of 

assessing menstrual cycle. Previous studies obtain hormone levels, body temperature and 

serum levels to determine the menstrual cycle phase (Chaudhari et al., 2007; Wojtys et 

al., 1998). The current study only obtained information about last date of periods, and did 

not obtain information about frequency, duration and other such relevant information, 

which would have provided a more accurate classification of menstrual cycle. 

Females are at higher risk for anterior knee pain as a result of wider pelvis. The 

ASIS is more lateral to the knee, thereby increasing the quadriceps angle which leads to 

anterior knee pain (Fulkerson & Arendt, 2000). Apart from the biomechanical factors that 

put females at higher risk for anterior knee pain, there are also other factors such as 

hormonal factors, cartilage loss with age, and lesser neuromuscular control compared to 

males. (Faber et al., 2001; Fulkerson & Arendt, 2000; Hanna et al., 2009; Hewett, Myer, 

& Ford, 2004; Landry, McKean, Hubley-Kozey, Stanish, & Deluzio, 2007; Liu, Al-

Shaikh, Panossian, Finerman, & Lane, 1997).  Females experience estrogen fluctuations 

throughout their life, that affects the cellular metabolism of the knee ligaments, which 

makes them more susceptible to injury (Liu et al., 1997). Females have less cartilage 

volume and surface area than men (Faber et al., 2001) and are also losing cartilage 

volume at faster rates than men (Hanna et al., 2009). Accordingly, the increased risk of 

females to anterior knee pain incidence may be due to a combination of above described 

biomechanical and biochemical factors.  
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5.4.1 Univariate group comparisons 

Since logistic regression was unable to expose the association between the 

biomechanical variables and development of anterior knee pain, t-tests were conducted to 

inspect any differences between the groups (Table 20, Table 21). Peak knee abduction 

angle during SLS was significantly higher in the pain group (Table 20). Previous studies 

have examined 2D knee frontal plane angle during SLS in subjects with PFPS 

(Herrington, 2014; Willson et al., 2006). Nakagawa et al. was one of the few studies that 

looked at SLS in a PFPS population and found higher knee abduction in PFPS compared 

to controls (Nakagawa et al., 2012). Nakagawa et al. demonstrated higher knee abduction 

in subjects with PFPS, however, the current study demonstrated higher knee abduction in 

subjects before the incidence of anterior knee pain. Higher peak knee abduction angle 

was also observed during running in subjects with anterior knee pain (Table 21). Previous 

studies have only examined 2D frontal knee angle in subjects with PFPS during running 

(Willson & Davis, 2008b). Although increased knee abduction is theorized to be 

associated with PFPS, no previous literature has found this relationship during running. 

Higher knee abduction is biomechanically related to increasing the quadriceps angle and 

thereafter, the patella is in a more medial position to the ASIS, thereby, placing a lateral 

pull on the patella, causing anterior knee pain (Powers, 2003). Most studies have 

examined knee abduction in subjects after the occurrence of PFPS, and have theorized its 

influence, but the current study was able to establish that higher knee abduction does 

occur prior to PFPS. 
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The univariate group comparisons (Table 21) also found the same association as 

the exploratory logistic model (Table 19). Peak hip internal rotation during running was 

significantly lesser in the knee pain group compared to the pain group (Table 21). Peak 

knee rotation during running was not significantly different the two groups (Table 21). 

Peak knee abduction during SLS and running was significantly higher in the pain group 

compared to the no pain group (Table 20) (Table 21). However, the exploratory logistic 

regression was unable to find an association between peak knee abduction during SLS 

and running to knee pain, when t-tests found an association. This could be due to having 

more than 2 predictors in the model, when there are only 20 cases of knee pain. 

Consequently, when logistic regression was conducted for only one predictor, it 

demonstrated the same association as t-tests (Table 29, Table 30). Peak knee abduction 

during SLS was significantly associated with anterior knee pain and had an odds ratio of 

1.17 (p value = 0.03) (Table 29). This indicates that subjects with higher peak knee 

abduction during SLS were at 1.17 times more risk of experiencing anterior knee pain 

during training. Similarly, peak knee abduction during running was trending towards 

significant association with knee pain (p value = 0.05) (Table 30). The logistic regression 

suggests that subjects with higher peak knee abduction during running were at 1.2 times 

more at risk of experiencing anterior knee pain during training (Table 30). Consequently, 

this finding suggests that increased knee abduction angle is a risk factor for anterior knee 

pain. 
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5.5 Limitations 

One of the limitations while measuring joint moments in the current study was 

that the force plate location was not measured during experiment set up. The location of 

the force plate was calculated using pictures of the experimental set up and recreating the 

set up as best possible using the pictures. The centre of pressure of a subject during the 

static trial, was used, as the centre of pressure (COP) of a person is approximately 40% of 

the foot length anterior to the average position between the two heels (Saha, Gard, 

Fatone, Hons, & Ondra, 2007). Using the heel marker information, the force plate was 

positioned such that the COP was located 40% of the foot length and anterior to the 

average position between the two heels. This measurement was made for 10 subjects, and 

the position of the force plate resulting from this alignment was averaged and applied to 

all subjects. Thus, the force plate position was not precisely aligned for each individual 

subject and it affects the line of action of the ground reaction force, thereby producing 

less precise joint moments. During data collection, tape was placed around the force plate 

to ensure it was positioned in the same position for all subjects. As the force plate was 

placed over ground, it was monitored to stay in place, thus the maximum it varied across 

subjects was about 3cm medio-laterally and 3cm anterio-posteriorly. These position 

estimates did not differ in any systematic way across subjects, and so should have 

minimal impact on the hypotheses testing. 

Another limitation that arises due to the pain classification that includes subjects 

having anterior knee pain at least once is that this group also includes subjects who have 

anterior pain in combination with pain on the lateral or medial side of the knee during the 
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follow up surveys. Thus, there is a possibility of including subjects with other types of 

knee pain into the anterior knee pain classification, which results in any differences or 

lack of differences in groups being not specific to anterior knee pain. This is one of the 

drawbacks of not having a physician diagnosis. However, the pain classification was 

defined considering the best way to identify anterior knee pain using the available 

information.  

Anterior knee pain is caused by a variety of factors that were not constrained in the 

current study. Although the marathon training protocol was standardized for all subjects, 

the study could not measure the other activities that subjects performed that might put 

them at higher risk for knee pain compared to others who did not do other activities.  

Using multiple logistic-regression in the current study, an attempt was made to study the 

interaction of different variables on knee pain development. However, the recommended 

ratio is 10 cases of pain for each predictor in the regression (Peduzzi et al., 1996). The 

number of cases classified as knee pain in the current study was 20; hence the interaction 

of many variables could not be explored, as only a few predicators could be included in 

the model at a time. A larger number of cases of knee pain might have better identified 

the interaction of the different mechanics on the development of knee pain.  

The subject population in the current study consisted of college aged students 

with the average age in the study being 20 years. The oldest subject in the group was 30 

year old, thereby demonstrating that the subject population in the current study did not 

include a wider age range. Since, anterior knee pain is not an injury restricted by age; the 

study would be better representative if the study consisted of older aged adults as well.  
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The females in the study consist of 68% of the subject cohort. Having an uneven 

distribution of males and females in the study, the biomechanical factors exhibited by the 

males are not equally represented in the study. An equal number of males and females 

would have better represented the general population.  

Using skin markers to measure 3D kinematics in the current study is an inherent  

limitation, as skin markers do not precisely predict underlying bone movements (Benoit 

et al., 2006; Ryu, 2012). Skin markers can cause errors in the range of 4cm (Ryu, 2012). 

During walking, tibial-femoral kinematics can have errors from 2.5 degrees to 3.6 

degrees of error (Benoit et al., 2006). Knowing the standard error of measurement is the 

current study for the SLS and running, the use of skin markers can be an acceptable 

limitation, as it the most common method to examine 3D joint motion (Table 2, Table 31) 

(Benoit et al., 2006; Ryu, 2012).  

The current study examined healthy college aged students as they trained for a 

marathon. The overall subject population was healthy and the total number of subjects 

who reported knee pain that forced then to reduce distance, speed, frequency or duration 

of their running in all three surveys were only 3 out of 44. On a numeric pain scale of 1 to 

10, only 3 subjects reported their maximum score of at least 8 at any time during the 

training. This indicates that only a few subjects might have experienced knee pain that 

might have forced them to either alter their training plan or see a therapist or physician. 

Thus, the overall knee pain experienced by the subjects in the study might be relatively 

mild pain. If the current study had more cases of severe anterior knee pain, the 

biomechanical differences between the groups might have been more apparent.  
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5.6 Clinical Significance 

The association between running and SLS peak motion variables supports the 

common use of the SLS as a clinical tool. Most clinicians use the SLS to simulate the 

knee and the hip mechanics to the same circumstances as the stance phase of running, 

hence the need for proof of association between SLS and running. This is valuable for 

clinicians, as 2D video analysis or 3D video analysis (where running could be viewed in 

slow motion) is not commonly available to all therapists. The SLS does not require any 

additional equipment nor is it restricted by location, and hence is a convenient clinical 

exam, which can be conducted at any time and location that is convenient to the patient. 

Previous literature has studied the hip and knee during SLS and the current study 

supports the strong association of peak hip and knee motions with running kinematics.  

The current study also found a significant association between knee adduction 

moment and peak knee abduction during running, which implies that the net knee 

adductor soft-tissues are resisting with a proportional amount of force to balance the knee 

abduction motion occurring during SLS and running. This association helps us 

understand that the knee adductor muscles and ligaments appear adequately strong in the 

subjects. The association between increasing knee abduction excursion during running 

and decreasing hip abductor moment, implies that the net hip abductor muscles are 

weaker and not contracting with sufficient force, thereby causing an increase in the knee 

abduction excursion during running. This suggests that the weak hip abductor muscles 

are associated with increasing the knee abduction during running. The current study was 
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able to demonstrate the association between the hip and the knee moment during SLS and 

knee abduction during running. Thus, it supports the biomechanical theory and other 

literature evidence that suggest hip weakness or poor neuromuscular control contributes 

to dynamic knee abduction during running.  

The finding of association to the reduced hip abductor moment also suggests 

clinicians might consider using force plates in their clinics, to understand the kinetics 

acting on the joints during running. As force plates are becoming more accessible to 

therapists, the joint moments may be more easily measured and interpreted, compared to 

EMG measures. Thus, the purpose of this study was to determine if the SLS had support 

as a clinical tool to examine running mechanics, and the current study was able to provide 

such support.  

The current study also found peak knee abduction angle was significantly 

different in subjects prior to incidence of anterior knee pain, although it was not 

identified as a risk factor in multi-variate logistic regression. Most studies have theorized 

this association (Powers, 2003) and others have observed this association after the 

incidence of PFPS. However, this is the first time the association of increased knee 

abduction is associated prospectively to anterior knee pain. This is very valuable 

information, as we may screen subjects at risk for anterior knee pain prior to their 

training, and consider providing them with hip strengthening exercises that reduce the 

increased hip and knee excursions that may put them at risk for injury (Snyder, 2009, 

Willy, 2011).  Most studies that examine increased knee abduction in subjects with PFPS 

could not conclude that PFPS was caused by increased knee abduction or that increased 
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knee abduction occurred after PFPS. This current study is able to provide a representation 

of increased knee abduction occurring on average in the knee pain group prior to 

development of knee pain with running, thereby supporting the biomechanical model of 

increased knee abduction causing knee pain (Powers, 2003). This finding may shed light 

into the mechanism of PFPS that was previously only theorized, thereby providing useful 

information for screening patients at risk for anterior knee pain.  

 

5.7 Conclusion 

There were no significant associations between the excursions occurring at the hip 

and the knee during SLS and running. This could be due to the difference in the 

definition of excursions across SLS and running. However, the current study found a 

significant association between the peak knee and the hip kinematics during a SLS and 

running. Hip abduction moment and knee adduction moment during SLS were 

significantly associated with knee abduction during running. Given the limitations in how 

excursions were defined, the peak findings imply that kinematics and kinetics during a 

SLS are representative of those during running. Future studies should examine 

relationships between similarly defined excursions across SLS and running. In 

conclusion, this study supports examining the peak kinematics during a SLS to 

understand the mechanics during running in runners.   

Females were found to be at higher risk of experiencing anterior knee pain during 

marathon training when compared to men. Also, subjects with higher peak knee 

abduction angle during SLS and running had higher risk of experiencing anterior knee 
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pain during marathon training. These findings indicate that the female sex and increased 

knee abduction angles are risk factors for anterior knee pain during marathon training.  
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6 TABLES 
 

Table 1.  Descriptive statistics for demographics and questionnaires of subjects. 

Variable Overall  Mean (SD) Knee pain 

(n= 20) 

No Knee pain 

(n=24) 

Age (years) 20.56 (2.03) 20.25(1.20) 20.83 (2.53) 

Height (inches) 67.53 (3.80) 66.45(2.72) 68.43 (4.36) 

Weight (lbs.) 144.42 (21.05) 139.35 (17.47) 148.65 (23.15) 

Sex 30 of 44 Females  

68% Females 

16 of 20 Females 

80% Females  

14 of 24 Females 

58% Females 

Q-angle 11.63 (4.48) 11.80 (5.18) 11.50 (3.92) 

Foot Strike type 2 of 44 fore/midfoot 

strikers 

All rear foot 

strikers 

2 fore/mid foot 

striker 

Navicular height 

(percentage of foot 

length) of 43 subjects 

8.60 (1.06) 8.45(1.06) 8.73 (1.07) 

Menstrual Cycle 

(n =29 females) 

16 Luteal phase  

10 Follicular phase 

3 Ovulatory phase 

60%  Luteal 

26% Follicular 

13% Ovulatory  

50% Luteal 

42% Follicular 

7% Ovulatory 

Overall Score of 

Anterior knee pain 

questionnaire 

(Kujala) 

(1st Follow up) 

 89.8 (n=24) NA (n=20)  

Overall Score of 

Anterior knee pain 

questionnaire 

(2nd Follow up) 

 80.79 (n=24) NA (n=20) 
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Overall Score of 

Anterior knee pain 

questionnaire 

(3rd Follow up)  

 85.33 (n=18) NA (n=26) 

Numeric Pain Scale of 

Left knee pain (0-10) 

 1
st
 follow up- 3.48 

2
nd

follow up- 5.16 

3
rd

 follow up -4.23 

NA 

History of PFPS, IT 

band syndrome 

3 1 of 3 2 of 3 

Use of foot orthotics  5 2 of 5 3 of 5 

Prior to training, 

forced to reduce 

distance, speed, 

frequency or duration 

of running because of 

left knee trouble 

7 5 of 7 2 of 7 
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Table 2. Interclass correlation coefficients (ICC, Type 1,1) and standard error of measurement 

(SEM) of variables during 5 squat trials in 10 subjects. Variables are measured at the peak knee 

flexion time point. 

 ICC(1,1) SEM 

Hip adduction angle  0.95 2.85° 

Hip internal rotation angle 0.76 3.48° 

Knee flexion angle 0.82 1.86° 

Knee abduction angle 0.85 4.44° 

Knee internal rotation angle 0.88 3.07° 

Hip extension moment 0.73 0.15Nm/kg 

Hip abduction moment 0.81 0.07 Nm/kg 

Hip internal rotation 

moment 

0.69 0.06 Nm/kg 

Knee extension moment 0.92 0.08 Nm/kg 

Knee adduction moment 0.88 0.08 Nm/kg 
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Table 3.Pearson correlation (r
2
) between single leg squat (SLS) variables in Aim1 and Aim2. 

 Knee abduction 

excursion during 

running 

Knee 

abduction 

excursion 

during SLS 

Hip internal 

rotation 

excursion 

during SLS 

Hip internal 

rotation excursion 

during 

running 

Hip adduction 

excursion during 

SLS 

Hip abduction 

moment at peak 

knee abduction 

angle 

Knee adduction 

moment at peak 

knee abduction 

angle 

Knee abduction 

excursion during 

running 

1.00       

Knee abduction 

excursion during 

SLS 

0.12 1.00      

Hip internal 

rotation 

excursion during 

SLS 

0.09 0.02 1.00     

Hip internal 

rotation 

excursion during 

running 

-0.15 0.19 -0.05 1.00    

Hip adduction 

excursion during 

SLS 

0.04 0.11 0.17 0.09 1.00   

Hip abduction 

moment at peak 

knee abduction 

angle 

-0.29 -0.03 0.16 0.02 -0.08 1.00  

Knee adduction 

moment at peak 

knee abduction 

angle 

-0.01 -0.85*
+
 -0.10 -0.32

+
 -0.08 0.08 1.00 

*Correlation strength higher than 0.70. 
+
 denotes significant correlation.
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Table 4.Pearson correlations (r

2
) between variables in Aim3. SLS= single leg squat, KEM = knee extension moment 

 Q-angle Knee 

abduction 

excursion 

during SLS 

Hip internal 

rotation 

excursion 

during SLS 

Hip internal 

rotation 

excursion 

during running 

Knee 

abduction 

excursion 

during 

running 

Knee 

adduction 

moment at 

peak KEM 

Hip 

abduction 

moment at 

peak KEM 

Q-angle 1.00       

Knee abduction 

excursion during 

SLS 

-0.36
+
 1.00      

Hip internal rotation 

excursion during 

SLS 

0.31
+
 0.02 1.00     

Hip internal rotation 

excursion during 

running 

0.03 0.19 -0.05 1.00    

Knee abduction 

excursion during 

running 

-0.13 0.12 0.09 -0.15 1.00   

Knee adduction 

moment at peak 

KEM 

0.23 -0.86*
+
 -0.10 -0.24 -0.07 1.00  

Hip abduction 

moment at peak 

KEM 

0.20 -0.41
+
 0.20 0.04 -0.06 0.39

+
 1.00 

*Correlation strength higher than 0.70, 
+
 denotes significant correlation.
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Table 5.Correlations between covariates and knee abduction excursion during running. 

Covariates Statistic 

Q-angle (Pearson correlation) r =-0.12, p value =0.41 

Sex (Point biserial correlation) r= -0.10, p value = 0.50 

Foot strike angle (Point biserial correlation) r = -0.16, p value = 0.28 

Navicular height (Pearson correlation) r = -0.34, , p value = 0.02* 

Menstrual cycle (Pearson correlation) r = 0.28, p value = 0.12 

*denotes significant association 

Table 6.Linear regression of association of knee abduction excursion during single leg squat 

(SLS) with knee abduction excursion during running. 

 Estimate Standard error p value 

Intercept 3.69 0.79 0.00* 

Knee abduction 

excursion in SLS 

0.07 0.09 0.44 

Multiple R-squared = 0.01, Model p-value = 0.44, * denotes significant association. 

 
Table 7. Linear regression of association of hip internal rotation excursion during single leg squat 

(SLS) with hip internal rotation excursion during running. 

 Estimate Standard error p value 

Intercept -3.67 1.13 0.00* 

Hip internal 

rotation excursion 

in SLS 

-0.04 0.12 0.73 

Multiple R-squared = 0.002, Model p-value =0.73, * denotes significant association.  
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Table 8.Multivariate regression examining association between hip and knee excursion variables 

during single leg squat (SLS) with knee abduction excursion in running. 

 Estimate Standard error p value 

Intercept  4.25 1.74 0.01 * 

Knee abduction excursion in 

SLS 

0.07 0.09 0.47 

Hip adduction excursion in SLS 0.00 0.08 0.91 

Hip internal rotation excursion 

in SLS 

0.05 0.10 0.61 

Multiple R-squared = 0.02, Model p-value = 0.83, * denotes significant association. 
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Table 9. Multivariate regression model, examining association between kinematic and kinetic 

variables during a single leg squat (SLS) with knee abduction excursion during running 

 Estimate Standard error p value 

Intercept 11.27 3.68 0.00 * 

Knee abduction excursion in 

SLS 

0.06 0.09 0.48 

Hip internal rotation excursion 

in SLS 

0.08 0.09 0.37 

Hip abduction moment at peak 

knee abduction angle in SLS 

-7.46 3.66 0.04* 

Multiple R-squared = 0.11, Model p-value =0.18, *denotes significant association. 

 
Table 10.Relationships between covariates and knee pain classification 

Covariates Statistic 

Q-angle (Pearson correlation) r =0.03, p value =0.82 

Sex (Pearson’s chi square)  p value = 0.12 

Foot strike angle (Pearson’s chi square) p value = 0.18 

Menstrual cycle (Pearson’s chi square) p value = 0.62 

Navicular height ( Point biserial correlation) r = -0.13, t-test p value = 0.39 

*denotes significant association. 
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Table 11. Logistic regression of Q-angle, knee abduction excursion and hip internal rotation 

excursion during running with knee pain classification 

 Estimate Std 

error 

P value Odds Ratio 95% CI for odds ratio 

 

 

Lower Upper 

Constant -0.64 1.00 0.51 0.52 0.06 3.69 

Q-angle 0.01 0.06 0.77 1.01 0.88 1.17 

Knee 

abduction 

excursion in 

running 

0.04 0.09 0.65 1.04 0.86 1.26 

Hip internal 

rotation 

excursion in 

running 

-0.01 0.07 0.79 0.98 0.84 1.13 

 

  
Table 12.Logistic Regression of Q-angle, knee abduction excursion and hip internal rotation 

excursion during single leg squat (SLS) with knee pain classification. 

Included Estimate Std 

error 

P value Odds Ratio 95% CI for odds ratio 

 Lower Upper 

Constant -2.05 1.45 0.15 0.12 0.00 1.99 

Q-angle 0.07 0.08 0.34 1.07 0.92 1.27 

Knee 

abduction 

excursion in 

SLS 

0.09 0.06 0.15 1.09 0.97 1.26 

Hip internal 

rotation 

excursion in 

SLS 

-0.05 0.06 0.41 0.95 0.83 1.07 
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Table 13.Logistic regression of knee pain classification and kinetics and kinematics during single 

leg squat (SLS). KEM = knee extension moment 

Included Estimate Std 

error 

P value Odds Ratio 95% CI for odds ratio 

 Lower Upper 

Constant 0.99 2.41 0.68 2.71 0.02 427.12 

Hip internal 

rotation 

excursion in 

SLS 

-0.02 0.06 0.65 0.97 0.85 1.09 

Hip abduction 

moment at 

peak KEM in 

SLS 

-1.33 2.14 0.53 0.26 0.00 15.29 

Knee 

adduction 

moment at 

peak KEM in 

SLS 

-1.37 1.24 0.26 0.25 0.01 2.68 
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Table 14.Pearson correlations (r
2
) between single leg squat (SLS) and running exploratory variables. KEM = knee extension moment 

 Peak knee 

abduction 

during SLS 

Peak hip 

internal rotation 

during SLS 

Knee adduction 

moment at peak 

KEM 

Hip 

abduction 

moment at 

peak KEM 

Peak knee 

abduction 

during 

running 

Peak hip 

internal 

rotation 

during 

running 

Peak knee 

flexion 

during 

running 

Peak knee 

abduction 

during SLS 

1.00       

Peak hip 

internal rotation 

during SLS 

0.58 1.00      

Knee adduction 

moment at peak 

KEM 

-0.78* -0.72* 1.00     

Hip abduction 

moment at peak 

KEM 

-0.13 -0.28 0.39 1.00    

Peak knee 

abduction 

during running 

0.79* 0.43 -0.44 0.11 1.00   

Peak hip 

internal rotation 

during running 

0.58 0.73* -0.58 -0.21 0.57 1.00  

Peak knee 

flexion during 

running 

0.16 0.25 -0.13 -0.28 -0.05 0.15 1.00 

*denotes correlation strength higher than 0.70
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Table 15. Correlation between single leg squat (SLS) and running exploratory variables and knee 

pain classification. KEM = knee extension moment  

Variables Knee pain (Point biserial r) 

Peak knee abduction angle during SLS 0.34* 

Knee adduction moment at peak KEM -0.21 

Peak hip internal rotation angle during SLS 0.21 

Peak hip internal rotation during running 0.37* 

Peak knee abduction angle during running 0.30* 

*denotes significant association. 
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Table 16. Pearson correlations (r

2
) between predictors in exploratory stepwise model. SLS = 

single leg squat, KEM = knee extension moment 

 Sex Peak knee 

abduction 

angle during 

SLS 

Hip abductor 

moment at 

peak KEM 

Peak knee 

flexion angle 

during 

running  

Peak hip 

internal 

rotation 

during 

running 

Sex 1.00     

Peak knee 

abduction 

angle 

during 

SLS 

-0.22 1.00    

Hip 

abductor 

moment at 

peak KEM 

-0.08 -0.13 1.00   

Peak knee 

flexion 

angle 

during 

running 

-0.20 0.16 -0.28 1.00  

Peak hip 

internal 

rotation 

during 

running 

0.27 0.58 -0.21 0.15 1.00 
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Table 17. Logistic regression of association of knee pain classification with peak knee rotation 

during single leg squat (SLS). 

Included Estimate Std error P value Odds 

Ratio 

 

95% CI for odds ratio 

Lower Upper 

Constant 0.02 0.50 0.95 0.97 0.35 2.62 

Peak knee 

rotation 

during SLS 

-0.01 0.03 0.59 1.01 0.95 1.09 

 

 

Table 18.Logistic regression of association of pain classification with peak knee rotation during 

running 

Included Estimate Std error P value Odds 

Ratio 

 

95% CI for odds ratio 

Lower Upper 

Constant -0.19 0.37 0.60 1.21 0.58 2.7 

Peak knee 

rotation 

during 

running 

0.00 0.02 0.95 0.99 0.95 1.04 
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Table 19.Logistic regression of association of pain classification with sex and peak hip internal 

rotation during running.  

Included Estimate Std error P value Odds 

Ratio 

 

95% CI for odds ratio 

Lower Upper 

Constant -1.02 0.67 0.12 0.35 0.08 1.24 

Sex 

(Female) 

2.19 0.93 0.01* 9.00 1.70 70.52 

Peak hip 

internal 

rotation angle 

during 

running 

0.14 0.05 0.00* 1.15 1.05 1.29 

*denotes significant association. 
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Table 20.Single leg squat (SLS) variables compared across pain and no pain groups. Differences 

between groups examined by t-test. KEM = knee extension moment 

SLS Variables Pain (n=20) 

Mean (SE) 

No pain (n=24) 

Mean (SE) 

P value for t-test 

Knee abduction 

excursion 

7.36±7.03 5.38±3.74 0.26 

Hip adduction 

excursion 

-15.27±6.82 -16.19±5.67 0.63 

Hip internal rotation 

excursion 

-8.11±5.73 -7.28± 5.29 0.62 

Peak knee abduction 

angle 

8.61±6.14 4.97±3.75 0.02* 

Peak hip internal 

rotation angle 

-2.68±9.40 -6.05±5.49 0.16
 

Peak hip adduction 

angle 

-14.26±6.68 -14.67±5.99 0.83 

Knee adduction 

moment at peak KEM 

-0.06±0.35 0.06±0.21 0.17
 

Hip abduction moment 

at peak KEM 

1.00±0.21 1.07±0.12 0.24 

Peak knee rotation 

during SLS 

11.90±1.92 10.53±1.73 0.60 

*denotes significant difference. 
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Table 21. Running variables across pain and no pain groups. Differences between groups 

examined by t-test 

Running variables Pain (n=20) 

Mean (SE) 

No pain (n=24) 

Mean (SE) 

P value for t-test 

Knee abduction 

excursion 

4.41±2.80 3.94±3.94 0.64 

Hip internal rotation 

excursion 

-3.58±4.57 -3.17±4.14 0.75 

Peak knee abduction 

angle 

6.53±4.46 4.13±2.96 0.04* 

Peak knee flexion -40.48±6.80 -41.22±3.59 0.66 

Peak hip internal 

rotation 

-1.04±9.65 -8.58±9.13 0.01* 

Peak knee external 

rotation  

8.99±2.33 8.78±2.91 0.95 

*denotes significant difference 

 

 

 
Table 22. Linear regression of association of peak knee abduction angle during single leg squat 

(SLS) with peak knee abduction angle during stance phase of running.  

 Estimate Standard error p value 

Intercept 1.36 0.58 0.00* 

Peak knee 

abduction in SLS 

0.58 0.06 0.00* 

Multiple R-squared = 0.62, Model p-value = 0.00, * denotes significant association. 
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Table 23.Linear regression of association of peak hip internal rotation angle during single leg 

squat (SLS) with peak hip internal rotation angle during stance phase of running. 

 Estimate Standard error p value 

Intercept -0.83 1.22 0.49 

Peak hip internal 

rotation angle in 

SLS 

0.95 0.13 0.00* 

Multiple R-squared = 0.52, Model p-value =0.00*, * denotes significant association.  

 

 

Table 24.Multivariate regression of peak hip and knee variables during single leg squat (SLS) 

with peak knee abduction angle during stance.  

 Estimate Standard error p value 

Intercept 0.61 1.05 0.56 

Peak knee abduction in SLS 0.58 0.06 0.00* 

Peak hip adduction  in SLS -0.04 0.05 0.40 

Multiple R-squared = 0.67, Model p-value = 0.00*, * denotes significant association. 
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Table 25.Multivariate regression model, examining association between kinematic and kinetic 

variables during a single leg squat (SLS) with peak knee abduction excursion during running. 

 Estimate Standard error p value 

Intercept 0.77 2.52 0.76 

Peak knee abduction in SLS 0.58 0.07 0.00* 

Peak hip adduction  in SLS -0.05 0.06 0.40 

Hip Abduction moment at peak 

knee abduction angle 

-0.18 2.66 0.94 

Multiple R squared = 0.63, Model p-value =0.00*, * denotes significant association. 

 

 

 

Table 26. Linear regression between knee adduction moment at peak knee abduction angle during 

single leg squat (SLS) and knee abduction excursion during running 

 Estimate Standard error p value 

Intercept 4.15 0.52 0.00* 

Knee adduction 

moment at peak 

knee abduction 

angle during SLS 

-0.12 1.83 0.94 

Multiple R squared = 0.00, Model p-value =0.94*, * denotes significant association. 
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Table 27. Linear regression between knee adduction moment at peak knee abduction angle during 

single leg squat (SLS) and peak knee abduction angle during running 

 Estimate Standard error p value 

Intercept 5.37 0.51 0.00* 

Knee adduction 

moment at peak 

knee abduction 

angle during SLS 

-6.72 1.78 0.00* 

Multiple R squared = 0.25, Model p-value =0.00*, * denotes significant association. 
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Table 28. Sex differences in kinematics and kinetics during activities. SLS = single leg squat, 

KEM = knee extension moment. 

 Male (n=14) Female (n=30) t- test (p value) 

Q-angle 8.35±4.63 13.44±3.25 0.00* 

SLS knee abduction 

excursion 

7.00±5.78 5.95±5.44 0.57 

SLS hip adduction excursion -15.21±5.09 -16.04±6.66 0.65 

SLS hip internal rotation 

excursion 

-10.51±5.83 -6.32±4.80 0.02* 

SLS peak knee abduction 

angle 

4.97±4.21 7.40±5.56 0.11 

SLS peak hip adduction 

angle 

-12.40±6.08 -15.45±6.17 0.13 

SLS peak hip internal 

rotation angle 

-3.75±5.13 -4.88±8.59 0.58 

Knee adduction moment at 

peak KEM 

-0.01±0.26 0.01±0.30 0.78 

Hip abduction moment at 

peak KEM 

1.02±0.15 1.05±0.18 0.58 

Running knee abduction 

excursion  

4.66±4.43 3.91±2.92 0.57 

Running  hip internal 

rotation excursion 

-3.35±3.97 -3.36±4.50 0.99 

Running peak knee 

abduction angle 

4.50±3.65 5.56±3.98 0.39 

Running peak hip internal 

rotation angle 

-1.20±9.22 -7.00±9.97 0.06 

Running peak knee flexion 

angle 

-42.39±3.25 -40.18±5.86 0.11 

* denotes significant association. 
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Table 29. Logistic regression between peak knee abduction angle during single leg squat (SLS) 

and anterior knee pain classification. 

 Estimate Standard 

error 

p value Odds 

Ratio 

95% CI for odds 

ratio 

Lower Upper 

Intercept -1.23 0.58 0.03* 0.29 0.08 0.84 

Peak knee 

abduction 

angle during 

SLS 

0.15 0.07 0.03* 1.17 1.02 1.38 

* denotes significant association 

 

 

 

Table 30. Logistic regression between peak knee abduction angle during running and anterior 

knee pain classification. 

 Estimate Standard 

error 

p value Odds 

Ratio 

95% CI for odds 

ratio 

Lower Upper 

Intercept -1.15 0.58 0.05+ 0.31 0.08 0.93 

Peak knee 

abduction 

angle during 

running 

0.18 0.09 0.05+ 1.20 1.01 1.49 

+ denotes p value less than 0.1 and association trending towards significance. 
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Table 31. Interclass Correlation coefficients (ICC Type 1, 1) and standard errors of measurement 

(SEM) of variables during 6 stance cycles in running in 38 subjects. Variables are excursion from 

heel strike to peak knee flexion. 

 ICC(1,1) SEM 

Hip adduction excursion 0.91 1.28° 

Hip internal rotation 

excursion 

0.86 1.94° 

Knee flexion excursion 0.93 1.42° 

Knee abduction excursion 0.93 1.35° 
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7 FIGURES  
    

 

 

              a)                b)  

 

Figure 1. Diagram demonstrating different Q-angles. Figure (a) has a 12.5° Q-angle, while Figure 

(b) has a 17° Q-angle.  
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Figure 2. Diagram depicting combination of pelvic drop and knee abduction techniques.(a) Pelvic 

drop occurring without increase in knee abduction and (b) Knee abduction occurring without 

pelvic drop. 
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                    a)                     b)      

Figure 3. Diagram depicting different knee abduction angles. Figure 9a has a 5.8° knee abduction, 

while Figure 9b has a 9.2° knee abduction.  

 

 

Figure 4. Superior view of femur and patella positioning. Reproduced with permission from 

(Powers et al., 2003, 10.2519/jospt.2003.33.11.677). Copyright ©Journal of Orthopaedic & 

Sports Physical Therapy
®
. 
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Figure 5. Graphic of subject at 60 degrees of knee flexion during single limb squat. The string 

provides feedback to the subject that they have reached the desired angle of knee flexion.  
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Figure 6. Hip sagittal plane angles during stance phase of running categorized by sex and pain. Legend denotes subject IDs 
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Figure 7. Hip frontal plane angles during stance phase of running categorized by sex and pain. Legend denotes subject IDs. 
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     Figure 8. Hip transverse plane angles during stance phase of running categorized by sex and pain. Legend denotes subject IDs. 
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    Figure 9. Knee sagittal plane angles during stance phase of running categorized by sex and pain. Legend denotes subject IDs. 
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      Figure 10. Knee frontal plane angles during stance phase of running categorized by sex and pain. Legend denotes subject IDs. 
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     Figure 11. Knee transverse plane angles during stance phase of running categorized by sex and pain. Legend denotes subjects 
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Figure 12. Hip sagittal plane angles from descent to ascent of a single limb squat categorized by sex and pain.  Legend denotes subject IDs. 
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Figure 13. Hip frontal plane angles from descent to ascent of a single limb squat categorized by sex and pain.  Legend denotes subject IDs. 
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Figure 14. Hip transverse plane angles from descent to ascent of a single limb squat categorized by sex and pain.  Legend denotes subject IDs. 
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Figure 15. Knee sagittal plane angles from descent to ascent of a single limb squat categorized by sex and pain.  Legend denotes subject IDs. 
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Figure 16. Knee frontal plane angles from descent to ascent of a single limb squat categorized by sex and pain.  Legend denotes subject IDs. 
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Figure 17. Knee transverse plane angles from descent to ascent of a single limb squat categorized by sex and pain.  Legend denotes subject IDs. 
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Figure 18. Plot of linear regression between running knee abduction excursion and single leg 

squat (SLS) knee abduction excursion. Line and equation are represented from results of the 

linear regression. Equation for linear regression is: 

Running knee abduction excursion = 3.69 + 0.07 (SLS knee abduction excursion). 

Multiple R-squared = 0.01, r = 0.1, Model p-value = 0.44. 
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Figure 19.Plot of linear regression between running peak knee abduction angle and single leg 

squat (SLS) peak knee abduction angle. Line and equation are represented from results of linear 

regression. Equation for linear regression is: 

Running peak  knee abduction  = 1.36+0.58 (SLS peak knee abduction). 

Multiple R-squared = 0.62, r = 0.78, Model p-value = 0.00 
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Figure 20.Plot of linear regression between running hip internal rotation excursion and single leg 

squat (SLS) hip internal rotation excursion. Line and equation are represented from results of 

linear regression. Equation for linear regression is: 

Running hip internal rotation excursion = -3.67 -0.04 (SLS hip internal rotation excursion). 

Multiple R-squared = 0.002, r = 0.04, Model p-value =0.73 

 

 

 

 



137 

 

 

Figure 21.Plot of Linear regression between running peak hip internal rotation angle and single 

leg squat (SLS) peak hip internal rotation angle. Line and equation are represented from results of 

linear regression. Equation for linear regression is: 

Running peak hip internal rotation = -0.83 + 0.95(SLS peak hip internal rotation). 

Multiple R-squared = 0.52, r = 0.72, Model p-value =0.00. 

 

 



138 

 

8 REFERENCES 
Ageberg, E., Bennell, K. L., Hunt, M. a, Simic, M., Roos, E. M., & Creaby, M. W. 

(2010). Validity and inter-rater reliability of medio-lateral knee motion observed 

during a single-limb mini squat. BMC Musculoskeletal Disorders, 11, 265. 

Aglietti, P., Insall, J. N., & Cerulli, G. (1983). Patellar pain and incongruence. I: 

Measurements of incongruence. Clinical Orthopaedics and Related Research, 176, 

217–224. 

Andriacchi, T. (1982). The influence of total knee replacement design on walking and 

stair-climbing. J Bone Joint Surg Am. 

Andriacchi, T. P., Andersson, G. B., Fermier, R. W., Stern, D., & Galante, J. O. (1980). 

A study of lower-limb mechanics during stair-climbing. The Journal of Bone and 

Joint Surgery. American Volume, 62, 749–757. 

Bell, A. L., Brand, R. A., & Pedersen, D. R. (1989). Prediction of hip joint centre location 

from external landmarks. Human Movement Science. 

Bell, A. L., Pedersen, D. R., & Brand, R. A. (1990). A comparison of the accuracy of 

several hip center location prediction methods. Journal of Biomechanics, 23, 617–

621. 

Benoit, D. L., Ramsey, D. K., Lamontagne, M., Xu, L., Wretenberg, P., & Renström, P. 

(2006). Effect of skin movement artifact on knee kinematics during gait and cutting 

motions measured in vivo. Gait and Posture, 24, 152–164. 

Besier, T. F., Gold, G. E., Delp, S. L., Fredericson, M., & Beaupré, G. S. (2008). The 

influence of femoral internal and external rotation on cartilage stresses within the 

patellofemoral joint. Journal of Orthopaedic Research : Official Publication of the 

Orthopaedic Research Society, 26, 1627–35. 

Bolgla, L. a, Malone, T. R., Umberger, B. R., & Uhl, T. L. (2008). Hip strength and hip 

and knee kinematics during stair descent in females with and without patellofemoral 

pain syndrome. The Journal of Orthopaedic and Sports Physical Therapy, 38, 12–8. 

Boling, M., Padua, D., Marshall, S., Guskiewicz, K., Pyne, S., & Beutler,  a. (2010). 

Gender differences in the incidence and prevalence of patellofemoral pain 

syndrome. Scandinavian Journal of Medicine & Science in Sports, 20, 725–30. 

Brindle, T. J., Mattacola, C., & McCrory, J. (2003). Electromyographic changes in the 

gluteus medius during stair ascent and descent in subjects with anterior knee pain. 

Knee Surgery, Sports Traumatology, Arthroscopy : Official Journal of the ESSKA, 



139 

 

11, 244–51. 

Brooks, G., & Barcikowski, R. (2012). The PEAR Method for Sample Sizes in Multiple 

Linear Regression. Multiple Linear Regression Viewpoints, 38, 1–16. 

Buist, I., Bredeweg, S., Lemmink, K. A. P. M., van Mechelen, W., & Diercks, R. (2010). 

Predictors of running-related injuries in novice runners enrolled in a systematic 

training program: a prospective cohort study. American Journal of Sports Medicine, 

38, 273–280. 

Caselli, M. a, & Longobardi, S. J. (1997). Lower extremity injuries at the New York City 

Marathon. Journal of the American Podiatric Medical Association, 87, 34–7. 

Chaudhari, A. M. W., Lindenfeld, T. N., Andriacchi, T. P., Hewett, T. E., Riccobene, J., 

Myer, G. D., & Noyes, F. R. (2007). Knee and hip loading patterns at different 

phases in the menstrual cycle: implications for the gender difference in anterior 

cruciate ligament injury rates. The American Journal of Sports Medicine, 35, 793–

800. 

Chmielewski, T. L. T., Hodges, M. J. M. M. J., Horodyski, M., Bishop, M. D., Conrad, 

B. P., Tillman, S. M., … Tillman, S. M. (2007). Investigation of clinician agreement 

in evaluating movement quality during unilateral lower extremity functional tasks: a 

comparison of 2 rating methods. The Journal of Orthopaedic and Sports Physical 

Therapy, 37, 122–9. 

Claiborne, T. L., Armstrong, C. W., Gandhi, V., & Pincivero, D. M. (2006). Relationship 

between hip and knee strength and knee valgus during a single leg squat. Journal of 

Applied Biomechanics, 22, 41–50. 

Crossley, K. M., Zhang, W.-J., Schache, A. G., Bryant, A., & Cowan, S. M. (2011). 

Performance on the single-leg squat task indicates hip abductor muscle function. The 

American Journal of Sports Medicine, 39, 866–73. 

Deie, M., Sakamaki, Y., Sumen, Y., Urabe, Y., & Ikuta, Y. (2002). Anterior knee laxity 

in young women varies with their menstrual cycle. International Orthopaedics, 26, 

154–156. 

Devereaux, M. D., & Lachmann, S. M. (1983). Athletes attending a sports injury clinic--a 

review. British Journal of Sports Medicine, 17, 137–142. 

Dierks, T. A., Manal, K. T., Hamill, J., & Davis, I. (2011). Lower extremity kinematics in 

runners with patellofemoral pain during a prolonged run. Medicine and Science in 

Sports and Exercise, 43, 693–700. 



140 

 

Dierks, T. A., Manal, K. T., Hamill, J., & Davis, I. S. (2008). Proximal and Distal 

Influences on Hip and Knee Kinematics in Runners With Patellofemoral Pain 

During a Prolonged Run. Journal of Orthopaedic & Sports Physical Therapy, 38, 

448–456. 

DiMattia, M. A., Livengood, A. L. AL, Uhl, T. L., Mattacola, C. G., & Malone, T. R. 

(2005). What are the validity of the single-leg-squat test and its relationship to hip-

abduction strength. J Sport Rehabil, 14, 108–124. 

Esculier, J.-F., Roy, J.-S., & Bouyer, L. J. (2015). Lower limb control and strength in 

runners with and without patellofemoral pain syndrome. Gait & Posture, 41, 813–

819. 

Faber, S. C., Eckstein, F., Lukasz, S., M&#x000FC;hlbauer, R., Hohe, J., Englmeier, K.-

H., & Reiser, M. (2001). Gender differences in knee joint cartilage thickness, 

volume and articular surface areas: assessment with quantitative three-dimensional 

MR imaging. Skeletal Radiology, 30, 144–150. 

Ferber, R., Cat, C., Noehren, A. T. C. B., Hamill, J., & Davis, P. I. (2010). Competitive 

Female Runners With a History of Iliotibial Band Syndrome Demonstrate Atypical 

Hip and Knee Kinematics, 40, 52–58. 

Ferber, R., McClay Davis, I., Williams III, D. S., Davis, I. M., Williams, D. S., McClay 

Davis, I., … Williams, D. S. (2003). Gender differences in lower extremity 

mechanics during running. Clinical Biomechanics, 18, 350–357. 

Field, A., Miles, J., & Field, Z. (2012). Discovering Statistics Using R. 2012. SAGE 

Publications. ISBN-13. 

Foch, E., & Milner, C. E. (2013). The influence of iliotibial band syndrome history on 

running biomechanics examined via principal components analysis. Journal of 

Biomechanics, 1–6. 

Franco,  a H. (1987). Pes cavus and pes planus. Analyses and treatment. Physical 

Therapy, 67, 688–694. 

Fredericson, M., Cookingham, C. L., Chaudhari, A. M., Dowdell, B. C., Oestreicher, N., 

& Sahrmann, S. A. (2000). Hip abductor weakness in distance runners with iliotibial 

band syndrome. Clinical Journal of Sport Medicine, 10, 169–175. 

Fulkerson, J. P., & Arendt, E. a. (2000). Anterior knee pain in females. Clinical 

Orthopaedics and Related Research, 69–73. 



141 

 

Grau, S., Krauss, I., Maiwald, C., Best, R., & Horstmann, T. (2008). Hip abductor 

weakness is not the cause for iliotibial band syndrome. International Journal of 

Sports Medicine, 29, 579–83. 

Hanna, F. S., Teichtahl, A. J., Wluka, A. E., Wang, Y., Urquhart, D. M., English, D. R., 

… Cicuttini, F. M. (2009). Women have increased rates of cartilage loss and 

progression of cartilage defects at the knee than men. Menopause, 16, 666–670. 

Herrington, L. (2013). Does the change in Q angle magnitude in unilateral stance differ 

when comparing asymptomatic individuals to those with patellofemoral pain? 

Physical Therapy in Sport, 14, 94–97. 

Herrington, L. (2014). Knee valgus angle during single leg squat and landing in 

patellofemoral pain patients and controls. The Knee, 21, 514–517. 

Herrington, L., & Nester, C. (2004). Q-angle undervalued? The relationship between Q-

angle and medio-lateral position of the patella. Clinical Biomechanics (Bristol, 

Avon), 19, 1070–3. 

Hewett, T. E., Myer, G. D., & Ford, K. R. (2004). Decrease in neuromuscular control 

about the knee with maturation in female athletes. The Journal of Bone and Joint 

Surgery. American Volume, 86-A, 1601–1608. 

Hewett, T. E., Myer, G. D., Ford, K. R., Heidt, R. S., Colosimo, A. J., McLean, S. G., … 

Succop, P. (2005). Biomechanical measures of neuromuscular control and valgus 

loading of the knee predict anterior cruciate ligament injury risk in female athletes: a 

prospective study. The American Journal of Sports Medicine, 33, 492–501. 

Hollman, J. H., Ginos, B. E., Kozuchowski, J., Vaughn, A. S., Krause, D. a, & Youdas, J. 

W. (2009). Relationships between knee valgus, hip-muscle strength, and hip-muscle 

recruitment during a single-limb step-down. Journal of Sport Rehabilitation, 18, 

104–17. 

Huberti, H. H., & Hayes, W. C. (1984). Patellofemoral contact pressures. The influence 

of q-angle and tendofemoral contact. The Journal of Bone and Joint Surgery. 

American Volume, 66, 715–724. 

Hvid, I., & Andersen, L. I. (1982). The quadriceps angle and its relation to femoral 

torsion. Acta Orthopaedica Scandinavica, 53, 577–9. 

Ireland, M. M. L., Willson, J. D. J. J. D., Ballantyne, B. T., & Davis, I. M. (2003). Hip 

strength in females with and without patellofemoral pain. Journal of Orthopaedic & 

Sports Physical Therapy, 33, 671–676. 



142 

 

Jacobs, S., & Berson, B. (1986). Injuries to runners: a study of entrants to a 10,000 meter 

race. The American Journal of Sports Medicine, 151–155. 

Karageanes, S. J., Blackburn, K., & Vangelos, Z. a. (2000). The association of the 

menstrual cycle with the laxity of the anterior cruciate ligament in adolescent female 

athletes. Clinical Journal of Sport Medicine : Official Journal of the Canadian 

Academy of Sport Medicine, 10, 162–168. 

Kaya, D., & Doral, M. N. (2012). Is there any relationship between Q-angle and lower 

extremity malalignment? Acta Orthopaedica et Traumatologica Turcica, 46, 416–

419. 

Kujala, U. M., Jaakkola, L. H., Koskinen, S. K., Taimela, S., Hurme, M., & Nelimarkka, 

O. (1993). Scoring of patellofemoral disorders. Arthroscopy : The Journal of 

Arthroscopic & Related Surgery : Official Publication of the Arthroscopy 

Association of North America and the International Arthroscopy Association, 9, 

159–63. 

Landry, S. C., McKean, K. a, Hubley-Kozey, C. L., Stanish, W. D., & Deluzio, K. J. 

(2007). Neuromuscular and lower limb biomechanical differences exist between 

male and female elite adolescent soccer players during an unanticipated side-cut 

maneuver. The American Journal of Sports Medicine, 35, 1888–1900. 

Laurin, C. A., Dussault, R., & Levesque, H. P. (1979). The tangential x-ray investigation 

of the patellofemoral joint: x-ray technique, diagnostic criteria and their 

interpretation. Clinical Orthopaedics and Related Research, 144, 16–26. 

Leavey, V. J., Sandrey, M. a, & Dahmer, G. (2010). Comparative effects of 6-week 

balance, gluteus medius strength, and combined programs on dynamic postural 

control. Journal of Sport Rehabilitation, 19, 268–87. 

Levinger, P., Gilleard, W., & Coleman, C. (2007). Femoral medial deviation angle during 

a one-leg squat test in individuals with patellofemoral pain syndrome. Physical 

Therapy in Sport, 8, 163–168. 

Liu, S. H., Al-Shaikh, R. A., Panossian, V., Finerman, G. A., & Lane, J. M. (1997). 

Estrogen affects the cellular metabolism of the anterior cruciate ligament. A 

potential explanation for female athletic injury. The American Journal of Sports 

Medicine, 25, 704–709. 

Livingston, L. a, & Mandigo, J. L. (1999). Bilateral Q angle asymmetry and anterior knee 

pain syndrome. Clinical Biomechanics (Bristol, Avon), 14, 7–13. 



143 

 

Malinzak, R. A., Colby, S. M., Kirkendall, D. T., Yu, B., & Garrett, W. E. (2001). A 

comparison of knee joint motion patterns between men and women in selected 

athletic tasks. Clinical Biomechanics, 16, 438–445. 

McPoil, T. G., Warren, M., Vicenzino, B., & Cornwall, M. W. (2011). Variations in foot 

posture and mobility between individuals with patellofemoral pain and those in a 

control group. Journal of the American Podiatric Medical Association, 101, 289–

296. 

Middelkoop, M. Van, Kolkman, J., Ochten, J. Van, Bierma-Zeinstra, S. M. a, Koes, B., 

Van Middelkoop, M., … Koes, B. (2008). Prevalence and incidence of lower 

extremity injuries in male marathon runners. Scandinavian Journal of Medicine & 

Science in Sports, 18, 140–4. 

Miller, R. H., Lowry, J. L., Meardon, S. a, & Gillette, J. C. (2007). Lower extremity 

mechanics of iliotibial band syndrome during an exhaustive run. Gait & Posture, 26, 

407–13. 

Miller, R. H., Meardon, S. a, Derrick, T. R., & Gillette, J. C. (2008). Continuous relative 

phase variability during an exhaustive run in runners with a history of iliotibial band 

syndrome. Journal of Applied Biomechanics, 24, 262–70. 

Mizuno, Y., Kumagai, M., Mattessich, S. M., Elias, J. J., Ramrattan, N., Cosgarea, A. J., 

& Chao, E. Y. S. (2001). Q-angle influences tibiofemoral and patellofemoral 

kinematics. Journal of Orthopaedic Research, 19, 834–840. 

Moisio, K. C., Sumner, D. R., Shott, S., & Hurwitz, D. E. (2003). Normalization of joint 

moments during gait: A comparison of two techniques. Journal of Biomechanics, 

36, 599–603. 

Mukaka, M. (2012). Statistic Corner A guide to appropriate use of Corelation coefficient 

in medical research.pdf. Malawi Medical Journal, 24(3), 69–71. 

Munkh-Erdene, B., Sakamoto, M., Nakazawa, R., Aoyagi, M., & Kasuyama, T. (2011). 

Relationship Between Hip Muscle Strength and Kinematics of the Knee Joint during 

Single Leg Squatting and Dropping. Journal of Physical Therapy Science. 

Myer, G. D., Ford, K. R., Di Stasi, S. L., Barber Foss, K. D., Micheli, L. J., & Hewett, T. 

E. (2014). High knee abduction moments are common risk factors for patellofemoral 

pain (PFP) and anterior cruciate ligament (ACL) injury in girls: Is PFP itself a 

predictor for subsequent ACL injury? British Journal of Sports Medicine, 1–7. 

Nakagawa, T. H., Moriya, E. T. U., Maciel, C. D., & Serrão, F. V. (2012). Trunk, pelvis, 



144 

 

hip, and knee kinematics, hip strength, and gluteal muscle activation during a single-

leg squat in males and females with and without patellofemoral pain syndrome. The 

Journal of Orthopaedic and Sports Physical Therapy, 42, 491–501. 

Niemuth, P. E., Johnson, R. J., Myers, M. J., & Thieman, T. J. (2005). Hip muscle 

weakness and overuse injuries in recreational runners. Clinical Journal of Sport 

Medicine : Official Journal of the Canadian Academy of Sport Medicine, 15, 14–21. 

Nilsson, M. K., Friis, R., Michaelsen, M. S., Jakobsen, P. A., & Nielsen, R. O. (2012). 

Classification of the height and flexibility of the medial longitudinal arch of the foot. 

Journal of Foot and Ankle Research, 5, 3. 

Noehren, B., Davis, I., & Hamill, J. (2007). ASB clinical biomechanics award winner 

2006 prospective study of the biomechanical factors associated with iliotibial band 

syndrome. Clinical Biomechanics (Bristol, Avon), 22, 951–6. 

Novacheck, T. (1998). The biomechanics of running. Gait & Posture, 7, 77–95. 

Pantano, K., White, S., Gilchrist, L., & Leddy, J. (2005). Differences in peak knee valgus 

angles between individuals with high and low Q-angles during a single limb squat. 

Clinical Biomechanics, 20, 966–972. 

Peduzzi, P., Concato, J., Kemper, E., Holford, T. R., & Feinstein,  a R. (1996). A 

simulation study of the number of events per variable in logistic regression analysis. 

Journal of Clinical Epidemiology, 49, 1373–1379. 

Petersen, W., Ellermann, A., Gösele-Koppenburg, A., Best, R., Rembitzki, I. V., 

Brüggemann, G.-P., & Liebau, C. (2013). Patellofemoral pain syndrome. Knee 

Surgery, Sports Traumatology, Arthroscopy : Official Journal of the ESSKA, 22, 

154–159. 

Plastaras, C., & Rittenberg, J. (2005). Comprehensive functional evaluation of the injured 

runner. Phys Med Rehabil Clin …, 16, 623–49. 

Portney, L. G., & Watkins, M. P. (2000). Foundations of clinical research: applications 

to practice (Vol. 2). Prentice Hall Upper Saddle River, NJ. 

Powers, C. M. (2003). The Influence of Altered Lower-Extremity Kinematics on 

Patellofemoral Joint Dysfunction: A Theoretical Perspective. Journal of 

Orthopaedic & Sports Physical Therapy, 33, 639–646. 

Powers, C. M. (2010). The influence of abnormal hip mechanics on knee injury: a 

biomechanical perspective. The Journal of Orthopaedic and Sports Physical 



145 

 

Therapy, 40, 42–51. 

Powers, C. M., Chen, P., Reischl, S. F., & Perry, J. (2002). Comparison of foot pronation 

and lower extremity rotation in persons with and without patellofemoral pain. Foot 

& Ankle International / American Orthopaedic Foot and Ankle Society [and] Swiss 

Foot and Ankle Society, 23, 634–640. 

Powers, C. M., Ward, S. R., Fredericson, M., Guillet, M., & Shellock, F. G. (2003). 

Patellofemoral Kinematics During Weight-Bearing and Non-Weight-Bearing Knee 

Extension in Persons With Lateral Subluxation of the Patella: A Preliminary Study. 

Journal of Orthopaedic & Sports Physical Therapy, 33, 677–685. 

Prins, M. R., & van der Wurff, P. (2009). Females with patellofemoral pain syndrome 

have weak hip muscles: a systematic review. The Australian Journal of 

Physiotherapy, 55, 9–15. 

Reinschmidt, C. (1996). Three-dimensional tibiocalcaneal and tibiofemoral kinematics 

during human locomotion: measured with external and bone markers. University of 

Calgary. 

Riley, P. O., Dicharry, J., Franz, J., Della Croce, U., Wilder, R. P., & Kerrigan, D. C. 

(2008). A kinematics and kinetic comparison of overground and treadmill running. 

Medicine and Science in Sports and Exercise, 40, 1093–100. 

Ryu, T. (2012, January). Application of Soft Tissue Artifact Compensation Using 

Displacement Dependency between Anatomical Landmarks and Skin Markers. 

Anatomy Research International. 

Saha, D., Gard, S., Fatone, S., Hons, B. P. O., & Ondra, S. (2007). The Effect of Trunk-

Flexed Postures on Balance and Metabolic Energy Expenditure During Standing, 32, 

1605–1611. 

Sakaguchi, M., Shimizu, N., Yanai, T., Stefanyshyn, D. J., & Kawakami, Y. (2015). Hip 

rotation angle is associated with frontal plane knee joint mechanics during running. 

Gait & Posture, 41, 557–561. 

Schache, A. G., Blanch, P. D., Rath, D. A., Wrigley, T. V, Starr, R., & Bennell, K. L. 

(2001). A comparison of overground and treadmill running for measuring the three-

dimensional kinematics of the lumbo-pelvic-hip complex. Clinical Biomechanics 

(Bristol, Avon), 16, 667–680. 

Scheerder, J., Noppe, L., & Vanreusel, B. (2007). The rise of light communities in sport. 

The case of running. … European Association for Sport …, 346–347. 



146 

 

Senavongse, W., Farahmand, F., Jones, J., Andersen, H., Bull,  a M. J., & Amis,  a a. 

(2003). Quantitative measurement of patellofemoral joint stability: force-

displacement behavior of the human patella in vitro. Journal of Orthopaedic 

Research : Official Publication of the Orthopaedic Research Society, 21, 780–6. 

Shields, R. K., Madhavan, S., Gregg, E., Leitch, J., Petersen, B., Salata, S., & Wallerich, 

S. (2005). Neuromuscular control of the knee during a resisted single-limb squat 

exercise. The American Journal of Sports Medicine, 33, 1520–6. 

Slocum, D. B., & James, S. L. (1968). Biomechanics of running. JAMA : The Journal of 

the American Medical Association, 205, 721–728. 

Snyder, K. R., Earl, J. E., O’Connor, K. M., & Ebersole, K. T. (2009). Resistance training 

is accompanied by increases in hip strength and changes in lower extremity 

biomechanics during running. Clinical Biomechanics (Bristol, Avon), 24, 26–34. 

Souza, R. B., & Powers, C. M. (2009). Differences in hip kinematics, muscle strength, 

and muscle activation between subjects with and without patellofemoral pain. The 

Journal of Orthopaedic and Sports Physical Therapy, 39, 12–19. 

Stefanyshyn, D. J., Stergiou, P., Lun, V. M. Y., Meeuwisse, W. H., & Worobets, J. T. 

(2006). Knee angular impulse as a predictor of patellofemoral pain in runners. The 

American Journal of Sports Medicine, 34, 1844–51. 

Taunton, J., & Ryan, M. (2002). A retrospective case-control analysis of 2002 running 

injuries. British Journal of Sports …, 95–102. 

Taunton, J., & Ryan, M. (2003). A prospective study of running injuries: the Vancouver 

Sun Run “In Training” clinics. British Journal of …, 37, 239–244. 

Tella, B. A., Ulogo, U., Odebiyi, D. O., & Omololu, A. B. (2010). Gender variation of 

bilateral Q-angle in young adult Nigerians. Nigerian Quarterly Journal of Hospital 

Medicine, 20, 114–116. 

Tiberio, D. (1987). The effect of excessive subtalar joint pronation on patellofemoral 

mechanics: a theoretical model. The Journal of Orthopaedic and Sports Physical 

Therapy, 9, 160–165. 

van Gent, R. N., Siem, D., van Middelkoop, M., van Os,  a G., Bierma-Zeinstra, S. M. a, 

& Koes, B. W. (2007). Incidence and determinants of lower extremity running 

injuries in long distance runners: a systematic review. British Journal of Sports 

Medicine, 41, 469–80; discussion 480. 



147 

 

Walter, S. D., Hart, L. E., McIntosh, J. M., & Sutton, J. R. (1989). The Ontario cohort 

study of running-related injuries. Archives of Internal Medicine, 149, 2561–2564. 

Wen, D. Y., Puffer, J. C., & Schmalzried, T. P. (1998). Injuries in runners: a prospective 

study of alignment. Clinical Journal of Sport Medicine : Official Journal of the 

Canadian Academy of Sport Medicine, 8, 187–194. 

Whatman, C., Hing, W., & Hume, P. (2011). Kinematics during lower extremity 

functional screening tests--are they reliable and related to jogging? Physical Therapy 

in Sport : Official Journal of the Association of Chartered Physiotherapists in Sports 

Medicine, 12, 22–9. 

Willson, J. D., Binder-macleod, S., & Davis, I. S. (2008). Lower extremity jumping 

mechanics of female athletes with and without patellofemoral pain before and after 

exertion. The American Journal of Sports Medicine, 36, 1587–96. 

Willson, J. D., & Davis, I. S. (2008a). Lower extremity mechanics of females with and 

without patellofemoral pain across activities with progressively greater task 

demands. Clinical Biomechanics (Bristol, Avon), 23, 203–11. 

Willson, J. D., & Davis, I. S. (2008b). Utility of the frontal plane projection angle in 

females with patellofemoral pain. The Journal of Orthopaedic and Sports Physical 

Therapy, 38, 606–15. 

Willson, J. D., Ireland, M. L., & Davis, I. (2006). Core strenght and lower extremity 

alignment during single leg squats. Medicine and Science in Sports and Exercise, 

38, 945–952. 

Willson, J. D., Kernozek, T. W., Arndt, R. L., Reznichek, D. a, & Scott Straker, J. (2011). 

Gluteal muscle activation during running in females with and without patellofemoral 

pain syndrome. Clinical Biomechanics (Bristol, Avon), 26, 735–40. 

Willson, J. D., Petrowitz, I., Butler, R. J., & Kernozek, T. W. (2012). Male and female 

gluteal muscle activity and lower extremity kinematics during running. Clinical 

Biomechanics (Bristol, Avon), 27, 1052–7. 

Willy, R. W., & Davis, I. S. (2011). The effect of a hip-strengthening program on 

mechanics during running and during a single-leg squat. The Journal of Orthopaedic 

and Sports Physical Therapy, 41, 625–632. 

Willy, R. W., Manal, K. T., Witvrouw, E. E., & Davis, I. S. (2012). Are mechanics 

different between male and female runners with patellofemoral pain? Medicine and 

Science in Sports and Exercise, 44, 2165–2171. 



148 

 

Windolf, M., Götzen, N., & Morlock, M. (2008). Systematic accuracy and precision 

analysis of video motion capturing systems--exemplified on the Vicon-460 system. 

Journal of Biomechanics, 41, 2776–80. 

Winter, D. A. (2004). Biomechanics and Motor Control of Human Movement. Wiley. 

Wirtz, A. D., Willson, J. D., Kernozek, T. W., & Hong, D.-A. (2012). Patellofemoral 

joint stress during running in females with and without patellofemoral pain. The 

Knee, 19, 703–8. 

Witrouw, E., Lysens, R., & Bellemans, J. (2000). Intrinsic risk factors for the 

development of anterior knee pain in an athletic population. Am J Sports Med, 28, 

480–489. 

Wojtys, E. M., Huston, L. J., Lindenfeld, T. N., Hewett, T. E., & Greenfield, M. L. 

(1998). Association between the menstrual cycle and anterior cruciate ligament 

injuries in female athletes. The American Journal of Sports Medicine, 26, 614–619. 

Wouters, I., Almonroeder, T., Dejarlais, B., Laack, A., Willson, J. D., & Kernozek, T. W. 

(2012). Effects of a movement training program on hip and knee joint frontal plane 

running mechanics. International Journal of Sports Physical Therapy, 7, 637–46. 

Wu, G., Siegler, S., Allard, P., Kirtley, C., Leardini, A., Rosenbaum, D., … Witte, H. 

(2002). ISB recommendation on definitions of joint coordinate system of various 

joints for the reporting of human joint motion�part I: ankle, hip, and spine. Journal 

of Biomechanics, 35, 543–548. 

Wu, G., van der Helm, F. C. T., (DirkJan) Veeger, H. E. J., Makhsous, M., Van Roy, P., 

Anglin, C., … Buchholz, B. (2005). ISB recommendation on definitions of joint 

coordinate systems of various joints for the reporting of human joint motion—Part 

II: shoulder, elbow, wrist and hand. Journal of Biomechanics, 38, 981–992. 

Youdas, J. W., Hollman, J. H., Hitchcock, J. R., Hoyme, G. J., & Johnsen, J. J. (2007). 

Comparison of hamstring and quadriceps femoris electromyographic activity 

between men and women during a single-limb squat on both a stable and labile 

surface. Journal of Strength and Conditioning Research / National Strength & 

Conditioning Association, 21, 105–11. 

Zatsiorsky, V. M. (2002). Kinematics of human motion. 1998. Human Kinetics. 

Zeller, B. L., McCrory, J. L., Kibler, W. Ben, & Uhl, T. L. (2003). Differences in 

kinematics and electromyographic activity between men and women during the 



149 

 

single-legged squat. The American Journal of Sports Medicine, 31, 449–56. 

 

 



150 

 

9   Appendix A- Subject Demographic Form 
1. Name:  

2. Age: 

3. Sex:       

 

4. Do you have a history of lower extremity surgery (hip, knee or ankle)?      Yes/No 

a. If Yes, please mention the name and approximate month/year of surgery 

 

5. Do you have a history of back, hip, knee or ankle joint injury?                   Yes/No 

a. If Yes, please mention the name and approximate month/year of injury 

 

6. Do you have history of patellofemoral pain, Illiotibial band syndrome, and 

chronic ankle instability within the last 1 year?                                                                 

Yes/No 

a. If Yes, please mention the name and approximate month/year of injury 

 

7. How many years of running experience do you have?  

 

8. Typical number of running sessions per week?  

9. What is your current weekly mileage?  

10. What is your the longest you have ever run (miles)? 

11. What type of shoe are you wearing today?  Circle one of the following 

 a) Motion Control,  b) Stability,   c) Neutral,  d) Cushioning,  e) Don’t know  

 

12. Please write down the brand and model of the shoe worn today. 

Brand (Example: Nike, Reebok,etc) : 

Model (Example: Air, Nano,etc): Please examine your shoe for this information: 

 

13. Do you wear orthotics in your running shoe?     Yes/No 

     If yes, are you wearing orthotics today?        Yes/No 
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10 Appendix B – Consent Form 
Association of Running Mechanics and Lower Extremity Pain Risk from Single Limb 

Squat Mechanics 

 

You are invited to participate in a research study of running mechanics and single limb 

squat mechanics and relationships to pain symptoms. You were selected as a possible 

participant because you are a runner enrolled in the PE 1262- Marathon Training course. 

We ask that you read this form and ask any questions you may have before agreeing to be 

in the study. 

This study is being conducted by Divya Bhaskaran, M.S., a PhD student, Stacy Ingraham 

PhD., and Paula Ludewig PhD, in the Kinesiology and Physical Medicine & 

Rehabilitation Departments, respectively 

Study Purpose 

The purpose of the study is to examine if a person’s performance on a single limb squat 

translates to their running mechanics and symptom development.   

Study Procedures 

If you agree to participate in this study, we would ask you to do the following: You will 

be asked to visit the laboratory for one session lasting around 40 minutes. You will be 

asked to fill out the given surveys and questionnaires. While you perform the required 

aerobic treadmill testing for the PE 1262 Marathon Training class, this study will require 

additional surface sensors to be taped on your trunk and lower limbs . Prior to the 

treadmill testing, you will be asked to perform single limb squats while monitored for 

your body movements. The single limb squats require you to balance on one leg while 

squatting down and standing back up. You will be asked to perform 5 to 10 single limb 
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squats. Rest will be provided as needed. You will be asked to recomplete the symptom 

questionnaires two additional times during the class and at the end of class when you 

complete the treadmill follow-up testing. 

Risks of Study Participation 

The study has the following risks. Skin irritation or sensitivity can occur in some people 

due to the use of tape to attach markers. You will be asked about your sensitivity or 

allergy to tape prior to placing markers. In some cases, muscle soreness or fatigue can 

occur due to repeated single limb squats. To minimize fatigue or soreness, you will be 

provided with rest when needed. While performing the single limb squats, some subjects 

might lose balance, to help you if need be; safety bars will be at an accessible distance to 

reach with your hands. 

Benefits of Study Participation 

There are no direct benefits to study participation. If any information from data analysis 

provides predictors of injury risk, subjects with higher injury risk will be informed. This 

study has societal benefits, as it aims to further understand the mechanisms of injuries in 

runners and how clinicians analyze runners using the single limb squat test.      

 

Study Costs/Compensation 

You will not incur any costs during this study and no monetary compensation will be 

provided.  

 

Research Related Injury 
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In the event that this research activity results in an injury, treatment will be available, 

including first aid, emergency treatment and follow-up care as needed. Care for such 

injuries will be billed in the ordinary manner to you or your insurance company. If you 

think that you have suffered a research related injury, let the study physicians know right 

away. 

Confidentiality 

The records of this study will be kept private. In any publications or presentations, we 

will not include any information that will make it possible to identify you as a subject. 

Your record for the study may, however, be reviewed by departments at the University 

with appropriate regulatory oversight. This study information will not be recorded in your 

medical record. Your data will be de-identified by assigning an ID number instead of 

your name. To these extents, confidentiality is not absolute. Study data will be encrypted 

according to current University policy for protection of confidentiality.  

Voluntary Nature of the Study 

Participation in this study is voluntary. Your decision whether or not to participate in this 

study will not affect your current or future relations with the University. If you decide to 

participate, you are free to withdraw at any time without affecting those relationships. As 

you are recruited from a class, your participation or withdrawal from this study will not 

affect your grade in the class. The grading procedure in the class for students is 

completely independent of and blinded to the research participation.  

Contacts and Questions 



154 

 

The researchers conducting this study are Divya Bhaskaran, M.S., Stacy Ingraham PhD., 

and Paula Ludewig PhD. You may ask any questions you have now, or if you have 

questions later, you are encouraged to contact them. You can contact Divya Bhaskaran at 

612-626-3298 and Dr Paula Ludewig at 612-626-0420.   

If you have any questions or concerns regarding the study and would like to talk to 

someone other than the researcher(s), you are encouraged to contact the Fairview 

Research Helpline at telephone number 612-672-7692 or toll free at 866-508-6961.  You 

may also contact this office in writing or in person at Fairview Research Administration, 

2344 Energy Park Drive, St. Paul, MN  55108. 

You will be given a copy of this form to keep for your records. 

 

 

 

 

Statement of Consent 

I have read the above information.  I have asked questions and have received answers.  I 

consent to participate in the study.  

Signature of Subject__________________________________   

Date_________________ 

Signature of Person Obtaining 

Consent___________________________________________  

Date_________________
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11 Appendix C – Lower Extremity Symptom Questionnaire 

 

                                          Name 

 Please look at the image to the left for reference to body parts being questioned. Circle the correct answer. 

Have you at any time during the 

last 12 months had trouble 

(ache, pain, discomfort) in any 

of these locations? 

       YES / NO 

To be answered only by those who have had trouble 

Have you at any time during the last 12 

months been forced to reduce distance, 

speed, frequency or duration of running 

because of the trouble? 

Have you had trouble severe enough 

to take medicine or see a health care 

professional (HCP) at any time during 

the last 7 days? 

Low back No/ Yes 

Medicine: No/ Yes 

HCP: No/ Yes 

Hips/thighs 

Left - No/ Yes 

Left -  Medicine:  No/ Yes 

              HCP:  No/ Yes  

Right- No/ Yes 

Right-  Medicine: No/ Yes 

               HCP: No/ Yes 

Knees 

Left - No/ Yes; 

Left -  Medicine:  No/ Yes 

              HCP:  No/ Yes  

Right- No/ Yes 

Right-  Medicine: No/ Yes 

               HCP: No/ Yes 

Ankles/feet 

Left - No/ Yes 

Left -  Medicine:  No/ Yes 

               HCP:  No/ Yes  

Right- No/ Yes 

Right-  Medicine: No/ Yes 

               HCP: No/ Yes 
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ANTERIOR KNEE PAIN SURVEY 

(Kujala et al., 1993) 

1. Have you experienced any knee pain within the last 7 days 

                   Yes/ No 

If yes, please fill out the following questionnaire 

 

2. If you have experienced knee pain within the last 7 days, please rate on the scale 

the severity of the knee pain. 

 

               Left Knee pain                                                      Right Knee pain 

       

 
3. With a pen/pencil shade on any of the outlined areas of the knee which indicates 

the location of the knee pain experienced anytime within the last 7 days. 

   Please circle - Left or Right or Both 

                                                              Outside knee                    Inside knee 

                                                        
                                         Left/Right                      Left/Right                               Left/Right 

 

4. Left Knee : Duration of symptoms: _____ years _____ months _____ days 

           Right Knee: Duration of symptoms: _____ years _____ months _____ days 
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For each question, circle the latest choice (letter) which corresponds to your knee 

symptoms. If you have pain in both Left and Right knees, please complete for each knee.  

 

Left Knee pain                   Yes/No 

If yes, answer the following questions 

 Right Knee pain                     Yes/No 

If yes, answer the following questions 

1. Limp 

(a) None  

(b) Slight or periodical  

(c) Constant   

1. Limp 

(a) None  

(b) Slight or periodical  

(c) Constant   

2. Support 

(a) Full support without pain  

(b) Painful  

(c) Weight bearing impossible  

2. Support 

(a) Full support without pain  

(b) Painful  

(c) Weight bearing impossible  

3. Walking 

(a) Unlimited  

(b) More than 2 km  

(c) 1-2 km  

(d) Unable  

3. Walking 

(a) Unlimited  

(b) More than 2 km  

(c) 1-2 km  

(d) Unable 

4. Stairs 

(a) No difficulty  

(b) Slight pain when descending  

(c) Pain both when descending and 

ascending  

(d) Unable  

4. Stairs 

(a) No difficulty  

(b) Slight pain when descending  

(c) Pain both when descending and 

ascending  

(d) Unable  

5. Squatting 

(a) No difficulty  

(b) Repeated squatting painful  

(c) Painful each time  

(d) Possible with partial weight beating  

(e) Unable 

5. Squatting 

(a) No difficulty  

(b) Repeated squatting painful  

(c) Painful each time  

(d) Possible with partial weight beating  

(e) Unable 

6. Running 

(a) No difficulty  

(b) Pain after more than 2 km  

(c) Slight pain from start  

(d) Severe pain  

(e) Unable  

6. Running 

(a) No difficulty  

(b) Pain after more than 2 km  

(c) Slight pain from start  

(d) Severe pain  

(e) Unable  

7. Jumping 

(a) No difficulty  

7. Jumping 

(a) No difficulty  
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(b) Slight difficulty  

(c) Constant pain  

(d) Unable  

(b) Slight difficulty  

(c) Constant pain  

(d) Unable  

8. Prolonged sitting with the knees flexed 

(a) No difficulty  

(b) Pain after exercise  

(c) Constant pain  

(d) Pain forces to extend knees temporarily  

(e) Unable  

8. Prolonged sitting with the knees flexed 

(a) No difficulty  

(b) Pain after exercise  

(c) Constant pain  

(d) Pain forces to extend knees 

temporarily  

(e) Unable  

9. Pain 

(a) None 

(b) Slight and occasional  

(c) Interferes with sleep  

(d) Occasionally severe  

(e) Constant and severe  

9. Pain 

(a) None 

(b) Slight and occasional  

(c) Interferes with sleep  

(d) Occasionally severe  

(e) Constant and severe  

10. Swelling 

(a) None  

(b) After severe exertion  

(c) After daily activities  

(d) Every evening  

(e) Constant  

10. Swelling 

(a) None  

(b) After severe exertion  

(c) After daily activities  

(d) Every evening  

(e) Constant  

11. Abnormal painful kneecap (patellar) 

movements (subluxations) 

(a) None  

(b) Occasionally in sports activities  

(c) Occasionally in daily activities  

(d) At least one documented dislocation  

(e) More than two dislocations  

11. Abnormal painful kneecap (patellar) 

movements (subluxations) 

(a) None  

(b) Occasionally in sports activities  

(c) Occasionally in daily activities  

(d) At least one documented dislocation  

(e) More than two dislocations  

12. Atrophy of thigh (loss of mass) 

(a) None  

(b) Slight  

(c) Severe  

12. Atrophy of thigh (loss of mass) 

(a) None  

(b) Slight  

(c) Severe  

13. Flexion deficiency (Deficiency in 

bending of the knee) 

(a) None  

(b) Slight  

(c) Severe  

13. Flexion deficiency (Deficiency in 

bending of the knee) 

(a) None  

(b) Slight  

(c) Severe  
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12 Appendix D – Matlab Code 
 

Matlab Code for obtaining angles from raw data of position vectors obtained in the Vicon 

camera system.  

1. Building Coordinate system for a segment- 

for i=1:1:length(c7) 

TYaxis1(i,:)=c7(i,:)-t12(i,:); % vector will point towards c7, ORIGIN =T12 

sqr1(i,:) =sqrt(sum(TYaxis1(i,:).^2)); %% Computing magnitude 

UTYaxis1(i,:)=TYaxis1(i,:)/sqr1(i,:); %% dividing vector by magnitude 

InMaxis1(i,:)=r2(i,:)-t12(i,:); % Intermediate axis 

sqr2(i,:) =sqrt(sum(InMaxis1(i,:).^2)); 

UInMaxis1(i,:)=InMaxis1(i,:)/sqr2(i,:); 

TXaxis1(i,:)=cross(UTYaxis1(i,:),UInMaxis1(i,:)); 

sqr3(i,:) =sqrt(sum(TXaxis1(i,:).^2)); 

UTXaxis1(i,:)=TXaxis1(i,:)/sqr3(i,:); 

TZaxis1(i,:) =cross(UTXaxis1(i,:),UTYaxis1(i,:)); 

sqr4(i,:) =sqrt(sum(TZaxis1(i,:).^2)); 

UTZaxis1(i,:)=TZaxis1(i,:)/sqr4(i,:); 

end 

 

2. Creating Transformation matrix-  

for i=1:1:length(t12) % minus 2, bcz u r adding 2 to the soderdata. 

    n=length(t12); 

Soderdata1 = zeros(n,12); 

Soderdata1(:,1:3) = t12(:,:); 

Soderdata1(:,4:6) = Tt12X1(:,:); 

Soderdata1(:,7:9)=Tt12Y1(:,:); 

Soderdata1(:,10:12)=Tt12Z1(:,:); 

  

% Soderdata1_new = zeros(1,9); 

Soderdata1_new(1,:)= [0,0,0,1,0,0,0,1,0,0,0,1]; 

Soderdata1_new(2,:) =Soderdata1(i,:); 

  

%%%% first row should be global, second row should keep changing. 

[T_Trunk(1:4,1:4,i), res1(i)]=soder(Soderdata1_new(:,:)); 

end 

 



160 

 

3. Obtaining Relative position pelvis in trunk coordinate system- 

%% Relative - Pelvic rotation in trunk coordinate system 

   for i =1:1:length(T_Trunk) 

   RotPel_in_trun(1:4,1:4,i)=inv(T_Trunk(1:4,1:4,i))*T_Pelvis(1:4,1:4,i); % rot of pelvis 

in trunk coordinate system 

 end 

  for i =1:1:length(RotPel_in_trun) % Eqn to get angles out of Transformation matrix 

   [outP(:,:,i)] = rzxysolv(RotPel_in_trun(1:4,1:4,i));% Does ZXY sequence, and use only 

1st 3 colums for angles 

    end 

     

%% Getting out angles 

  

anglesP1 = reshape (outP,9,length(outP)); % FOR ZXY to get arrays into rows 

 

Thus, the basic steps that will be used to create coordinate systems for each segment. 

Then obtain relative position of one segment relative to the next. Then, obtain the cardan 

angles. These steps will be repeated for the pelvis, thigh and shank segments and similar 

calculations will be done. Once the angles are obtained, the velocity, maximum values of 

angles, range of motion will also be easily obtained. 
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13 Appendix E – Running kinematics and knee pain 

literature 
 

 Appendix 13-1.Summary of articles that have examined 3D running kinematics in healthy and 

injured subjects.  

Author  Methods Significant Findings (comparison between injured 

and healthy) 

Notes 

(Willso

n et al., 

2008) 

● 20 females with 

PFPS 

● 20 healthy 

controls 

● 3D motion 

analysis using 

VICON.  

● Examined 

kinematics at 

peak knee 

extension 

moment as 

subjects ran on 

force platform. 

● PFPS females significantly demonstrated 2.2° less 

knee internal rotation excursion than controls  

● PFPS did not significantly differ in knee external 

rotation from controls. 

● PFPS had significant greater hip adduction in 

running than controls  

● PFPS females had significant 3.5° greater 

contralateral pelvic drop than controls 

● PFPS had significantly decreased hip internal 

rotation compared to controls  

● PFPS had significantly 2.5° more external rotation 

than controls 

● Knee flexion was not significantly different 

between groups. 

 

Angular 

excursion is 

measured from 

time of contact 

to peak knee 

extension 

moment. 

 

Knee abduction 

was not 

analyzed. 

(Souza 

& 

Powers, 

2009) 

● 21 females with 

PFPS 

● 20 healthy 

controls 

● 3D motion 

analysis using 

VICON.  

● Examined 

kinematics at 

stance phase of 

running. 

● PFPS had significantly greater peak hip internal 

rotation during running (11.8°±6.9° vs 4.2° ± 3.4°). 

● No significant difference in peak hip adduction 

Knee abduction 

was not 

analyzed. 

(TA 

Dierks, 

Manal, 

Hamill, 

& 

Davis, 

2008) 

● 5 males, 15 

females with 

PFPS 

● 5 males, 15 

females were 

healthy controls 

● 3D motion 

analysis using 

VICON. 

● Peak hip adduction angle was not significantly 

different between groups. 

● Peak hip internal rotation angle was not 

significantly different between groups 

● Peak knee adduction angle was not significantly 

different between groups. 

The PFPS 

subjects 

displayed 

different hip 

adduction 

patterns within 

themselves.  
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● Kinematics 

analyzed during 

stance phase of 

running. 

(Willy 

et al., 

2012) 

● 18 males with 

PFPS 

● 18 females with 

PFPS and 

● 18 healthy male 

controls. 

● 3D motion 

analysis using 

VICON. 

● Kinematics 

analyzed during 

stance phase of 

running. 

● Males with PFPS (-6.5± 2.2°) ran with significantly 

greater contralateral pelvic drop than healthy males 

(-3.9± 2.3°). 

● No significant difference in peak hip adduction and 

peak hip internal rotation between PFPS males and 

control males. 

● PFPS males ran with significantly greater peak knee 

adduction angle (5.7 ±1.0° vs 2.7 ±3.2°) than 

control males. 

● PFPS males (0.688 ±0.24 N.m/kg.m) ran with 

significantly greater peak external knee adduction 

moment than male controls (0.543 ±0.162 

N.m/kg.m). 

● PFPS males (6.5 ±2.9°) ran with significantly 

greater tibial adduction than male controls (4.9 

±1.8°).  

● Comparing male and females with PFPS: 

o Peak knee adduction was significantly greater in 

males (5.7 ±1.0°)  than females (2.2 ±4.0°)   

o Peak hip adduction was significantly greater in 

females (19.2 ±3.0°) compared to males (12.9 

±3.4°). 

o Females (7.3 ±1.5°) with PFPS ran with 

significantly greater femoral adduction than males 

with PFPS (4.4 ±2.4°). 

Compared 

PFPS males to 

healthy males, 

but did not 

compare PFPS 

females to 

healthy females.  

Did find 

significant 

differences 

between males 

and females 

with PFPS. 

(Miller, 

Lowry, 

Meardo

n, & 

Gillette, 

2007) 

● 8 healthy 

controls 

● 8 ITBS subjects 

● 3D VICON 

peak system 

● Kinematics 

analyzed during 

stance phase of 

running. 

● Self-selected 

running on 

treadmill for 20 

minutes 

● At the end of the run, ITBS subjects had (43.8 

±7.8°) had significantly higher knee flexion than 

controls males (36.5 ±9.2°). 

● At the end of the run, ITBS subjects had 

(16.4±9.3°/s) had significantly higher maximum 

knee internal rotation velocity than controls males 

(10.3 ±4.0°/s). 

 

Did not analyze 

knee abduction 

or hip adduction 

or hip internal 

rotation. 
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14 Appendix F – Building coordinate systems 
 

 

 

 

  

 

 

 

 

 

 

Appendix 14-1. The calibration wand is a modification of the L wand that can be used for static 

and dynamic calibrations.  
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Appendix 14-2. Anterior view of pelvis local coordinate system depicted by anatomical markers; 

RASIS- right anterior superior iliac spine, RPSIS – right posterior superior iliac spine, LASIS – 

left anterior superior iliac spine, LPSIS – left posterior superior iliac spine.  
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Appendix 14-3. Anterior view of thigh coordinate system depicted by anatomical markers; LFE- 

lateral femoral epicondyle, MFE- medial femoral epicondyle and hip joint center determined by 

functional method. 
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Appendix 14-4. Posterior view of the Shank coordinate system depicted by anatomical markers; 

MTC- medial tibial condyle, LTC – lateral tibial condyle, MM- medial malleolus, LM- lateral 

malleolus.  
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15 Appendix G – Q-Angle and Navicular Height 

Reliability study 
 

 

 

 

Appendix 15-1. Interclass correlation coefficients (ICC) and standard error of measurement 

(SEM) of 3 measures in 5 subjects. 

 ICC (1,1) SEM 

Q-angle 0.94 2.13 degrees 

Navicular height  NA* 4.37 % foot length 

  

* ICC for navicular height could not be calculated as there was no significant variance 

between subjects, and as the ICC is a ratio of between subject error and within subject 

error, the ICC calculated would not accurately represent the reliability of the measure 

(Portney & Watkins, 2000) 
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Appendix 15-2. Measures of Q-angle and navicular height in 5 subjects, recorded three times. 

ID Q-angle Navicular Height  

(%foot length) 

1 4 20.65 

1 3 22.79 

1 6 22.42 

2 7 11.45 

2 8 11.44 

2 8 11.91 

3 8.5 16.73 

3 8.5 18.48 

3 8 17.66 

4 8 23.91 

4 10 20.99 

4 9 23.46 

5 16 16.45 

5 18 17.53 

5 17 18.84 
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16 Appendix H – Subject scores on knee pain 

questionnaires. 
 

Appendix 16-1. Knee pain information obtained prior to marathon training. 

Subject ID 
History of PFPS, or IT 

band syndrome 

Before training: Have you 

at any time during the last 

12 months, been forced to 

reduce distance, 

frequency, speed or 

duration of running 

because of left knee 

trouble? 

109 0 0 

113 
0 0 

114 
0 0 

116 
0 0 

120 
0 0 

133 
0 0 

145 
0 0 

159 
0 0 

168 
0 0 

172 
0 0 

175 
0 0 

185 
0 0 

187 
0 0 

190 
0 1 
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191 
0 0 

192 
0 0 

194 
0 0 

195 
0 0 

200 
0 0 

204 
0 0 

205 
0 1 

207 
0 0 

210 
1 (runners knee) 1 

212 
0 0 

214 
0 0 

228 
0 0 

231 
0 0 

234 
0 1 

241 
0 0 

246 
0 0 

249 
0 0 

251 
0 0 

254 
0 0 

255 
0 0 

258 
1 (IT band/ runners knee) 1 

273 
0 0 
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277 
0 0 

175_2 
0 0 

193 
0 0 

291_2 
0 0 

163 
1(IT band) 0 

227 
0 0 

271 
0 1 

300 
0 1 

0 indicates no pain, and 1 indicates pain.
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Appendix 16-2. Knee pain information obtained from the three follow up surveys 

Subject ID 

Number of 

time reported 

left knee pain 

Have you at any time during the last 12 

months, been forced to reduce distance, 

frequency, speed or duration of running 

because of left knee trouble? 

0 = No, 1 = Yes 

Numeric Pain Scale of 1-10, 

with 1 being No pain and 10 

being severe pain. 

1
st
 follow up 

2
nd

 

follow up 

3
rd

 follow 

up 

1
st
 

follow 

up 

2
nd

 

follow 

up 

3
rd

 

follow 

up 

109 0 
0 0 0 0 0 0 

113 3 
0 0 1 2 8 7 

114 2 
0 0 1 0 0 5 

116 3 
0 1 1 3 5 6 

120 3 
0 1 1 2 5 3.5 

133 2 
0 0 0 7 0 2 

145 0 
0 0 0 0 0 0 

159 1 
0 1 1 1 0 0 

168 2 
1 1 0 2.5 4 0 

172 3 
0 1 1 3 5.5 5 

175 2 
1 1 1 3 6 0 

185 3 
0 0 1 3 6 6.5 

187 1 
0 1 0 0 5 0 

190 2 
0 1 0 3 5 0 

191 2 
0 0 0 0 2 3 

192 2 
0 0 1 1 1 0 

194 0 
0 0 0 0 0 0 

195 0 
0 0 0 0 0 0 

200 3 
1 1 1 7 7 0 
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204 2 
0 1 0 2 7 0 

205 1 
1 1 1 2 0 0 

207 3 
0 0 1 3 6 2 

210 2 
1 0 0 5.5 3 0 

212 3 
0 0 0 2 6 4 

214 3 
0 1 1 3 5 3 

228 0 
0 0 1 0 0 0 

231 2 
1 0 1 4 0 1 

234 3 
0 0 1 2 4 8 

241 1 
0 1 1 0 7 0 

246 0 
0 0 1 0 0 0 

249 1 
0 0 0 0 3 0 

251 0 
0 0 0 0 0 0 

254 1 
1 0 0 5 0 0 

255 2 
0 1 0 3 5 0 

258 0 
0 0 1 0 0 0 

273 2 
0 1 0 6 1 0 

277 0 
0 0 0 0 0 0 

175_2 0 
0 0 0 0 0 0 

193 3 
0 1 1 3 6.5 3 

291_2 1 
0 0 0 0 3 0 

163 2 
1 1 NA 5 6 0 

227 2 
NA 1 1 0 8 7 

271 2 
1 NA 1 6 0 3 

300 2 
1 NA 1 5 0 3 

*NA – indicates surveys not completed by the subjects. 
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Appendix 16-3. Summary of location of knee pain, Kujala questionnaire and critical questions of 

the Kujala questionnaires from the three follow up surveys. 

ID 

Shade the outline on the knee 

indicating the location of knee 

pain 

Kujala 

Questionnaire 

(0-100, 100 = no 

pain) 

Critical questions of 

Kujala questionnaire 

(0-55, 55= no pain) 

 
1

st
 follow 

up 

2
nd

 

follow up 

3
rd

 follow 

up 

1
st
 

foll

ow 

up 

2
nd

 

follo

w up 

3
rd

 

follo

w up 

1
st
 

follo

w up 

2
nd

 

follo

w up 

3
rd

 

follo

w up 

109 NA NA NA NA NA NA NA NA NA 

113 NA Anterior Anterior NA 57 75 NA 28 36 

114 NA NA Anterior NA NA 85 NA NA 45 

116 Anterior Anterior Anterior 89 84 94 47 45 49 

120 Anterior Anterior Anterior 95 85 95 53 44 51 

133 NA NA NA 86 NA NA 45 NA NA 

145 NA NA NA NA NA NA NA NA NA 

159 Anterior NA NA 92 NA NA 51 NA NA 

168 
Outside 

& inside 
Outside NA 91 92 NA 51 49 NA 

172 
Anterior 

&outside 
Outside Anterior NA 79 77 23 42 43 

175 Inside 
Anterior 

&outside 
NA 94 88 94 49 45 49 

185 Anterior Anterior Anterior 89 82 74 45 41 36 

187 NA NA NA NA 90 NA NA 45 NA 

190 Anterior Anterior NA 85 86 NA 43 42 NA 

191 NA Anterior Anterior NA 98 87 NA 53 42 

192 Outside NA NA NA NA NA NA NA NA 

194 NA NA NA NA NA NA NA NA NA 

195 NA NA NA NA NA NA NA NA NA 

200 
Anterior 

&outside 
Anterior Anterior 73 70 96 36 32 53 

204 Inside Anterior NA 93 67 NA 51 31 NA 

205 NA NA NA 89 NA NA 49 NA NA 

207 
Anterior 

& inside 
Anterior 

Anterior 

&outside 
93 91 94 51 48 49 

210 
Anterior 

& outside 
Anterior NA 88 89 NA 43 47 NA 

212 Anterior Anterior Anterior 92 82 81 49 46 42 
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214 Anterior Anterior Anterior 95 69 75 51 30 36 

228 NA NA NA NA NA NA NA NA NA 

231 outside NA NA 82 NA 98 45 NA 53 

234 
Outside 

&inside 
NA 

Anterior 

&outside 
93 88 71 49 46 34 

241 NA Anterior NA NA 72 NA NA 35 NA 

246 NA NA NA NA NA NA NA NA NA 

249 NA Anterior NA NA NA NA NA NA NA 

251 NA NA NA NA NA NA NA NA NA 

254 Outside NA NA 85 NA NA 45 NA NA 

255 NA Anterior NA 98 79 NA 53 40 NA 

258 NA NA NA NA NA NA NA NA NA 

273 Anterior NA NA 84 82 NA 45 40 NA 

277 NA NA NA NA NA NA NA NA NA 

1752 NA NA NA NA NA NA NA NA NA 

193 NA 
Anterior 

&outside 
Anterior 95 77 87 51 36 45 

2912 NA 

Anterior 

&outside 

&inside 

NA NA 90 NA NA 45 NA 

163 Outside Outside NA 89 83 NA 49 47 NA 

227 NA Outside Outside NA 59 71 NA 31 36 

271 Outside NA Anterior 98 NA 93 53 NA 51 

300 Anterior NA NA 89 NA 89 47 NA 47 

*NA indicates subjects did not fill out entire questionnaire or certain parts of the 

questions because of no presence of knee pain. 
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17 Appendix I – Hip internal rotation during stance 

phase of running in literature 
 

Article Graphs of hip internal rotation during heel strike obtained 

from each article. 

Study Methods 

(Novachec

k, 1998) 

 

Figure 

demonstrates 

walking, running 

and sprinting 

lines throughout 

stance phase. 

(Snyder et 

al., 2009) 

 

 14 Healthy 

women (mean 

age 21yrs)  

 Treadmill 

running. 

 Lines represent 

stages of 

intervention 

(Esculier, 

Roy, & 

Bouyer, 

2015) 

 

 Subjects with 

and without 

PFPS  

 Age between 

18 and 45. 

 Running on a 

treadmill. 
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(Sakaguchi

, Shimizu, 

Yanai, 

Stefanyshy

n, & 

Kawakami, 

2015) 

 

 70 healthy 

runners. 

 mean age 23 

yrs.  

 Overground 

running. 

(Schache et 

al., 2001) 

 

 10 healthy 

subjects with 

average age 

28yrs. 

 

Appendix 17-1. Hip rotation during stance phase of running was examined in recent literature to 

compare with results of current study. 


